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“But the world as a whole was unreachable for my eyes
…and I saw only fragments of it.

And I observed characteristics of those fragments and,
 by observing them, I developed a science”

Daniil Kharms 1905-1941



Abstract

This thesis concentrates on the effect of cationic polyelectrolyte addition on the
interactions between inorganic and model cellulose surfaces in aqueous solutions. An
effort was made to link the physicochemical properties of the polyelectrolytes, such as
charge density, molecular mass and architecture to the type of interactions they
generate upon adsorption to glass and cellulose. The Langmuir-Blodgett deposition
technique was used in order to prepare thin, molecularly smooth cellulose films on
hydrophobized mica substrates. The low surface roughness of the model cellulose
surface allowed accurate surface force determination at any separation, down to
surface contact. Flame polished, borosilicate glass was used as an inorganic surface.
As a force-measuring device, the non-interferometric surface force apparatus
(MASIF) was selected for its ability to handle a large variety of surface materials and
fast data acquisition. As a rule, force measurements were performed first at zero
polyelectrolyte addition, i.e. in polyelectrolyte-free salt solutions. From these
measurements the surface charge density of the studied substrates could be
determined by fitting DLVO-theory to the experimental force profiles. The cellulose
surface was found to be weakly negatively charged. The slow swelling of the
cellulose film could also be detected from the force data.

All studied polyelectrolytes adsorb on glass and cellulose, causing charge
neutralization at very low bulk concentration (1 ppm). At the charge neutralization
point a bridging attraction is found for highly charged polyelectrolytes. This is
followed by charge reversal at higher concentrations. The magnitude of this charge
reversal was dependant on the polyelectrolyte structure and charge density, as well as
on the charge density of the substrate surface. For the particular case of weakly
charged polyelectrolyte AM-MAPTAC 10 adsorbing on cellulose surfaces the
interaction was dominated by a long-ranged steric force due to the large thickness of
the adsorbed polymer layer. In other investigations, the forces between surfaces
asymmetrically coated with polyelectrolytes were investigated and found to be
attractive at large separations. Possible electrostatic and polymer-induced effects are
considered as a cause of the long-ranged attraction in these cases.

Additional information about the surface properties of glass, cellulose and other
substrates was obtained by studying the adhesion in air between these substrates and
hemispherical PDMS caps employing the JKR method. Data for the work of adhesion
was collected and shown to be in a good agreement with calculated values. Both glass
and cellulose exhibited a hysteresis between loading and unloading cycles. The result
was discussed in terms of surface layer interpenetration and formation of chemical
bonds between reactive surface groups.

Keywords:
polyelectrolyte, surface forces, glass, cellulose, Langmuir-Blodgett deposition,
adsorption, adhesion, bridging, MASIF, TMSC, JKR method.



Abstrakt

Den här avhandlingen behandlar hur tillsatser av katjoniska polyelektrolyter påverkar
växelverkan mellan oorganiska ytor och modellytor av cellulosa i vattenlösning.
Speciellt eftersträvades en förståelse för samband mellan de fysikaliskkemiska
egenskaperna hos polyelektrolyterna, så som laddningstäthet, molvikt och arkitektur,
och de typer av växelverkan som deras adsorption till glas och cellulosa ger upphov
till. Langmuir-Blodgett depositionstekniken utnyttjades för att framställa tunna,
molekylärt plana cellulosa filmer på hydrofoberade glimmerytor. Den låga ytråheten
hos modell cellulosaytorna gjorde det möjligt att mäta ytkrafter på alla avstånd, ner
till molekylär kontakt. Flambehandlad borosilikat glas utnyttjades som oorganisk yta.
Den icke-interferometriska MASIF-tekniken valdes som mest lämplig ytkraftteknik.
Valet baserades på MASIF-teknikens förmåga att hantera många olika substrat och
förmåga till snabb datainsamling. Som regel utfördes först studierna utan
polyelektrolyttillsats, dvs. i polyektrolytfri vattenlösning. Från dessa mätningar kunde
ytladdningstätheten hos substratytorna bestämmas genom att anpassa DLVO-teori till
de experimentellt bestämda kraftkurvorna. Cellulosaytorna visade sig vara svagt
negativt laddade. En långsam svällning av cellulosafilmen kunde också detekteras
utifrån kraftmätningarna.

Alla undersökta polyelektrolyter adsorberar till både glas och cellulosa, och de
neutraliserar substartens ytladdning redan vid mycket låga bulk koncentrationer (1
ppm) av polyelektrolyten. Vid laddningsneutralisation verkar en
bryggbildningsattraktion mellan ytorna. Vid högre polyelektrolythalter sker en
omladdning av ytorna. Storleken på omladdningen var beroende på polyelektrolytens
struktur och laddningstäthet, så väl som av substratytans laddningstäthet. För det
speciella fallet av en adsorberad lågladdad polyelektrolyt, AM-MAPTAC 10, på
cellulosa dominerades växelverkan av en långväga sterisk kraft orsakad av det tjocka
adsorberade skiktet. I andra undersökningar uppmättes kraften mellan ytor som var
asymmetrisk belagda med polyelektrolyt. I dessa fall uppträdde en långväga attraktiv
kraft. Elektrostatiska och polymer-inducerade krafter är möjliga orsaker till denna
långväga attraktion.

Ytterligare information om ytegenskaperna hos glas, cellulosa och andra material
erhölls genom mätningar av adhesion i luft mellan dessa substrat och hemisfäriska
ytor av polydimetylsiloxan, PDMS, med utnyttjande av JKR metoden. Från dessa
mätningar kunde adhesionsarbetet bestämmas, och resultaten var i god
överensstämmelse med beräknade värden. Både glas och cellulosa uppvisade en
hysteres mellan kompressions och dekompressions kurvor. Detta resultat diskuteras i
termer av interpenetration av ytskikten och bildning av kemiska bindningar mellan
reaktiva ytgrupper.

Nyckelord:
polyelektrolyt, ytkrafter, glas, cellulosa, Langmuir-Blodgett deposition, adsorption,
adhesion, bryggbildning, MASIF, TMSC, JKR-metod.
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I. Introduction

Polymers bearing charged functional groups, commonly referred to as

polyelectrolytes, have attracted a considerable research interest in recent years. Their

ability to moderate interparticle forces even at very low bulk concentrations have been

utilised in several applications where a tight control over stability of dispersed

systems is required. Polyelectrolytes can be used as coagulants/flocculants or

dispersants, depending on the type of forces they generate upon adsorption to the

solid-liquid interface. Suppression of existing repulsive forces and introduction of

additional attractive force contributions leads to destabilization. Conversely, if

repulsive forces are generated, the dispersed system gains stability.

There are many applications where polyelectrolytes are used for controlling colloidal

stability and surface properties. Waste water treatment, paint, ceramics and textile

manufacturing, biomedicine, microbiology etc. However, there is one area of

polyelectrolyte application to which the work in this thesis is particularly relevant,

namely papermaking. The papermaking stock is essentially a water suspension of

various organic (fibres and fines) and inorganic (filler) solids. During papermaking,

cationic polyelectrolytes are extensively used as flocculants (retention or drainage

aids according to the field terminology). Their role is to promote flocculation of the

paper constituents thus allowing for better and faster separation from the liquid phase.

By using model cellulose surfaces and glass as an inorganic material, we attempted to

gain a better understanding of the fundamental molecular mechanisms that determine

the properties of a papermaking dispersion, at the same time avoiding the complexity

of the real system. Our goal, in this respect, was to determine the nature of the

interactions responsible for the action of several polyelectrolytes as e.g. retention aids.

On a more fundamental level, the introduction of the cellulose surface allowed us to

study dissimilar systems as well as to probe novel techniques for surface preparation

and modification. In terms of polyelectrolyte selection throughout the work in this

thesis, the main accent was to study polyelectrolytes with different physicochemical

properties. Molecular weight, charge density and molecular geometry (branching)

were thought to influence the interactions and were therefore considered when

choosing polyelectrolytes. Papers I-V are dedicated exclusively to this subject.

In paper VI, the adhesion between poly dimethylsiloxane PDMS caps and several

other materials, including glass and Langmuir-Blodgett cellulose films was studied.

Information about the influence of the substrate surface chemistry and structure on the

interactions in air was obtained.
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III. Summary of papers

Paper I presents force measurements between glass surfaces in aqueous

polyvinylamine (PVAm) solutions. The effect of polyelectrolyte addition was studied

in the concentration range 1-10 ppm at two background electrolyte levels, 0.1 mM

and 1 mM. It was found that PVAm adsoption leads to a neutralization of the glass

negative surface charge at 1 ppm bulk concentration. At this point, the interactions

were dominated by a long-ranged attraction due to polymer bridging. Increasing the

polyelectrolyte bulk concentration led to a charge reversal as judged by the

reappearance of the double-layer repulsion. The range of the bridging attraction

decreased when the adsorption was carried out from higher ionic strength solution.

Additionally, the magnitude of the charge reversal increased and the surfaces assumed

a positive charge already in 1 ppm solution after prolonged incubation. From fitting

DLVO-theory to the experimental force curves, data for the apparent charge density

and potential of the glass substrate were obtained

An identical experimental protocol was followed in Paper II to study the effect of

PVAm addition on the interactions between one glass and one Langmuir-Blodgett

(LB) cellulose surface. In the beginning of each experiment, the forces were first

determined in polymer-free salt solutions. It was found that the cellulose surface is

weakly negatively charged and swells in water. The swelling was however limited

and affected the interactions only at short separations (5-7 nm from a hard wall

contact). The rate of swelling was also found to be dependant on the ionic strength of

the solution. In 0.1 mM NaCl, the swelling was rather slow. This was shown by the

appearance of an electro-steric force barrier on approach, and a decrease of the pull-

off force measured on separation over a period of 24 hours. In 1 mM NaCl the

swelling was much faster. The process was complete in a matter of minutes and no

long time effects could be detected. Addition of PVAm to the system led to charge

neutralisation, followed by charge reversal at higher PVAm concentrations. In this

case however, the bridging attraction found between two glass surfaces was not

present and the forces at the charge neutralisation point were purely repulsive due to

the electro-steric contribution from the swollen cellulose film. Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory for dissimilar surfaces was employed to fit the

forces (where appropriate) using parameters for the glass surface previously obtained

in Paper I. In addition, the forces between one PVAm neutralised cellulose and one

bare glass surface were determined across 0.1mM NaCl solution. A long-ranged

attraction was observed on both approach and separation. The shape of the separation

curve indicated that some unfolding of the cellulose film occurs when the surfaces are

pulled out of contact.
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In Paper III, the effect of the polyelectrolyte architecture on the forces between two

glass surfaces was examined by means of using highly branched polyethylenimine

(PEI). As in the case of PVAm the surfaces are first neutralized and later recharged by

PEI adsorption. However, there were some differences due to the branching of the

PEI chain and the fact that it is capable of self-suppressing its ionisation at higher

concentrations via an increase in pH. First, the range of the bridging attraction

generated by PEI was shorter than the one measured for PVAm in Paper I. This was

attributed to the shorter contour length of PEI. Second, the magnitude of the charge

reversal was considerably larger for PEI as compared to for PVAm. Third, the pull-off

forces measured on separation were dependant on contact time, which was not the

case for PVAm. Also, the the pull-off forces were larger at low PEI concentrations but

decreased upon increasing the concentration.

Paper IV deals with forces between two glass surfaces as well as between glass and

cellulose in presence of a weakly charged copolymer AM-MAPTAC-10, with only

10% of the monomers carrying a positive charge. Comparing it to the highly charged

polyelectrolytes studied previously, several differences were found. The force

between two glass surfaces at the charge neutralization point, could be adequately

described by the DLVO-theory, i.e. no additional, bridging attraction was present.

This was attributed to the lower polymer-surface affinity and the thicker layer formed

due to the reduced charge density of AM-MAPTAC-10. Recharging also occurred

only to a limited extent. Non trivial behaviour was observed when the surfaces were

separated from contact. Instead of the commonly observed sudden pull-off at a critical

force, a long-ranged, monotonically decreasing attraction was measured. This effect is

caused by polymer chains gradually unfolding and stretching between the two

retracting surfaces. The forces between one glass and one cellulose surface were

dominated by a long-ranged steric repulsion. Apparently, the polyelectrolyte assumes

a more extended conformation upon adsorption to cellulose. In this case both the

polymer and the substrate have low charge density, which leads to lowering of the

electrostatic interactions between them. Consequently, thicker adsorbed layers are

formed and a steric repulsion generated upon their compression.

In Paper V, the forces in asymmetrically coated polyelectrolyte systems were

investigated. Two highly charged polyelectrolytes were used, PVAm with MW≈32 000

g/mol (lower than previously used) and PCMA with MW≈1x106 g/mol. First, the

forces were recorded in 1 ppm polymer solution, followed by exchanging one of the

surfaces with a freshly prepared glass. For both polymers the forces between one

neutralised glass surface and a negatively charged, bare glass surface across 0.1 mM

NaCl were dominated by a long-ranged, exponentially decaying attraction. Good fits

to DLVO-theory could be obtained using constant surface potential boundary
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conditions and a small positive charge on the polymer-bearing surface. However, a

critical comment was made on the applicability of this model, due to the implicit

assumption of an unlimited increase of the charge density of the interacting surfaces

at small separations.

In Paper VI, the adhesion in air between PDMS caps and several flat substrates (bare

mica, hydrophobized mica, LB cellulose and glass) was measured using the so-called

JKR (Jonsson-Kendall-Roberts) apparatus. The work of adhesion was determined

from the relation between the cube of the contact radius and the applied load

according to JKR-theory. Good agreement was found between measured and

calculated data. A large hysteresis between loading and unloading cycles was

observed for two materials, glass and LB cellulose. The effect was discussed in terms

of possible chemical bond formation and interlayer penetration (for the case of

cellulose).
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IV. Surface forces

In colloid science, the term surface forces is usually used to describe various

interactions between particles and surfaces acting on a sub-microscopic distance

scale. Unlike other types of forces, (gravity or magnetic forces for instance) the type

and magnitude of surface forces is determined to a large extent by the surface

properties of the interacting bodies rather than their bulk properties. Like other types

of forces however, surface forces are also strongly dependant on the properties of the

surrounding medium. There exists a large variety of phenomena that can lead to the

appearance of different types of surface forces. These forces can be attractive or

repulsive and act on different distance scales, from several Ångströms to several

hundred nanometers. The total interaction is usually assumed to be the sum of

different force contributions, in other words different surface forces are assumed to be

independent and additive. This is a useful approximation

In this section, several types of surface forces relevant to this work will be discussed.

Only forces acting normal to the surfaces will be considered. In addition to the forces

treated in the framework of classical DLVO-theory, several other forces will be

considered, in particular forces induced by the presence of polymers.

IV.1. Electrostatic double-layer forces

Many surfaces are charged in an aqueous electrolyte medium. The surface charge can

be due to ionizable surface groups, (-COOH, -SO3H etc.), isomorphous substitution in

the lattice, or specific ion adsorption from solution. A charged surface in electrolyte

solution can be modelled as one layer immediately adjacent to the surface where the

surface charges and strongly bound counterions are located (Stern layer) and a diffuse

layer with an increased counterion concentration balancing the surface charge. We

can characterise such a system in terms of the potential distribution away from the

surface. Let us consider a charged surface immersed in electrolyte solution. The

electrostatics of the system is governed by the Poisson equation:

                                                 ∇ = − ( )2
0Ψ( ) /r r rρ ε ε .                                    (IV.1.1)

Where Ψ(r) denotes the electrostatic potential at point (r), ρ(r) is the charge density of

the solution at point (r), ε0 is the permittivity of vacuum and εr is the relative

permittivity of the medium.

In the above equation the charge density for a solution containing ions with number

density (number of ions per unit volume) ni and valency zi can be expressed as:
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                                                     ρ r z n r
i i( ) = ( )∑e .                                      (IV.1.2)

Where e is the elementary  charge.

Further, in an external potential field the ions are Boltzmann-distributed:

                                                 n r n
z r

kTi i
i( ) = −

( )







, exp0

eΨ
.                              (IV.1.3)

In the above equation ni,0 is the unperurbed ion number density of the bulk solution,

where the potential is defined as being zero, k is the Boltzmann’s constant, and T the

absolute temperature. Combining equations (IV.1.1), (IV.1.2) and (IV.1.3) leads to the

famous Poisson-Boltzmann equation for the potential distribution outside a charged

surface in electrolyte solution:

                                       ∇ ( ) = − −
( )







∑2

0
0Ψ

Ψ
r z n

z r

kTr
i i

ie e

ε ε , exp .                      (IV.1.4)

For the case of an infinite, charged plate (only z dependence), the Poisson-Boltzmann

equation reduces to an ordinary differential equation:

                                       
d z

d
z n

z z

kTr
i i

i
2

0
0

Ψ Ψ( )
= − −

( )







∑

z
e e

2 ε ε , exp .                     (IV.1.5)

Equation (IV.1.5) can be solved analytically with appropriate boundary conditions at

the surface, z=0:

                                                         
d z

d r

Ψ( )
=

−
z

z=0

σ
ε ε0

,                                      (IV.1.6)

and in the bulk, zm¶:

                                                         
d z

d

Ψ( )
=

→∞
z

z

0,                                          (IV.1.7)

to give the z-dependence of the electrostatic potential:
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                                        Ψ
Γ
Γ

z
e

( ) =
+ −( )
− −( )









2 1
1

0

0

kT

z

z

z
ln

exp
exp

κ
κ

.                             (IV.1.8)

In equation (IV.1.8) Ψ (z) is related to the surface potential Ψ 0 via

Γ Ψ0 0 4= ( )tanh z kTe . The exponent in the right hand side also contains the so called

inverse Debye screening length κ :

                                                  κ

ε ε

=

( )















∑

1

0
2

0

1 2

r

i i
i

kT

z ne ,

.                                     (IV.1.9)

The Debye length relates the decay rate of the potential away from the surface to the

bulk electrolyte concentration and valency. Addition of electrolyte contracts the

double layer, i.e. the perturbation of the equilibrium ion distribution decays faster

with distance.

A useful relation between the surface charge density σ  and potential in z:z electrolyte

is given by the Grahame equation [1]:

                                               σ ε ε=








8

20 0
0kT n

z

kTr sinh
eΨ

.                          (IV.1.10)

An interesting fact to notice is that the surface charge density is influenced both by

the surface potential and the bulk electrolyte concentration, e.g. the surface charge

density increases with increasing salt concentration for a given potential value.

Now, when two identically charged surfaces approach each other in electrolyte

solution their diffuse double layers overlap, which results in a repulsive force. An

important issue here is that the repulsion is not caused directly by the electrostatic

interaction between the surfaces, but mainly as a result of the entropy loss due to

confinement of the counterions to the space between the surfaces. The pressure acting

between two identical charged walls can be expressed simply as the difference

between the osmotic pressure in the midplane and the bulk osmotic pressure [2]:

                                    P kT n nmid i mid i= − = −( )∑ ∑Π Π0 0, , .                    (IV.10.11)
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Here the index mid. denotes the midplane. In order to determine P we still have to

solve the Poisson-Boltzmann equation for the midplane potential as a function of

surface separation. Generally, the non-linear Poisson-Boltzmann equation is solved

numerically for the limiting case of no ion adsorption (constant charge) or unlimited

ion adsorption (constant potential).

IV.1.1 Interaction between dissimilar surfaces

So far, we discussed the repulsive pressure arising from overlapping of two identical

double layers. In practise, the interaction may take place between dissimilar surfaces,

having different magnitude and/or sign of the potential. Due to the asymmetry of the

system the midplane z0=h/2 no longer represents a point with 
d

d

Ψ
z

= 0. This is

illustrated in Figure IV.1.

z2z1

0

z0       zmid

z0

Figure IV.1. Potential distribution between charged walls. From top to bottom, the curves represent the

potential distribution between identical surfaces (uppermost curve), between surfaces having different

magnitude, but same sign (middle curve) and between surfaces having different potentials of opposite

sign (bottom curve) z0 denotes the position with ∂ ∂Ψ z = 0

Consequently, the boundary condition IV.1.6 should now be written for both surfaces,

having charge densities σ1 and σ 2  respectively.

                                                         
d

d r

Ψ
z z1

=
−σ
ε ε

1

0

                                     (IV.1.12)

and

                                                              
d

d r

Ψ
z z2

=
−σ
ε ε

2

0

                                    (IV.1.13)
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The pressure between the walls is again determined as a osmotic pressure difference,

but in this case between the bulk and the z0 position, i.e.

                                        P kT n nzero i zero i= − = −( )∑ ∑Π Π0 0, , .                 (IV.10.14)

In the above equation, the index zero denotes that the osmotic pressure and counterion

concentration are taken at the zero field position, z0.

It should be noted that when the interaction takes place between oppositely charged

surfaces there is no position with ∂ ∂Ψ z = 0 . However, there exist a point between the

surfaces where the potential is zero. At this point, the ion concentration is the same as

in bulk solution, but the electric field is non-zero. The attraction arises from the

interaction between the charged surface and this electric field [3].

Depending on the magnitude and sign of the potential of the interacting surfaces as

well as on the ion adsorption conditions (constant charge or constant potential), the

double-layer force between dissimilar surfaces can be purely attractive or repulsive, or

pass through an attractive minimum at large separations before turning repulsive at

short separations. Generally, under constant surface charge conditions, the force is

expected to be purely attractive at all separations only for the case when σ σ1 2= − , i.e.

the surfaces have identical charge density but opposite sign. For all other cases,

repulsion is to be expected at some sufficiently small separation since some

counterions remain between the surfaces, generating an osmotic pressure difference.

IV.2. Van der Waals forces

The term van der Waals force is usually used to describe three types of

electromagnetic interactions present between atoms, molecules or surfaces in vacuum

or in a medium:

-interactions between freely rotating permanent dipoles (Keesom interaction),

-interactions between one freely rotating permanent dipole and one induced

dipole (Debye interaction),

-induced dipole- induced dipole (dispersion or London) interaction.

The dispersion contribution to the van der Waals force is considered to be the most

important one since it is always present between any kind of atoms, molecules and

macroscopic bodies regardless of their chemical structure. It arises from the

instantaneous dipole moments possessed by any atom, due to the constantly

fluctuating electron distribution around the nuclei. At short interatomic distances such
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fluctuations become correlated, i.e. the instantaneous dipole moment of one atom

induces a dipole moment in the neighbouring ones.

London [4] derived an expression for the dispersion energy between two identical

atoms:

                                                          w r
c

r
( ) = − 6 ,                                               (IV.2.1)

where c is called the dispersion coefficient, dependant on the polarizability of the

atoms. In order to calculate the dispersion interaction between macroscopic bodies,

we need to replace the dispersion coefficient in equation (IV.2.1) with a material

specific constant that will account for the interactions between all atoms or molecules

This is the so called Hamaker constant. In the classical microscopic approach of

Hamaker [5], all dispersion interactions are assumed to be pairwise additive. The total

interaction energy is obtained simply as a sum (or integral) of all pair interactions

between the two bodies. A more sophisticated approach was developed by Lifshitz et

al. [6]. It is a continuum theory treating the the medium in terms of its bulk properties

(dielectric constant and refractive index). The interaction is assumed to arise from

correlation of the electromagnetic fields emanating from the surfaces. The effects of

many body interactions are thus naturally accounted for.

The full Lifshitz theory is based on complicated quantum physics and will be omitted

here for obvious reasons. Approximately, the Hamaker constant for media 1 and 2

interacting through medium 3, based on Lifshitz theory can be obtained as [7]:
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Where, εi and ni are the static dielectric constant and refractive index of the

respective medium, ν e  is the main electronic absorption frequency in the UV region

(taken equal for all media in this approximation) and h is the Planck’s constant.

For a symmetrical system (medium 1 identical to medium 2) the above equation

reduces to:
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Several important conclusions can be drawn from equations IV.2.2 and IV2.3.

i) the van der Waals force between dissimilar surfaces can be attractive or

repulsive (corresponding to negative A values) depending upon values of

εi and ni.

ii) the van der Waals force between any two bodies in vacuum or air is

always attractive.

iii) The van der Waals force between any two identical bodies is always

attractive regardless of the properties of the separating medium.

The Lifshitz theory have been used in numerous studies [8-10] to calculate Hamaker

constants between different inorganic and organic materials, including cellulose [11].

Providing that the Hamaker constant is known, the total van der Waals interaction

between two macroscopic surfaces can be calculated according to:

                                                             P
A

D
= −

6 3π
.                                           (IV.2.4)

Where P is the pressure between two planar surfaces. D is the distance and A is the

Hamaker constant for the given material and medium.

IV.3. The DLVO-theory

For more than half a century, the Derjaguin-Landau-Vervey-Overbeek [12, 13] theory

has remained a fundamental concept in colloid science. It combines the Gouy-

Chapman theory for interacting double layers with the van der Waals interactions in

attempt to predict the stability of colloidal sols and the interactions between

macroscopic surfaces.

The two interaction contributions are assumed independent and additive, giving:

                                                             F F Ftot el vdW= + .                                     (IV.3.1)

This is illustrated in Figure IV.2 where the distance dependence of the separate

contributions and the resulting DLVO interaction is plotted.

Fitting DLVO-theory to experimental force data has become a routine procedure in

the field. It allows values for the apparent surface potentials on the interacting

surfaces to be obtained. This is providing that the DLVO concept can be applied to

the studied system, in other words that the only two important contributions to the
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total interaction are the above mentioned electrostatic and van der Waals ones.

However, this is not always the case. A large body of experimental material was

collected during the last few decades suggesting the existence of various types of

interactions that are not considered by DLVO-theory. These are discussed in the

following section. It should also be noted that the additivity of the double layer and

van der Waals forces itself is questionable, as it has recently been suggested by

Boström et al. [14].
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Figure IV.2. Different contributions to the free energy of interaction between flat plates. Uppermost

curve (dotted line) represents the electrostatic contribution. The lowest (dashed) line is the van der

Waals interaction. The solid line represents the total DLVO interaction, Ftot=Fel+FvdW.

IV.4. Non-DLVO forces

As mentioned above, there exist several types of forces not accounted for in the

framework of the DLVO-thory. They have different origin and can be short or long-

ranged, attractive or repulsive depending on the chemistry of the interacting surfaces

and the species adsorbed on them. In this section, a special attention will be paid to

the so-called polymer-induced forces, i.e. forces that appear as a consequence of

polymer adsorption to the interacting surfaces, or due to depletion of polymers from

the gap between the surfaces.

IV.4.1. Polymer bridging
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Bridging is a term used to describe the attractive force between surfaces in presence

of polymers that are attracted to more than one surfece. Most often, bridging

attraction is found between surfaces coated with oppositely charged polyelectrolytes

near the charge neutralisation point [15, 16]. As the name suggests, bridging arises

from a polymer chains that form a “bridge” between the surfaces. Intuitively this

implies that polymer segments should be adsorbed to both surfaces. This however, is

not absolutely necessary. In fact, attraction can be generated by polymers adsorbed to

both, one or neither of the surfaces. Generally the bridging can be viewed as an

entropy gain due to the increased number of low energy conformations available for

the polymer chain once the midplane between the surfaces is crossed [17]. Thus if a

polymer chain contains segments in both potential fields generated by the surfaces,

attraction will result.

z=0 z=h/2 z=h

Figure IV.3. Schematic representation of the events that can lead to a bridging attraction. The

attraction is generated when polymer segments are found on both sides of the midplane z=h/2, and thus

different parts of the molecule experience a force towards different surfaces.

Figure IV.3 illustrates this schematically. In addition to the above mentioned case of a

chain attached to both surfaces, segments (loops and tails) extending from a chain

adsorbed to only one of the surfaces can cross the midplane and contribute to the

attraction. Finally, non-adsorbed chains in the gap between the surfaces having

segments on the both sides of the h/2 plane also gain conformational entropyand

contribute to the attraction. However, these are expected to adsorb or be expelled

from the interaction area at shorter separations.

This concept of the bridging attraction has been clearly demonstrated in several

studies of systems consisting of charged walls and oppositely charged polyelectrolytes
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using Monte Carlo algorithms [17-19]. Indeed, an attractive osmotic pressure was

generated as a result of segments crossing the midplane [17]. Monte Carlo simulations

also allow the polyelectrolyte-induced osmotic pressure to be studied as a function of

several system parameters, including substrate and polymer charge density and degree

of surface overcompensation. It has been shown that the strength of the attraction

increases with increasing charge density of the substrate surface and the polymer [20].

Additionally, MC simulations predicted that the strongest attraction is present at the

charge neutralization point. Although direct quantitative comparison between these

simulations and the forces measured in this thesis work is not possible, the results in

Paper I-V are in qualitative agreement with the predictions. The attractive forces

measured between surfaces neutralized by highly charged polyelectrolytes were

longer ranged than the expected van der Waals forces and the bridging vanished upon

recharging of the surfaces (these effects will be further discussed in Chapter VI).

IV.4.2. Patch charge attraction

A mechanism alternative to bridging has been proposed to explain the enhanced

flocculation caused by small amount of added polyelectrolyte [21]. According to the

patch charge model, polyelectrolytes adsorb onto oppositely charged surfaces thereby

forming regions (patches) where the charge is locally overcompensated. The

flocculation is caused by the electrostatic attraction between the oppositely charged

patches. This situation usually occurs at low surface coverage even before the net

surface charge is neutralized. At higher surface coverage the polymer is evenly

distributed on the surface and AFM imaging shows no evidence of any structures [22,

23]. It should be stressed that patch charge attraction is not easily measured by surface

force techniques. Direct force measurements between macroscopic surfaces involve

large contact areas (several to several hundreds square micrometers [24]). Thus the

surfaces “feel” only the net average surface charge and the interaction between

individual patches is diminished. In contrast, small particles in solution can move

freely in order to maximize the contact area between the patches, which is obviously

not the case for the fixed substrates used in surface force measurements. A model

experiment for patch-wise attraction, however, can be performed by using one

polyelectrolyte coated surface and one bare surface. Experiments of this type were

performed in Paper V (and touched upon in Paper II), and indeed showed a long-

ranged attractive force.

IV.4.3. Steric forces

Steric forces are usually present between polymer-coated interfaces. Adsorbed

polymers can assume different surface conformations depending on factors, such as
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polymer-surface affinity, solvent conditions, molecular mass etc. In the case of

extended conformations (large fraction of loops and tails) the polymer is confined in

the gap between the approaching surfaces, the extending chains lose entropy and

repulsion is generated as a result [25, 26]. Also, when two polymer coated surfaces

are brought together, some segment-solvent contacts are replaced with segment-

segment contacts. This may result in attractive (poor solvent) or repulsive (good

solvent) force contribution. The strength and the range of the steric repulsion can vary

substantially. Large polymers in good solvent with low surface affinity usually adsorb

with loops and tails extending far into solution. In such a case the steric repulsion may

become measurable at distances up to several hundred nanometers. Highly charged

polyelectrolytes on the other hand adsorb on oppositely charged surfaces with very

flat conformations, providing that the ionic strength is low. Thus, under such

conditions, they usually do not give rise to any long-ranged steric repulsion. The

situation changes when the electrostatic attraction between the polyelectrolyte and the

surface is screened. This is achieved by adding an inorganic electrolyte. The result is a

swelling of the adsorbed layer, due to screening of segment-surface attraction and

segment-segment repulsion. The steric force contribution in such cases become more

important [27-30]. Steric forces are also observed when low charge density

polyelectrolytes adsorb on weakly charged surfaces as in the case studied in Paper

IV.

Another term often encountered in the literature is the so-called “electro-steric”

repulsion. It is usually used to describe the simultaneous action of electrostatic and

steric forces in a regime where they cannot be clearly separated.

IV.4.4. Depletion attraction

The term depletion attraction is used to describe the attractive osmotic pressure that

arises when the polymer is depleted from the gap between the two surfaces. In the

case of non-adsorbing polymers, when the separation between the surfaces is smaller

than the radius of gyration of the polymer, the latter is expelled from the interaction

zone. As a result the concentration in the bulk solution becomes higher than in the

gap, which leads to an attractive osmotic pressure. The depletion free energy per unit

area between two planar surfaces in contact can be estimated according to [7]:

                                                       W R kTD g→ ≈ −0 ρ .                                          (IV.4.1)

Where, ρ  is the density of the polymer molecules in the solution, and Rg  is the radius

of gyration. The above equation implies that stronger depletion attraction is induced

by large polymers present at high concentration. Normally polymers are studied at
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concentrations (several to several hundred ppm) too low to cause significant depletion

attraction. For instance, applying equation IV.4.1 to a polymer with Rg =10 nm at

density of 6x1021 m-3 gives for the contact free energy a contribution of only 2.5 x10-8

J/m2. This is apparently much smaller than the contribution from e.g. the van der

Waals force.

IV.4.5. Hydration forces

Unlike the other non-DLVO forces discussed in this section the hydration force is not

caused by the presence of polymers. It will nevertheless be briefly discussed due to its

(possible) relevance to the interactions between glass surfaces. Here we will be

concerned explicitly with the so-called monotonic hydration repulsion and not with

oscillatory solvation forces due to solvent structuring near interfaces.

Hydration repulsion is usually present between hydrophilic surfaces with strongly H-

bonding surface groups (such as –OH groups) or adsorbed hydrated ions [7]. When

the surfaces approach each other, there is an additional energy required to remove the

water molecules from the hydration shells. The result is a steep, strongly repulsive,

force contribution with a range of 3-5 nm. It has been shown to dominate the short-

range interactions in various systems, e.g. mica surfaces in higher ionic strength

solutions [31, 32], lipid bilayers [33] or across foam lamellae [34, 35]. Silica surfaces

in water also exhibit a short-range, non-DLVO repulsion in water and aqueous

electrolyte solutions [36-38]. However, the nature of this repulsion is a matter of

debate. Additional discussion on the topic in conjunction with the interactions of

silica and glass surfaces will be provided in chapter VI.
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V. Materials and methods

V.1. Polyelectrolytes

The polyelectrolytres used throughout this thesis are listed in the table below.

Table V.1 General information about the polyelectrolytes used

Name and abbreviation Molecular structure of monomer
unit

Molecular
weight
(g/mol)

Charge
density

(%
charged

monomers)

Polyvinylamine
(PVAm)

≈90 000
≈32 000

High

Polyethylenimine
(PEI)

  (CH2)2 NH
+

  (CH2)2

  (CH2)2

≈70 000
Moderate
to high at

pH 6

Poly ([2-(propionyloxy)
ethyl] trimethylamonium

chloride)
(PCMA)

≈1x106 100%

Copolymer of acrylamide
and [(3-(2-

methylpropionamido)
propyl]

trimethylammonium
chloride

(AM-MAPTAC-10)

≈1x106 10%

Two different samples of PVAm were used. In Paper I and II the sample with

MW≈90 000 g/mol was used whereas PVAm with MW≈32 000 g/mol was studied in

Paper V. The polymer was in a salt form, with Cl- as a counterion (i.e.

polyvinylammonum chloride).

CH2 CH

NH3
+

CH2 CH

C O

O (CH2)2 N(CH3)3
+

C

C O

NH

(CH2)3

N(CH3)3

CH

C O

NH2

CH3

(MAPTAC) (AM)

  CH2
  CH2

+
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PEI was of the branched type. The ratio between primary, secondary and tertiary

amine groups was reported to be close to 1:2:1 [39] with branching points at every 3-

3.5 N-atoms at the linear chain [40]*. At pH 5.5-6 the degree of protonation is about

0.5-0.6 [39]. PEI is a weak polybase. In more concentrated solutions the ionisation is

self suppressed due to the increase of pH [41].

PCMA and AM-MAPTAC-10 represent polymers with trimethylammonium cationic

groups, i.e. they carry permanent charges. In the case of AM-MAPTAC, samples with

different charge density can be produced by varying the amount of uncharged

acrylamide. In the case of 10% charged AM-MAPTAC-10 used here, the average

ratio between AM and MAPTAC monomers is 9:1.

V.2 Substrate surfaces

To have access to suitable substrate surfaces is essential for the usefulness of a

particular surface force technique as a whole. Most of the materials, commonly used

in science and every day life are unfortunately not suitable for surface force

measurements. In general, a material has to meet several criteria in order to be used as

a force substrate: low surface roughness, well defined geometry and good physical

and chemical stability in the media of interest. In addition, interferometric techniques

such as the surface force apparatus of Israelachvili [42] also require optical

transparency in the visible spectra. The issue of surface geometry will be addressed

separately at the end of this chapter (V.3.4). Surface roughness on the other hand is a

common problem limiting the number of materials accessible for force measurements.

The distance between rough surfaces cannot be accurately measured since the surface

plane is not well defined. Furthermore, the contact area associated with an asperity

type of contact is much smaller than the corresponding smooth contact, which can

lead to severe underestimation of the adhesive energies. Finally, adsorption from

solution can in some cases be influenced by excess surface roughness. All this calls

for surfaces exhibiting only molecular scale roughness. Typically, imaging of surface

force substrates show peak-to-valley variations not exceeding 1-2 nm [43]. Obviously,

most common materials fail to comply with such high requirements.

The condition for physical and chemical stability is not less important. The surfaces

should not degrade in contact with the solvent for the duration of the experiment,

which can be ranging from minutes to days. Such degradation include swelling

(particularly relevant to cellulose), oxidation, delamination etc. Additionally, the

                                                  
* Note that the structure in Table V.1 only shows the branching point at a tertiary amine group. The
linear chain also contains secondary amine groups and every side chain is terminated with a primary
amine group.
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presence of the surface should not change the chemical composition of the solvent. In

other words no chemicals are allowed to leach from the surfaces into solution. When

indirect separation detection is used, there is also a requirement for surface hardness

and incompressibility (see next section).

For a long time, muscovite mica with its atomically smooth cleavage plane has been

by far the most suitable and used surface. However, newer generations of force

measuring devices, not based on interferometry, allowed opaque materials to be used.

This has broaden the range of accessible materials and surface preparation techniques

considerably. In the following section the preparation of glass and cellulose surfaces

used throughout this thesis will be discussed.

V.2.1. Glass

Glass is the most common material used in the non-interferometric surface force

apparatus. It is an amorphous composite of 75% SiO2 (silica), approximately 20%

Na2CO3 (soda) and other metal salts present in smaller amounts [44]. Borosilicate

(Pyrex™) glass that was used in this work also contains approximately 5%boric oxide

[44]. Compared to pure silica, glass has lower melting temperature and viscosity.

Borosilicate glasses usually soften between 700°C and 850°C [45] and the viscosity at

1000°C is low enough to permit flowing (i.e. drop formation).

Surfaces are prepared by melting* the end of a glass rod in the flame of a butane-

oxygen burner (ca. 1000°C) until a droplet with radius ca. 2 mm is formed. The

opposite part of the rod serves as a “neck” that allows the surface to be mounted in the

apparatus. Several desired effects are achieved by melting (or flame polishing as the

method is often called). First of all, the melt assumes a spherical shape due to the high

surface energy of the glass. This solves the interaction geometry problem. The

macroscopic radii of the surfaces can be easily measured after the experiment.

Second, the resulting surface is very smooth. Ederth et al. [43] reported a peak-to-

valley roughness of about 1 nm over 1 µm2 area from AFM imaging. Third, all

organic contamination is instantly burned in the high temperature flame, eliminating

the need of further chemical treatment. However, flame polishing is not without

drawbacks. Heat treatment has been shown to alter the surface composition of silica

[46]. Above 200°C surface silanol groups start to condense and form siloxanes [46].

The degree of dehydroxylation is strongly temperature dependant. At 300°C, rapid

dehydroxylation occurs and at 1000°C the density of silanols at the surface can be

reduced by as much as an order of magnitude [46]! As a result the surface becomes

more hydrophobic. Contact angles up to 30° have been reported on flamed silica

                                                  
* Since glass is an amorphous material, the word “melting” is used to indicate that the viscosity is low
enough to permit the formation of a drop
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substrates [38] and up to 60° on P2O5 dried glass slides [47]. Dehydroxylation is a

reversible process, although the rate of rehydration can be rather slow [46]. Some

authors [48] have also suggested that the rehydration in water may be accompanied by

formation of a polymeric silicate layer responsible for the short range, non-DLVO

repulsion seen between silica type surfaces. Other surface treatments, such as

steaming and exposure to chemically active vapours have also resulted in changes of

the surface properties and the interactions thereof [49]. It is now firmly established

that the method of preparation and history of the surface can influence its properties

substantially, although it is not always clear what molecular mechanisms are

responsible for the observed effects. In addition, the surface chemistry of glass may

be even more complicated. Boron, sodium and other mineral constituents of the glass

may also undergo certain chemical changes upon flaming or participate in reactions

with surface groups. Nevertheless, flame polishing offers a fast and convenient

method for surface preparation with minimum risk of contamination. The surfaces can

be prepared in a reproducible manner and consistent force curves can be obtained

with different sets of surfaces. This allows separate experiments to be compared and

the observed effects attributed to factors that can be controlled.

V.2.2. Cellulose

Cellulose was the other material used throughout this thesis. The use of cellulose was

already motivated in Chapter I. However, fabricating cellulose surfaces suitable for

force measurements is not an easy task. All commonly available cellulosic materials,

such as cellulose membranes exhibit too large surface roughness for accurate force-

distance determination [50]. In the pioneering work by Neuman et al. [51] cellulose

layers were spin coated onto mica substrates and the forces between two such surfaces

measured in air and aqueous electrolyte solutions. That investigation was, however,

only partly successful due to the poor stability of the spin-coated cellulose in water

and the excessive swelling of the thick coating. Apparently, alternative techniques,

rendering thin, smooth and rigid layers needed to be  utilised. The solution came after

it was reported [52] that ultrathin films of regenerated cellulose can be prepared by

Langmuir-Blodgett (LB) deposition technique. Generally, the Langmuir-Blodgett [53,

54] technique involves transfer of insoluble monomolecular layers from a liquid-gas

interface to a solid substrate. Figure V.1 represent the process schematically.



- 23 -

gas

substrate
barrier

liquid

Figure V.1. Schematic representation of the Langmuir-Blodgett deposition technique

The monolayer is spread on the liquid-gas interface. The surface pressure can be

altered by moving the barrier, thus compressing and decompressing the film.

Simultaneously, the surface pressure is monitored by a Willhelmy plate partly

immersed into the subphase (not shown in the figure). Deposition is carried out by

immersing and withdrawing the substrate from the solution. If only one layer needs to

be deposited, the substrate is immersed before spreading and compression. Upon

passing the liquid-gas interface, a monomolecular layer is transferred through the

three-phase line onto the solid substrate. The ratio between the density of the

transferred compound on the solid and liquid surfaces is called the transfer ratio.

Usually, it is advantageous if the transfer ratio is close to unity. This way, the desired

LB-film density can be controlled directly by the surface pressure at which the

deposition is carried out. Effective transfer is however possible only if the spread

monolayer has a high affinity to the substrate. This is usually achieved either by

electrostatic or hydrophobic attraction. In this case the latter is realized. Cellulose is

ideally uncharged and rather hydrophilic. To allow LB deposition some reversible

chemical modification, introducing hydrophobic groups, is needed. Mehylsilylation

has proved to be a suitable method [52]. The final product, trimethylsilyl cellulose

(TMSC) is insoluble in water, but readily soluble in organic solvents such as hexane

or chloroform, which are suitable spreading solvents for LB deposition [55]. Another

major advantage of using TMSC is that it can be easily converted back to cellulose by

a simple gas phase treatment (see below), i.e. there is no need for immersion in

solution before use. This is important since exposure to solutions and consequent

drying may change the properties of the film and increases the risk of contamination.

The procedures adopted in this thesis, for preparing TMSC and deposition on

hydrophobized substrates generally follow those first described by Schaub et al. [52,

56] and later used by Holmberg et al. [57-59] for surface force measurements.

In order to prepare TMSC, microcrystalline cellulose is first dissolved in a dimethyl

acetamide /LiCl mixture (8 wt % LiCl). The silylation is carried out in solution by

reacting the cellulose with hexamethyl disilazane:
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The product is normally purified by recrystalization from methanol and dried in

vacuum [60]. It was previously found that this reaction yields degree of substitution

≈1.8 trimthylsilyl groups per glucose unit [57]. For LB deposition in this work, a 400

ppm TMSC solution in distilled chloroform was used.

The actual surface preparation involves three stages.

1. Hydrophobization of the bare mica substrate by deposition of a mixed monolayer.

2. Deposition of TMSC on the hydrophobized mica.

3. Cellulose regeneration.

In step 1, freshly cleaved mica sheets are rendered hydrophobic by depositing a mixed

Langmuir-Blodgett monolayer of a long chain fatty acid and a long chain fatty amine.

In this case, a 1:1 mixture of eicosylamine and arachidic acid is used. It has been

shown [61] that strongly hydrophobic (θ>110°) substrates can be obtained in this

way. Hydrophobization is necessary in order to achieve strong adherence between the

substrate and the first TMSC layer.

For force measurements, the mica sheet was first glued on a specially design flat

surface holder using Epicote™ resin glue. The reson for gluing the mica piece to the

holder before deposition was that gluing after deposition may damage the film.

Step 2 is the actual TMSC deposition on the hydrophobized mica substrate. After re-

cleaning the LB trough, the TMSC solution is spread on the liquid surface and slowly

compressed to a surface pressure of 15 mN/m. Simultaneously the surface pressure

versus area per monomer unit isotherm is recorded. One such isotherm is shown in

Figure V.2. The surface pressure increases steeply, when the layer is compressed to an

area per monomer unit below about 75 Å2.
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Figure V.2. Surface pressure-area isotherm for TMSC spread on a Milli-Q water surface from a 400

ppm chloroform solution

Once the surface pressure has reached 15 mN/m, the feedback loop controlling the

barrier is engaged in order to keep the pressure constant during the deposition. The

substrate is then moved up and down through the liquid-gas interface until the desired

number of monolayers is deposited. Depositing 10 monolayers at 5 mm/min

deposition rate was adopted as a standard.

After the deposition process is complete, the TMSC film is converted back to

cellulose (step 3). As mentioned above, this is done in gas phase reacting the

trimethylsilyl groups with HCl gas [62].
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The surface is simply held above a 10% HCl solution for one minute at room

temperature. ESCA studies on regenerated cellulose films [57, 62] have shown that all
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Si is removed, i.e. this regeneration procedure renders close to 100% pure cellulose.

Contact angle measurements also confirm that. For the surfaces used in this thesis θA

decreased from about 75° for TMSC to 28° for regenerated cellulose.

After completing all the above procedures the surfaces were used immediately

without any storage in order to reduce the risk of airborne contamination.

V.3. Surface force measurements

Surface force measurements reported in this thesis were performed by using the non-

interferometric surface force apparatus, widely known as MASIF (Measurements and

Analysis of Surface Interactions and Forces [63]). It is a newer generation force

measuring device using indirect surface separation detection and a single cantilever,

bimorph force sensor. Since no optical methods are used to determine the distance,

surfaces of any kind and geometry can be used as long as the general requirements

outlined in the beginning of this chapter are fulfilled. The MASIF instrument was

chosen in this work for two major reasons. First and foremost it allows SiO2 type of

surfaces to be used instead of mica, commonly employed in the interferometric SFA.

Silica and glass are widely used as model substrates in experimental colloidal science,

which gives us an access to a large body of experimental material for comparison.

Second, MASIF offers the possibility for quick measurements due to the fully

automated data acquisition system. This proved invaluable when short time dynamic

effects had to be tracked. Atomic force microscopy (AFM) colloidal probe [64] is

another technique that could have been considered as an alternative. MASIF

technique however, offers some practical advantages since it is specially designed as a

force-measuring device. For instance, a large number of data points (up to 10 000 per

force run) can be collected and the piezo motion sequence can be controlled. It

therefore combines the strengths of both AFM and SFA, i.e. automatic operation in an

instrument designed specially for surface force measurements.

Information about the three techniques is compiled in Table V.2 (data from ref. [24,

42, 65, 66])
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Table V.2. Comparison of SFA, MASIF and AFM techniques
SFA MASIF AFM

(based on Nanoscope III)

Surface

requirements

Smooth, transparent

(mostly mica)

Smooth, non

compliant

Smooth, non

compliant

Interaction

geometry

Crossed cylinders Crossed cylinders

sphere-sphere

sphere-flat

Sphere-sphere

sphere-flat

Typicall surface

radius

1-2 cm 1-2 mm 1-100 µm

Surface motion Stepwise,

continuous

Continuous

5-200 nm/s

Continuous

50-1000 nm/s

Typical time for one

force run

10-60 min 0.1-5 min 1-5 s

Data acquisition

mode

Manual Automatic Automatic

Number of data

points per force run

50-100 1000-10 000 ≈500

Liquid chamber

volume

≈350 ml ≈10 ml ≈0.1 ml

Absolute distance

detection

Yes No No

Separation

resolution

1-2 Å 1-2 Å 1-2 Å

Force resolution as

F/R

≈10 µN/m 10-20 µN/m 5-10 µN/m

V.3.1. Description of the MASIF instrument

A cross-sectional sketch of the measuring chamber is shown in Figure V.3. All parts

coming in contact with the solution or the surfaces are manufactured from inert

materials, stainless chromium steel (passivated in hot HNO3) and Teflon™. This is

done in order to avoid leaching of contaminants into solution. The total volume of the

chamber is ca. 10 ml. Syringe ports(not shown) are fitted near the top and the bottom

for liquid exchange. The upper surface is mounted on a piezoelectric tube. The

surface separation is varied continuously by applying a ramp voltage to the piezo.
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Figure V.3. Cross sectional view of the MASIF measuring chamber

The displacement of the upper surface is directly monitored by means of a linearly

variable displacement transducer (LVDT), which in turn is calibrated using optical

interferometry. This accounts for any non-linearity and hysteresis in the piezo action.

The whole upper part of the cell, containing the upper surface, LVDT and piezo tube

is attached to a motorised translation stage for course separation adjustment. The

lower surface is mounted on a surface holder and attached to the bimorph force

sensor. The bimorph is essentially two metal coated piezoelectric plates (ca. 2mm x

20mm) glued together with opposing polarization directions. Two types of bimorph

connections can be used. A parallel bimorph (Figure V.4) is connected via a metal

strip sandwiched between the plates. Series bimorphs are connected directly to the

plates. Generally the parallel bimorph connection is preferred due to its lower output

impedance [67]. When deflected under the action of surface forces, one piezoelectric

plate is expanded and the other is contracted leading to charging of the bimorph. At

the small deflections (≈1µm) usually encountered during force measurements the

charge is linearly proportional to the deflection, which in turn is a linear function of

the force. The bimorph charge is measured by means of a high input impedance

electrometer and recorded via the data acquisition system of the instrument.
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Figure V.4. Parallel bimorph connection

 One problem in such a set-up is the existence of a small bias current flow between

the electrometer terminals. This causes a voltage drop across the input resistance of

the electrometer and charging of the bimorph occurs as a result [63]. In practise this is

seen as a slowly developing drift of the bimorph signal. To compensate for this drift a

bias voltage is applied to the ground end of the input resistance until there is no

potential difference between the electrometer terminals. Since the electrometer is

highly sensitive to temperature changes, the drift adjustment procedure should be

periodically repeated during the experiment.

During a force experiment, the surfaces are driven together and apart continuously by

applying a voltage waveform to the piezo tube. The type of the waveform determines

the experimental sequence and the amplitude controls the range of expansion. At a

certain sampling rate, the LVDT and the bimorph output signals are recorded. A set of

raw output data is reproduced in Figure V.5. There is a linear relation between the

LVDT output signal and the displacement, which is independently determined by

calibration using FECO interferometry [63]. The bimorph signal can be divided in 5

regions (Figure V.5 a). At large separations, there are no forces acting between the

surfaces and the bimorph output is zero (region 1). At shorter separation (region 2) the

bimorph deflects under the action of surfaces forces and a signal proportional to this

deflection is generated. In the example shown in Figure V.5, there is an attractive

force present, which in this case corresponds to a negative output voltage. After the

surfaces have come into hard-wall contact, the linear piezo displacement is directly

transmitted to the bimorph. This is region 3 in Figure V.5, often called a region of

“constant compliance” and it is used to extrapolate the position of zero separation (see

below). When the predetermined amplitude of the voltage waveform to the piezo is

reached, the motion is reversed, i.e. the upper surface begins to retract. The surfaces

remain in contact until the force on the bimorph exceeds the strength of adhesion and

the surfaces jump apart (region 4). In region 5 the surfaces are again far apart and the

output signal returns to zero.
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Figure V.5. Raw data output; a) bimorph output signal and b) LVDT output signal and corresponding

displacement versus time. By combining the two sets of data, the bimorph signal versus displacement

plot is obtained.

From the two sets of data displayed in the Figure V.5, a plot of bimorph output

voltage versus displacement is constructed and later transformed into a deflection-

distance curve.

V.3.2. Data analysis

In order to obtain the actual force between the surfaces, the bimorph output voltage

has to be related to a deflection, which is then multiplied by the spring constant to

give the force. Additionally, the regions of zero force and zero separation has to be

defined. The resulting force curve represents both the force and separation relative to

their respective zero set points.

Figure V.6 shows the data conversion procedure. First a zero force region is selected.

Usually this is a part of the force curve at large separations where no surface forces

are expected to act. A straight line is fitted to the measuring points and the slope

subtracted from the data. It is important to ensure that there are no disturbances in the

signal (drift, noise etc.) and the baseline is fitted sufficiently far away from the region

where surface forces are present. Next, the point of zero separation is obtained from

fitting a straight line to the constant compliance region and subtracting the slope from

the displacement data. Finally, assuming that in contact the two surfaces move
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synchronously, the bimorph output can be calibrated against the known piezo

displacement. In other words, the slope of the constant compliance region provides

the needed relation between output voltage and deflection.
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Figure V.6. Data conversion; a) raw data containing the bimorph voltage versus piezo displacement.

The regions for fitting the baseline and constant compliance are also shown; b) converted file. The

distance is indicated relative to “hard wall” contact and the bimorph output is converted to deflection

units.

From the plot in Figure V.6 b) the force is obtained simply by multiplying the

deflection by the spring constant of the bimorph, which is independently determined

after each experiment.

The data treatment described above has several drawbacks. The distance detection is

based on the assumption of “hard wall” contact meaning that the movement of the

upper surface is directly transmitted to the lower one without any loss or distortion.

However, this is not always the case. Thick and soft adsorbed layers or compliant

surfaces can serve as an example [68]. After reaching contact, part of the motion of

the upper surface is consumed for compression instead of being transmitted if the

adsorbed layers are not rigid. This shows up as inwards bending of the constant

compliance region, i.e. towards negative separations. This apparently introduces an

error in surface separation determination. Another problem arises when short-ranged,

sharply decaying forces are present. In this case it can be difficult to distinguish the

point of actual contact from the steep repulsive regime preceding it. These factors

should be kept in mind when analysing MASIF data and the applicability of the hard

wall assumption is sometimes questionable. It is impossible to suggest a universal

procedure for fitting the constant compliance region, even though application of

contact mechanic theories can be suggested if the hard wall approximation is invalid.
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It should be noted however that the polyelectrolytes used in this thesis adsorbed as

relatively thin and rigid layers and the hard wall contact assumption was generally

applicable.

The indirect surface separation detection itself can be pointed out as another drawback

of the MASIF technique, as well as of any other non-interferometric force measuring

technique. Since the distance is always measured relative to surface contact,

variations in the thickness of the adsorbed layers cannot be monitored. In some

instances [69] the thickness of a weakly attached layers can be estimated from the

width of the inward step usually occurring when the layer is pushed out of the contact

area. In the majority of cases however, including electrostatically bound

polyelectrolytes such determination is impossible.

V.3.3. Spring constant determination

The final step in data analysis is the determination of the actual force between the

surfaces by the use of Hooke’s law F=kx, where k is the spring constant of the

bimorph and x is the deflection obtained from the bimorph electrical output. Two

methods can be used to determine the spring constant of the bimorph. The dynamic

method uses the dependence of the angular resonance frequency on the attached mass:

1/ω2=m/k. A plot of 1/ω2  versus the mass gives 1/k. The output is connected to an

oscilloscope and the bimorph is subjected to a sonic field (the resonance frequency of

the bimorphs used is around 50 Hz). The frequency is adjusted until the output signal

reaches maximum amplitude. The procedure is repeated with several different

weights. Attard et al. [70] pointed out that the dynamic method overestimates the

spring constant due to inertia effects caused by the extended mass at the end of the

bimorph (surface holder plus the surface itself). Alternatively, the static method can

be used. Weights are attached to the end of the spring and the deflection is directly

measured using a microscope. A problem here is caused by the fact that to achieve

measurable deflections, relatively large masses should be added. For example, at 100x

magnification, reproducible deflections can be obtained with weights in the range 80-

150 mg. This is still an order of magnitude larger than the loads realised during force

measurements. Under these conditions both the bimoprh and the teflon sheath

protecting it (see Figure V.3) may not behave as perfectly elastic materials [67]. Slow

creep is often observed over a period of several minutes, to several hours resulting in

5-10 % larger deflections. The effect of the creep is more pronounced if heavier

weights are used, suggesting that plastic deformations indeed occur at very large

deflections. Nevertheless the static method is preferred. Using as small weights as

possible and multiple measurements the spring constants determined are usually

consistent to 2-5 %.
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V.3.4. Determining the interaction radius, the Derjaguin approximation

Force laws are often derived in terms of pressure or interaction free energy between

flat plates. However, measuring forces between flat solid surfaces is hardly possible

because an exact parallel alignment cannot be achieved. B. V. Derjaguin [71] derived

an approximate expression relating the force between convex bodies (spheres or

crossed cylinders) to the free energy of interaction between flat plates.

                                                      
F D

R
G Df

( )
= ( )2π .                                           (V.3.1)

Where F is the force acting between the surfaces, R is the radius of interaction, and Gf

is the corresponding free energy per unit area between flat plates. Written in the above

form, equation (V.3.1) is applied to all three types of geometry configurations used in

surface force measurements with interaction radius calculated according to.

1. R R R= 1 2  for crossed cylinders.

2. R R R R R= +( )1 2 1 2/  for two spheres.

3. R R= 1 for a single sphere interacting with a flat surface.

Where R1 and R2 are the radii of curvature of the bodies.

The Derjaguin approximation is an extremely useful tool. It allows different surface

force measurements to be compared as well as theoretical predictions to be fitted to

the experimental data. All force curves presented in this thesis are also scaled by the

interaction radius. The Derjaguin approximation is valid [72] as long as R is much

larger than the separation of interest, which is always fulfilled between macroscopic

surfaces, and provided no large surface deformation occurs.

The radii of the glass surfaces used for the MASIF technique are measured after the

experiment, using a micrometer. Since the surfaces are relatively large (R1≈R2≈2 mm),

an accuracy of ±10-20 µm is enough. For high precision determination of the local

radii, image analysis methods can be used.

V.4. Adhesion measurements, the JKR apparatus*

In Paper VI the adhesion between various solids was determined by measuring the

elastic deformation of a compliant polymeric hemisphere in contact with another

                                                  
* Herein this assembly will be referred to as “JKR apparatus”. Other common names found in literature
are “JKR method” and “JKR technique” [73, 74].
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surface as a function of the applied load. The elastic deformation of soft macroscopic

bodies has been described by the JKR (Johnsson, Kendall Roberts)-theory [75].

According to the JKR-theory the radius of the contact zone is related to the work of

adhesion by:

                                 a
R

K
P WR WRP WR3 2

3 6 3= + + + ( )





π π .                          (V.4.1)

Where a is the contact radius, K is the elastic constant of the system, P is the applied

load, W is the work of adhesion, and R is the radius of curvature of the system (see

figure V.7).

R
P

2a

Figure V.7. Contact between a compliant hemisphere and a flat surface.

The negative load needed to separate two surfaces from adhesive contact is obtained

from:

                                                                P WR= −
3
2

π .                                        (V.4.2)

A sketch of the JKR apparatus, based on the design proposed by Falsafi [76] is shown

in Figure V.8. The upper surface is mounted on a translation stage, moved vertically

by a motor controlled differential micrometer. The lower surface is placed on a

sensitive balance. The contact is observed through an inverted microscope equipped

with a long distance objective. Images of the contact area are captured by a CCD-

camera and stored for later analysis. The surfaces are brought together by lowering

the position of the upper surface until a small contact spot is seen. The contact radius

is determined from the image captures using an image analyser and the load readings

are collected from the balance. The measurement then proceeds by increasing the load
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(pressing the surfaces harder together) and recording the new contact radius. For a

single cycle 10-15 points are usually collected. The unloading curve is recorded in

much the same way, but now the load is decreased stepwise until the surfaces jump

out of contact.

differential
micrometer

inverted
microscope

data
acquisition
system

analytical
balance

surfaces

Figure V.8. Schematic representation of the JKR apparatus

The results are plotted as the cube of the contact radius versus the applied load .The

work of adhesion and the elastic constant K are then determined from fitting equation

V.4.1 to the experimental points.

In our measurements, hemispherical caps with radius ≈1 mm, made of PDMS

(polydimethylsiloxane) were used as an elastic solid. It has been shown [77, 78] that

for macroscopic solids with low elastic modulus, like the PDMS caps used, the JKR-

theory describes the contact deformation more aqurately then other models.
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VI. Main findings

VI.1. Interactions between glass surfaces

In the beginning of each set of experiments, the interactions between glass surfaces

were first determined in polymer-free salt solution. Results for two NaCl

concentrations are shown in Figure VI.1 together with theoretically calculated DLVO

force curves
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Ψ=−63 mV
σ=1.8 10−3 Cm-2
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σ=6.0 10−3 Cm-2
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Figure VI.1. Interactions between two glass surfaces in aqueous NaCl solutions. Solid lines represent

fits by DLVO-theory with constant surface charge boundary conditions. Values for the apparent

surface charge and potential are also included.

The glass surface is, as expected, negatively charged in aqueous electrolyte solutions.

An electrostatic double-layer force dominates the interactions at large separation. The

slopes of the curves are given by the Debye screening length (equation IV.1.9) for the

corresponding salt concentration, i.e. 30 nm in 10-4 mol/l and 9.6 nm in 10-3 mol/l

respectively. Fitted values for the apparent surface potential at large separations also

agree with previously published electrokinetic and force data [79, 80]. Deviations

from the theory begin to appear at shorter separations. Instead of the predicted jump

into adhesive contact from 2-2.5 nm under the action of van der Waals forces, the

surfaces keep repelling each other until hard wall contact is reached. Clearly, there is
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a short-ranged non-DLVO repulsion present between the glass surfaces under these

conditions. The phenomenon is in fact well documented but its origin is a matter of

debate. Some authors [49, 81] stand behind the hydration repulsion hypothesis

discussed in Chapter IV. Alternatively, it has been proposed [38, 48, 82] that a

polymeric gel-like layer is formed at the silica-water interface and a steric repulsion is

generated upon compressing it. An interesting approach has been taken by Adler et al.

[83]. The authors pointed out that the existence of a gel layer at the silica surface will

lessen the van der Waals attraction due to an increase in the dielectric constant and

decrease of the refractive index in the water-rich gel layer. Indeed, their analysis using

a distance dependant, effective Hamaker constant seems to account for the extra

repulsion. Resolving the issue is far beyond the scope of this thesis, but evidence is

mounting in favour of the gel layer hypothesis. Several studies [36, 37] have shown

that the magnitude of the extra repulsion in aqueous electrolyte solutions is

proportional to the bare ion size instead of the hydrated ion size, which is contrary to

what was found on mica surfaces [32]. Furthermore, this repulsion was reduced or

completely removed in presence of calcium ions [84, 85]. Finally, Yaminsky et al.

[48] showed that the short-range force profile between flame polished surfaces is also

time and history dependant. All the above points to the assumption that the silica-

water interface may be far more complex than a silanol-siloxane composite. The issue

is further complicated by the existence of a variety of materials (and conditioning

methods) commonly referred to as silica. It is therefore not impossible that different

mechanisms operate depending on the history of the surface.

VI.1.1. Bridging attraction in presence of polyelectrolytes

Introduction of a small amount of highly charged polyelectrolyte to the system has a

dramatic effect on the interaction profile. Results for 3 different polyelectrolytes are

compiled in Figure VI.2. Shortly after injecting a 1 ppm solution in the measuring

chamber the double-layer force seen in Figure V.1 vanishes. Apparently,

polyelectrolyte adsorption has led to neutralisation of the negative charge of the glass

substrate. This charge neutralisation concentration (c.n.c). is lower than the one

reported for mica surfaces. With PCMA for instance, the c.n.c on mica was found to

be around 20 ppm bulk concentration [22, 86]. The difference is not surprising since

mica has considerably higher surface charge density than glass. The negative mica

lattice charge amounts to 336 mC/m2 [3], but in solution it is significantly reduced by

ion adsorption and typically the effective surface charge, as determined by force

measurements, is around 5-7 mC/m2 in 10-4 mol/l electrolyte. Glass on the other hand

is charged due to ionisation of surface silanol groups. Typically values for the glass

charge density obtained from force measurements are ≈2 mC/m2 in 10-4 mol/l
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electrolyte. The higher charge simply means that a larger amount of cationic species is

necessary to neutralise it. Furthermore, on mica it has been found that the adsorbed

amount of highly charged cationic polyelectrolytes at c. n. c. corresponds to

neutralization of nearly all negative sites, i.e. to a neutralization of a surface charge of

336 mC/m2 [86].

Returning to the force-distance curves in Figure VI.2, it can be seen that for all three

polyelectrolytes the interaction is now purely attractive at all separations until surface

contact is established. For comparison, the expected van der Waals interaction with a

non-retarded Hamaker constant A=0.5x10-20 J [10] is also plotted. It is clear that

especially for PVAm MW 90 000 and PCMA (unfilled diamonds and squares) the

attraction is appreciably stronger and longer-ranged than the van der Waals force.
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Figure VI.2. Interactions between glass surfaces across 1 ppm polyelectrolyte solution also containing

0.1 mM NaCl after 30 minutes of incubation. Different symbols represent different PE samples. Open

diamonds, PVAm with MW ≈90 000 g/mol; open squares PCMA with MW≈1 000 000 g/mol and open

circles PVAm with MW≈32 000 g/mol. The solid line is the calculated van der Waals force with

A=0.5x10-20 J. Data compiled from Papers I and V.

This attraction is attributed to polyelectrolyte bridging between the approaching

surfaces. Any other source of long-ranged attraction should be ruled out. For instance,

the concentration is far too low to induce any attraction due to polymer depletion.

Moreover, depletion is associated with non-adsorbing polymers, repelled from the

surfaces [7], which is obviously not the case here. The polymers under discussion are
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also hydrophilic*, hence no hydrophobic attraction should be considered. It becomes

clear that bridging is the most likely cause of the attraction seen in the Figure VI.2.

The mechanisms behind bridging and the conditions facilitating it were already

discussed in Chapter IV. It will only be repeated that Monte Carlo simulations [17]

predict domination of bridging attraction at the charge neutralisation point, indeed this

is what is observed here. It is interesting to analyse the force profiles in Figure VI.2 a

bit further. The semilogarithmic plot shown in Figure VI.3 reveals that in all three

cases the force decays exponentially with distance.
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Figure VI.3. Same as in Figure VI.2 but the forces have been multiplied by –1 and plotted on

semilogarithmic scale. From top to bottom: PVAm MW 90 000, PCMA MW 1 000 000 g/mol and

PVAm MW 32 000 g/mol.

For the PVAm MW 90 000 and PCMA MW 1 000 000 the decay length was found to

be the same and equals 7 nm. The lower molecular weight PVAm sample (open

circles) shows shorter-ranged attraction with a decay length of 3.5 nm. The fact that

for all three polyelectrolytes the force follows an exponential law may be considered

as an indication that the interaction is of the same origin in all three cases.

Furthermore the values for the decay length rule out electrostatic double-layer forces

as an origin. The expected decay length of the electrostatic force at this salt

concentration is 30 nm, i.e. much longer than the recorded 7 nm and 3.5 nm

respectively.

                                                  
* This was confirmed by the author’s own unpublished data where it was shown that aqueous films on
mineral substrates cannot be destabilized by hydrophilic polyelectrolytes.
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The strength and range of the bridging attraction is different for the three polymers.

The lower molecular weight PVAm sample produced considerably shorter range

attraction than the other two. This is expected since the contour length of a linear

polymer scales with its molecular weight. Consequently the length of the extending

chains and the range of the bridging attraction caused by them is reduced when the

molecular weight is decreased. Intriguingly, the PVAm MW 90 000 induced a

stronger bridging attraction than PCMA MW 1 000 000, as clearly seen from Figure

VI.3. For both polyelectrolytes the decay length is the same, but the force in presence

of PVAm is about 1.7 times larger at a given separation. The reason for this is not

entirely clear, especially considering that PCMA has roughly 4.5 times higher degree

of polymerisation than PVAm MW 90 000. Following the notion of chains crossing

the midplane, discussed in Chapter IV, stronger bridging corresponds to a larger

number of chains available between the approaching surfaces. It can only be

speculated that the adsorbed amount of PVAm is slightly larger than that of PCMA at

this point. Unfortunately, the adsorbed amount at bulk concentration of only 1 ppm,

proved to be too low to be reliably determined by commonly available adsorption

techniques. An attempt was made to quantify the adsorption of PVAm and PCMA on

silica coated quartz crystals by means of the Quartz Crystal Microbalance technique

(see Appendix I), but the resonance frequency shift was found to be too small to allow

reproducible measurements*. However, the statement of higher adsorbed amount of

PVAm is not unreasonable considering that both the primary amine groups along the

backbone of PVAm and the substrate surface can regulate their charge upon

adsorption as discussed in Paper I and later in this chapter. In the case of PCMA it is

only the glass surface that is capable of charge regulation, since the polymer bears

only permanently charged trimethylammonium cationic groups. Another possible

reason can be the slower adsorption kinetics of PCMA. All curves were recorded after

30 minutes of incubation. It is thus realistic to assume that the much larger PCMA is

slower to reach the glass-water interface.

It is clear that in order for bridging to occur there should be an attractive interaction

between the polymer and the surface. The range and strength of the bridging should

then be related to the range and strength of the polymer-surface interactions. In the

case of electrostatic attraction between polyelectrolytes and oppositely charged

surfaces there are two ways to vary the polymer-surface affinity, by varying the

charge density of the polyelectrolyte and/or the surface, and by adding an electrolyte.

It should be noted that it is not only the bridging attraction that is influenced by this.

Indeed, properties like adsorbed layer thickness and structure, adsorbed amount etc.

                                                  
* The  mass sensitivity constant of QCM is about 0.18 mg/m2Hz at 5 MHz. Providing that a response of
1 Hz can be measured reliably (not always the case), this means a detection limit of about 0.2 mg/m2.
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are strongly dependent on the interactions between the polymer and the substrate. The

influence of the surface charge density will be dealt with later when the interactions

between cellulose and glass are discussed. Here, it will be illustrated how the bridging

attraction is influenced by varying the ionic strength of the solution and by the charge

density of the polymer.

Adsorption from higher ionic strength solution results in a decrease in the range of the

bridging attraction. Results for PVAm MW 90 000 in 10-3 mol/l NaCl are shown in

Figure VI.4. The onset of the attraction is reduced roughly by a factor of two (but still

considerably longer-ranged than the van der Waals force) compared to the case of

adsorption from lower ionic strength solution. This is a direct consequence of the

screening of the electrostatic interactions in the system.
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Figure VI.4. Interactions between glass surfaces across 1 ppm PVAm solution after 30 minutes of

incubation,. The polymer was adsorbed from solutions also containing different amount of NaCl. Open

squares, 1 mM; open circles, 0.1 mM (same as Figure VI.2). The expected van der Waals force is also

shown for comparison.

Adding NaCl to the system has the effect of collapsing the counterion clouds around

the charged surface and the polyelectrolyte. The attraction thus appears at shorter

distances.

Reducing the polyelectrolyte charge density is yet another way to decrease the

polymer to surface affinity and hence reduce or diminish the bridging. This is

illustrated in Figure VI.5, where the force-distance profile for two glass surfaces

neutralised by AM-MAPTAC-10, a polymer with only 10% charged monomers is
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shown. In this case no evidence for bridging is found. The data are fitted reasonably

well assuming only van der Waals attraction. Apparently, the polymer is adsorbed in a

thicker layer (this was shown in Paper IV to affect other aspects of the interactions as

well). As a result, chains crossing the midplane do not gain enough entropy to cause a

significant attraction. Similar effects have been observed also for the interaction

between mica surfaces [87] coated with low charge density polyelectrolytes. In fact,

the total interaction can turn to purely repulsive [87] if the thickness of the adsorbed

polelectrolyte layer is large (see Section VI.2).
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Figure VI.5. Interaction between two glass surfaces neutralised by adsorption of 10 % charged

polyelectrolyte AM-MAPTAC-10. The solid line is the calculated van der Waals force.

VI.1.2. Charge reversal upon increasing the polyelectrolyte concentration

The interactions discussed so far were determined in very dilute polyelectrolyte

solutions, typically 1 ppm. Increasing the bulk polymer concentration results in yet

another profound change in the force distance profiles. Results for PVAm are shown

in Figure VI.6. Once again, a double-layer force is found between the surfaces at large

separations. This indicates that the surfaces undergo a charge reversal. The magnitude

of the double-layer force increases with increasing PVAm concentration, which is a

sign that a small amount of polymer still adsorbs even to, at this stage, net-positively

charged surface. The phenomenon of polyelectrolyte induced charge reversal has been

previously detected by surface force [88] and electrokinetic [89, 90] techniques.

Theoretically, the balance between energy and entropy in double layers containing
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connected counterions (polions) have been adressed by Sjöström et al. [20, 91]. It has

been shown that charge reversal with polyelectrolytes is facilitated due to the low

entropy loss associated with accumulation of polyions in the vicinity of the surface.

The magnitude of this charge reversal has been shown to increase with increasing

charge density of the surface (energy contribution) and the polymer chain length

(entropy contribution).
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Figure VI.6. Interactions between glass surfaces in aqueous PVAm solutions also containing 0.1 mM

NaCl. Solid lines represent DLVO fits under constant surface charge boundary conditions.

Returning to figure VI.6, it can be seen that the measured interactions at these

increased PVAm concentrations follow the DLVO predictions rather closely. The

surfaces jump into adhesive contact from separations roughly consistent with what is

expected from the van der Waals attraction. Hence, the long-ranged bridging seen

between neutralised surfaces (Figure VI.2) is absent when the surface charge is

overcompensated. This is expected since the electrostatic interaction between PVAm

and the surface is repulsive at this point. It is also consistent with theoretical

predictions [17]. The apparent decay length used to fit the double layer force is

consistent to within 10% with the Debye length for the given NaCl concentration i.e.

30 nm. This essentially means that the polyelectrolyte and its counterions do not

contribute to the screening of the electrostatic force. At 10 ppm PVAm concentration

assuming 100% charge density, the counterion concentration from the polyelectrolyte

is expected to be around 0.22 mM. If these counterions were participating in the
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screening process, the total decay length of the force would have decreased to

approximately 17 nm, which is not observed. Apparently the polyelectrolyte together

with its counterions are depleted from the interaction zone due to the repulsive

polymer-surface interaction.

Increasing the amount of added 1:1 electrolyte leads to an increase in  charge reversal

magnitude. This is clearly demonstrated in an experiment where the PVAm layer was

preadsorbed from low ionic strength solution (0.1 mM) followed by an increase of the

ionic strength to 1 mM, first without and then with polymer present in the solution.

The resulting force curves are shown in Figure VI.7.
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Figure VI.7. Interactions between glass surfaces precoated with PVAm from 10 ppm solution also

containing 0.1 mM NaCl. The lower curve shows the interaction after replacing the PVAm solution

with polymer-free solution containing 1 mM NaCl. The upper curve shows the interaction after 10 ppm

PVAm have been added to the 1 mM NaCl solution. The solid lines are the calculated DLVO

interactions from which the values for the apparent surface charge density and potential were obtained

for the two cases.

In 10 ppm PVAm and 0.1 mM salt solution the charge density extracted from the

DLVO fitting is 0.7 mC/m2. When this solution is replaced with polyelectrolyte-free

solution containing NaCl to a concentration of 1 mM the charge density increases

about 4 times to 2.7 mC/m2. This indicates that an additional dissociation of the

primary amine groups of the adsorbed PVAm takes place. Adding PVAm leads to a

further increase of the charge density to a value of 3.8 mC/m2. Apparently more

PVAm is adsorbed which is seen as an increase in the magnitude of the double-layer
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force. These results reflect two interrelated phenomena that take place at the

overcompensated glass-water interface. First, it appears that PVAm can regulate its

charge density on the surface. Increasing the salt content reduces the free energy

penalty for creating a charged interface. Consequently, more of the primary amine

groups of PVAm can accept a proton and assume a positive charge. Conversely, when

PVAm adsorbs on the glass surface, protons can be released in order to adjust its

charge density to that of the surface. The silanol groups at the glass surface itself can

participate in processes of proton release and uptake leading to charge regulation [36].

That such regulation occurs is also evidenced by the small thickness of the adsorbed

polyelectrolyte layer. Although the exact layer thickness cannot be determined from

MASIF data, any significant increase will be detected as a steric force (see below in

this chapter). The second effect of the increased ionic strength is seen as an extra

adsorption of PVAm. Again adding salt reduces the free energy penalty for recharging

the surfaces and allows non-Coulomb polymer-surface interactions to become more

significant.
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Figure VI.8. Apparent surface charge density (a) and surface potential at large separations (b) versus

PVAm concentration deduced from fitting DLVO-theory to the experimental force curves. Data from

two separate sets of experiments conducted at different ionic strength are shown; lower curves (circles)

in 0.1 mM NaCl and upper curves (squares) in 1 mM NaCl. The solid lines are intended as an eye

guide only.

Figure VI.8 summarizes the results obtained from fitting DLVO-theory to

experimental force curves obtained in 0.1 mM and 1 mM NaCl solutions containing

PVAm. It is clear that adsorption from higher ionic strength solution leads to a

profound increase in the magnitude of the observed charge reversal. It should also be

noted that the charge of the bare glass surface increases considerably when going
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from 0.1 mM to 1 mM NaCl. Thus the PVAm adsorption from higher ionic strength

solution can be viewed as an adsorption to a higher charge density surface, which

facilitates charge reversal as predicted by Monte Carlo simulations [91].

VI.1.3. Adhesion in polyelectrolyte solutions

In the beginning of this chapter it was said that the glass surfaces do not come into

adhesive contact in aqueous NaCl solution due to the presence of a short-range

repulsive non-DLVO force. However, adding polyelectrolyte to the system changes

the force-distance profiles measured on separation. Once the surfaces have reached

contact, there is negative force needed in order to separate them. The magnitude of

this negative force will be referred to as the pull-off force. Typical force curves

recorded on separation between PVAm coated surfaces are shown in Figure VI.9.
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Figure VI.9. Forces measured on separation between glass surfaces in aqueous PVAm solutions. The

lines are intended as an eye guide only.

When the bending force on the bimorph exceeds the strength of the adhesion, the

surfaces jump out of contact. The magnitude of the pull-off force can be determined

either from the point on the force axis where the jump occurs, or from the separation

position of the outward jump. The latter is used when strong pull-off forces are

present and the bimorph signal reaches saturation before the jump.

It can be seen from Figure VI.9 that the pull-off force increases with increasing bulk

PVAm concentration. The main reason for adhesion between polyelectrolyte coated
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surfaces is bridging. It can therefore be expected that in analogy with forces measured

on approach, the largest pull-off forces on separation will be experienced at the charge

neutralisation point, which in this case is in 1ppm solution. The measured pull-off

force however increases markedly in 2 ppm solution (from 13.5 mN/m to 22 mN/m)

and a further small increase is detected in 10 ppm PVAm solution. This indicates that

the adsorbed chains undergo certain rearrangements when the surfaces are in contact

in order to maximize the contact area with both surfaces. In the case of PVAm this

process is likely to be rather fast, since no dependence of the pull-off force on the

contact time was observed for contact times from several seconds to approximately 3

minutes. Such dependence was, however, observed between surfaces coated with

highly branched PEI studied in Paper III. The result is reproduced in Figure VI.10.
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Figure VI.10. Dependence of the pull-off force measured between PEI coated surfaces on the contact

time. The polymer concentration was 1 ppm and the ionic strength 0.1 mM.

There is a significant increase in the pull-off force when the surfaces are allowed to

remain in contact for longer times. Apparently the rearrangement process in this case

is slower and can be detected on the time scale of the experiment. The branched

structure of the PEI is the likely reason. Larger layer thickness has been reported for

PEI on mica compared to other high to moderately charged linear polymers [88]. This

can cause slower interlayer diffusion. Longer contact times could not be obtained

since thermal drifts develop on the bimorph and the quality of data deteriorates.
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Another interesting phenomena was detected when surfaces covered with low charge

density polyelectrolyte were separated from contact. AM-MAPTAC-10 studied in

Paper IV showed a non-trivial adhesive behaviour. As commented above, when

sufficiently large negative force is applied the surfaces separate abruptly, i.e. jump

apart. With AM-MAPTAC-10 adsorbed, the behaviour is different. Instead of the

sudden jump apparet observed for the other polyelectrolytes there is a long-ranged,

gradually decreasing attractive force present on separation. An example is shown in

Figure VI.11.
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Figure VI.11. The force measured on separation between surfaces coated with 10 % charged

polyelectrolyte AM-MAPTAC 10.

There is no evidence for jump out of contact. The surfaces accelerate initially but at

distances longer than about 20 nm the motion is slowed down and an attraction

remains until zero force regime is restored at a separation of about 200 nm. This

interaction behaviour suggests that not all of the intersurface bridges formed in

contact are instantly broken at certain negative load. One can picture a situation where

polyelectrolyte chains attached to both surfaces gradually stretch upon retraction.

Lower charge density polyelectrolytes are generally more flexible and form more

extended adsorbed layers in low ionic strength solutions than highly charged ones.

This is due to the larger charge-charge distance along the polymer backbone. In

comparison highly charged polyelectrolytes with closely positioned charged groups

(like PVAm) have a rod-like average conformation in solution [92] and form very flat
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adsorbed layers [15]. It therefore appears that intersurface contact bridges formed by

flexible chains can be extended over large distances without detaching from the

surface, giving rise to the observed long ranged force. In addition, chain entanglement

and interlocking mechanisms [93] cannot be ruled-out in this case. With highly

charged polymers this usually do not happen since the chains experience strong

electrostatic repulsion, but at reduced charge densities this may become more

important.

VI.2. Interactions between glass and cellulose

VI.2.1. interaction in air

Figure VI.12 shows the interaction between a glass sphere and a flat LB cellulose

surface. The measurement was recorded at ambient air humidity (≈30%). The van der

Waals interaction was calculated using a non-retarded Hamaker constant of 5.9x10-20 J

as estimated by Bergström et al. [11] for the system cellulose-air-silica.
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Figure VI.12. Interaction between glass and cellulose in air (RH≈30%) measured on first approach.

The solid line is the calculated van der Waals force with A=5.9x10-20 J.

The measured force appears to follow the theoretical predictions down to

approximately 5 nm where the gradient of the attraction exceeds the spring constant

and the surfaces jump to the next stable region. A careful inspection of the force at

very short separations reveals that the surfaces jump to a position 1-1.5 nm from hard

wall contact. This figure can serve as an estimate for the roughness of the cellulose

surface. When the surfaces are separated from contact, a very strong pull-off force is
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experienced. In fact the strength of the adhesion exceeded the measuring limit of the

MASIF, in other words the surfaces remained in adhesive contact by the end of the

run and had to be separated by engaging the stepping motor. Subsequent

measurements at the same contact position (not shown) are repulsive and

irreproducible. This is an indication that the strong pull-off force during the first

contact leads to a local disruption of the LB film. Measurement with a fresh glass

surface, on another contact spot confirmed this.

VI.2.2 Charge and swelling in aqueous electrolyte solution

Interactions across 0.1 mM aqueous NaCl solution are shown in Figure VI.13. The

curves were recorded after different incubation times. Let us first consider the forces

at large separations (Figure VI.13 a), which is practically unaffected by incubation. A

long-ranged, exponentially decaying force is present below 80 nm indicating that the

surfaces are charged. The situation however, needs further examination. Dealing with

dissimilar systems requires separate values for the surface potential (or surface charge

density) to be assigned to both surfaces in order to fit DLVO-theory, or in other words

the number of fitting parameters increases to two. In this case, values for the potential

of the glass surface were determined from fitting the interactions between two

identical glass surfaces under the same conditions (Figure VI.1). Using these values as

a guide, the forces between glass and cellulose could be fitted using only the potential

at the cellulose surface as a fitting parameter. The best fit, shown in Figure VI.13 was

obtained with Ψglass=-63 mV and Ψcellulose=-20 mV. This may look as a routine

procedure but in fact it leads to the important conclusion that the LB cellulose surface

used in this study is charged. This is contradictory to what was found in early works

on similarly prepared films studied by the interferometric SFA [57]. Holmerg et al.

reported that the cellulose LB films were uncharged at pH 5-6 and only a short-ranged

steric repulsion was detected between two such surfaces. Perhaps, the double-layer

force was too weak to be detected or their surfaces were indeed uncharged.

An argument can be raised that the electrostatic interaction between dissimilar

surfaces cannot be unambiguously described by one unique set of diffuse layer

potentials. This is to say that the same force can be obtained with several different sets

of potentials. To tackle this, a fit was performed, assuming an uncharged cellulose

surface and a glass sphere with Ψglass=-95 mV. The fit is included as a dashed line in

Figure VI.13. It is self evident that the interaction cannot be adequately described

assuming an uncharged cellulose surface. Hence it is a  firm conclusion that the LB

cellulose used here carries a small negative charge at pH 5.5-6. The existence of this

charge is not surprising. Several cellulosic materials have been shown to be charged

in aqueous media [94-97]. The charge is thought to originate from dissociation of
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carboxylic groups at the cellulose-water interface present due to oxidation of hydroxyl

groups.
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Figure VI.13. Interactions between a glass sphere and a flat LB cellulose surface in aqueous 0.1 mM

salt solution. a) Interactions on approach. b) Interactions on separation. Different symbols represent

measurements at different incubation time; filled squares, after 30 minutes; filled circles (on separation

only), after 5 hours and open triangles, after 24 hours. Solid lines are fits by DLVO theory with

constant charge (upper) and constant potential (lower) boundary conditions. The dashed line is a

constant charge fit assuming an uncharged cellulose surface and –95 mV at the glass surface. See text

for further explanation.

Let us now turn to the time evolution of the system. After 30 min of incubation (filled

squares) there is a small attractive contribution present at separations below 5-6 nm

evidenced by the flattening of the approach force curve prior to contact. On separation
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a pull-off force of approximately 6.5 mN/m is recorded. The pull-off force gradually

decreases with time amounting about half of its initial value after 5 hours in solution

(filled circles in Figure VI.13 b) and it has almost disappeared after 24 hours of

incubation.

Simultaneously, the profiles recorded on approach change as well. A repulsive force

emerges at distances shorter than ca. 7 nm and the force recorded after 24 hours is

purely repulsive at all separations. This long time evolution reflects the swelling of

the LB cellulose surface in aqueous solution. Water slowly penetrates the film.

Consequently, electrostatic repulsion between –COOH groups along the cellulose

backbone appears and the chains are forced to extend somewhat into solution.

Compressing these chains leads to the observed extra repulsion after long incubation

time, seen on Figure VI.13, i.e. the repulsion is of electro-steric origin. Long time

effects due to swelling were also detected using the Quartz Crystal Microbalance

technique (see Appendix I). The swelling can be accelerated by increasing the ionic

strength of the solution in contact with the cellulose surface. This was demonstrated in

Paper II where independent measurements in 1 mM NaCl solution showed that at

that ionic strength the process is completed in a matter of minutes. The faster swelling

is explained in terms of the increased charge density in higher ionic strength solutions

(0.83 mC/m2 in 1 mM against 0.47 mC/m2 in 0.1 mM). Since charging is the main

driving force behind, swelling increasing the charge density is expected to accelerate

the process.

It should be noted however, that swelling in the case of LB cellulose films affects the

forces only at short separations, below ca. 7 nm. The longer-range behaviour is

virtually unchanged. Indeed, the two curves in Figure VI.13 nearly merge at large

separations. This is a welcome feature. It allows the influence of factors such as ionic

strength, polyelectrolyte addition and asymmetric coating on the interactions to be

thoroughly examined without any obscuring effect due to excessive swelling [51].

VI.2.3. Effect of polyelectrolyte addition

After the system is preconditioned, i.e. incubated in water for 24 hours to ensure that

swelling is complete, polyelectrolyte is added to the system. Figure VI.14 shows the

result with a series of PVAm solutions in the range 1-10 ppm. After addition of 1 ppm

PVAm (the inset in the Figure) the long-ranged interaction vanishes. Similarly to the

case of two glass surfaces, it can be concluded that polyelectrolyte adsorption leads to

a charge neutralisation. There is an important difference however. The strong bridging

attraction that pulls two glass surfaces in adhesive contact is not present between glass

and cellulose. Instead, after neutralising the surfaces the only interaction seen is the

short-range steric repulsion due to swelling discussed earlier.
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Figure VI.14. Interactions between glass and LB cellulose across aqueous PVAm solutions, also

containing 0.1 mM NaCl. The inset shows the interaction in 1 ppm PVAm on a linear force scale. Solid

lines represent fits by DLVO theory

The absence of bridging is not unexpected, considering the lower charge density of

the cellulose surface. Evidently, the electrostatic interaction between the polymer and

the surface in this case is insufficient to cause a measurable bridging attraction.

Additionally, if there is any bridging at shorter separations it is likely to be obscured

by the strong repulsion resulting from  swelling of the cellulose surface. The repulsion

itself does not appear to be influenced by the adsorbing PVAm. In all cases there is a

steeply increasing repulsion below ca. 7 nm from contact, i.e. there is no evidence of

the polyelectrolyte collapsing the outer cellulose layer. Increasing the bulk

polyelectrolyte concentration brings back a double-layer force due to charge reversal.

As in the case of two glass surfaces, the magnitude of the double-layer force increases

with increasing PVAm concentration, which, as discussed earlier, is an indication that

adsorption proceeds to some extent after the charge neutralisation point. Data for the

surface charge density and potential at the cellulose surface are obtained by fitting

DLVO theory to the experimental curves. In order to reduce the number of fitting

parameters, previously obtained values for the glass surface were used (see Figure
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VI.8). The data is summarized in Figure VI.15. The glass surface, has mentioned

above, considerably higher charge density in 0.1 mM NaCl solution. The charge

neutralisation point for both surfaces is at 1 ppm PVAm, and charge reversal occurs at

higher bulk concentrations. As expected, due to its higher charge, the glass surface

also recharges to a larger extent. For cellulose (filled symbols in Figure VI.15), a

small increase above zero charge is deduced at 2 ppm PVAm and the curves reach a

plateau. The glass surface on the other hand, shows a continuous charge increase up to

10 ppm bulk concentration*.
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Figure VI.15. Data for the apparent surface charge and potential at infinite separation from fitting

DLVO-theory to the measured force curves in presence of PVAm at 0.1 mM ionic strength. a) Surface

charge density versus PVAm concentration. b) Surfece potential versus PVAm concentration. Open

symbols are for the glass surface and closed symbols for the cellulose surface. The lines are for guiding

the eye only.

In all the cases discussed so far, no evidence was found for the polyelectrolytes

adsorbing with a large fraction of loops and tails extending into solution. Such

extended conformation causes the appearance of steric forces due to compression of

the extended chains. It should be stressed once again that the absolute thickness of the

adsorbed layer under high compressive loads, in most cases cannot be obtained from

non-interferometric force measurements. However, the presence of thick adsorbed

                                                  
* Further increase of the polymer concentration did not lead to any measurable increase of the charge
reversal magnitude.
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layers can be reliably detected via the presence of the steric force mentioned above.

This was the case in Paper IV, where the effect of addition of a 10 % charged AM-

MAPTAC-10 on the interactions between glass and cellulose was studied. A set of

force curves recorded in AM-MAPTAC-10 solutions is presented in Figure VI.16.

The interaction across 1 ppm AM-MAPTAC-10 is virtually identical to that measured

in presence of highly charged PVAm, i.e the surface charge is neutralized and there is

a short range steric force barrier present due to the cellulose swelling. However, upon

increasing the polymer concentration differences begin to appear. At 10 ppm bulk

concentration, there is a steric force detectable at about 30 nm from hard wall contact.

This can serve as an estimate for the maximum thickness of the extending segments.

Increasing the AM-MAPTAC-10 concentration leads to a further increase of the

strength and the range of the repulsion.
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Figure VI.16. Interactions between glass and cellulose in aqueous AM-MAPTAC 10 solutions, also

containing 0.1 mM NaCl. For comparison, the interaction in polymer-free 0.1 mM NaCl solution (open

squares) is also shown.

The extended AM-MAPTAC-10 conformation on cellulose is a consequence of the

low charge density of both the polymer and the substrate. Fewer attachment points are

created upon adsorption and consequently the fraction of loops and tails produrding

into solution increases. This effect has also been predicted by mean-field, lattice

theory calculations [98]. It can be added that similar effect can be achieved with

highly charged polymers in high ionic strength solutions [27, 28, 30]. In the latter case
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swelling of the adsorbed layers is achieved due to screening of the electrostatic

substrate-polymer attraction by the added electrolyte.

VI.3. Interactions in asymmetrically coated systems

In all the cases presented so far, the polyelectrolyte was allowed to adsorb to both of

the interacting surfaces, i.e. the system was symmetrically coated. The term

symmetrically is used here to indicate that the adsorption on the two surfaces was

taking place simultaneously and under the same conditions (although the surfaces

themselves and the resulting adsorbed layers thereof can be dissimilar). In Papers II

and V, interactions between one surface bearing an adsorbed polyelectrolyte layer and

one uncoated surface were measured. This will be referred to as an asymmetrically

coated system. Figure VI.17 presents a summary of results for interactions of

asymmetrically coated systems consisting of two glass surfaces (a) or of one glass and

one cellulose surface (b). The systems, were pre-equilibrated in 1 ppm polyelectrolyte

solution followed by exchanging one of the surfaces with a freshly prepared glass and

recording the interaction across a polymer-free 0.1 mM NaCl solution. In both cases,

i.e. both between glass surfaces and between one glass and one cellulose surface the

interaction on separation is dominated by a long-ranged attraction. In the case of

cellulose this attraction is balanced by the steric component (due to swelling) and the

total interaction shifts to repulsion at about 6-7 nm. When two asymmetrically coated

glass surfaces are brought together, the attraction is sustained at all separations and

causes a jump into adhesive contact from approximately 10 nm. Forces calculated

using DLVO-theory for asymmetric double-layers were fitted to the data in Figure

VI.17 a). The best fit was obtained with Ψ1=-65 mV and Ψ2=+5 mV. The value for

the bare glass surface falls well within the range usually measured in 0.1 mM NaCl

solutions. The polyelectrolyte coated surface, on the other hand is supposedly

neutralised. However, assuming a small positive potential is not unreasonable since

the double-layer forces between such weakly charged surfaces can be below the

measurable limit of the instrument (for further discussion see Paper V). Both the

constant charge and constant potential fits are included in the Figure VI.17 a). It is

clear that the constant potential fit (lower line) describes the interaction much better.
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Figure VI.17. Interactions in asymmetrically coated systems. a) Between a glass surfaces coated with

PCMA and uncoated glass. Solid lines are fits to DLVO-thory with constant charge (upper line) and

constant potential (lower line) boundary conditions. b) Between a cellulose surface coated with PVAm

and uncoated glass surface. The insets in both graphs show the interaction on separation.

In fact the constant charge limit predicts a repulsion at large separations, which is

obviously not observed. This is an intriguing situation. In all other cases described

here (and in fact in the literature) the interactions between two non-conducting

surfaces are better described by constant charge boundary conditions. It is unclear

what causes this sudden “shift” towards the constant potential limit in the present

case. Similar trends have also been observed with other cationic polymers [99]. It
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should be reminded that both constant charge and constant potential are idealized,

limiting cases. In reality, neither the charge nor the potential remain constant when

the surfaces approach each other. This is to say that some (but not unlimited) number

of counterions will readsorb to the surfaces at shorter separation. This is the so-called

charge regulation model [100, 101]. Furthermore, for oppositely charged surfaces

interaction under constant potential conditions in fact means that the surface charge

densities at zero separation go to infinity. This is obviously unrealistic.

There is an alternative explanation. As discussed by Sjöström et al. [102] an attractive

osmotic pressure at large separations can arise between dissimilar surfaces (one of

which is completely neutralized by polyelectrolyte), due to an asymmetric charge

distribution. Their Monte Carlo simulation analysis also predicts an increased

bridging contribution in the asymmetric case. Indeed, it can be expected that the

polymer will be strongly attracted to the bare surface, which would enhance bridging.

It is thus not completely clear what is the cause for the long-ranged attraction seen in

the Figure VI.17. Measurements between oppositely charged mineral surfaces without

polyelectrolytes [103] do not show such a long ranged attraction. However, the

applicability of the constant potential electrostatic interaction, although doubtful,

cannot be dismissed completely. The force appears to be well fitted by this model at

all separations down to the position of inward jump, It is unlikely that the quality of

the fit is purely coincidential. Perhaps the most likely explanation is that the long-

range part of the force is due to an attractive double-layer force, whereas bridging

contributes at shorter separations.

The forces between one coated cellulose surface and uncoated glass are similarly

long-ranged on approach. The separation curve however displays a non-trivial

behaviour. The force-distance profile is in fact similar to what was displayed in Figure

VI.11 where two glass surfaces coated with AM-MAPTAC-10 were separated from

contact. The same monotonically decreasing attraction is observed on separation

instead of the sudden jump out of contact (compare the insets in Figure VI.17 a and b)

It appears that in this case the stretching chains come from the underlying cellulose

film. When the bare glass surface is brought in contact with the PVAm coated

cellulose film, polyelectrolyte chains will be attached to both surfaces. Upon

separation the PVAm chains can act as “anchors” pulling the cellulose layer

underneath. This however did not lead to irreversible damage of the film. Repeated

measurements at the same contact position were in this case reproducible.

VI.4. Adhesion between cellulose and PDMS caps
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A different approach to the interactions in air involving LB cellulose substrates was

taken in Paper VI. As explained earlier the so-called JKR apparatus was used to

measure the work of adhesion between cellulose and elastic hemispherical PDMS

caps. The result is presented in Figure VI.18. in a form of the cube of the contact

radius versus the applied load. By fitting JKR theory (equation V.4.1) to this data,

values for the work of adhesion W and elastic constant of the system, K, are obtained.
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Figure VI.18. The cube of the contact radius as a function of the applied load when pressing a

hemispherical PDMS cap against a flat LB cellulose surface. Filled circles show the compression cycle

and unfilled circles the  decompression cycle. Solid line is a fit to JKR theory (eq. V.3.1).

For the compression cycle, the results are well fitted by JKR theory, giving 49.5

mJ/m2 for the work of adhesion and an elastic constant of 3.1 MPa. There is however

a large hysteresis between the loading and the unloading cycle The measured pull-off

force upon separation corresponds to a work of adhesion of 201 mJ/m2, in range of

what has been obtained from surface force measurements between LB cellulose films

in dry air (105-210 mJ/m2) [57]. It is not completely clear what causes the hysteresis

between loading and unloading cycles. It can be suggested that, due to molecular

scale roughness, the surface layers of the PDMS and cellulose can interpenetrate and

the hysteresis is a result of disentanglement of interlocked polymer chains upon

separation. That unfolding and stretching of the cellulose film occurs under certain

conditions was demonstrated in Figure VI.17. It can only be speculated whether the

two phenomena are related, but it is not impossible that the specific layered structure

of the cellulose film plays a role in the JKR measurements.
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VII. Concluding remarks

This thesis presents most of the work done in the past four years on forces between

glass and cellulose surfaces moderated by polyelectrolyte adsorption.

Surface forces and their measurement are usually discussed in the context of colloidal

stability. In this respect the results summarized in this thesis show that the interactions

between the investigated surfaces can be dramatically influenced by addition of small

amount of cationic polyelectrolyte. There is a wide range of phenomena that can lead

to either attractive or repulsive interactions. For a system of two macroscopic surfaces

interacting across an aqueous polyelectrolyte solution, each of the components of the

system; surface-solution-polyelectrolyte has its influence on the resulting interaction.

In this thesis, an attempt was made to systematically vary all three, i.e. to study

different (or differently coated) surfaces in presence of several polyelectrolytes under

different solution conditions (concentration and ionic strength). At early stages of this

work, it became apparent that there is a fourth factor to be considered-time. Both long

and short time dynamic effects proved to be of significant importance. Especially,

considering the latter, I think the choice of experimental technique was correct. The

MASIF instrument allowed most of the “equilibrium” aspects of the interactions to be

addressed, and in addition it offered a possibility of examining the system on a much

shorter time scale-seconds to minutes.

Beyond colloidal stability the method of surface force measurements, in my view

provides a great deal of information about the general interfacial behaviour of

polyelectrolytes. Charge reversal, charge regulation, interfacial dynamics and

structure of the adsorbed layers are all among the features that can be thoroughly

examined by measuring forces between polyelectrolyte coated surfaces. Some of

these capabilities have been demonstrated in this thesis.

In conclusion, charged polymers can induce a range of surface phenomena. To

address every detail of their diverse behaviour is hardly up to one person or one

thesis. There are many questions still to be answered, particularly in the area of

structure-functional relationships of polyelectrolytes as stability moderators. It is my

hope however, that this work will find its humble contribution to the knowledge in the

area. I will also restrain myself from providing guidelines for future research leaving

it to the creativity of scientists that will join the field in the future.
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Appendix I: Swelling of Langmuir-Blodgett cellulose films in dilute

aqueous electrolyte solution probed by Quartz Crystal Microbalance

technique.

This appendix presents, to this date, unpublished results, which are included here due

to their relevance to the subject of the thesis. This is by no means a complete

investigation. However it supports some of the findings of the thesis as well as shows

possibilities for expanding the range of experimental techniques for studying model

cellulose surfaces.

The Quartz Crystal Microbalance (QCM) technique was used to investigate the

swelling behaviour of LB cellulose films in 0.1 mM aqueous NaCl solutions. For this

purpose the Langmuir-Blodgett deposition was carried out directly onto the gold

electrode of the crystal, which had been hydrophobized by assembling a monolayer of

hexadecane thiol onto it.

In Paper II the effects of long time (hours) swelling of cellulose were detected as a

decrease of the pull-off force and appearance of an additional steric force barrier with

time. Force measurements were performed after different incubation times and the

results compared. It was however interesting to track the process in “real” time, i.e.

continuously for at least several hours. This is done here by means of QCM. QCM is a

technique that allows adsorption from aqueous or gaseous environments to be

determined [104] by the shift of resonance frequency occurring when a mass is

attached to a quartz resonator. The relation between mass and frequency change is

given by:

                                                                  ∆ ∆m C f=                                          (A 1)

Where ∆m  is the mass added to the crystal,∆f  is the corresponding frequency change

and C  is a sensitivity constant dependant on the properties of the crystal. For the

crystals used in this work C=17.7 ng/cm2Hz [105]. The above equation is valid

providing that the attached mass is evenly distributed, much smaller than the mass of

the crystal and the adsorbed layers are rigidly attached, i.e. the energy of oscillation is

not significantly dissipated by the adsorbed layers. The latter is reflected by the so-

called dissipation factor D given by [105]:

                                                             D
E

E
dissipated

stored

=
2π

                                          (A 2)
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Where Edissipated  is the energy dissipated during a single oscillation period, and Estored

is the energy stored in the oscillator. Monitoring the dissipation factor provides useful

information about the visco-elastic properties of the adsorbed layers [106]. Thick and

soft layers usually cause an increase of D. In such a case the frequency shift cannot

be directly related to the adsorbed mass. During an experiment both the change in

frequency and dissipation factor are continuously recorded versus time.

One problem that had to be solved in order to use QCM on LB cellulose surfaces was

the surface preparation. Figure A 1 shows the side of a QCM crystal that comes in

contact with the investigated solution. Gold is evaporated on the quartz surface in

order to establish electrical contact. Unlike for surface force measurements, mica

sheets cannot be glued to the crystal, since the mass of the mica and the glue causes

excessive dampening of the resonance frequency. It was therefore necessary to carry

out the deposition directly on the gold electrode on the working surface of the crystal.

quartz disc
gold electrode

Figure A 1. Working side of a QCM crystal. The LB deposition is carried out on the hydrophobized

gold electrode.

To achieve transfer of TMSC to the solid surface, it has to be rendered strongly

hydrophobic. Hydrophobization was carried out by assembling a hydrophobic

monolayer of hexadecane thiol on the gold surface as described by Ederth et al. [43].

The resulting surface is strongly hydrophobic, having an advancing contact angle of

over 100° [43]. The LB deposition and regeneration were then carried out as

described in Chapter V. In total 10 layers were deposited.

Figure A 2 shows the change in resonance frequency (at 5 MHz) and dissipation

factor during 10 hours of incubation in 0.1mM NaCl solution. The resonance

frequency decreases significantly during the first 6 hours, due to a water uptake of the

swelling cellulose film. The sensed mass eventually approaches equilibrium after 8-10

hours.
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Figure A 2. Change of the resonance frequency (at 5 KHz) and the dissipation factor versus time for 10

monolayers of cellulose deposited on a QCM crystal. The black trace is the frequency shift and the

grey trace is the shift of the dissipation factor.

Simultaneously, the dissipation increases, indicating that the surface layer becomes

progressively softer and less coupled to the crystal, which also is a clear sign of

swelling. The small disturbances in the signal are likely caused by thermal variations

(the QCM is extremely sensitive to temperature variations) or due to displacement of

microscopic air bubbles trapped in the layer.

This results confirm that the long time effects observed in Paper II are indeed due to

swelling of the cellulose film in contact with dilute NaCl solutions. The total amount

of water uptake cannot be exactly determined from the frequency shift due to the large

energy dissipation produced by the swollen layer, but the magnitude of the shift (ca.

32 Hz) at least suggests that the amount of water in the layer is considerable.

Measurements between two LB surfaces using the interferometric SFA [57] have

shown that these surfaces swell to approximately twice the thickness in dry air when

immersed in in 0.1mM NaCl solution. The range of the electro-steric force barrier

found in Paper II is roughly consistent with these findings. It can therefore be

concluded that the LB film consists primarily of amorphous cellulose, since water

cannot penetrate the lattice of crystalline cellulose.

The present result also demonstrates the possibility of using the Langmuir-Blodgett

deposition technique in order to modify substrates used for QCM measurements.
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Appendix II: List of abbreviations

AA Arachidic acid

AFM Atomic Force Microscopy

AM Acrylamide

c.n.c. Charge neutralization concentration

DLVO Derjaguin, Landau, Vervey, Overbeek

EA Eicosylamine

ESCA Electron Spectroscopy for Chemical Analysis

FECO Fringes of Equal Chromatic Order

JKR Johnson, Kendall, Roberts

LB Langmuir-Blodgett

LVDT Linearly Variable Displacement Transducer

MAPTAC [3-(2-methylpropionamido) propyl] trimethylammonium chloride

MASIF Measurement and Analysis of Surface Interactions and Forces

PCMA Poly ([2-(propionyloxy) ethyl] trimethylammonium chloride)

PDMS Polydimethylsiloxane

PEI Polyethylenimine

PVAm Polyvinylamine

QCM Quartz Crystal Microbalance

SFA Surface Force Apparatus

TMSC Trimethylsilyl cellulose
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