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1 Abstract

1.1 English version

The relationship between the amount and conformation of a polymer at the solid-liquid interface,
and the resulting interaction forces between two such surfaces has been investigated. With a
degree of control of the polymer conformation, by varying the temperature,  solvent quality,
polymer charge density etc, it has been possible to measure and interpret the resulting changes in
the surface interactions. The recurring themes of dynamics and hydrodynamics have been
continually considered due to the large range and viscoelastic nature of the polymeric systems.
The polymeric systems investigated in this thesis are, poly (N-isopropylacrylamide), poly (12-
hydroxystearate) and a series of AM-MAPTAC polyelectrolytes with variable charge densities.

Adsorption and conformation of polymers have been investigated by the novel QCM instrument.
By comparison to simultaneously measured energy loss information, a greater understanding of
the conformation of the polymer has been gained, both as a function of layer build-up during
initial adsorption, and as a result of induced conformational changes. Comparing the results to in
situ surface plasmon resonance and subsequent x-ray photoelectron spectroscopy measurements,
the relative concentration of polymer within the layer is determined.  In addition, efforts have
been made to extend the scope of the technique, in such ways as measuring with QCM as a
function of temperature and deriving viscoelastic properties. The later is still to be achieved in
absolute terms for polymer layers in liquid environments, yet both the principle1 and
experimental capabilities have been shown.

Normal interaction forces have been measured as a function of solvation of the polymer layer, for
both adsorbed and grafted polymer layers. For fully solvated (steric) polymer layers, which can
act as colloidal stabilisers, the dynamics of the repulsive force, including hydrodynamics have
been investigated. The same has been achieved for collapsed polymer layers, in which the
dynamic adhesion has also been investigated. The effect on the adhesion of three different
dynamic mechanisms has been determined (which, like the surface forces, depend on the polymer
conformation and viscoelasticity). These dynamic mechanisms are based on bridging forces,
polymer entanglement and a viscoelastic ‘bulk’ response from the surface layers.

Lateral or friction measurements have also been completed. The effect of load and rate have been
investigated as a function of both the polymer charge density and the underlying substrate, which
result in a variable conformation and binding strength to the substrate. This has resulted in a
complex addition of numerous mechanisms, the dominant mechanism being determined by the
binding strength to the surface, polymer conformation  and viscoelasticity. The results have
shown that adsorbed polymer layers can be used to both increase and decrease friction, and to
change the direction of the rate dependence.
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1.2 Sammanfattning

Sambandet mellan mängd och konformation av en polymer vid en gränsskiktsyta mellan fast
ämne och vätska, samt den resulterande växelverkan mellan två sådana ytor, har undersökts.
Polymerkonformationen kunde kontrolleras genom att variera temperatur, typ av lösningsmedel,
polymerens laddningstäthet etc, vilket har gjort det möjligt att mäta och tolka de resulterande
förändringrana av ytväxelverkan. På grund av den stora variation av polymera system som
studerats och deras viskoelastiska egenskaper har dynamiska och hydrodynamiska effekter
återkommande tagits hänsyn till vid tolkning av data. De polymera system som undersökts i
denna avhandling är poly-N-isopropylakrylamid, poly-12-hydroxystearat och serier av så kallad
AM-MAPTAC polyelektrolyter med varierande laddningstäthet.

Polymerers adsorption och konformation har undersökts med det nya QCM instrumentet. Genom
att jämföra samtidigt mätt information om energiförluster har en större förståelse för polymerers
konformationer erhållits, både som funktion av uppbyggnaden av skikt under den inledande
adsorptionen och som ett resultat av inducerade konformationsförändringar. Genom att jämföra
resultaten med in situ ytplasmonresonans och röntgenfotoelektronspektroskopimätningar kan den
relativa koncentrationen av polymer i ett adsorberat skikt bestämmas. Dessutom har försök gjorts
att utveckla QCM tekniken för att möjliggöra mätningar vid olika temperaturer och härledandet
av viskoelastiska egenskaper. Det senare är ännu inte möjligt i absoluta termer för polymerskikt i
vätskelösning men både principerna för detta och dess experimentella kapacitet har påvisats.

Normal växelverkan har mätts som funktion av polymerskiktens löslighet för både adsorberade
och förankrade polymerskikt. För helt upplösta (steriska) polymerskikt, som kan ha en
stabiliserande effekt på kolloidala partiklar, har den repulsiva kraftens dynamik och
hydrodynamik undersökts. Det samma har uppnåtts för kollapsade polymerskikt för vilka
dynamisk adhesion också har undersökts. Tre olika dynamiska mekanismers effekt på adhesion
har också undersökts. (Dessa beror, liksom ytkrafter, på polymerkonformation och
viskoelasticitet.) Dessa dynamiska mekanismer baseras på bryggningskrafter, polymermolekylers
förmåga att trassla ihop sig med varandra samt viskoelastisk respons i bulklösningen från
ytskikten.

Laterala friktionsmätningar har också utförts. Effekten av last och att variera friktion med tiden
har undersökts som funktion av både polymerens laddningstäthet och typ av underliggande
substrat, vilket resulterar i en varierande konformation och bindningsstyrka till substratet. Detta
har resulterat i ett komlext adderande av flera mekanismer av vilka den dominerande bestämms
av bindningsstyrkan till ytan, polymerkonformation och viskoelasticitet. Resultaten har visat att
adsorberade polymerskikt kan användas för att både öka och minska friktion samt att ändra
riktning på friktionens variation med tiden.
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Robert Frost.
The Road Not Taken

TWO roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could
To where it bent in the undergrowth; 5

Then took the other, as just as fair,
And having perhaps the better claim

Because it was grassy and wanted wear;
Though as for that, the passing there

Had worn them really about the same, 10
And both that morning equally lay

In leaves no step had trodden black.
Oh, I marked the first for another day!
Yet knowing how way leads on to way

I doubted if I should ever come back. 15
I shall be telling this with a sigh

Somewhere ages and ages hence:
Two roads diverged in a wood, and I,

I took the one less traveled by,
And that has made all the difference. 20
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4 Intro

Polymers play an important role in modifying the interactions between surfaces. For
applications ranging from colloidal stability to biocompatibility, adhesion and friction,
polymers can be used and controlled to engineer a multitude of desired interactions. This
area is the focus of this work. The thesis reports investigations of effects of polymer
adsorption at the solid/liquid interface on interactions between interfaces. Since polymers
are viscoelastic materials, dynamical effects are essential to an understanding of the
phenomena which occur. Dynamics are therefore a recurring and important theme
throughout.

It should be noted that the instrumental section is larger than typical for an experimental
thesis. This  was deemed necessary, in order to include the latest developments in two of
the techniques used. The length of that section is also an indication of the time during this
thesis, which was devoted to the advancement of these techniques.

The thesis begins with the novel Quartz Crystal Microbalance (QCM) method to
characterize adsorbed layers of polymer. By comparison with the X-ray photoelectron
Spectroscopy (XPS) technique, we have been able to infer the dynamic conformational
build-up of the layer. Further we can characterize the layer in terms of both polymer and
solvent contributions. Significant effort has been used to extend the range of the
technique, and to extend and enhance pre existing expertise and understanding of its use.
Combined with surface force techniques, bulk studies, and optical methods such as
ellipsometry and surface plasmon resonance, this has enabled us to obtain a deeper
understanding of polymer layers.

The thesis then continues, primarily by use of surface force techniques, to measure
interactions between polymer coated surfaces. Investigations have been made of both
normal and lateral interactions for a variety of polymer configurations. It is usually the
conformation of the polymer which dictates the resulting interactions. Once understood
that information is potentially useful in to controlling those interactions.

There are many different ways to affect the conformation of polymers at the solid/liquid
interface. A number of methods have been used in our studies. In general they are much
the same as those that change conformations in bulk systems. For example, varying the
charge on the polymer, the solvent used, the system temperature and the inclusion of
additives (all are used in these studies). In addition the interaction between the substrate,
the solvent and the polymer can also affect the polymer conformation at a surface.
Further, in these studies, polymers have been adsorbed onto surfaces both by controlling
the surface chemistry, charge or hydrophobicity, and also by chemical grafting to the
substrate. The end result is that by controlling the accessible system variables, the
polymer conformation is predetermined.

Investigations have been made on systems relevant to colloidal stability. By controlling
specific system parameters, the polymer conformation is altered, and so stability is
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affected. In systems where the polymer layer is extended, this can result in repulsions
between the surfaces, which generate stability (steric stabilization). Alternatively, a
collapsed polymer layer can result in attractions between the layers, the mechanism of
which depends on specific conformation and coverage.

In systems where stability is not induced, adhesion between surfaces has been shown to
occur. The magnitude of the adhesion is highly dependent on the nature of the polymer. It
has been shown to be a result of polymer viscoelasticity and entanglements, both of
which are dynamic quantities. Friction has also been investigated and it is shown here
that the process is extremely complex. The dominant mechanisms are seen to be highly
dependent on not only the dynamic range investigated, but also on the conformation of
the polymer (and how the conformation is affected by the load applied to the system).

Thus an interaction between surfaces is the outcome of a series of complex interactions
between the polymer conformation, the consequent intra polymer interaction forces and
the dynamics of the interaction. Special note is also made of the effect that dynamics has
on the solvent contribution to the interactions. Solvent contributions manifest themselves
in their effect on hydrodynamics which is also a focus throughout the thesis. This is of
interest at a fundamental level, to understand its contribution to measured interactions. In
addition, this also has an affect on ‘real’ systems.

The thesis comprises of an opening section that includes details on the systems
investigated, the techniques used and results obtained, in addition to the seven
publications at the end of the thesis. This opening section is aimed at combining the
information in the seven publications and presenting them as a combined work, with
enough background knowledge to introduce those new to the area. In addition it is hoped
that the section will provide an up-to–date review on the area and of the instruments used.
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5 Polymers

5.1 Polymers
A polymer is a large chain like molecule built up of many individual repeating units
called monomers. A homopolymer consists of only one type of monomer whilst a
copolymers may contains two or more types of monomers that can be connected in
different ways, for example random copolymers are consist of one or more different types
of monomers, connected in a random sequence and linear polymers are connected along a
single pathway such that there are no side chains, just a single backbone.

5.1.1 PHS
PHS is the abbreviation for poly (12-hydroxystearate), a homopolymer used in this work.
Each monomer is composed of an 18 carbon linear chain, the first carbon is part of a
carboxylic acid group (stearate is the common name for an 18 carbon chain carboxylic
acid), while a hydroxyl group is attached onto the 12th carbon. During polymerisation the
1st carbon of one monomer (i.e. the carboxylic acid group) joins to the 12th carbon of a
second monomer via the hydroxyl group to form an ester, and a water molecule is
released. As can be seen from the dimer shown in Figure 5-1 this results in the formation
of small (six carbon) side chains attached along the main polymer backbone.

Figure 5-1 Schematic diagram of a dimer of 12-hydroxy stearate.
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5.1.2 AM-MAPTAC
The name AM-MAPTAC refers to a series of polyelectrolytes (charged polymers)
consisting of two different types of monomers. Each polyelectrolyte in the series was a
random copolymer of uncharged acrylamide (AM) and positively charged [3-(2-
methylpropionamide)propyl] trimethylammonium chloride (MAPTAC), the schematic of
which is drawn for each in Figure 5-2. Each polyelectrolyte in the series differs in the
relative concentration of the two monomers (and hence charge density). We refer to the
polymers as AM- MAPTAC-X, where X is the percentage of the number of charged
MAPTAC monomer units. The AM-MAPTAC samples were obtained as a gift from
Laboratoire de Physico-Chemie Macromoleculaire, Université Pierre et Marie Curie,
Paris, and their analysis of the series is given in the following table.

%Maptac
Nominal Elemental

analysis
Potentiometry NMR Molecular

weight
Degree of
polymerisation

1 0.5 0.98 - 900 000 12 200
5 4 4.8 4.6-4.7 1 000 000 12 600
10 10 9 8.8-9.5 1 000 000 11 600
30 31 31 24.2-25.6 780 000 6 600
60 59 66 57-69 340 000 2 100
100 99 95 - 248 000 2 200

Table 5-1 Characterisation of AM-MAPTAC series of polyelectrolytes.

Figure 5-2 Monomer space filling schematics for AM (left) and MAPTAC (right). The arrows in the figure
represent the direction of the backbone after polymerisation. The legend is in the lower right corner, with
C=carbon, H=hydrogen, O=oxygen and N=nitrogen. A normal schematic is also included to the right.
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5.1.3 pNIPAM
The name pNIPAM refers to a polymer of N-isoproplyacrylamide which is illustrated in
Figure 5-3 Below. The polymer is of interest primarily due to the fully reversible lower
critical temperature in water at around 31°C. This lower critical temperature results in the
polymer phase separating above 31°, whilst below the critical temperature the polymer
swells and becomes fully soluble. This effect is a result of the temperature induced
entropy gain for the dehydration of the amide moieties. The critical temperature can be
altered by the pH and additives such as salt, alcohol and surfactants. The pNIPAM used
in the work in this thesis was of an average molecular weight(MW) of 275.5k g/Mol
(determined via intrinsic viscosity measurements in methanol) with a
polydispersity(MW/MN) of 2.75 (determined via size inclusion chromatography).

Figure 5-3 Illustration of the structure of pNIPAM. To the left is a space filling model of a NIPAM
monomer with a legend to indicate the atom types in the middle (the arrows indicate the direction of the
backbone after polymerisation. To the right is the structure of the polymer where n is the number of
monomer units.

5.1.4 Polymers in solution
When a polymer chain is in solution, it may adopt various configurations which greatly
depend on the net segment-segment forces in the solution (and thus also on the solvent-
segment interaction). In a theta solvent, one for which the Flory Huggins parameter χ
=1/2 2, the effective segment-segment interactions are cancelled by repulsive (e.g. hard
core) interactions. The polymer then behaves as if it is ideal. An individual flexible
polymer chain then adopts a configuration characterised by an ordinary random walk 3 i.e.
the conformation is governed purely by entropy and by definition the interactions are not
favourable or unfavourable. An important distance parameter for a polymer in such
conditions is the radius of gyration (Rg) or root-mean-square (rms) distance of the
segments from the centre of mass, which is given by

R
l N

g = 





2
1

2

6

Equation 5-1
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where l is the bond length and N is the number of randomly orientated bonds. This simple
picture becomes more complicated when excluded volume, variable bond types along the
chain, and non-theta solvents are considered. In these cases, more complex theoretical
methods must be employed to model polymer conformations.

5.1.5 Attachment to surfaces
In many cases polymers, or parts of polymers, may have a preference for adsorbing onto
surfaces. This leads to a physisorbed polymer in which the exact conformation is a
function not only of the bulk solution interaction and entropic effects, but also the
mechanism and magnitude of the interactions with the surface and the amount of such
polymer adsorption. Also, since equilibrium is established slowly in polymer systems, the
rate of adsorption may affect the state of the adsorbed layer over an extended period of
time, resulting in dynamic situations.

A second mechanism of attachment can occur through the formation of chemical bonds,
called, reasonably, chemisorption. When the end of a polymer is chemically attached to
the surface it is generally referred to as a terminally grafted polymer. As with
physisorbed polymer, the amount of polymer grafted to the surface and the interactions
between surface, polymer segments and solvent greatly affect the polymer configuration.
At low grafting densities, that is when individual grafted polymers adopt conformations
unhindered by other polymer chains, the chains tend to adopt one of two extreme
conformations. When the polymer has a high affinity for the surface, it tends to maximise
the polymer-surface interactions by flattening out onto the surface, despite the reduction
in entropy. This is known as the pancake conformation and is illustrated in Figure 5-4a.
The other distinct low surface coverage conformation is known as the mushroom regime
(Figure 5-4b) and occurs when the polymer has no (or weak) affinity for the surface. At
high polymer surface coverage the polymer tends to adopt the so-called brush
conformation (Figure 5-4c). The high grafting concentrations and excluded volume
effects, force the polymer chains to adopt an extended conformation, since the polymer
attempts to maximise interactions with solvent. For more information, theoretical works
such as that by Chan et al.4 can be consulted.

Figure 5-4 Different binding conformations for grafted polymers. A) Pancake- low coverage &
surface affinity. B) Mushroom- low coverage & no surface affinity. C) Brush- High surface coverage.

A)Pancake C)BrushB)Mushroom
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5.1.6 Size & Polydispersity
When polymers are produced, whether synthetically or naturally, they occur in a
combination of more than one size, or degree of polymerisation (number of monomers).
This variation in polymer length, or size, is referred to as polydispersity. This distribution
of polymer sizes is characterised in terms of either a number average (MN) or a weight
average (MW). Thus one can report a value that is representative of the degree of
polydispersity, namely MW/MN. A value of 1 represents a monodisperse polymer whilst
deviation from unity signifies increasing polydispersity. Values under 1.05 are generally
accepted as of low polydispersity while values above 1.5 are regarded as highly
polydisperse (though these values are rather subjective).

5.1.7 Diffusion Methods
If a fluid is subject to a disturbance, for example a shear flow, the molecules must relax
from the flow induced disturbed state, to an equilibrium state. For small molecules this
diffusion occurs via simple Fickian diffusion. As molecules become larger, the time for
them to relax increases and the diffusion can be described by considering the polymer as
a collection of beads which are joined by springs. This approach leads to relaxations that
are described by Rouse dynamics 5. For solutions containing large polymers though, it is
in fact quicker for a stressed polymer chain to reptate into an equilibrium position. This is
because the polymer becomes entangled amongst itself and surrounding molecules,
which decreases polymer movement. Reptation 6, which is taken from the movement of
snakes, can be thought of as follows. Consider that a polymer is contained within a tube
that surrounds the backbone of the polymer. Around the tube, many polymer chains are
wrapped so that for the polymer to move in the direction normal to its backbone, other
polymer chains must first diffuse out of the way, a very slow process for long polymers
which themselves are entwined by yet more polymer chains. Reptation thus occurs when
a polymer moves along the “tube”, in the direction in which the backbone lies. In this
way the polymer can move into an unstressed equilibrium position, without all the
surrounding chains having to move out of the way.

Conversely when the polymer is pinned in a specific position, for example to a wall, it is
then impossible for the whole polymer to reptate. This then significantly slows the
diffusion process. One possible relaxation mechanism is for the entire polymer chain to
reptate back to the pinned position, before again diffusing out. The secondary diffusion
process is much quicker due to the large number of possible pathways that the polymer
can take in order to diffuse into a new equilibrium position. The relaxation mechanism is
termed primitive path fluctuations (since the position fluctuates along the primitive path
of the polymer) or alternatively breathing modes. The overall diffusion process is again
much slower than for normal reptation and the diffusion time has an exponential
relationship to the length over which the chain must diffuse5. A similar process is R co-
ordinate hopping. The R co-ordinate hopping mechanism has been proposed to explain
specific experimental situations, where two polymer interfaces are brought into contact 7,8.
The diffusion process itself is due to breathing modes. As such, it is a moot point whether
the process actually exists or is a figment of the theoreticians imagination since the
dynamics are at this stage experimentally indistinguishable from the above mechanism.
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6  Surface interactions (surface forces, adhesion,
friction)

6.1 Surface forces
Surface forces are one important factor that determines the behaviour of materials, in
particular those with a large surface to volume ratio. They are the macroscopic
manifestation of intermolecular forces and in general can be broken down into individual
components. Colloidal systems have by definition, a large surface to volume ratio, and
hence the stability of the system is then dominated by the surface forces between the
colloid particles. Colloidal dispersions of solid particles in a liquid medium are of
particular interest to the current work, regardless of the solvent used. The main difference
between aqueous and non-aqueous systems in terms of surface forces is the relative
importance of the double layer interaction. Although the low ionic concentration in
organic systems leads to a very large Debye length (the characteristic decay length of an
electrostatic double layer force9 ), the low dielectric constant leads to very low surface
charges and hence the magnitude of the electrostatic repulsion is usually insignificant. In
the problem of unravelling the forces due to adsorbed polymer layers, the absence of
double layer interactions is an advantage as both steric and electrostatic forces often have
a similar range. Non-polar solvents also remove the possibility of any long-range
hydrophobic forces 10. On the other hand, aqueous systems are more common, and
electrostatics can be used to change polymer conformations and interactions.
Below is a summary of the forces relevant to the current work. The list is not considered
exhaustive, for example, neither the hydrophobic interaction 10-14, solvation forces9 nor
ion correlation effects (based on the so called Hofmeister effect) 15,16  are discussed in
detail.

6.1.1 Van der Waals forces
Van der Waals forces are always present between molecules as they are of an
electrodynamic origin. Between surfaces they can be either attractive or repulsive, though
between like surfaces they are always attractive. These forces occur due to the
interactions between oscillating and/or rotating dipoles in atoms or in molecules. Van der
Waals forces can be broken up in to three groups 1) Keesom forces (dipole-dipole), 2)
Debye forces (dipole-induced dipole) and 3) London forces (induced dipole-induced
dipole). When van der Waals forces between surfaces are considered, it is the combined
interaction of all the molecules in each surface that is important. In general one can sum
the energy of the interaction between all the atoms in one body with all the atoms in the
second body, which results in the total two-body interaction. (In condensed media the
forces are not strictly additive and appeal must be made to the more sophisticated Lifshitz
theory). For molecules, all three of the above forces have the same distance dependence,
that is 1/d7, (in the non-retarded case) where d is the separation. For surfaces, the decay
occurs more slowly and (according to Lifshitz theory) the magnitude can be calculated
using the optical properties of both the interacting particles and the intervening medium
(since the relevant parameters are implicit in ε and n). At larger separations (greater than
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a few nm) retardation effects become significant and may need to be taken into account.
Retardation effects occur when the time taken for the electric field emanating from the
first surface to reach the second and return, becomes comparable to the period of the
fluctuating field itself. The non-retarded van der Waals interaction is in general used for
simplified fitting of measured van der Waals forces. The interaction free energy, per unit
area, between two flat surfaces can be shown to be

W D
A

D
( ) = −

12 2π
Equation 6-1

Where A is the Hamaker constant and D is the separation.

Based on Lifshitz theory, it is possible to calculate the Hamaker constant, which for the
interaction between media 1and 2 across a third medium3, can be approximated by the
following formula,
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Equation 6-2

where εx and nx are the static dielectric constant and refractive index of medium x
respectively, h is Planck’s constant and νe is the main electronic absorption frequency in
the UV.

Experimentally it is impossible to measure the interaction between two flat surfaces.
However, Derjaguin has shown9,17, that one can relate the interaction energy between two
flats to the force between two spheres, a sphere and a flat, or two crossed cylinders. This
allows comparisons to be made between various geometries and various sized particles.
The Derjaguin approximation states that,

W
F

Rflat

sphere=
2π

Equation 6-3

And this relation can be used to obtain the functional form of the interaction for different
geometries.

6.1.2 Electrostatic Double layer
In most cases, when surfaces are immersed in aqueous solution, they become charged.
The charge can come from a number sources, but most often originates from the
ionization or dissociation of molecules from the surface. This surface charge then causes
oppositely charged ions to accumulate in a region between the bulk and the interface
which is commonly referred to as the electrostatic double layer. This is often broken
down into the inner ‘Stern layer’, where counterions are effectively immobilized at the
surface, and a larger outer layer commonly referred to as the ‘Diffuse layer’. In the
diffuse layer, the concentration of counterions gradually changes from that at the
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interface of the Stern layer, to the concentration in the bulk and can be described by the
Poisson-Boltzmann equation for infinite flat surfaces:

ε ε ψ ψ
r i i
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Equation 6-4

where ε0 = permittivity of vacuum, εr = relative permittivity between the medium and
solution, ψ(x) = electrostatic potential at a distance x from the surface, e = magnitude of
the electronic charge, zi = the valency of ion i, ci,0 = number density of ion i, k = the
Boltzmann constant and T = temperature.

The Poisson-Boltzmann equation cannot be solved analytically. However, by using
specific boundary conditions, it can be solved analytically for certain situations, for
example, for a z:z electrolyte (an electrolyte where the cation and anion both have a
valency of z), the potential distribution away from an isolated charge surface is:
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Equation 6-5

The surface potential, ψ 0, is included in Equation 6-5 through the relation
Γ0=tanh(zeψ0/4kT). The Debye-length, κ -1, is a measure of the thickness of the diffuse
layer and is given by the following equation,
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Equation 6-6

For a 1:1 electrolyte κ-1 can be approximated as in the following formula,

κ − ≈1 0 304.
c

nm

Equation 6-7

where c is the concentration of the electrolyte. As an example, in 0.1mM KBr, κ-1 is equal
to  30.4 nm. The Graham equation (Equation 6-8), relates the surface potential to the
surface charge, σ, for a z:z electrolyte, and so the surface charge can be obtained through
a fit of Poisson-Boltzmann theory to the measured force.

σ ε ε ψ= 
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Equation 6-8
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6.1.3 DLVO interactions
Named after the four scientists who developed it (Derjuaguin, Landau, Verwey and
Overbeek), DLVO  theory is simply the sum of van der Waals and electrostatic double
layer interactions and is used to describe the stability of colloidal systems. By
convention, forces are often divided into DLVO and non-DLVO interactions, and the
latter are not necessarily additive.  In addition, as discussed below, DLVO theory does
not include dispersion forces acting on ions. Thus for asymmetric electrolytes the Debye
length expression has to be modified,18-20
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With highly charged components like proteins even in minute quantities  the Debye
length can change enormously due to the zi

2 term in Equation 6-10. (These effects are
called pixie dust in industry)

This summary embodies the conventional wisdom which has been mostly unchallenged
for over half a century yet has recently been challenged suggesting that DLVO theory is
badly flawed at a fundamental level. The older theory does not for example deal with
specific ion, so called Hofmeister effects which have been known for over a century. In
the new emerging theories these specific ion effects are accounted for in a predictive way
(see for example 15,21-23). Under certain conditions these advances can be used to great
effect but for the work in this thesis these matters generally have no significant affect,
and are simply noted in order remain up-to-date. I am indebted to Professor B.W Ninham
for this information and the references to work.

6.1.4 Steric repulsion
When polymers are attached to a surface, they adopt certain configurations, analogous to
those of free polymer molecules in solution. Entropic contributions cause the polymer to
adopt distributions determined by random walks, while attraction or repulsion between
the polymer, other parts of itself and the surrounding solvent can cause the coil to either
expand or contract. The steric force that occurs between polymer bearing surfaces, is in
the absence of bridging, a repulsive force that occurs due to the confinement of these
polymer chains between the surfaces. Modelling of these forces can be achieved by
various methods and is discussed below,
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6.1.4.1 Theoretical modelling
There are a number of different theoretical models that can be employed to calculate
polymer interactions all of which have certain advantages and limitations. The most
commonly used of these are mean field and scaling theories.

Mean field theories are used to approximate configurational energy (entropy) of polymer
chains. They are known as mean field as all segments in a given layer on average are
subject to the same force field.  In the model, each segment and solvent molecule, is
assigned to a discrete site on a set lattice. The layers then take on average properties that
reflect their constituents. Each layer is thus subjected to the mean field approximation ,
taking into account chain connectivity, which results in a density profile for the polymer
next to the interface (which is deemed impenetrable by the model). The model is
expected to hold when the excluded volume parameter is small and is thus generally
applicable for poor and ideal (theta) solvents24. The mean field approach also is only
appropriate when the polymer concentration is high enough such that local
inhomegenities within layers can be ignored.

Scaling theory is based on self-similarity and provides a fundamental insight into the
polymer distributions. This is achieved by deriving relatively simple power law models,
which allow calculation of average chain conformations and interaction profiles. It is
based on the universal properties of polymer molecules, that originate in the global
characteristics but ignores local properties25. An example of this has been shown already
in the calculation of the radius of gyration. The scaling approach is appropriate in good
solvents, though it has also been applied to theta solvent regimes26. It also has the benefit
that it can be applied to both the dilute and concentrated regimes.
For good solvents, in the mushroom regime, the interaction energy for a flat surface can
be calculated as 27,
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Equation 6-11

where D is the separation, N is the number of monomers per chain, kB is the Bolztmanns
constant, T is the temperature in Kelvin, s is the separation between grafting points
(assuming a square binding lattice) and a3 is the monomer volume.
When in good solvent and the brush regime, the interaction energy for a flat surface
changes to 27,
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Where 2Lo is the initial interaction separation, corresponding to twice the brush length.
In theta solvents one can use the theory of Dolan & Edwards 26 which provides equations
valid either at short range or long range. The long range interaction energy is described
by
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Where l is the link length (the length of a statistical unit), whilst at short range it is given
as
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6.1.5 Depletion attraction
When a polymer has a repulsive interaction to a surface it will tend to form an exclusion
zone around the interface such that the polymer concentration decreases around the
boundary layer from approximately one radius of gyration away from the surface. When
two surfaces approach within 2 radii of gyration of each other, this creates a region of
low polymer concentration between the two particles. This creates an osmotic pressure
difference between the bulk and the interfacial liquids, thus creating an attractive force
between the particles that is referred to as depletion attraction.

6.1.6 Bridging attraction
Bridging forces can occur when a polymer molecule is able to adsorb onto two surfaces
as they interact. As two surface approaches sufficiently close to each other, a polymer
which is adsorbed onto the first one is able to also adsorb onto the second surface,
forming a bridge between them. This occurs spontaneously when the initial stretching out
event is enthalpically favourable, though in doing so entropic energy is lost as the chain
stretches out from its equilibrium configuration to meet the second surface. The two
surfaces are then “attracted” to each other as the polymer molecule attempts to regain lost
entropic energy, by returning to a more coiled configuration. According to scaling theory,
the force scales with the separation squared27 though this is currently debatable and
certain authors suggest a roughly exponential relationship9. These bridging forces are
only present at relatively low surface coverage, as the polymer molecules must be able to
find free surface on the opposing surface to adsorb to. An alternative to bridging to an
opposing surface can occur below theta conditions when polymer chains from one
surface can be attracted to adsorbed polymer on an opposing surface. This form of
bridging is a type of polymer-polymer interaction.

6.1.7 Polymer-polymer interaction
In theta solvent, the repulsive interaction (based on excluded volume) is exactly balanced
by attractive segment-segment interactions. Under these conditions the polymer behaves
ideally, e.g. the configuration is described by random walk statistics. In poor solvent
however segment-segment attraction is larger than the excluded volume repulsion. In
bulk this causes the radius of gyration of a single flexible polymer chain to decrease as
the polymer contracts upon itself and excludes greater amounts of solvent. Similarly, on
surfaces, the bound polymer layer decreases in thickness. When two such surfaces
approach one another in poor solvent, then there is an attraction between the polymers on
opposing surfaces. This occurs as the polymer gains enthalpic energy by replacing
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neighbours of solvent by neighbours of polymer. Thus polymer-polymer interactions can
in many cases be thought of in terms of a van der Waals interaction between networks of
polymer contained within a solvent medium. Within these networks, the polymer
concentration is not homogeneous, and the polymer conformation may also change over
the course of approach of two interfaces. Thus a triple layer, three slab-van der Waals
calculation of forces is inappropriate. Additionally the polymer layer in the contact zone
between two polymer coated surfaces, has a larger thickness than on the single surface,
and hence this may allow additional entropic contributions as more extended
configurations are adopted by individual polymer molecules. Since this attraction occurs
between the polymers, it is different to conventional bridging attraction that occurs
between a polymer molecule and two surfaces (which may also be apparent under good
solvent conditions).

6.1.8 Hydrodynamics
Hydrodynamic forces occur only under dynamic conditions when two surfaces move
towards or separate from one another. It is the force needed to squeeze out (or draw in)
the intervening medium. This is different to Stokes drag, which occurs when a single
surface moves through some medium, which must move around the surface. Chan and
Horn 28 have applied a theoretical model for the hydrodynamic force, which is based upon
a simplification of the Navier-Stokes equations of continuum hydrodynamics. The
hydrodynamic force FH derived for two crossed cylinders of radii R1 and R2 is,
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where η is the viscosity of the intervening medium, d is the separation of the surfaces «d
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where R1 and R2 are the radii

of the two interacting spheres.

The model assumes that the hydrodynamic behaviour of the film is adequately described
by Reynolds theory, and thus the flow is laminar in nature and not turbulent. Close to
contact (~5 nm) there can be a departure from the predicted value due to surface effects
on the shear of the solvent and within around 10 molecules of the surface the continuum
model tends to break down. Shear effects due to the surface are normally resolved by the
inclusion of a separation between two planes of no slip that are located outside the actual
interface between solid and liquid. For most simple systems the slipping plane lies only a
small distance away from the surface, within the liquid, though the position may not be
fixed throughout a collision event. When there is adsorbed material on the surface, such
as polymer, then the hydrodynamics become more complicated. This is because the
polymer layer has a certain amount of solvent associated with it in a network, which is
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attached to the surface, which moves the position of the actual slipping plane further
away from the surface. Any changes to the conformation of the polymer layer also affect
the position of the slipping plane, as does increased solvent flow rates within the
interfacial region (as a result of smaller separations or increased approach speeds).

When calculating hydrodynamics in surface force experiments, the viscosity is
approximated by the bulk value. This is regardless of the fact that the viscosity of solvent
increases when it lies close to a surface, or within a polymer network in this work. The
velocity of approach of the surfaces is found from the change in the local separation as a
function of time and the slipping plane is approximated by the hard wall contact reached
under a high compressive force. It is shown that these approximations are valid for small
hydrodynamic forces.

6.2 Adhesion of polymer coated surfaces
Historically, research into adhesion has been conducted in two separate areas. Firstly that
associated with surface force measurements in which the thermodynamic work of
adhesion is investigated, for example in terms of van der Waals forces of attraction.
Secondly, adhesion has also been studied from the macroscopic, fracture mechanics point
of view, in which de-bonding is investigated by stress analysis around pre-existing flaws.
This latter mechanical approach is important since flaws in the system often reduce
adhesion by over an order of magnitude from the thermodynamically derived value29.

Polymer coated surfaces are able to modify surface interactions, e.g. as adhesion
modifiers. Adhesion can be highly dependent upon any interpenetration of the polymer
layers from two opposing surfaces. This inter-digitation of the polymers can be thought
of as a molecular scale version of Velcro , and can greatly increase the magnitude of
adhesion. Since polymers are viscoelastic materials, the time scale for such
interpenetration to occur depends greatly on both the material properties of the polymer
and the quickest modes for the relaxation and diffusion processes. In general dynamic
processes are important for the adhesion between polymer coated surfaces.

6.2.1 Interfacial thermodynamics
Interfacial thermodynamics was first formulated by Gibbs30. The surface tension depends
not only on the bulk material but also on the medium in which the new surfaces are
formed. For two dissimilar materials, the work of adhesion is defined as,
Wa = + −γ γ γαζ βζ αβ

Equation 6-16

Where materials α and β are interacting in media ζ.
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Figure 6-1 System moving from surface α in contact with surface β, to surface α separated from
surface β by ζmedium. Used to illustrate work of adhesion definition from Equation 6-13 Wa=γαζ+γβζ-γαβ.

6.2.2 Autoadhesion of Polymers
Autoadhesion, a term first coined by Voyutskii31, is defined as the formation of strong
(non-chemical) bonding due to contact between two surfaces of the same substance,
which is a dynamic process. For smooth interacting surfaces the adhesion is solely due to
the wetting of one surface onto the other, and hence this is the only dynamic mechanism
that must be considered. In the case of polymers however, there is an additional
consideration - polymer entanglement. As shown in Figure 6-2, autoadhesion for a
polymer is a two step process, wetting followed by interdiffusion29.

Figure 6-2 Two step autoadhesion process for polymeric materials. 1) Two separated bulk materials.
2) Wetting process, arrows indicate the extension of the contact region. 3) Blown up area from previous
step, two materials in contact, with definite boundary between the bulk materials. 4) Diffusion of polymers
across boundary layer. 5) One bulk material with no boundary layer between two initial bulk materials. The
figure to the right illustrates the adhesion strength as a function of time.
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At step two (in Figure 6-2), before interdiffusion occurs, there is a clear boundary
between the two bulk materials. During the interdiffusion this boundary starts to broaden
and eventually disappears. The dynamics of the process is also included in the figure. No
conclusions should be drawn from the slopes of the lines in the schematic, as it is
intended only to show how the two processes increase the adhesion, and that diffusion
cannot occur before the surfaces come into contact. Also, as indicated by the existence of
region 3, the assumption is made that the two processes, wetting and diffusion, can be
entirely separated on the time axis. In practice this may not be the case and the two
sloped regions may indeed connect, or even overlap. In general the wetting dynamics are
very fast compared to the diffusion process and are experimentally inaccessible.

Temperature can be used to alter the wetting and diffusion times. In particular the
diffusion times can alter dramatically around the glass transition temperature of the
polymer. In solvents the temperature can also affect the relative solvent-polymer-
substrate interaction, and thus both the total thermodynamic work of adhesion and the
interdiffusion based adhesion component. Pressure can also be used to affect both the
diffusion rates32,33 and the relative concentration of solvent in the contact zone34.

6.2.3 Adhesion Theories
The first and simplest treatment of the deformation of solid surfaces in contact was
conducted by Hertz in 188135. In this model there is no adhesion, only an elastic
interaction where all energy from deformation is stored in the system. In 1932 Bradley 36

calculated the pull-off force for rigid spheres (no deformation) with an attractive potential
proportional to the van der Waals retarded regime,

F R= 4πγ
Equation 6-17

In reality though, materials interact in an elastic way (or viscoelastic) and deform upon
contact (or even due to long-range surface forces). This leads to a finite contact area,
even when no external load is applied. In 1971, Johnson-Kendall & Roberts (JKR)37

devised a theory which added an infinitely short ranged attractive force to the Hertz
theory (ie. attraction only in contact). Although this leads to an un-physical stress profile,
discontinuous and singular at the contact edge, it does however give a good description of
soft materials with large surface energy and radii. This theory suggests, among other
things, a pull off force of,

F R= 3πγ
Equation 6-18

In 1975, Derjaguin. Muller and Toporov (DMT)38 approached the problem from the
opposite direction to JKR theory. They ignored the forces inside the contact region, but
considered the attractive forces outside a Hertzian contact zone. This approach also leads
to an un-physical stress profile and by not allowing the surface forces to deform the
surfaces, it gives an unrealistic result for low loads. It does however work well for small
radii and low surface energy and predicts a pull-off force of,

F R= 4πγ Equation 6-19
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In between the regions in which the JKR and DMT models are appropriate, there have
been other theories used in order to better model adhesion. For example, in 1980-83,
Muller, Yushchenko and Derjaguin (MYD)39 calculated the deformation numerically, for
a Lennard-Jones potential, with a JKR-DMT transition as a result. In 1992 Maugis and
Dugdale (M-D)40 also presented an analytical model for the JKR-DMT transition using a
simple force law and fracture mechanics.41 The resulting pull-off forces in these models
range between the DMT and JKR limits. These advanced theories require significant
computational time in order to model results and are thus more complicated and time
consuming to apply.

6.2.4 Crack propagation theory
When investigating the adhesion of two spheres in adhesive contact it is useful to
consider the movement of the contact line as the propagation of a crack. Fracture
mechanics is the study of how a crack starts and propagates in materials and can be
thought of as the mechanical aspect of crack propagation. For a crack to propagate, not
only must the process be thermodynamically favourable but there must be ample stress at
the crack tip in order to separate the molecular structure present. Although the
thermodynamic work of adhesion sets the maximum adhesive strength (assuming no
polymer entanglements), the "real" mechanical strength comes from the nature of existing
flaws and the viscoelastic properties of the system. The existing flaws generally lower the
adhesive strength by over an order of magnitude. Brittle fracture of an adhesive joint is
the simplest case. For a brittle crack, once it grows beyond a certain length (known as the
Griffith length), the decrease of elastic energy (that favours crack propagation) is no
longer balanced by the increase in surface energy (that counteracts the crack propagation)
and the crack becomes unstable and the process accelerates. The excess work done by the
applied negative load is then transformed into kinetic energy and the crack faces fly
apart. Modelling of the crack propagation process in fibrous, plastic or viscoelastic
materials becomes much more difficult.

Maugis and Barquins42 have investigated fracture mechanics and adherence in
viscoelastic bodies, where they applied a step function of applied pressure and looked at
the viscoelastically constrained crack velocity. In the model they propose that the surface
properties and viscoelastic losses (which occur in this surface layer) are decoupled from
elastic properties of the bulk and the loading conditions of the system. They define a
strain energy release rate (G), which is equal to the change in the stored elastic energy
plus the change in the potential energy as a function of the area or more simply G is the
energy applied to separate the surfaces. This means that contact is stable when G is equal
to the thermodynamic work of adhesion (w). When G>w, the applied force is enough to
exceed that required to hold the surfaces together and the two bodies separate. G-w is
thus the energy applied to a unit length of crack, so the crack thus acquires a limiting
speed, which is a function of the temperature. G-w is also related to the viscoelastic
losses at the crack tip, independent of the geometry and the loading system. This
produces a power law relation between the crack velocity and the motive G-w, which is
required to extend the crack at that particular velocity. Work on the adherence of
polyurethane on glass was used to experimentally determine experimentally a value of
0.6 for the exponent, for the motive G-w, as a function of the crack velocity, which they
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confirmed was independent of both the loading and the geometry. Thus (G-w) ∝ v0.6,
which simply relates the increase in applied force needed to increase the crack
propagation rate

Theoretical work by Greenwood & Johnson43, also predicts a power law relation
(exponent equal to a half) between the excess work of adhesion  and the crack
propagation rate, which in this case correlates with viscoelastic losses in the bulk. They
define the excess adhesion as the adhesion at a specific separation rate less the adhesion
at an infinitely slow separation rate(what Maugis and Barquins refer to as G-w). They
investigate the elastic and viscoelastic crack shapes, and the effect this has on the excess
adhesion and find that this rate dependent adhesion is due to viscoelastically driven crack
length extension. This theory was established for peel behaviour (not sphere-sphere
contact), with a constant crack propagation rate, where the predicted 0.5 exponent is
independent of the viscoelastic system investigated.

6.3 Friction

Historically speaking, there are three macroscopic laws of friction, which are still not
fully understood today in terms of fundamental microscopic processes. These laws are44,

1) Independence of the area of contact - Friction is independent of the apparent area
of contact.

2) Amonton’s Law – Friction is proportional to the applied load. The ratio µ=FL/FN

(the lateral force over the normal force or load) is called the coefficient of friction.
It is larger for static friction than for kinetic friction.

3) Coulomb’s Law of fricton – Kinetic friction is independent of the velocity.
It is however, the deviation from these laws, and the microscopic mechanisms which
drive them, that is of interest today. For example, it has been shown that although law (1)
is in general apparently correct for macroscopic studies, this result is only due to the
effect of surface roughness, such that the ‘true’ contact area is related to the load, not the
‘apparent’ contact area. When atomically smooth surfaces are investigated, there is
indeed a dependence on the contact area, and in such a case, the Bowden-Tabor model
predicts that the friction is now proportional to the contact area. For deformable surfaces,
the contact area is significantly altered by the load, and hence the relation between
friction and load is no longer linear. In some case there can be a resulting hysteresis in the
adhesion, which can similarly result in hysteresis between loading and unloading
friction.45 In systems where there is adhesion between the surfaces, this can lead to the
total load being the combination of the applied load and the inherent surface forces
generated load.

Energy dissipation in interfacial friction can be manifested as either sound or heat.
Additionally, in cases where wear is present, this also results in increased friction (though
it is possible for the wear particles to act as lubricants). In non-damage systems,
mechanisms like stick slip46,47 can add to the friction for rough surfaces, though even for
smooth surfaces, molecular stick slip can result via the so called ‘cobblestone’ model.48,49
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6.3.1 Lubricated friction
Lubrication by thin films is a complex phenomena which can nonetheless be illustrated
conceptually by the so-called Stribeck curve44, which plots the friction coefficient against

a film parameter ηωp−1
, which is also known as the Gumbel number44, where η is the

viscosity, ω is shear rate and p is the pressure. This treatment suggests that thin film
lubrication can be broken down into four regions,

1)Boundary layer friction, which is dominated by loads being carried by the
surface asperities. Within this region, the friction is independent of the Gumbel number.

2)Mixed lubrication, where both asperities and lubricants play a role. This leads to
a decrease in friction with increases in the film parameter.

3)Elastohydrodynamic friction, where a combination of elastic deformation and
hydrodynamics are the main contributing factors in the friction. A transition between
regimes 2&4.

4)Hydrodynamic friction where the surfaces are separated by a relatively thick
lubrication film which thus dominates the friction and leads to an increase in friction with
the Gumbel number.

6.3.2 Friction between polymer coated surfaces
When surfaces are coated with thin layers, the resulting ‘boundary’ friction can be
significantly different to interfacial friction. Polymers layers for example, can lead to a
huge range of additional regimes in friction50-52. Energy in such systems can be dissipated
into the polymer by forcing the polymer to adopt new conformations. Since polymers are
viscoelastic, this now offers new possibilities for rate dependent friction, such as shear-
melting (a transition between mobile and crystalline structure which is analogous to bulk
solid-liquid phase transition)50. Alternatively the polymer/solvent film can also act as
lubricants and decrease the friction. Finally the rich behaviour displayed by polymers in
surface force experiments can also express itself in friction measurements. Examples of
this include entanglement and bridging which both lead to adhesion in force
measurements and could potentially increase friction.
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7 Instrumental

Below is a description and discussion on the techniques used in the course of this thesis. The two
main techniques, MASIF and QCM, are discussed in substantial detail since the majority of the
effort of which the thesis is the result has been spent advancing the use and understanding of
these instruments. Other techniques have been referred to as deemed relevant to their application
in this work, and where possible references are given for more in depth descriptions and
discussion.

7.1 The MASIF Technique

Figure 7-1 The cell of the MASIF. The two leads to the right connect to the bimorph. The thin wire on the
right is the high voltage input to the piezo and the other connection is for the LVDT out signal.

7.1.1 Fundamental principles
The MASIF is an electro-mechanical type of surface force instrument, which is a technique used
to measure surface forces directly. The original Surface Force Apparatus of Israelachvili and
Tabor 53 was developed to measure forces as a function of separation between molecularly
smooth mica surfaces. It achieves this by the use of an interferometric technique which enables
absolute separation of the surfaces to be obtained with a resolution of 2Å. In interferometric
mode, the technique has the limitations that the surface must be both molecularly smooth (a
requirement of all surface force techniques) and that the surfaces must be transparent, thus the
choice of surfaces is essentially limited to mica (other surfaces such as silica and sapphire have
also been tried54). The MASIF technique however, does not require transparent surfaces since in
this case the separation is not measured interferometrically. This allows a larger variation in the
range of substrates that may be investigated. The MASIF is also able to collect data at a higher
frequency due to the electronic nature of the signals that are registered by a computer, which can
be especially important in dynamic measurements (although video imaging in SFA
measurements can increase the data collection rate if employed). Finally, since the MASIF is
electronically controlled, this allows for precise control of the interactions, including approach
speeds, pauses and non-linear approaches.
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To be able to measure surface forces, a technique is required where the surface separation is
controlled AND measured, while the force between the surfaces is simultaneously obtained,
through for example the deflection of a spring. In the MASIF, the upper surface is mounted on a
piezoelectric tube, which is used to control the position of this surface. For coarse movement  the
piezoelectric tube is mounted on a motorised stage. In order to measure the position of the lower
surface, it is attached to a bimorph (which simply acts as an electronic spring), and its deflection
from equilibrium is measured by the charge on the surface of the bimorph. Both surfaces are
contained within a stainless steel chamber of approximately 12ml in volume. When sealed this
enables experiments to be run in both gaseous and liquid media. A schematic of the set-up can be
seen in Figure 7-2.

Figure 7-2 Schematic of the MASIF instrument. See the MASIF technique section for more information.

The MASIF has its own software which is  used to operate the instrument as well as for analysis
of the results obtained. A captured picture of the main operation window is included below in
Figure 7-3. The name of the file is displayed at the top of the window. The top box to the left
includes the current instrument outputs (which are not present during analysis). The box below
this is for the motor control of the upper surface. The boxes to the right display, from top to
bottom, the response from the bimorph (see 7.1.2), the movement of the upper surface as
measured by the LVDT (see 7.1.3) and the computer applied voltage to the piezoelectric tube.

Figure 7-3 Image captured of the main window in the MASIF program. The name “PLUNK 100” is the file
name. Other information is as described in the text.
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7.1.2 Force detecting Bimorph
The Bimorph is a piezoelectric transducer that produces a charge when deflected. Within the
linear regime (generally deflections lower than 1 µm), this charge can be measured to give a
relative displacement. The displacement of the bimorph can then be converted into a force if the
spring constant is known. The bimorph used in this work consists of two thin slabs of piezo-
electric material separated by a metal strip and connected in parallel. This set-up is depicted in
Figure 7-4. Although the relation between the deflection and the charge is linear (within its
normal operating regime), this charge still needs to be calibrated in terms of a deflection distance.
This is achieved by pushing the two surfaces into a hard contact (so that there is no relative
movement between them) and then measuring the relation between the charge and the movement
of the upper surface. This hard contact regime is then referred to as constant compliance.

Figure 7-4 Bimorph. The two hashed areas represent piezoelectric materials connected in parallel, separated
by a thin metal strip. The two terminals are shown, one connected to the metal strip whilst the other is connected to
the piezoelectric layers.

7.1.3 Piezoelectric tube – LVDT
The position of the upper surface is controlled by a piezoelectric tube. In the case of our
experiments a simple triangular voltage wave form is applied to the tube which produces a
roughly linear expansion followed by a roughly linear contraction. In order to calibrate this
movement, and account for any non-linearity, the piezoelectric tube is attached to a Linearly
Variable Distance Transducer (LVDT) which, when interferometrically calibrated, is able to
measure this displacement. Due to the inherent noise associated  in the LVDT signal, the
response is fitted to a polynomial (generally 3rd order).

7.1.4 Spring constant
The displacement measured by the Bimorph must be converted into a force, by calculating the
spring constant. The spring constant is measured by the weights method. This is in practice
achieved by measuring the displacement of the surface that occurs due to the addition of small
weights (in general below 0.5g). Displacement is measured with a graticule calibrated
microscope. Care needs to be taken with measurement of the spring constant as large deflections
lead to plastic deformation of the Bimorph, which can lead to erroneous values (+/-20%) of the
spring constants.

Metal Strip
Terminal

Peizoelectric
Layers Terminal
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Figure 7-5 Image captured from the MASIF analysis program showing the LVDT response as a function of
the voltage applied to the piezoelectric tube. The fit to the data is a 3rd order polynomial which is used to
approximate the relative position of the upper MASIF surface.

7.1.5 Surfaces
The typical surfaces used in the MASIF are made by melting cleaned borosilicate glass rods
(2mm diameter) in a butane oxygen flame to produce glass spheres of roughly 4mm in diameter.
It has been shown by AFM imaging that the rms roughness in this case is in general below 0.1nm
for a 1µm2 area. 55. This is attributed to the high surface energy of the glass which pulls the
surface smooth in the liquid state.
It has also been shown that it is possible to chemically alter the glass surface by the addition of
polymers (see paper1) or the addition of metal layers. The addition of gold layers has been shown
to allow the addition of self assembled thiol monolayers. Finally, other surfaces can be employed
as long as the roughness can be kept low, for instance polystyrene surfaces have been previously
employed 56,57, and silane treatments can be directly applied to the glass surface (vapour
deposition methods have been found to be the best).58

The current method of determination of the surface radii is to use the macroscopically measured
radius of the glass spheres (determined with a micrometer). This value is then used in order to
resolve the local interaction radius. It was previously claimed from hydrodynamic
measurements28, that the local curvature is equivalent to this macroscopically measured value, at
least for glass surfaces prepared as stated above.

7.1.6 Improvements to the measurement of the spring constant and the local
interaction curvature.

In contrast to the above statement, we have measured dynamic interactions between glass spheres
in decalin where the van der Waals and electrostatic interactions become close to negligible
(materials close to phase matched). In this case hydrodynamics did not always perfectly account
for the interaction. The quality of the agreement between the calculated hydrodynamics and the
measured force depended on the angle of the lower sphere tilt (see inset in Figure 7-6) and the
‘sphericity’ or roundness of the surfaces (which in part is a function of their size). Even when
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agreement was relatively good (Figure 7-6), at rates higher than 200nms-1 the agreement was
affected by inertial effects for the lower surface. In force measurements, the force is normalised
by the radius and plotted against the separation. Thus the magnitude of the forces shown are
dependent on a factor of k/R. Subsequent analysis of enlarged photographs of glass
surfaces(Figure 7-6 inset) have shown that there is a significant elongation of the glass surfaces
due to gravity, leading to a slightly erroneous value of R. In future a better method for calculation
of the interaction radii will be used, that is by placing the surfaces in a profilometer instrument
(in this case a Zygo View 5010), and optically measuring the local curvature.

Figure 7-6 Force-distance plots for glass spheres (see inset) interacting in decaline (n.b. close to phase
matched). The darker thinner liner represent the experimental data while the thicker grey curves are the calculated
hydrodynamics. The speed of the runs are (from lowest to highest rate) 16.7nms-1, 200nms-1, 400nms-1 & 2000nms-1.
The inset is of an enlarged photo of a lower glass MASIF surface. Details of preparation are found in section 7.1.5.

A further refinement of the calibration technique has been found to be necessary as the value of
the spring constant has been found to be  dependent on the technique used to measure it. It is
most likely that in the previous hydrodynamic testing of the radii, that the error in calculation of
the spring constant and was enough to compensate for the error in the calculation of the radii. At
present, the best method to measure the spring constant is to use a method of measuring the
displacement of the lower surface due to the addition of small weights (larger weights above
approximately 0.5g lead to a change in the spring constant). The only drawback of this method is
the increased error caused in measuring such small displacements An improvement to the current
method has been devised, but this requires re-tooling of certain parts of the instrument and as
such is not completed at the time of publication of this thesis. In short the method requires
removal of the lower surface, calculation of the spring constant of the bimorph by a resonant
method (similar to the method used in the AFM), and then recalculation of the spring constant
considering the additional length added by the addition of the lower surface.59 This method has
been tested to a first approximation and has been found to reduce the error in the calculation of
the spring constant.
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Together with the improvements to the interaction curvature, this should lead to more accurate
force measurements in the future. It should be noted however that these potential sources of error
would only affect the absolute magnitude of the forces measured and not the trends seen, and
would also be rather reproducible between experiments. In none of the work presented here
would any of these effects lead to re-appraisal.

A final note is made on the possibility of an artifact in force measurements due to the Teflon
sheath that surrounds the bimorph. Measurements have shown that if the sheath is too thick
and/or is incorrectly fitted, this can effect the measured forces in two ways. Firstly it can change
the effective spring constant  and secondly it can result in an apparent repulsion on the outward
(or retraction) runs. In this case the magnitude of the force is seen to be dependent on the time the
bimorph is deflected and the severity of the effect. The decay rate of the repulsion is then found
to be exponential in its decay and related to time and not the speed of the surfaces.

7.1.7 Temperature control
An advantage of the MASIF technique is the ability to easily control the temperature. This is
achieved with the temperature control hood supplied with the instrument. The hood consists of an
insulated box which surrounds the entire measuring chamber (excluding most electronics), with
temperature control achieved by the use of 6 Peltier units with fans. In practice this allows the
temperature to be varied between 15 and 45°C, without the need for changing the temperature of
the room. A sketch of the unit can be found in paper 4.

7.1.8 Contact radius and crack propagation rates
Using the JKR model it is possible to approximate the interaction radius (and thus area) in a
typical MASIF experiment as,
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Equation 7-1

where R is the radius of curvature of the undeformed bodies, F is the externally applied load, K is
the elastic constant of the interacting bodies and γ is the surface energy (half the work of
adhesion). A typical contact radius for glass spheres in the MASIF (at zero applied load) is
600nm, which gives an interaction area of approximately 1µm2 (and a maximum deformation of
approximately 1Å). Equation 18 also allows calculation of the contact radius as a function of
applied load, a typical example of which is shown in figure 9, where the radius has been
normalised by the value at zero applied load and the load has been normalised by the load at
separation. The dashed line represents the radius at pull off, which JKR theory predicts as 63% of
the zero applied load radius.
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Figure 7-7 (Top) The normalised crack propagation rate as a function of the normalised force, calculated by
JKR theory for interacting spheres. The crack propagation rate is normalised by the value at pull off, as is the
normalised force. (Bottom) Normalised radius as a function of normalised applied separating force for two spheres in
contact, calculated by JKR theory. Radius is normalised by the radius at zero applied force whilst the force is
normalised by the force required to achieve separation. Note the dashed line represents the pull off radius, which
occurs at 0.63 of the radius at zero applied load

When the load changes with time, differentiation of Equation 7-1, leads to Equation 7-260, which
can be solved to approximate the “crack propagation rate” (the rate of change of the radius with
time). This is shown in Figure 7-7.
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where t is the time. In macroscopic adhesion tests, a typical experiment, called a peel test,
requires two adhesive surfaces to be pulled apart. In these tests the surfaces are pulled apart such
that a crack opens in a single direction. The main difference is that in peel tests, the crack
propagation rate can be controlled and kept at constant rates (and the adhesion is measured as
function of crack propagation rate), whereas in surface forces, the crack propagation rate changes
over the course of the experiment, and only the rate of unloading can be controlled. However,
there is a relation between the crack propagation rate measured during the transfer from a high
load to pull-off in a sphere/sphere interaction and the rate of separation between two surfaces in
p e e l  t e s t s  a n d  s i m i l a r  s i n g l e  d i r e c t i o n_experiments42.

0.5

0.75

1

0 0.25 0.5 0.75 1

Normalised force

N
or

m
al

is
ed

 R
ad

iu
s

Pull off radius (0.63Ro)

0

0.5

1

N
or

m
al

is
ed

 
cr

ac
k

 p
ro

pa
ga

tio
n 

ra
te



30

7.2 Quartz Crystal Microbalance

Figure 7-8 Schematic of basic components for a QCM instrument.

7.2.1 Introduction
Crystal resonators use the natural piezoelectric resonant properties of crystalline materials to
measure changes in the mass and/or material properties at, or near the surface of the crystal. This
allows studies to be made of such phenomena as adsorption/desorption, swelling and other
conformational changes. In order to measure these effects, instruments such as the Quartz Crystal
Microbalance(QCM) have been developed. The QCM employs a thin disc of quartz with
electrodes on either side, in which one electrode surface is used as the “active surface”.
Historically these crystals have been used in vacuum and air, purely as mass sensors. Recently
though, their use has been extended into liquid media and, as discussed below, by simultaneous
measurement of the rate of energy dissipation, additional information can be gained.

During the course of this work, a number of different QCM instruments have been used and the
properties, advantages and disadvantages of each will be discussed below. The different
instruments can be most simply broken down into two types, the QCM-D (Q-sense, both
prototype and commercial versions, www.q-sense.com) and that developed by Dr Diethelm
Johannsmann (www.resonant-probes.de). 1,61. For simplicity, the description of the QCM is
broken up into two sections. The first describes the principle of the technique in general terms,
the nature of the output and its analysis, while the second section compares the various versions
of the instrument, discusses more advanced analysis and technical difficulties thereof and finally
suggests future improvements and solutions which have been implemented during the course of
this work.

Temperature
controlled
environment.

Electronics
Computer

Quartz crystal
with electrodes
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7.2.2 Instrumental Basics

7.2.2.1 Electrodes / Substrate
Thin metal layers are evaporated onto both sides of a polished quartz crystal to act as electrodes.
In practice a number of materials are possible but gold is the most common due to both its good
conductive qualities and inert nature (a thin 5nm layer of chromium or titanium is used as an
adherent layer between the quartz and gold layers). The thickness of the electrodes is normally
around 100nm. One side of the quartz is used as the ‘active’ side whist the other is only used as
an electrode. On top of the metal layer (on the active side), other materials can be added in order
to create the desired substrate for experimental conditions. In the course of this work, a number
of surface modifications have be used to obtain different substrates in addition to gold, namely
silica (SiO2), hydrophobised silica (via silanes), titanium dioxide and a number of different
thiolated gold substrates with varying degrees of surface hydrophobicity. In theory at least, a
huge number of possibilities exist for surface modification. More technical information on the
electrodes is discussed later under the heading “energy trapping” in the advanced section below.

7.2.2.2 Experimental Set-up
The basic set-up of a QCM instrument is relatively simple. The only requirement is that the
electrodes of the crystal can be connected to electronics which drive the crystal to oscillate at its
resonance frequency, and thereafter measure the decay of these oscillations, in terms of both the
resonant frequency and the rate of decay of the signal. A basic description is illustrated in Figure
7-8.

Here the quartz crystal is shown within a temperature controlled environment, since the resonant
frequency is very sensitive to temperature. The electrodes on the crystal are then connected to the
electronics(depicted by the picture of the oscilloscope), which both excite and measure the
resonance of the crystal . Finally the electronics are connected to the computer which controls the
instrument and records the results.

7.2.2.3 Frequency
The change in resonant frequency is related to the change in the effective mass of the oscillating
quartz crystal. When this effective mass change can be related to a specific process, such as
adsorption, it can be possible to quantify the process as a function of time. In order to determine
the relation between system and frequency changes, information on the quartz crystal must be
introduced. As with any piezoelectric materials, the shape of quartz crystals can be altered by
applying a potential across it. In the majority of QCM instruments, the quartz crystal discs used
are the so-called AT-cut. The AT-cut quartz is engineered, by cutting the quartz discs at specific
angles to the crystalline axis, such that when a potential is applied across the disc, it undergoes
in-the-plane shear (or thickness shear mode), as shown below (Figure 7-9),
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Figure 7-9 Indication of crystal deformation induced by applied voltages

A benefit in using quartz as the piezoelectric material is the high so-called quality or Q-factor
(See pg32). This means that energy losses are low within the crystal so that it  resonates for a
relatively long time. This allows investigations of effects due to adhered layers without them
being completely overwhelmed by effects in the crystal itself.

7.2.2.4 Sauerbrey Relation
The resonant frequency of a bare crystal in a vacuum can be calculated using ,
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Equation 7-3

where f is the resonant frequency,  n is a positive odd integer (the overtone order, where 1
represents the fundamental), vq is the shear wave velocity in quartz and tq is the thickness of the
quartz crystal. The integer n is only odd since it is impossible to oscillate the crystal by applying
the same potential on both electrodes. The Sauerbrey relation can then be expressed as in,
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Equation 7-4

where ∆f is the change in frequency, fo is the fundamental frequency, ∆m is the change in mass
and ρq is the specific density of quartz. This relation is only valid under certain constraints62, for
example when the added mass is both rigidly attached to the crystal and small in magnitude
relative to the crystal mass (less than 2% 63). In the instruments used in this work, vq=3340m/s,
tq=0.33mm, ρq=2648kg/m3. Thus the fundamental frequency of the quartz is around 5MHz and
the constant C=57.2 cm2 Hz µg-1. Strictly this relation is not valid in liquid, yet for most cases it
is a reasonable approximation. The main error in measuring the mass of an adsorbed species is
that the QCM measures the total adsorbed mass, including any incorporated solvent. Since the
masses of individual components cannot be distinguished by this technique alone this could be
viewed as a drawback. However, the QCM can be combined with other techniques and this
“drawback” can be turned into an advantage.

7.2.2.5 Energy Losses
Depending on the instrument used, the energy losses in the system are expressed in different
ways, but they contain the same information. Increases in the rate of energy dissipation can result
from adsorption or even conformational changes at the surface. However flat rigid structures

-V 0 +V
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have a minimal effect on the dissipation, whilst more extended “floppy” structures can greatly
increase the rate of dissipation. As such the dissipation can be a measure of the rigidity,
viscoelasticity or “floppiness” of the adsorbed layer. The q-sense instrument gives the so called
dissipation factor (D), whilst the Johannsmann instrument outputs the peak Half Band Half Width
(Γ) (alternatively, with the click of a button the Johannsmann instrument can also give the
dissipation factor for comparison purposes). More information about how this value is obtained
and calculated and the relation between the two reported values is given below in the advanced
section.

7.2.2.6 Analysis
During a typical QCM experiment, the resonance frequency and energy losses are monitored
prior, during and after specific events (such as adsorption) take place. Interpretation of the events
that take place are then made based upon the measured changes, and any previous knowledge of
the system. For example, in a simple analysis of an adsorption/desorption process, the Sauerbrey
relation can be used to calculate mass changes. The validity of the Sauerbrey relation decreases
with increasing changes to the energy losses (i.e. the more the dissipation changes, the less valid
an approximation the Sauerbrey relation becomes). However, with changes to the dissipation (or
Γ) we can also infer changes in the viscoelasticity of an adsorbed layer and hence even discuss
conformation of adsorbed species as a function of the adsorbed amount. At this level the energy
losses are however just represented as a number, and can thus only be useful when comparing
between or within experimental runs.

7.2.2.7 D-F Plots
An easy way to infer viscoelasticity changes within a single experiment is by plotting the
dissipation versus the frequency and interpret the changes in the slope of the data. This removes
time from the figure (though in general the data forms a curve which has time moving along it in
a specific direction). The slope of the curve is therefore related to the overall viscoelasticity of the
layer. For example a more ‘floppy’ or viscous layer is more able to dissipate energy than a rigid
layer and hence has a higher dissipation per unit of added mass (or frequency). Thus when
looking at adsorption, a straight line suggests the build-up of a homogenous layer, whilst
curvature can be interpreted as variation in conformation with degree of coverage. This can be
exceptionally useful in interpreting conformational changes during or even after adsorption
occurs. A useful discussion on D-F plots occurs in section 8.1.4 where the D-F plots for two
different polymers are compared (see figures  Figure 8-1 & Figure 8-7 for examples). For
adsorbates with constant material properties, the theory (Equation 7-11 below) predicts a linear
relationship between D (or Γ) and F, therefore deviations from this linearity can be interpreted as
changes occurring in the material properties of the film as a function of its build-up.

7.2.3 Advanced Information
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7.2.3.1 Dissipation vs. Half Band Half Width (D vs. ΓΓΓΓ))))
There are two main methods used to determine the energy losses in QCM instruments, and both
have been used in this thesis. The first method is that employed by the q-sense QCM-D
instrument, which is commonly referred to as the “ring-down method”. In this case the rate of
energy loss is expressed as the Dissipation (D),

D
E

E
Dissipated

Stored

=
2π

Equation 7-5

where E is the energy, either dissipated or stored during a single crystal oscillation. The other
method is employed in the Johannsmann system and calculates the energy losses by measuring
the Half-Band-Half-Width (Γ) of the resonant peak(see Figure 7-10).Although these two methods
are seemingly different, Γ can easily be converted into the q-sense Dissipation factor or the more
commonly used Q-factor,

D
Q f

= =1 2Γ
.

Equation 7-6

In short the two methods measure the same information, Γ is just found from the frequency data
which is the Fourier transform of the time data which gives D (see Equation 7-7), as indicated in
Figure 7-10,

Figure 7-10 Conductance amplitude across a resonance peak for a quartz crystal as a function of the frequency
(left), and the Fourier transform of the signal to the right, i.e. oscillation amplitude as a function of time (commonly
referred to as the ‘ring down’ signal). Thanks goes to Steffan Berg for the illustration.

7.2.3.2 Ring-down method
In this method (used in the q-sense instrument), the crystal is first oscillated to its resonant
frequency. The oscillating applied potential is then shut off, and electronics are used to monitor
the decay of the potential, and thus the oscillations in the crystal decay, which is depicted in
Figure 7-10. The rate of this decay is then represented by a characteristic decay time (τ), shown



35

in (Figure 7-10), which can then be converted into D by Equation 7-7. Conformational and
viscoelastic changes can then be inferred from the changes in the dissipation value as discussed
previously.

D
f

= 1
π τ

Equation 7-7

7.2.3.3 HBHW ( ΓΓΓΓ) method
An alternative method to measuring the energy losses is to continuously scan the conductance
across the crystal as a function of the frequency for the resonance peak. In this case, the energy
losses can be calculated from half the width of the resonant peak at half the hight of this peak (as
illustrated in Figure 7-10),  this is the Half Band Half Width or Γ from Equation 7-6.

7.2.3.4 The Complex Frequency Change
In the case that there are energy losses in the system, the complex normalised frequency change
(ε*) can be expressed as,

ε δ δ δ∗
∗

= = +f

f

f

f
i

f

Γ

Equation 7-8

where the * sign represents a complex quantity and i is the square root of –1. In this case the real
part is equivalent to the frequency change and the imaginary part is related to the energy losses.

7.2.3.5 Overtones
As indicated in Equation 7-3 above, quartz crystals can be excited to oscillate at odd multiples of
the fundamental frequency (even multiples are possible resonances but cannot be externally
excited since this requires the same potential on both electrodes). For convenience they are then
referred to as the nth overtone, where n=1 is the fundamental. In practice this means that the
quartz crystals used in this work resonate at approximately 5MHz, 15MHz, 25MHz etc. The Q-
sense instrument used in this work runs at both the fundamental (5MHz) and 3rd overtone
(15MHz), whilst the electronics in the Johannsmann instrument allow it to run to much higher
overtones (in practice restricted by the signal-noise ratio and side band interference rather than
the excitation frequency). An example of the Q-sense cell run on the Johannsmann electronics
(see Figure 7-15) shows excitations of up to 145Mz (17th overtone). The main difference between
the different overtones is in the decay length of the oscillations away from the surface, which can
be described as in Equation 7-9 below as the distance for the oscillations to be reduced by a
factor of e.

δ
η

ωρ
=

2 f

f
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Equation 7-9

where ρf and η f are the density and viscosity of the fluid and ω is the shear rate. For a 5MHz
oscillator in water, the thickness of the water layer that influences the QCM frequency and
dissipation responses is about 0.3µm64 .Other differences can occur between overtones if there is
a frequency dependence of the viscoelastic properties of the material.

7.2.3.6 Surface vs. Bulk Effects
Up until this point we have discussed complex resonance only in terms of contributions from
thin films attached to the crystal or electrode surface. There is however, also an effect due to
longer scale interactions. When these longer scale interactions are due only to bulk material, then
the complex resonance frequency can be expressed as an addition of the bulk and the surface
layer contributions as,
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Equation 7-10

Where Z is the acoustic impedance and the subscripts b, f, q, o & u refer to bulk, film, quartz,

fundamental & unloaded respectively. ε
f

*
 is more fully explored below in the deviation from

Sauerbrey section (where bulk effects are ignored and thus the f subscript is dropped). From this
equation, it can be seen that the bulk material affects the crystal through generally known, or
measurable material properties (viscosity and density), and hence, when this equation holds we
are able to fully account for bulk effects. This is demonstrated in Figure 7-11 where literature
values are plotted with values obtained by QCM-D measurements for the viscosity of a mixed
solvent system. The QCM obtained viscosity in this case uses Equation 7-10, published values of
the density 65 and both the QCM measured frequency or energy loss results. The closeness of the
measured/calculated and literature results clearly demonstrates the applicability of Equation 7-10
for bulk applications. This also suggests that for any system, literature values can be used to
calculate bulk contributions and thus any variation to the measured response is then due to
changes in the surface layer.
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Viscosity of Heptane Ethanol mixture at 21°C
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Figure 7-11 Comparison of viscosity between literature values (solid line) and that calculated form QCM-D
(squares from frequency data, circles from dissipation data).

7.2.3.7 Deviations from Sauerbrey
As briefly mentioned earlier, the Sauerbrey relation is only strictly valid under a specific set of
conditions. One circumstance that invalidates the relation is operation within a fluid and since
most measurements conducted during the course of this thesis have been in liquid media, it is
important to understand what occurs under these conditions. As described by Johannsmann1

when conducting experiments in a liquid medium, can be simplified to the following equation,

ε µ µ µ ξ πµξ π µ ξ π µ∗ = − + − + −( ) − −( )×( ) − ( )
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Equation 7-11

where µ is the normalised mass of the film (µ=mf/mq & mq=Zq/2fo=  the mass of the quartz) and Zq

is the acoustic impedance,

Z kgm s
q q q

= = × − −ρ µ 8 80 106 2 1.

Equation 7-12

Another condition that removes the validity of the Sauerbrey relation is overloading the crystal.
When the mass of the added layer is no longer small relative the mass of the crystal, the QCM
can no longer be used to determine absolute coupled mass. However, investigation during this
thesis of the curing of a high viscosity linseed based oil (in which the Sauerbrey relation was
definitely invalidated) were shown to still be able to monitor the event. In fact, the measurements
were able to show that the use of a chromium based catalyst not only sped up the reaction, but
also changed the mechanism.
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7.2.3.8 Energy trapping
If a crystal is immersed in a liquid, there is conduction through the liquid and thus the electrodes
are shorted out and the instrument does not run. To combat this problem, the fluid is maintained
on a single side of the quartz by sealing the crystal to the cell around the entire circumference. A
resulting problem is that the interaction between the cell and the crystal affects the crystal
resonances. To minimise this effect, it is possible to use so called energy trapping66 whereby the
oscillations are confined to the central region of the crystal. Ideally then,  the crystal does not
oscillate at the circumference where it is in contact with the cell and hence there is no interaction
between the crystal and the cell. One method commonly used to achieve this is the use of key-
hole electrodes as depicted in Figure 7-12. The efficiency of energy trapping in this method can
be increased by the use of thicker back electrodes, and the method itself is more effective at
higher overtones66,. An alternative method for energy trapping employs variation of the crystal
shape, for example the use of plane-convex quartzes greatly increases energy trapping at the
fundamental frequency (n.b. these crystals are not appropriate for measuring at higher
harmonics).

Figure 7-12 Electrode patterns. Outer circles represent size of quartz, whilst shaded area is the evaporated gold
electrode. Note smaller back electrode for energy trapping and two connection sites on back side for connection to
electronics (top connects to back electrode, bottom to front electrode).

7.2.3.9 Piezo-electric stiffening
An associated problem when using the QCM in the current set-up is piezo-electric stiffening (see
61and references therein). This effect is significantly larger with measurements at lower
harmonics (the fundamental in particular). Piezoelectric stiffening is caused by the fact that a
surface polarisation induced by shear strain is compensated by a charge in the electrodes.  A
polarization inside the quartz, on the other hand, is not compensated. It is of most concern when
comparing results between different harmonics and thus is of great importance in the viscoelastic
modelling procedures. Ideally this effect could be bypassed by measuring at higher harmonics
and ignoring the lowest harmonics (under n=7 according to Johannsmann61).

Active side Back side

Electrode
connections

Front to back connection
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7.2.3.10 Density fluctuations caused by the key hole electrode
When using the key-hole electrode pattern (see energy trapping), the center of the crystal
oscillates at the maximum amplitude. Since the outside does not oscillate significantly, the result
is a density fluctuation across the quartz which leads to a problem of volume conservation and
flexure of the quartz plate. As with piezoelectric stiffening, this effect is most significant at lower
overtone orders.

7.2.3.11 Side bands
The quartz crystal used in these experiments is cut with specific relation to the crystalline axis so
that by applying a potential across the crystal we can achieve a thickness shear mode. Even
though the crystal cut optimises for this mode, the crystal structure is complex and other types of
modes are possible67. These other shear modes show up at higher frequencies and at lesser
magnitudes and as such are easily separated from the thickness shear mode. They are known as
side bands and are depicted in Figure 7-13 (from61) below.

Figure 7-13 Conductance across the crystal as a function of the frequency around the 130MHz, displaying the

main resonance peak (n=35) and associated side bands. Modified from Johannsmann.61

However, at higher overtones, the different side bands move closer to the mode of interest and
eventually there can be overlaps between the different peaks, which limits our use of these higher
overtones. It is noted that it would be possible to extend the accessible frequency range by fitting
for multiple peaks to independently monitor the peak of interest. This would however, become
more time consuming and only be possible when using the frequency scanning method employed
by Johannsmann (i.e. not possible using the ring-down method). Any problem that causes these
side bands to interfere with the thickness shear mode (for example a badly cut crystal), can cause
difficulties with the fitting, resulting in erroneous measurements. Combined with a weakening of
the signal with increased overtone number, this is the most significant effect which limits our use
of the higher harmonics.

7.2.3.12 Viscoelastic modelling
A future aim of this technique would be to use it to calculate absolute viscoelastic properties of
thin films. A method for this has already been suggested 61, where Dr Johannsmann has
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theoretically modelled the effect of the shear modulus on the normalised frequency changes, for a
100nm film of density 103Kg/m3. It is shown that the slope of the normalised frequency change
with the square of the overtone order is determined solely by the elastic compliance, and hence
from experimental data the elastic compliance can be determined. In the same way the viscous
compliance can be determined from the slope of the normalised Γ . In addition, the theory
(Equation 7-11) may already exist to further this into the liquid regime. The method does
however make certain assumptions (such as no frequency dependence on the measured
viscoelastic properties) which may limit its application. Still, one must consider that these
viscoelastic values may differ over many orders of magnitude during changes such as swelling of
a polymer film in solvent, and hence the assumptions may not overly effect the results. It now
only remains to measure at a large number of overtones for a given system, and this has already
been shown to be achievable (see pg 43).

7.2.3.13 Amplitude of shear oscillation
The oscillations of the surface of the quartz crystal (or electrode) have been previously
investigated 64 and the oscillation amplitude has been reported to be in the order of 1nm for the q-
sense instrument in liquid media. It is in fact possible to theoretically calculate the amplitude as
has been done by for example Kanazawa63. The magnitude of the amplitude is then shown (within
a certain range) to be directly proportional to both the Q-factor and the drive voltage.

7.2.3.14 Temperature
As with any normal materials, piezoelectric crystals are affected by temperature changes. In this
case, both f and Γ can vary with temperature. These variations are minimized by using AT-cut
quartz crystals67. AT-cut crystals minimise temperature variations with temperature in the range
–60°C to 100°C 67. However, there are still variations within this temperature range which can
roughly be described by a third order polynomial. As long as reasonable temperature control is
maintained (+/-0.1°C) then the temperature effects are minimal.

When temperature becomes a variable in an experiment however, its effect must be investigated
and accounted for. Using the Johannsmann set-up we have varied the temperature up and down in
a linear way for multiple cycles to investigate the effects of temperature variation. Over a
relatively small temperature range there is a roughly linear change in the measured complex
frequency change. However, for the frequency change it was noted that there was a definite
hysteresis between increasing and decreasing the temperature, as seen in  Figure 8-2. It is unclear
what the origin of the hysteresis is. Given the low mass of the crystal and the heating rates, it is
unlikely to be due to a T-loop in the crystal itself. More likely the explanation lies in the contact
between the crystal and the cell. In any regard, the fact that there is a reproducible loop, allows
the following procedure in temperature variation experiments to be performed. Before an
experiment, the QCM is run in both air and liquid and the temperature varied as a background
run. Then using identical temperature variations, the system of interest is investigated and the
background signal removed to find the changes in frequency and energy loss, which correspond
to the system rather than the cell. This is illustrated in  Figure 8-2 for a temperature sensitive
polymer system (pNIPAM) where we have varied the temperature to see the effect of swelling
due to temperature induced changes in solvent quality.
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A secondary note with temperature effects is that on the electronics. Unless internally calibrated,
temperature can affect the electronics, both in input and output. For example, the q-sense
supplied waveform generator is temperature sensitive, such that for a nominal output frequency,
room temperature variations of +/-1°C can change the apparent output frequency by +/- 1Hz.
Thus it is important to control the temperature of not only the quartz crystal, but also the room
temperature in which the electronics operate in order to reduce temperature induced drifts in the
electronics.

7.2.3.15 Longitudinal waves
When oscillating quartz crystals in a cavity, it is possible to form standing longitudinal waves.
These longitudinal waves appear in the frequency and energy loss data and are easily observed as
they move in and out of resonance with the cavity size, which is achieved by either changing the
cavity size or the wavelength of the longitudinal waves. This second condition can be achieved
by changing the temperature for a given liquid, in which case the longitudinal waves show up as
peaks in the resonance frequency, as shown in Figure 7-14 below. In this case, the maxima in
frequency shift should be accompanied by an anti-symmetric structure in the damping. In cases
where longitudinal waves are present, but unwelcome it may be possible to alter the particular
quartz crystal (e.g. shape) or add an asymmetrically shaped object ("spoiler") into the sample
chamber opposite the quartz. In fact this is the main reason behind the introduction of the non-
parallel surface in the q-sense instrument, though in this case there is only a reduction in the
longitudinal wave effect rather than a complete eradication. Removal of longitudinal waves is
possible simply by the introduction of a sufficiently rough or anti-parallel opposing surface as
demonstrated in paper 3 (in this case a Teflon piece that has been roughened by hand with a
scalpel).

Figure 7-14 Frequency and dissipation signals displaying longitudinal waves. The figure to the left is for the
overtone around 25MHz, and the right is for 15MHz. The normalised frequency data is represented by the larger
loops while the normalised half band half width is represented by the non-looped curve running down from right to
left. It is the number of oscillations (or peaks) in the data which is of interest rather than magnitudes.
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7.2.3.16 Air Bubbles
In all the previous discussions and equations we have assumed that a layer of one material
adsorbs to the substrate, and that this substrate lies within a fluid. As discussed in Equation 7-10
we can then account for the bulk effects and just monitor what occurs as the substrate. However,
a major problem can occur when an air bubble is introduced into the system. Air bubbles cause
problems since they firstly have a different viscosity and density to the surrounding fluid and
secondly since they are able to move, either oscillating with the crystal or possibly even
migrating over the crystal surface over time. When air bubbles are present they show up in two
ways. Firstly they can result in uncontrolled and erratic drifts in the data, and secondly they can
result in sudden jumps in the data in either direction. For this reason air bubbles must be excluded
from the system. This can be particularly difficult with hydrophobic substrates, though increased
pressure in the flow of solvent during set-up can help and certain improvements to the system
discussed below may significantly reduce the difficulties.

7.2.3.17 Roughness
Application of the Sauerbrey relation (and the other models discussed above) is made under the
assumption that the crystal surface is a molecularly smooth layer. In practice, the manufacture of
the quartz leads to a surface that is to some degree rough. Although this roughness is minimised
by polishing the quartz, subsequent evaporation increases the surface roughness again. The major
effect of surface roughness in air or vacuum is in increasing the effective surface area. However,
in liquids there is the additional effect of trapped solvents. When a surface is rough, liquid can be
trapped within the valleys and be forced to oscillate with the quartz, thus any adsorption in these
sites is sensed differently to that on a smooth surface (since the difference in mass and
viscoelasticity of the adsorbed species compared to the solvent is substantially different from a
smooth surface to that trapped in a valley of the surface roughness). According to the instrument
designers, the effect of roughness is actually rather small and can be generally neglected in our
experiments.

7.2.3.18 Surface Cleanliness
As always when investigating surface phenomena, the actual surface chemistry has a huge effect
on what occurs and thus contamination can greatly effect the results. This can be particularly
important with metals such as gold since they are considered high energy surfaces and easily
attract any contamination which is present. Studies on the adsorption of polyelectrolytes to gold
have shown that the adsorbed amount and conformation can be affected by the surface
cleanliness. Thus to truly measure adsorption to gold, a cleaning protocol must be used. For gold
substrates the current protocol employed used a drop of Bichromic acid on the surface for five
minutes (followed by washing the surface with ethanol and water, and storing under ethanol prior
to use). For silica surfaces however, it is suspected that chromium ions remain at the surface and
can affect the surface charge, and thus chemical cleaners such as Deconex are employed.
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7.2.3.19 Errors & Sensitivity
Q-sense currently quote the sensitivity of the q-sense instrument as given in Table 7-1. Thus the
errors in the frequency and dissipation in water at 25°C are approximately 0.86Hz and 0.3*10-6

respectively. From our studies we believe that these values are reasonable, assuming a number of
repeats to confirm reproducibility. Variation between runs is in general more related to exchange
rates, cleanliness of surfaces and the possibility of contamination such as air bubbles rather than
intrinsic instrumental error.

Mass Sensitivity
(ng/cm2)

D-Factor Sensitivity

Vacuum ≈0.5 ≈1*10-8

Air (1atm) ≈1 ≈2*10-8

Water (25°C) ≈5 ≈3*10-7

Table 7-1 QCM sensitivity

7.2.3.20 Improvements to the system.
The q-sense instrument used in these experiments is only able to measure the harmonics at 5 &
15MHz, and the fundamental (5MHz) was found to suffer from inefficient energy trapping and
hence could not generally be trusted. The company is currently working on measuring at higher
harmonics and have already produced a prototype for measuring at up to 35MHz. In contrast, the
Johannsmann instrument regularly measures at up to 45MHz in liquid (in excess of 100MHz in
air), however, in order to quantitatively investigate viscoelastic properties in liquid media it is
important to be able to investigate the higher order harmonics. By applying Equation 7-11  for
example, viscoelastic properties can be determined from the slope of ε*  plotted against the
overtone order n.1,61 Since the lower order overtones are effected by energy trapping and
piezoelectric stiffening. It is important to capture enough overtones (above n=7) to determine the
slope of the curve. To this end, we conducted a relatively quick experiment where we connected
the cell from the q-sense instrument up to the Johannsmann electronics to show that it is possible
to investigate at higher overtones. In Figure 7-15 we plot the results of this investigation as a
typical normalised frequency change (∆f/f) for frequencies up to 145MHz (n=15). Apart from two
frequencies (the fundamental and 55MHz) the noise is below 10-6 and this is evidence that with
some effort it would be possible to develop a QCM instrument to routinely measure at high
harmonics. This should make it possible to fully test the viscoelastic models discussed in this
thesis, and could lead to a method to determine viscoelastic information for thin films.
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Figure 7-15 δ(F/F0) vs time. Indication of the noise levels for harmonics up to 145MHz using a Q-sense cell
and Johannsmann electronics.

To conclude this section a few thoughts on possible improvements to the Q-sense cell design are
presented. These suggestion stem from our experiences with the instrument, and to some extent
have already been tested in our lab. The first suggestion is in the choice of materials for the
tubing and the taps used in the cell. Although there is no definitive proof, it is suspected that the
current PharmaMed™ tubing may affect results and although small this effect is most likely due
to loss of plasticisers or similar smaller molecules from the tubing. Evidence for such
contamination was only noticed for experiments with extremely low frequency changes and no
attempt has been made to prove or disprove the existence of contaminants at this stage. An inert
tubing such as Teflon would be preferable, however the stiffness of the tubing causes problems
with the “nipping” style of taps currently implemented in the Q-sense set-up. Our attempts to
alter the tap design to accommodate the Teflon tubes look promising. The second improvement is
in solvent flow within the cell. At present the injection of solvent is made perpendicular to the
centre of the crystal in a manner similar to stagnant point flow set-ups. It should be mentioned
that this design was made to maximise the exchange of solvent within the cell, and not to
simulate stagnant point flow since the active area of the crystal is significantly larger than any
stagnant point 68. This design has two significant negative effects on cell performance. Firstly the
flow directly onto the cell imparts a pressure on the crystal (disrupting the measurements for up
to 5 minutes), and secondly it causes flow-assisted adsorption during fluid exchange (causing loss
of information on the initial stages of adsorption or similar processes). As a relatively easy
improvement, after a few simple alterations to the q-sense cell, it is possible to reverse the flow in
the cell. This has shown to considerably reduce both effects, and is a definite improvement to the
current operation. Q-sense are at present considering better flow designs to counter-act this effect.
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7.3 The Atomic Force Microscope

Figure 7-16 Picture of the AFM instrument. The sample is placed in the gap in the upper rectangular section of
the instrument. In the bottom left corner, the connection leads away to the controlling electronics.

The Atomic Force Microscope (AFM,

Figure 7-16) is a multi purpose instrument that is able to scan surfaces to determine, among other
things height profiles. When used to measure normal surface forces, the colloidal probe method is
best used. When used in this way, the AFM determines the same properties as in the MASIF,
though the radii of curvature for the interaction surfaces is much smaller (1-50µm compared to
2mm). Included as Figure 7-17 is a schematic of the instrumental set-up for AFM for use in the
colloidal probe mode. This figure shows the laser, which is bounced off the back of the
cantilever, then from a mirror (used to adjust the position of the laser onto the detector during set-
up) and then onto the photodiode detector. By measuring the changes in the signal from the four
different quadrants of the detector, and applying calibrations as discussed below, it is possible to
use this set-up to detect changes in the position of the cantilever. In addition, when using a
colloidal probe, it is also possible to scan the lower surface laterally, in order to measure
frictional information with a defined contact area.
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Figure 7-17 Schematic of AFM detection system.  The laser is used to determine the position of the cantilever
by measuring the change in the position of the laser spot in the four quadrant photodiode detector. It is noted that this
figure shows a triangular cantilever, whereas a beam cantilever was used for the AFM work contained in this thesis.

7.3.1 Force detection
To detect the movement of the cantilever, a laser is bounced off the back of the cantilever and
into a four quadrant photodiode detector (see Figure 7-17). Movement of the cantilever in the y-
direction (up and down) is detected as a change in the ratio between the upper and lower halves
of the detector. Torsional movement is likewise detected as change in the relative signal between
the left and right sides of the detector. The lower surface in the AFM is mounted on a
piezoelectric tube and hence its position can be controlled by the applied voltage to the tube,
much the same as the upper surface is in the MASIF (see discussion above). The relative
separation between the two substrates is inferred from a constant compliance region, in the same
way as in the MASIF. In addition to the vertical movement in position, the AFM is also able to
control the lateral position, which allows for measurements as a function of the lateral position.

7.3.2 Friction measurements
Friction is measured in the AFM using the Lateral Force Microscopy (LFM) mode. In this mode
the lower surface is oscillated at a constant velocity in the x-y plane, in a direction normal to the
axis of the cantilever. This occurs such that the cantilever twists and the photodiode detector
measures a change in the torsional angle of the cantilever. With calibration of the spring
constants of the cantilever, this allows detection of the frictional force. It is then possible to apply
a constant load (via the feed-back loop) and measure a friction loop (Figure 7-18). The average
friction is then calculated by averaging the magnitude of the friction over the entire cycle.

X

Y
Z
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Figure 7-18 Friction loop from measurements in paper7. The x-axis is the scan distance in microns while the y-
axis is in bits, which can be converted to a friction in Newtons.

7.3.3 Measurement of spring constant and colloidal probe radii.
The normal spring constant is calculated by measuring the change in resonance frequency of the
cantilever, which occurs due to the addition of a small mass to the end of the cantilever. This
mass (spheres of tungsten) is temporarily attached to the cantilever by Araldite™ and the spring
constant is calculated by measuring the changes in the resonant frequency of the cantilever.

The torsional spring constant is measured using either the technique developed by Feiler et al.69

or Rutland70. This requires measuring the relative movement between the left/right and up/down
sectors of the photodiode detector, which occurs due to a load applied at the side of the
cantilever. This load is applied by pushing a cantilever tip (which is glued up-side-down to the
lower substrate) against the left and right-most sides of the cantilever. Since the distance from the
centre is known (from the cantilever width), and the movement of the cantilever in the y-direction
is known from the change in the upper and lower segments of the photodetector, then the
torsional spring constant can be calculated.

7.3.4 Colloidal probe
Colloidal probe measurements were first measured by Ducker71,72, and are used investigate the
interaction between a flat substrate/or colloidal particle (the lower surface) and a probe. The
colloidal probe (see Figure 7-19), which is a sphere attached to a cantilever by glue, is normally
around 10µm in diameter. When the radii of the probe and the spring constants of the cantilever
are known, force measurements, both lateral and normal, can be conducted quantitatively.

Figure 7-19 Magnified photo of a cantilever with an attached silica bead. The bead is 10µm in radius.

Scan distance (µm)
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7.4 X-ray photoelectron spectroscopy

Figure 7-20 Photo of the XPS instrument. Visible is the main high vacuum system, with connecting detector
and x-ray source.

X-ray photoelectron spectroscopy (XPS, see Figure 7-20), which is also commonly referred to as
ESCA (Electron Spectroscopy for Chemical Analysis), is an ultra high vacuum, surface specific
spectroscopic technique73. It  is able to determine the chemical composition of the top few
nanometres of a material, including polymeric surfaces. The technique works by ionising core
electrons with an incident X-ray source. It is the specific energy of these radiated electrons which
holds the nature of their atomic origin. In addition, small chemical shifts in the energy of the
electrons allow for a more precise determination of the chemical origin of the electrons, for
example, electrons ionised from a  charged nitrogen appear at a slightly higher energy to those
from an uncharged nitrogen atom, and hence the two can be differentiated. Relevant formulas and
sample spectra for the systems investigated in this thesis can be seen in papers 1,2 and 4.
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7.5 Surface Plasmon Resonance Spectroscopy
Surface Plasmon Spectroscopy (SPR)74 is a common technique for measuring film thicknesses in
the nm range. Only a brief introduction to the technique is given here, with relevant formulas, and
for further information, the reader is referred to other reviews (for example the review by
Knoll75). Standing waves, from the reflection of light waves at the substrate–film interface, define
the resonance condition (or coupling angle), and the shift in this angle is used to probe film
thickness. When the layer is much thinner than the wavelength75 of light, the shift in the plasmon
coupling angle is, to first order, given by76,
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where n is the refractive index of the solvent (or other bulk medium in which the laser travels
before interacting with the surface of interest), θc is the coupling angle, ε  is the dielectric
permittivity, df  is the film thickness, and λ is the wavelength of the laser. The indices a, f, and m
refer to the  ambient medium, the film, and the metal substrate, respectively. Thus for films much
thinner than the wavelength of light, there is a linear relationship between the change in coupling
angle and the change in layer thickness. Equation 7-13 can be generalized into Equation 7-14 in
order to account for continuous refractive index profiles created by, for example, a dilute
adsorbate,
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where the integral is commonly referred to as the “ellipsometric moment”77, a quantity also
determined in other optical techniques such as, reflectometry and ellipsometry. For metal
surfaces, one can further assume that εf(z) – εm ≈ εa – εm and pull this quantity out of the integral,
leading to
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An “optical thickness” dopt, can then be defined as the thickness of an equivalent compact layer
generating the same shift of the surface plasmon as the film under study, and is given by,
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where εdry is the permittivity of the adsorbate in its dry state.  The term in square brackets is a
weight function describing how strongly a film of a given thickness and refractive index affects
the coupling angle.
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8 Summary

Rather than summarise the papers and relevant systems individually, the work is broken down
into sections relating to particular aspects of the work. For example, the summary starts with a
review of the work completed in characterisation and control of polymer conformations at the
solid liquid interface. It then continues with the interactions between polymer coated surfaces,
including normal surface forces, adhesion and finally friction. To end the section, a discussion is
included of the relationship between the polymer conformation and the different forces
investigated.

8.1 Surface attachment and resulting conformation

8.1.1 Physisorption
Two main techniques have been used in parallel to study the conformation of adsorbed polymers
from solution. The first technique used was QCM, which was used to monitor the kinetics and
conformational information. The second technique, XPS has been used to determine the total
amount of polymer adsorbed to the substrate and in combination with QCM, the relative
polymer/solvent ratio of the adsorbed layer.   Alternatively, for one case, SPR was used instead
of XPS, as a method to monitor the polymer only adsorption, since it was also able to determine
kinetics. The physisorbed polymers investigated in this work were the uncharged pNIPAM and
the series of AM-MAPTAC polyelectrolytes, which will be discussed in order and then
compared.

8.1.2 PNIPAM
A combination of in-situ QCM and SPR measurements was used to determine the adsorption of
pNIPAM (paper 3). In this case the pNIPAM adsorbs to a hydrophobic gold substrate
(hydrophobised by dodecanethiol). The advantage in combining the techniques is that the QCM
technique is sensitive to any mass which oscillates with the crystal, which includes any
hydrodynamically coupled solvent. By contrast the SPR technique, which is  dependent on the
difference in refractive indexes, is not sensitive to the solvent contributions. The results for
pNIPAM adsorption at 31°C, indicated that the adsorption increased in surface coverage of
discreet adsorbed polymer coils. This was determined by the fact that for approximately the first
70% of the adsorption, that there was a linear relation between the increase in the frequency,
dissipation and SPR coupling angle (see Figure 8-1). This linearity suggests that the building
blocks used to add mass to the gold substrate, contained a constant proportion between solvent
and polymer, and a constant viscoelasticity. Only in the final stages of the adsorption was there a
deviation from this adsorption regime, as packing structure became crowded.
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Figure 8-1 Relation between both the SPR coupling angle and the QCM Γ and the QCM frequency change.

The temperature effect on the polymer conformation was also investigated with the QCM. Since
pNIPAM has a lower critical temperature around 31°C, the conformation of the polymer around
this temperature can be greatly altered by relatively small temperature changes. These novel
experiments demonstrated the possibility of running QCM experiments as a function of
temperature, which was achieved by removing inherent temperature dependent crystal responses
(see Figure 8-2).

Figure 8-2 Results from QCM measurements of linearly varying the temperature between 24°C and 36°C both
with and without pNIPAM in 10-4MKBr. The top figure shows the Half Band Half Width (Γ) and the bottom the
frequency (both normalised by the fundamental frequency). The higher data series in Γ, is for the case with
pNIPAM, as is the lower frequency loop (the other loops are for the system without polymer).
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The results in Figure 8-3, show the difference in the dissipation (left) and frequency (right),
owing solely to the effect of pNIPAM, calculated from a 0.5° bin average of the data in Figure
8-2. The upper curves show the data calculated from the decreasing temperature data, whilst the
lower curves represent the data from increasing temperature runs. The frequency result shows
that there are different processes occurring either side of the critical temperature. On increasing
the temperature, these results can be interpreted as a combination of de-swelling of the adsorbed
layer, followed by a phase separation induced, adsorption from the bulk above 30°C (due to de-
hydration of the amide moieties). On decreasing the temperature, there is a swelling of the
polymer layer, followed by (starting at 32°C) a desorption of polymer back into the bulk as the
polymer becomes soluble again. As can be seen from the dissipation results, the dissipation
shows a general increase in value at lower temperatures which is entirely consistent with the
swelling at lower temperatures. There is also a peak in the data around 28°C. This maximum
occurs before most of the pNIPAM desorbs into the bulk, but after the polymer swells
significantly.
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Figure 8-3 pNIPAM induced Dissipation and Frequency changes as a function of temperature. The results
shown are a combination of adsorption/desorption and swelling/de-swelling. The lower data sets are for increasing
temperature while the upper are for decreasing temperature.

Finally the viscoelasticity of the layer can best be represented by investigating the mass
normalised dissipation changes as a function of temperature. This is achieved in Figure 8-4 below
by normalising the Dissipation in Figure 8-3 above, by the frequency changes in the same figure.
The hysteresis between increasing and decreasing temperature is a direct result of the slow
conformational changes in pNIPAM films. This particular run was a result of 12°/hr temperature
changes, indicating substantially longer conformational changes for thin films compared with
bulk measurements.
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Figure 8-4 Dissipation normalised by the mass change for the temperature induced conformation changes of
pNIPAM. The mass normalisation is approximated by the negative frequency (using the Sauerbrey approximation).
The hysteresis shown between increasing (top) and decreasing (bottom) temperatures is a result of the slow
conformational changes in pNIPAM films (in this case slower than the 12°/hr temperature changes).

8.1.3 AM-MAPTAC
The adsorption of the AM-MAPTAC series of polyelectrolytes to gold has been investigated with
a combination of XPS and QCM. The series of polyelectrolytes varied in charge density and
included 1%, 5%, 10%, 30%, 60% and 100% charged species. It is shown that the binding to the
gold substrate was dominated by the interaction between the charge on the polyelectrolyte and
the conductive gold substrate. It is suggested the high binding energy is a result of charge image
forces. As a result of this mechanism, the higher charge density polyelectrolytes form a flatter,
more rigid conformation than the lower charge density polymers. Thus the picture of adsorption,
for low charge densities, is that of adsorbed charged monomers, with loops of uncharged polymer
extended away from the surface.
The adsorbed masses calculated from the two techniques are presented in Figure 8-5 below. As
can be seen in the figure, there is good agreement between the techniques for the highly charged
polyelectrolytes. However, the QCM increasingly overestimates the adsorbed mass calculated by
XPS as the charge density on the polyelectrolyte decreases. This is a direct result of the
increasing thickness of the layer, due to the longer loops of uncharged polymer, which occur with
decreasing charge density. The thicker layers contain a higher concentration of solvent (within
them), which is detected by QCM, but not XPS.
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Figure 8-5 Comparison of the adsorbed mass as calculated by XPS and QCM-D, as a function of the
polyelectrolyte charge density.

Additional support for this model is seen in the increasing amount of adsorbed polymer for lower
charge density polymers. This increased adsorbed amount is a result of the increased layer
thicknesses. In addition, the increased layer thickness, and solvent concentration leads to a less
rigidly coupled layer. This change in the viscoelasticity of the adsorbed layer is best
demonstrated by plotting the dissipation, normalised by the negative of the frequency change
(related to the mass, see Equation 7-4) as seen in Figure 8-6 below. There is a definite trend of a
decrease in the rigidity with decreasing charge density, with the exception of the 100% charged
polymer. This deviation is most likely a result of a few extended loops which are stabilised away
from the surface by the high charge on the polymer. The two curves in the figure represent the
normalised dissipation, as calculated using the results from the two methods to determine the
mass (which normalises the dissipation). The upper curve is from XPS, the lower from QCM.

Another way to demonstrate the results, is to plot the QCM data independently of time, by
plotting the dissipation, versus the negative of the frequency change (commonly referred to as a
D-F plot). The negative frequency change is used as it is related, via the Sauerbrey relation
(Equation 7-4), to the adsorbed mass. This is done in Figure 8-7 for the entire series of
polyelectrolytes. The data for the 10% charged polyelectrolyte, was run on a different instrument
(a prototype) to the other polyelectrolytes in the series. This prototype had the advantage that the
adsorption was diffusion controlled, and hence for the 10% case alone, we have data collection
that begins at the origin. For the other polyelectrolytes there is a gap in the data which is due to
the adsorption that is masked during the bulk exchange.
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Figure 8-6 Dissipation normalised by mass as a function of the polyelectrolyte charge density. As indicated by
the arrows, the upper curve is normalised by XPS calculated mass, whilst the lower by the negative change in
frequency (related via the Sauerbrey relation to the QCM calculated mass).

Figure 8-7 D-F Plot for the complete series of different charge density AM-MAPTAC polymers. The charge
density for each polymer is indicated on the plot, and the inset, which is included for clarity, is a blow-up of the low
frequency and dissipation area.
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For the AM-MAPTAC-10% case, a study was also conducted on the swelling of a pre-adsorbed
polymer layer using an oppositely charged surfactant. This study demonstrated the ability of the
QCM to detect such changes and was also was able to show the contrast between swelling of the
polyelectrolyte layers on mica (seen in SFA measurements) and in bulk. It was found that much
higher bulk concentrations of surfactant were needed to swell the pre-adsorbed AM-MAPTAC
layer on gold. This indicates that the binding to gold was significantly higher than mica, and thus
was a significant factor in the polyelectrolyte conformation. The QCM results are shown below
in Figure 8-8

Figure 8-8 QCM monitored swelling of a pre-adsorbed AM-MAPTAC-10% layer on gold. The swelling was
induced by increases in the bulk concentration of oppositely charged surfactant. The bulk concentration of surfactant
(SDS= Sodium dodecyl sulphate) is expressed as a function of the bulk cmc of the surfactant and is: zero at A) B) &
H), 0.02 at C), 0.04 at D), 0.2 at E), 0.6 at F) and twice the cmc at G).

8.1.3.1 Competitive adsorption
An additional complication in adsorption studies occurs when the bulk contains more than one
adsorbing species, or even a single species with a high polydispersity. The equilibrium situation
favours the lower free energy, however, in many cases the equilibrium situation is never met and
dynamics rule the adsorption process. This can be particularly important  when the addition of
one material follows the pre-adsorption of another material. In this case it is not always so
obvious what the final result will be. This can also be important when considering desorption
phenomena and could have application to many processes, for example cleaning.
Thus a small study was conducted as a preliminary study on competitive desorption between
AM-MAPTAC 1 & 100% in an attempt to showcase the ability of the QCM-D (Figure 8-9)to
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investigate such phenomena and determine the ability of one polymer to desorb another. This
showed that the 1% charged polyelectrolyte acts as a steric barrier to stop the 100% charged
polymer from diffusing to the substrate. This is confirmed by XPS results (paper 2) which
indicate minimal adsorption of the 100% charged species. If the 100% charged polymer adsorbs
first there is a larger detected change in the measured parameters (F & D), indicating that some
1% charged polymer adsorbs. This is despite the fact that the 100% is thermodynamically
favoured to adsorb. From XPS results (paper 2) it is clear that there is an addition (of the 1%
charged polymer), but unclear if the 100% charged polymer is replaced.

Figure 8-9 QCM-D results for changes in frequency and dissipation versus time. The plots are for the
competitive adsorption of AM-MAPTAC-1%& 100% onto gold. The plot to the left is for adsorption of AM-
MAPTAC-1% at 20 mins and AM-MAPTAC-100% at 180mins. The plot to the right is for AM-MAPTAC-100%
adsorbed first (time = 12mins) followed by AM-MAPTAC-1%at 400mins.

8.1.4 Comparison of pNIPAM and AM-MAPTAC
The biggest difference in comparing the adsorption of the two different polymers is seen when
plotting the energy losses (Γ or dissipation) versus the change in frequency (D-F plot). In the case
of the pNIPAM, the linear section of the data starts from the origin and extends out, slowly
deviating from linearity in the last 30% of the adsorption (see Figure 8-1). This is significantly
different to the case of the AM-MAPTAC polyelectrolytes. Here the linear part of the D-F plot
does not begin from the origin. Instead, the initial adsorption has a very low dissipation which
reaches the linear section of the curve only after around 25% of the adsorption has occurred
(Figure 8-7). This shows a significant difference in the adsorption mechanisms. The initially flat
slope of the D-F plot for the polyelectrolyte suggests that the polymer adopts an initially flat and
very rigid layer on the surface, which swells only as more polyelectrolyte is adsorbed onto the
surface. The pNIPAM however, does not flatten out, and hence the linear regime starts from the
origin. This demonstrates the power of D-F plots to interpret adsorption phenomena.

Another inference from the D-F plots can be drawn from the final part of the curve. In the case of
pNIPAM, the final 30% of adsorption leads to a slowly increasing deviation from linearity as the
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surface becomes crowded, and the polymer is forced to extend further away from the surface.
This slow deviation is not seen for AM-MAPTAC. In fact, for the case of the 5&10% charged
AM-MAPTAC, there is a sudden change in slope rather than a slow deviation. This sudden
increase in the slope is interpreted as a secondary adsorption mechanism, in which the final
polyelectrolyte to adsorb, can only find and attach to a small number of adsorption sites. This
results in the rest of the polymer being forced to extend further away from the substrate. This is
in contrast to the slow extension of the entire adsorbed layer that is suggested from the pNIPAM
results. Finally, in the case of pNIPAM, there is a  curvature in the end of the D-F plot. It could
be argued that this is due to a decrease in the sensitivity of the instrument, however, the sudden
break in the slope of the curve, into another linear regime for the AM-MAPTAC case this is not
the case.

8.1.5 Chemisorbed polymer

8.1.6 PHS
The advantage of using polymer which is chemically bonded to the surface is that the adsorbed
amount of polymer is constant over the entire course of experiments. It also allows the interaction
between the polymer and the substrate to be varied, without affecting the adsorbed amount. This
is an advantage of the PHS system, where the polymer was chemically bound (terminally grafted)
to glass substrates in the MASIF (paper 4). In order to quantify the adsorbed amount, XPS was
employed and the details are included in the table in paper 4. In this case, no information in the
kinetics was recorded, and conformational information was inferred from the surface force
measurements. The XPS results did however allow an approximation of the distance between
grafting points on the glass surface. The advantage of the system, was that by changing the
relative concentration of the mixed solvents (ethanol and heptane), or by varying the temperature,
the polymer conformation was controlled, from flat, collapsed layer to extended, solvent rich
‘floppy’ layers.

8.2 Interactions between polymer coated surfaces

8.2.1 Normal surface forces
These are the forces on approach and separation of two surfaces. The relative movement in
surface forces is in the direction normal to the solid/liquid interface, such that the results show
the force between the surfaces as a function of their separation. Obviously in this case the
polymer chains are able to move laterally, as well as normally to the surface (only being
constrained in the grafted case by one end of the chain being tethered to the substrate). Particular
attention has been placed on the investigation of the dynamics of the surface forces.

8.2.2 PHS
For the PHS system, it was shown that by varying the relative solvent concentration in the mixed
solvent case (ethanol and heptane), the polymer conformation at the surface could be affected
(since heptane is a good solvent for the polymer and ethanol is a poor solvent). Somewhere in
between the extended (good solvent) and collapsed structure (poor solvent), the polymer passes
through the theta point conditions, where bulk polymer adopts a conformation described by a non
interacting random walk. This change from good to poor solvent is illustrated in Figure 8-10
below. The forces on approach change from a purely repulsive steric interaction, to purely
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attractive over only a 3% change in the relative solvent concentration. The middle two curves are
performed at same solvent concentration and differ only in a 1°C change in temperature, over
which the forces change from entirely repulsive to purely attractive. The upper of these two
curves is suggestive of approximate theta conditions since the forces are reduced by an order of
magnitude from the good solvent case, and the 1°C change in temperature takes the system into
the poor solvent regime (this case is examined in greater detail in Figure 8-11).

In Figure 8-11 , the forces suggest that the polymer is approximately under theta conditions. The
slight hysteresis in the main figure could be interpreted as a viscoelastic effect from the polymer.
However, by removing the calculated hydrodynamic contribution from the force, as shown in the
inset, the apparent hysteresis disappears. The hydrodynamic contribution is calculated using the
approximation of the slipping plane laying at the constant compliance, and the solvent viscosity
is approximated by the bulk literature value.

The same adjustment to removal calculated hydrodynamic contributions is made in Figure 8-12
below for the case of PHS under slightly poor solvent conditions. This data is for the same
relative solvent conditions as the theta case above, but at 1°C lower temperature. As can be seen
in the inset, with the removal of hydrodynamics, the forces are entirely attractive. Also included
in the figures is the calculated van der Waals interaction, for two limiting cases of the Hamaker
constant. Thus with careful treatment of hydrodynamics, it is possible to remove what could

otherwise be misinterpreted as a hysteresis due to viscoelastic effects.

Figure 8-10 Surface forces on approach show how the interaction can be altered from repulsive to attractive for
the PHS system in a mixed solvent of ethanol and heptane. The forces are changed by altering the effective solvent
quality by both solvent and temperature changes.
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Figure 8-11 Surface forces for both approach (in) and retraction (out) for PHS under close to theta conditions.
The main figure shows the measured forces and the inset shows the measured forces minus the calculated
hydrodynamic contribution.

Figure 8-12 Surface forces on approach vs. separation for PHS grafted to glass in slightly poor solvent (40%
ethanol and 42°C, i.e. 1°C cooler than in theta case above).

8.2.3 AM-MAPTAC
In papers 6 and 7, surface forces were measured with the AFM for the highest (100%) and lowest
(1%) charge density polyelectrolytes, adsorbed onto both silica and gold surfaces, as another
probe of how the charge density and substrate effect the polymer conformation. In combination
with the adsorption studies discussed above, and surface force apparatus studies carried out by
other authors on similar systems,78-81 the surface forces can be better interpreted.
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Figure 8-13 indicates that the low charge density polyelectrolyte forms a compressible electro-
steric layer, with loops extending out which contain a high amount of solvent. In the system with
only silica substrates, the forces display no hysteresis at slow speeds (0.1Hz and slower) and the
steric layer extends out past 250 nm. When the lower substrate is coated in a 100nm thick gold
layer, the forces change considerably. The range of the steric force is reduced, and a hysteresis
introduced between the approach and retrace which is possibly due to entanglements.

Figure 8-13 Force curves for adsorbed layers of AM-MAPTAC-1%. Solid symbols represent approach and
open circles the retraction. The upper curves are for silica substrates, whilst the lower curves are for when the lower
surface is replaced by a gold substrate.

The forces were also investigated as a function of the approach speeds by altering the frequency
of the interaction. In the case of the 1% charged AM-MAPTAC, for frequencies of 0.1Hz and
slower, the approach and retrace curves showed no hysteresis. However as demonstrated in
Figure 8-14, for rates faster than 0.1Hz a hysteresis became apparent and increased with
frequency. The forces became more repulsive on approach and more attractive on retrace. The
fact that the difference between the fast and slow rates was equal in magnitude, but opposite in
direction between the approach and retrace was considered strong evidence for the hysteresis
being entirely due to hydrodynamics, as was the rounded minimum in the attractive regime seen
at the highest frequencies. This effect of hydrodynamics is virtually never present between two
rigid spheres in the AFM, and is a direct result of the constrainment of the solvent by the
polymer. Basic hydrodynamic calculations (Equation 6-11) using a single viscosity for the
solvent and a slipping plane fixed at the constant compliance suggested a solvent viscosity
around 1000 times larger than bulk water, illustrating the importance of the consideration of
hydrodynamics in this case, which is generally otherwise ignored in AFM measurements.

The forces were also investigated for AM-MAPTAC-100%. As seen in Figure 8-15 below, both
cases show a relatively incompressible polymer layer, due to the higher affinity of the substrates.
In the case with two silica substrates, there is also a double layer interaction, though there seems
to be some small hysteresis between the approach and retrace. For the case with a gold coated
lower surface, there is no double layer, most likely due to image charge forces.
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Figure 8-14 Surface forces as a function of separation for AM-MAPTAC-1% adsorbed onto silica surfaces.
The solid circles represent data on approach, whilst the open circles are for retrace. The multiple curves are for
different speed runs , with the increasing speeds denoted by the arrows. The speeds plotted here are 0.2µms-1, 2µms-1,
10µms-1 and 28µms-1.

Figure 8-15 Force curves for AM-MAPTAC-100%. The upper curves are on silica substrates, whilst the in
lower curve flat substrate is coated with 100nm of gold. The solid symbols represent forces on approach and the
open circles show the retrace.
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For the cases with a gold substrate, that friction measurements had no effect on the subsequent
force measurements indicates a stable surface attachment. Conversely for the case of two silica
surfaces, the friction measurements had a significant affect on the force curves. In the case of the
100% charged AM-MAPTAC, the forces turned into the adhesive regime. They will therefore be
discussed below in the adhesion section. For the 1% charge case with silica substrates the forces
after friction were significantly altered. Here the forces on approach were of significantly shorter
range. On separation however, the forces were still long range and showed indications of
entanglement. This suggests that the shear process of friction (see 7.3.2), leads to a compression
or removal of the polymer and a lower solvent concentration within the layer.

Figure 8-16 Force curves for AM-MAPTAC-1% on silica surface. Solid circles represent forces on approach,
whilst the open circles are for the retrace. The upper two curves are the forces before the system underwent friction,
while the lower two are for the identical system after the friction measurements .
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8.3 Adhesion

8.3.1 PHS

8.3.2 Dynamic mechanisms of adhesion
It is shown in paper 5, that there are two different dynamic mechanisms that lead to an increase in
adhesion. The relative importance of the two mechanisms changes dramatically with solvent
conditions. Under poor solvent conditions, it was found that the adhesion increased with contact
time. This effect was still apparent at contact times greater than two minutes. This is expected for
systems in which polymer interpenetration occurs. Figure 8-17 shows this contact time
dependence (for two different load regimes), with the time plotted on a log scale. This time
relation is consistent with primitive path fluctuations, also known as breathing modes (see 5).
This type of relaxation is compatible with this particular polymer system. Thus the observed
dynamic behaviour is due to an increase in the interdigitation of the two grafted polymer layers
which leads to a larger effective interface between the surfaces.

It was also observed that the applied load affects the adhesion. The two regimes fitted in the
figure differ only in the maximum applied load, showing that an increase in the applied load leads
to a decrease in the adhesion. This can be explained in terms of the squeezing out some of the
solvent from within the polymer matrix, which slows down the diffusion rates of the polymer.
The slope of the fit does not change noticeably between the two regimes, which suggests that the
mechanism remains the same and that it is just the relaxation time which is altered. An alternative
explanation for the decrease in adhesion could be due to a decrease in diffusion rate that occurs
due to increases in pressure, though the magnitude of the change in adhesion seems large for such
a small pressure change.

Figure 8-17 Pull-off force as a function of contact time for PHS coated surfaces in poor solvent (43% ethanol at
21°C). Note log scale for contact time. The data in black is for the low maximum load regime (mean maximum load
of 59.2mN/m with a standard deviation of 30.3mN/m ), whilst the data in grey is for the high maximum load regime
(mean maximum load of 261mN/m with a standard deviation of 22mN/m). The lines are logarithmic fits to the data.
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At only slightly poor solvent conditions, just below the theta condition however, there is no
observable contact time dependence. From this it is assumed that any interpenetration which
occurs, has already gone to equilibrium within the shortest contact times measurable (seconds).
There is however a dependence on the separation rate. It is found that the excess adhesion, or rate
dependent portion of the adhesion, is a function of the separation rate and in fact is very large
compared to the "equilibrium value" i.e. at higher separation rates, the excess adhesion is the
most significant adhesive mechanism. Such an observation is unusual in the surface force
literature, but one notable paper does describe similar observations between adsorbed films in
air82. In that work, crack propagation theory was invoked to explain the results. As discussed in
the section on crack propagation theory above, the theory of Greenwood and Johnson43, used by
Ruths and Granick82, predicts a power law relation (with an exponent of 0.5) between the excess
adhesion and the crack propagation rate for viscoelastic materials. This relation stems from the
increase in the effective crack length, which occurs with increases in crack propagation rates.
Ruths and Granick argue that for sphere-sphere interactions, the crack propagation rate is
proportional to the device separation rate. With this assumption we plot the excess adhesion vs.
the device separation rate and find that we do indeed derive the predicted power law relation with
an exponent of 0.5 (Figure 8-18).

Figure 8-18 Excess adhesion as a function of separation rate for PHS coated surfaces in slightly poor solvent
(40% ethanol at 42°C). Note the double log scale of the figure. The line is a power law fit to the data giving an
exponent of 0.48.

However, the relation between the crack propagation rate and the separation rate is not constant
and rather non-linear, particularly close to the point at which the surfaces separate.(see Figure
7-7) Further work is intended in this area before any final conclusions can be made about the
agreement between experiments and theory. Work in progress by Barthel and Roux83, in
collaboration with Ruths and Granick, has in fact indicated that the assumptions do indeed
require modifications that increase the power law exponent to some degree. Maugis and
Barquins42 have shown that the value of the exponent is independent of geometry, though they do
not suggest that the value of the excess adhesion is independent of the system. In their case,
investigating polyurethane on glass, they experimentally determine a value of the power law
exponent of 0.6. In this case there is no interpenetration in the system.
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8.3.3 AM-MAPTAC
It was noted, that in the case of AM-MAPTAC-100% adsorbed onto silica surfaces, that the shear
process associated with the friction measurements led to a change in the normal surface forces.
After shearing, it was noted that there was a frequency  dependent adhesion which was attributed
to a bridging mechanism. It was also noted that for a particular frequency, the pull-off force
increased with time spent in the friction mode. Figure 8-19 below illustrates the effect, by
plotting the pull-off force as a function of frequency of the run, showing that for slower
frequencies (longer times in contact), that the pull-off force increases. This shows that the process
of friction creates vacant sites on the silica substrate to allow for bridging to occur. The slight
upturn in pull-off force for the fastest scan rate is explained in terms of a dynamic artefact, due to
the increased hydrodynamic adhesion between the surfaces at high rates.

Figure 8-19 Pull-off force (normalised by the interaction radii) as a function of the scan rate, to illustrate the
mechanism of bridging forces. The data shown is for  silica surfaces with adsorbed AM-MAPTAC-100% , after
friction measurements.
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8.4 Friction

8.4.1 AM-MAPTAC
Four different AM-MAPTAC systems were investigated by lateral force microscopy. These were
composed of either AM-MAPTAC-1% or AM-MAPTAC-100% with either two silica surfaces,
or a silica sphere and a gold coated silica wafer. The normal forces for these systems were
investigated and the results have been discussed above. In addition, as also discussed above, the
adsorption on the gold substrate was also investigated using the QCM. The four different systems
show different frictional behaviours and will be discussed in turn below.

8.4.1.1 AM-MAPTAC-100% Silica / Silica.

Figure 8-20 Frictional forces as a function of load for AM-MAPTAC-100% on silica. Solid symbols represent
friction on loading while unloading is represented by the open symbols. The different rates applied have a minimal
effect, and are represented as follows, 1Hz (circles), 2Hz (triangles), 3Hz (squares), 5Hz (diamonds) and 10Hz
(bars). After the load induced increase in the friction (indicated by the lower arrow in the figure), the major change is
over time (as indicated by the upper arrow). The upper and lower data are both for 1Hz illustrating the time effect.

This system illustrates the huge increase to friction that bridging forces, rather surprisingly can
cause. The sudden jump in the friction is believed to occur after the friction measurements upset
the adsorbed layer, creating bare sites or patches on the substrate for bridging to occur. It is of
interest to see that after the 1st cycle (and thus the transition) there is no hysteresis in the
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increasing and decreasing loads, indicating that change occurs between, rather than during runs.
In the force measurements the bridges take significantly longer time to form than available during
these measurements (see Figure 8-19). A theory, called the ‘mop’ model, is suggested to explain
this result, whereby the polymer forming the bridges is attached to the upper surface in loops,
which are dragged across the lower surface, much like the adsorbent ends of a mop are dragged
along the floor during cleaning. Since the polymer loops are never removed from the substrate,
there is no delay in forming new bridges. The increase in friction over time is suggested to be due
to an increase in the length of the loops, rather than an increase in the bare patch area since the
increase in friction occurs between runs (pull-off can lengthen the loops whereas bare patches
would increase during friction). The friction force at negative loads is due to the adhesive nature
of the interaction (total load is equal to the applied load plus the increase in load due to the
adhesion). The non-linearity is most likely due to load induced changes in the contact area.84

8.4.1.2 AM-MAPTAC-1% Silica / Silica.

The surface forces show that the polymer extends out in a huge steric layer past 250nm, forming
a layer containing a significant concentration of solvent. When the layer is able to maintain its
integrity, it can help act as a lubricant  and maintain low friction. The friction coefficient for the
1% charged polymer system on silica is µ=2.4 at 1Hz & µ=3.8 at 10Hz, compared to values
between 5.9 (1Hz) to 4.4 (at 10Hz). However, as in the case above with 100% charged AM-
MAPTAC, an event takes place for the 1% charged polymer which increases the friction (see
Figure 8-21). This increase is suspected to related a collapse of the polymer layer, possibly with
an expulsion of some of the polymer from the contact zone. The friction increases with energy
losses in deforming the polyelectrolyte layer, and hence it increases with shear rate. The load
required to induce this effect (and so increase the friction) is relatively constant between runs,
and the polyelectrolyte recovers in the short time between runs. Thus the polymer layer needs the
surfaces to be out of contact in order to ‘heal’. Thus for this system, the friction starts out low,
increases at around 400-500nN and is completely linear on decreasing the load (see Figure 8-22).
The normal force data however indicates another conformational change that occurs, which does
not recover over the time frame investigated. This slow recovery rate is possibly a result of
entanglements induced by the friction process, but could also be due to a quasi-stable adsorption
state with less polymer in contact region (due to the friction induced expulsion of polymer from
the contact zone).
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Figure 8-21 Friction as a function of load when increasing loads for AM-MAPTAC-1% on silica substrates.
The different symbols represent data measured at different rate in the following order, 1Hz (open circles), 2Hz
(triangles), 5Hz (squares), 10Hz (diamonds) and 1Hz (closed circles).

Figure 8-22 Friction as a function of load when decreasing loads for AM-MAPTAC-1% on silica substrates.
The different symbols represent data measured at different rate in the following order, 1Hz (open circles), 2Hz
(triangles), 5Hz (squares), 10Hz (diamonds) and 1Hz (closed circles). The arrow indicates the effect of rate in
increasing the friction while the equation for trendlines is included to indicate the rate dependent friction coefficient.

8.4.1.3 AM-MAPTAC-1% Gold / Silica.
Unlike the situation with a silica lower substrate, when a gold substrate is used there is no
obvious load induced conformational change which affects the friction. Combined with the
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normal force and QCM data this indicates that the polyelectrolyte is more strongly bound to the
gold substrate. Thus the polymer is able to retain its integrity under both high loads and rates. For
the 1Hz case with AM-MAPTAC-1% on gold (see Figure 8-23), the friction response as a
function of load is approximately linear and for low loads (under 100nN) there is no rate effect.
However, at higher loads, as the rate is increased (see Figure 8-23), the friction response becomes
non-linear and leads to a decrease in friction with load.  In this case there is negligible hysteresis
between loading and unloading.

The situation for friction between polymer coated surfaces can become significantly more
complex than described by the Stribeck curve (see section 6.3), as shown in the previously
discussed friction cases. In this case however, since the polymer layer is able to maintain its
integrity, it may be possible.  From the Stribeck curve, the dramatic decrease in friction with rate
is suggestive of the mixed lubrication regime. At low loads the rate dependence disappears,
which is consistent with boundary layer friction. The transfer between these two regimes is
explained by either an increasing pressure (with load) or possibly an increase in viscosity due to
shear thickening in the lubricating layer.

Figure 8-23 Friction as a function of unloading for AM-MAPTAC-1% with a silica sphere and a 100nm thick
gold coated lower substrate. The different symbols represent data measured at different rates, 1Hz (circles), 2Hz
(triangles), 5Hz (diamonds), 10Hz (squares). As shown by the arrow, increasing rates lead to a decrease in friction.

8.4.1.4 AM-MAPTAC-100% Gold / Silica.

The least interesting case of the four discussed is for AM-MAPTAC-100% with a lower gold
substrate. As seen in Figure 8-24 there are no significant rate effects and since the lower substrate
is gold, conformational changes are minimal. Only at the highest rates and loads (above 700nN)
is there a possible increase in non-linearity, or possibly noise, which may be interpreted as some
effect due to layer disruption.
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Figure 8-24 Friction as a function of rate for AM-MAPTAC-100% with a gold coated lower substrate. The
different symbols represent data measured at different rates, 1Hz (circles), 2Hz (triangles), 5Hz (diamonds), 10Hz
(squares). Open symbols are for loading while solid symbols represent unloading.

8.5 Conclusion
Throughout this thesis, work has concentrated on measuring the relationship between the
conformation of polymers and the resulting interactions between surfaces coated in them. It has
been shown that there is a strong correlation between these two factors, and also between the
lateral and normal forces measured. The recurring themes of dynamics and hydrodynamics have
also been shown to have a significant affect on the interactions. Finally, as discussed throughout
the work, advancements have been made on the instrumental side which will allow for better and
more accurate  measurements of these relationships.

In Papers 1-3, work has concentrated on the investigation of polymer conformations primarily by
use of the novel QCM technique. The later four papers have been made primarily using surface
force techniques (MASIF and AFM) to investigate the interactions between polymer coated
surface. Yet it is the comparisons between the two sections that leads to the greater
understanding. By demonstrating how to control the polymer conformations at surfaces, and
investigating how the conformation affects the interaction, knowledge has been obtained as to
how to ‘design’ systems to give the desired interactions.

Throughout the work the effect of dynamics has been show to be tremendous. The reason behind
this is obviously that polymers are viscoelastic and thus small system changes can lead to order-
of-magnitude changes to the systems behaviour. This is displayed in mechanisms such as
bridging and entanglement (which increase adhesion). Additionally, it is seen that hydrodynamics
can play a large part in the forces measured, and thus must be taken into account.

0

100

200

300

400

500

0 200 400 600 800 1000

Applied load nN

F
ric

tio
n 

F
or

ce
 (

nN
)



73

Two examples of the current work can be used illustrate the above remarks. Firstly, in paper 5,
two different dynamic adhesion regimes were seen. One was shown to be an entanglement affect
while the other was a result of the rate of tearing apart of the two viscoelastic surfaces. These two
manifested themselves in opposite directions on the resulting adhesion and the difference
between the two regimes was only a result of a 1-2% difference in the relative solvent
concentration.  The second result to discuss comes form papers6 &7. In this case a large number
of different regimes were seen in the friction measurements. In fact, the four different systems
(which were all very similar) all showed different friction behaviours. Added to this was the
difference in the behaviour that could be recorded for a single system by measuring at either
different applied loads or at different rates. Such complexity is just part of the reason for
apparently conflicting results in the literature. These results indicate the necessity for industry
relevant experiments to be run under precise conditions applicable to that process. Otherwise the
results may be totally irrelevant to the system of interest.

The results can also be interpreted in another way. They also illustrate how fine tuning of system
parameters can be used to dramatically alter surface interactions.  Studies such as in this thesis,
further the knowledge and understanding of the area, that is required to achieve this. The results
show that at the very least, for polymer systems, that the relationship between conformation,
surface interactions and dynamics is present and if this relationship can be understood, or even
manipulated then the final results can be better interpreted and employed.
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9 Future directions

As this thesis came to its end, it became more and more apparent that there is still much work to
be done before the problems with which it began are fully unravelled. In the thesis we have
studied three different systems and tried to correlate the conformation of the polymers to the
dynamic surface forces, adhesion and friction measurements. It is hoped that the relation between
these interactions can help us better understand the mechanisms behind each. The three systems
were chosen for the ability to change a single parameter, and so affect the polymer conformation
and hence the other interaction forces. To this end the following directions are suggested for
continuation of the current work.

9.1 PHS
Better understanding of the conformation of the polymer, and the relation between this and the
forces measured. Also, once the polymer is grafted to the substrate, temperature and solvent
changes could be used to swell/de-swell the layer. QCM-D could easily be used to monitor this
process as a change in the hydrodynamically coupled solvent. In addition, it would be of interest
to investigate the friction between two surfaces grafted in PHS, in particular as a function of the
extension of the polymer from the surface. Since entanglements have been measured in the
surface forces, it would be interesting to see if/how these manifest themselves in the friction
measurements. Finally it would be of interest to correlate the adhesion measurements to
macroscopic peel tests, to better understand the relationship between these two different ways of
measuring dynamic adhesion.

9.2 pNIPAM
To this stage we have only characterised the conformation of this polymer. Also the adsorption
was only measured at a single temperature. It would be interesting to measure the adsorption at
many temperatures, in addition to the swelling studies already completed. Also, the swelling
studies could be monitored with SPR as well as QCM. Finally the surface forces, adhesion and
friction could be all measured in the AFM, as a function of temperature. This would allow a
comprehensive study to be made on pNIPAM where the relationship between structure and
interaction forces could be fully investigated.

9.3 AM-MAPTAC
The first thing suggested would be to investigate the forces and friction over the entire range of
charge densities. At present we have only looked at the highest and lowest charge densities, and
have seen a rich variation in the regimes present. By investigating the entire range it would be
interesting to see for example the crossover between various regimes in the friction. In addition,
by measuring on both silica and gold lower substrates, it would be possible to compare between
the effect of charge density and substrate, which both affect the polymer conformation, but there
is still the difference in being able to disturb the polymer layer on silica, but not gold.
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It would also be useful to measure the adsorption onto silica with QCM as was done for gold, to
better understand the effect of the substrate on the conformation. Subsequent swelling with
surfactant could also be used to compare the biding affinity to the two surfaces. An alternative to
surfactant would be to use different salts, and so employ specific ion effects which can result in
enormous flexibility in changing segment solution conditions. Finally, due to the large quantity
of studies now completed on AM-MAPTAC, it seems time that a review article was written to
summarise these studies.

9.4 QCM
Some improvements to the QCM instrument have already been discussed in the instrumental
section. However, according to this author, the most important improvement for the future is in
the development of the QCM to measure in liquid to higher overtones. This will allow the
technique to quantify viscoelastic parameters, such as the shear modulus and the viscous
compliance, for thin films. The groundwork for this procedure has already been done. What is
required is just the implementation of the theory, combined with experiments using the
appropriate cell and electronics. Once completed these values can be obtained.
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