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Abstract

Dual polyelectrolyte-nanoparticle systems are frequently employed to control the
stability of colloidal dispersions. These systems are also used to produce interfacial
multilayer structures with potential use in various technical applications.

The objective of this work has been to increase the knowledge of the interfacial
behaviour of polyelectrolyte and nanoparticles, and the parameters governing their
adsorption. The interactions and adsorption characteristics can be related to the
behaviour of colloidal dispersions in the presence of such systems, as well as to the
process of forming thin multilayer films. Several techniques have been employed for
this purpose, including ellipsometry, the bimorph surface force apparatus, neutron
reflectometry, atomic force microscopy and x-ray photoelectron spectroscopy.

Key findings can be summarised as follows. The co-adsorption of nanoparticles with
polyelectrolytes causes extensive swelling of polyelectrolyte surface layers. Co-
adsorbed particles also affects the forces measured between two surfaces. The
repulsive electro-steric forces measured on approach are reinforced by the presence
of particles, while the attractive bridging interactions measured on separation
decrease and seem also to be more elastic in nature. The latter observation is thought
to explain the fact that reflocculation characteristics in a paper machine are improved
by the presence of nanoparticles.

Another observation of practical importance made during the course of this work is
that the adsorption is strongly history-dependent. The adsorption from a
polyelectrolyte-nanoparticle mixture is slow due to complex formation, retarded
diffusion and adsorption barrier effects. Much faster processes are seen when the two
components are added sequentially, when the adsorption is rapid and mass-transfer
limited. Papermakers using dual-component systems do in practice often use the
sequential addition approach based on experience.

The adsorption of both the polyelectrolyte (cationic polyacrylamide) and the
nanoparticles was found to be highly salt-dependent. The effects observed are
explained in terms of a non-electrostatic attraction between the polyelectrolyte and
the surface and electrolyte-sensitive polymer solvency.

The history-dependent adsorption of the systems studied indicates an irreversibility
of adsorption and slow relaxation rates in the surface layers. Furthermore, step-wise



adsorption of polyelectrolytes and particles leads in both cases to a surface charge
reversal. This facilitates the build-up of multilayers at surfaces if a sequential
adsorption approach, with intermediate rinsing steps, is adopted. Multilayer film
build-up using this method were characterised using a range of different
experimental techniques. The study showed that the multilayer films have a
stratified structure and that the surface coverage, film roughness and layer mixing
increase with increasing number of adsorption cycles. The ability to build up
multilayer films and the stability of such structures were found to be controlled by
the ionic strength of the ambient solution. Multilayer films were clearly destabilised
by added salt; a process attributed to an electrolyte-induced glass-liquid transition.



Sammanfattning

Tvåkomponent polyelektrolyt-nanopartikelsystem används för att kontrollera
stabiliteten hos kolloidala dispersioner. Dessa system används även till att producera
multiskiktsstrukturer, med potentiella tillämpningar inom en mängd tekniska
områden.

Målet med det här arbetet har varit att öka förståelsen för gränsskiktsbeteendet hos
polyelektrolyt och nanopartiklar, samt de parametrar som styr deras adsorption.
Interaktionerna och adsorptionskarakteristiken kan relateras till beteendet för
kolloidala dispersioner i närvaro av dessa system samt till uppbyggnaden av
multilagerfilmer. Ett flertal experimentella tekniker har använts för detta syfte,
däribland ellipsometri,  ytkraftsmätningar (MASIF),  neutronreflektometri,
atomkraftsmikroskopi och ESCA.

Resultaten kan sammanfattas på följande sätt. Adsorption av nanopartiklar
tillsammans med polyelektrolyt medför att polyelektrolytfilmen på ytan sväller.
Samadsorberade partiklar påverkar även krafterna mellan två ytor. De repulsiva
elektro-steriska krafterna mellan två ytor med adsorberade polyelektrolytfilmer som
närmar sig varandra blir starkare i närvaro av nanopartiklar. Den attraktiva
bryggväxelverkan som uppmäts mellan ytorna när de separerar blir däremot
svagare, men mer elastisk. Det senare kan förklara varför återflocknings-
egenskaperna i papperstillverkningen förbättras när nanopartiklar används
tillsammans med polyelektrolyt.

En annan viktig observation som gjorts i det här arbetet är att adsorptionen för dessa
system är kraftigt historieberoende. Adsorptionen av en polyelektrolyt-
nanopartikelblandning är långsam på grund av komplexbildning, lågsam diffusion
och effekter av adsorptionsbarriärer. Adsorptionsprocessen är betydligt snabbare när
komponenterna adsorberas var för sig. Stegvis tillsats av komponenterna används
generellt för dessa tvåkomponentsystem inom papperstillverkningen eftersom detta
visat sig fungera bra.

Både polyelektrolyt- (katjonisk polyakrylamid) och nanopartikeladsorptionen är
beroende av saltkoncentrationen. Detta adsorptionsbeteende kan förklaras i termer
av icke-elektrostatisk attraktion mellan polyelektrolytet och ytan, samt en försämrad
löslighet för polymeren vid ökande salthalt.



Att systemets adsorption är historieberoende indikerar att adsorptionen är
irreversibel samt att relaxationshastigheten för de adsorberade lagren på ytan är
långsam. Dessutom leder både polyelektrolyt- och nanopartikeladsorptionen till att
ytladdningen reverseras. Detta gör det möjligt att bygga upp multiskikt genom en
stegvis adsorption av de olika komponenterna, med intermediära sköljningssteg.
Uppbyggnaden av multilagerfilmer har i det här arbetet studerats med hjälp av ett
flertal olika tekniker. Studien visar att dessa filmer har en skiktad struktur och att
yttäckningen, ytråheten och sammanblandningen av lagren ökar med ökande antal
adsorptionscykler. Möjligheten att bygga upp multiskikt, samt stabiliteten hos
skikten kontrolleras av jonstyrkan i den omgivande lösningen. Multilagerfilmerna
blir instabila med ökande salthalt, vilket kan förklaras av en saltinducerad glas-
vätsketransition.
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1. Introduction

Polyelectrolyte-nanoparticle systems have found a great use in a range of
applications. These dual systems are, for instance, commonly used as retention aids
in papermaking 1, where they are claimed to improve the flocculation characteristics
of fillers and fines, the retention efficiency and the formation characteristics. Dual
retention aid systems have been shown to result in better reflocculation and
dewatering than single polyelectrolyte systems 2-6. However, the actual role of the
particles has not yet been fully elucidated.

Polyelectrolytes and nanoparticle systems have recently also attracted an increasing
interest in the field of thin functional films 7, 8. By sequentially adsorbing oppositely
charged polyelectrolytes and particles onto a surface it is possible to form
multilayered interfacial structures. Due to the versatile structural and chemical
nature of such films, the prospects of using them in a number of technological
applications such as sensors 9, 10 and various optical and electronic devices 11-14 is
promising.

In order to understand the functions in the different applications it is necessary to
understand the underlying adsorption mechanisms and their influence on the
structure formation at surfaces. The optical technique ellipsometry has in this work
been combined with other techniques, such as the bimorph surface force technique,
atomic force microscopy, x-ray photoelectron spectroscopy and neutron
reflectometry in order to study the interfacial behaviour and the interactions in
complex polyelectrolyte-nanoparticle systems. By linking the adsorption behaviour,
including the chemical composition and structure, of the composite films to e.g.
interaction forces, a better understanding of the structure-function relationship of
dual systems has been obtained. In the first part of this thesis, the adsorption
behaviour of and interactions in the dual polyelectrolyte-nanoparticle systems are
related to the stability characteristics of colloidal dispersions. The second part of the
thesis aims at improving the understanding of the build-up of multilayer structures
by the layer-by-layer adsorption method, and at clarifying the effects of different key
factors with respect to the structure formation and stability.
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2. Surface forces and interactions in colloidal systems

In the 1940s, Derjaguin and Landau 15 in Russia and Verwey and Overbeek 16 in the
Netherlands independently of each other developed the theory of interactions
between charged surfaces. This theory, later known as the DLVO theory, takes into
account both van de Waals and electrostatic double layer forces in the determination
of the forces acting between two bodies. The theory predicts that electrostatic double
layer interactions dominate at large separations, when the ionic strength is not too
high, while van der Waals forces become increasingly important at short distances.
The DLVO theory is very useful for describing interactions in and the stability of
colloidal dispersions and suspensions. Van der Waals and the electrostatic double
layer forces are reviewed and discussed in books by Israelachvili 17 and Evans and
Wennerström 18.

Van der Waals forces

The interactions in a system are often discussed in terms of ions and permanent or
induced dipoles. The purely electrostatic interactions between ions are generally
referred to as Coulombic interactions and can be described by Coulomb’s law. The
interactions between two permanent dipoles are called Keesom interactions. If only
one of the dipoles is permanent and the other is an induced dipole, the interactions
are referred to as Debye interactions. The interactions between two induced dipoles
occur via variations in the electron distribution around their nuclei. These
interactions, called London dipersion interactions, are always present between
molecular species. Keesom, Debye and London dispersion forces are together
generally referred to as van der Waals forces. These forces are not as strong as, for
instance, hydrogen bonding or Coulombic forces but they are present in all systems.

To calculate the van der Waals forces between two surfaces, the Hamaker method,
assuming pair-wise additivity, can be used. The different force contributions are then
summarised (integrated) over all pairs of molecules. The interaction energy per unit
area between two flat, parallel surfaces at a separation D, when the surfaces are
much larger than the surface separation, can be expressed as:

V
A

DvdW = −
12 2π ,

(2.1)



7

where A is a material constant, called the Hamaker constant, and D is the shortest
distance between the surfaces.

However, the Hamaker approach does not take into account the influence of
neighbouring atoms. Furthermore, the assumption of additivity does not hold for
condensed media and cannot be extended to bodies interacting in a medium. The
problem of additivity is avoided in the more complex Lifshitz theory. In this model,
the interacting particles and intervening medium are treated as continuous phases
and the forces between them are calculated in terms of their dielectric constants and
refractive indices. The interactions between the particles are believed to stem from
fluctuations in electromagnetic fields extending from the surfaces. Hence, using the
Lifshitz theory, the Hamaker constant A  becomes a function of the dielectric
properties of the surfaces and is approximately given by

A k T
h n n n n

n n n n n n n n
B
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where kB and h are the Boltzmann and Planck’s constants respectively, εi and ni are
the static dielectric constants and refractive indices of the different media, and νe is
the main electronic absorption frequency in the UV region, assumed to be the same
for all media.

Van der Waals interactions between identical bodies in a medium are always
attractive, but van der Waals interactions between dissimilar bodies in a medium can
be either attractive or repulsive, depending on the sign of the Hamaker constant. The
interactions between bodies (whether they are similar or dissimilar) in vacuum and
air are however always attractive.

Electrostatic forces

Most surfaces become charged in an aqueous environment. The charging may be due
to several different mechanisms, including desorption of lattice ions, dissociation of
ionic groups on the surface, acid-base equilibria of surface groups and adsorption of
charged species from the aqueous solution.

Systems always strive for electro-neutrality. Outside a charged surface there will
therefore always be a distribution of ions to balance the surface charge. The layer
closest to the surface, where the concentration of counter ions is high, is called the
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Stern layer. In the diffuse layer the density of ions decreases with increasing distance
from the surface. Beyond this diffuse layer the density of ions becomes the same as
that of the bulk solution.

The Poisson-Boltzmann equation can be used to describe the distribution of ions in
the diffuse double layer, and thus the electrostatic potential, as a function of the
separation D from the surface. If the surface charge or potential is low, the equation
for the electrostatic potential becomes:

V V eel
D= −

0
κ

(2.3)

In this equation, known as the Debye-Hückel equation for an isolated double-layer,
V0  is the surface potential, D is the distance from the surface, and 1/κ is the Debye

length. This length is a measure of the extension of the diffuse part of the double layer
and is defined as

1 0
2/κ

ε ε
=

∑
r

i i
i

k T

n z e
B

(2.4)

where ni  is the electrolyte concentration in the bulk and zi  is the valence of the salt
ions. The Debye length is thus determined by the amount of ions shielding the
surface charges. A higher concentration of salt results in a shorter Debye length and
hence in a shorter extension of the electrostatic double layer. Furthermore, the
screening effect is more pronounced for salts with high valence ions.

DLVO theory

In the DLVO theory the contributions of the van der Waals and the electrostatic
double layer interactions are treated as independent of each other. The total
interaction energy for a system can hence be obtained by adding the contributions of
the different forces.

In Figure 2.1, the electrostatic and van der Waals contributions and the resulting
DLVO interaction are plotted as a function of distance from the surface. The
electrostatic double layer forces dominate at a long range. The van der Waals forces
are, on the other hand, insensitive to changes in pH and ionic strength. The range of
the electrostatic double layer forces, i.e. the Debye length, decreases with increasing
electrolyte concentration. The surface potential and surface charge are decisive for
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the magnitude of the electrostatic forces. A higher surface charge or higher potential
leads to an increasing magnitude of the interactions.
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Figure 2.1 Interaction energy versus distance. The horizontal line marks zero interaction

energy. Negative interaction energies correspond to attractive interactions and vice versa.

The interactions are calculated for a sphere with a radius of 2 mm immersed in a 100 mM

KCl solution. The surface potential of the sphere was 25 mV and the Hamaker constant, A,

5·10-20 J.

Effect of interaction energies on colloidal dispersions

The stability of a colloidal system is largely determined by the electrostatic and van
der Waals interactions present in the system. If the electrolyte concentration is high
(and the electrostatic interactions are consequently not strong) a secondary minimum

in the energy occurs at intermediate separations. Close to the surface an energy
barrier hinders colloids from reaching the so-called primary minimum. If the energy
barrier is high, the colloids remain dispersed in the solution (kinetically stable) or
they become trapped in a flocculated state in the secondary minimum. However,
given enough time, the colloids will reach the primary minimum and consequently
also their thermodynamic equilibrium state, i.e. all colloidal systems will eventually be
fully aggregated.
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3. Polyelectrolyte adsorption

A polymer is a large chain-like organic molecule consisting of a large number of small
repeating units, monomers, connected by covalent bonds. Polymers can be divided
into homopolymers and copolymers, where the latter consist of repeating units of
more than one kind of monomer. Copolymers can further be classified according to
the notations: alternating, random, block, or grafted (see Figure 3.1).

homopolymer

copolymers

alternating

random

block

graft

Figure 3.1 Structure of various polymers. E and J symbolise different monomer units.

Polyelectrolytes are polymers in which some or all monomer units are charged. Two
different kinds of charged monomers can be distinguished: monomers containing
permanently charged groups and monomers containing ionisable group. In a
monomer with ionisable groups, the average charge will depend on the properties of
the ambient media, such as the pH and ionic strength. They will furthermore
frequently display different charge properties in the bulk and near an interface 19.

Adsorption behaviour

Flexible long high molecular weight polymers generally attain the conformation of
random coils in solution. The size of the coil, often given as the radius of gyration, Rg, is
dependent on the molecular weight of the polymer and on the solution conditions. In
the range of large molecular weights the radius of gyration of a polymer chain varies
18, 20 according to:

R Mg ~ α

(3.1)
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where M is the molecular weight of the polymer and α is a constant depending on
the polymer/solvent interactions. These latter interactions are described by the Flory-

Huggins parameter (or the solvency parameter) χ.

In a good solvent, χ<0.5. Under these conditions the polymer has a high affinity for
the solvent, whereby the coil expands. The radius of gyration is then described by

R Mg ~ .0 6

(3.2)

In a poor solvent, where χ>0.5, the segment-segment interactions are strong, causing
the coil to shrink. The relation then becomes

R Mg ~ .0 33

(3.3)

So-called Θ solvents lie in between these two extremes, marking the limit of the
polymer solubility. During these conditions the intra- and intermolecular interactions
are similar in magnitude. Then χ=0.5 and the radius of gyration for the polymer

R Mg ~ .0 5

(3.4)

In order for a polymer chain to adsorb to a surface, the adsorption energy (described
by the adsorption energy parameter χs)  must be positive, i.e. the enthalpy of adsorption
must be higher than the loss in entropy of the polymer chain.

tail

loop

train

Figure 3.2 Surface conformation of a polymer. Organisation with trains, loops and tails.
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Figure 3.2 illustrates schematically the conformation of a polymer at an interface. The
segments of the chain anchored to the surface are referred to as trains. Any part of
the chain that extends into the solution and returns to the surface is called a loop. If
the chain does not return to the surface, and consequently has only one end attached
to the surface, it forms a tail.

The parameters governing the polymer solution and surface conformations are
important also in polyelectrolyte systems. However, in these systems additional
factors such as electrostatic interactions must also be considered. These latter
interactions are, furthermore, often dominant. Polyelectrolytes have a more rod-like
conformation in solution due to the intra-chain repulsions between the charges on
the polymer backbone. The stiffness of the chain, and consequently the deviation
from the coil-like shape, increases with increasing charge density. This effect is most
pronounced at low ionic strength, when the electrostatic interactions become
dominant.

The conformation adopted by a polyelectrolyte at an oppositely charged surface
depends basically on the charge densities of the chain and the surface and on the
ionic strength of the solution. A highly charged polyelectrolyte generally adsorbs
with a larger number of trains attached at the interface, and this often leads to lower
adsorption than of a polyelectrolyte with low charge density.

For a purely electrosorbing polyelectrolyte the adsorption to an oppositely charged
surface initially increases strongly with increasing charge density 21, but decreases
when the charge density of the polyelectrolyte is high. This adsorption behaviour can
be explained by a low surface affinity at low charge densities, since the
electrosorption is exclusively governed by electrostatic interactions. The surface
affinity increases when the charge density of the polyelectrolyte is higher, which
results in a greater adsorption. However, with increasing charge density fewer chains
are needed to compensate the surface charge, whereby the adsorption again is less
for sufficiently highly charged polyelectrolytes. Hence, there is a maximum in
adsorption corresponding to a certain charge density of the polyelectrolyte chains 21.
The adsorption is decreased and the maximum is shifted towards higher charge
densities with increasing ionic strength of the solution.

In general, the effect of the ionic strength depends on which interactions are
dominant in the system. In many systems, both electrostatic and non-electrostatic
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interactions are present, and the effect of salt on the adsorption behaviour is then less
straightforward. During electrosorption, the adsorption decreases as the electrolyte
concentration increases, due to screening of the electrostatic interactions and
consequently of the attractions between the charged polyelectrolyte segments and
the surface. Increasing the electrolyte concentration also leads to an increasing
competition for surface charges between the polyelectrolyte charges and the small
electrolyte ions. However, if electrostatic intra-chain repulsions are strong and
restrain the adsorption or if non-electrostatic interactions are present between the
polyelectrolyte and the surface, the increase in ionic strength can instead lead to an
increase in the adsorption 22 23. Hence, screening of the repulsions enables the chains
to adopt a closer surface arrangement. Increasing the electrolyte concentration may
also lead to a decrease in solubility of the polyelectrolyte and thereby an increase in
the adsorption. Even for fully charged polyelectrolytes, an increase in the electrolyte
concentration has been observed to lead to an increased adsorption 24. A more
detailed description of the effect of the ionic strength on polyelectrolyte adsorption
can be found in Ref. 20.

The polydispersity of the polymer, in terms of both molecular weight and charge
distribution, also affects the adsorption. The adsorption of polydisperse polymers is
characterised by the fact that the low molecular weight fraction adsorbs first.
However, even though the higher molecular weight chains have a slower adsorption
they later displace the low molecular weight fraction from the surface due to the gain
in entropy for the system. In the case of copolymers, the chain composition, and in
the case of polyelectrolytes the distribution of charges, also influences the adsorption.
Those chains, which have a higher fraction of the high-affinity component will
adsorb preferentially to the surface 20.
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4. Effect of polyelectrolytes on the stability of colloidal dispersions

The addition of polyelectrolyte to a colloidal dispersion can lead to either
stabilisation of the system or phase separation, depending on the properties of the
adsorbed polyelectrolyte film. The forces acting in colloidal systems and the
requirements for colloidal stability have been described in section 2. In this section
the effect of polyelectrolytes on the behaviour and stability of these systems will be
discussed.

Stabilisation

If the adsorbed film is thick and the surface is fully saturated with polyelectrolyte the
colloid becomes sterically stabilised. The reasons for this are three-fold. Firstly, when
the polyelectrolyte-covered particles approach each other, the adsorbed layers
become compressed between the particle surfaces and polyelectrolyte segments start
to interpenetrate. The chains then lose conformational entropy, which induces
repulsive interactions between the particles and keeps them separated. Secondly,
during compression, segment/solvent interactions are exchanged for
segment/segment interactions. This results in repulsive forces in a good solvent. In a
bad solvent, on the other hand, it results in attractive interactions. Finally, the
polyelectrolyte adsorption often leads to overcompensation of the surface charge.
The electrostatic repulsions between the similarly charged polyelectrolyte segments
on the adjacent surfaces also help to stabilise the colloids.

Flocculation

The flocculation process can be divided into two steps: adsorption of polyelectrolyte
chains onto the surface of the particles and collisions between the particles causing
them to adhere to each other. Several different polymer-induced flocculation
mechanisms are operative in colloidal systems. The flocculation mechanism
occurring is determined by parameters such as the charge density of the particles, the
solids content, charge density and molecular weight of the polyelectrolyte and the
ionic strength of the solution.

Bridging flocculation

Bridging flocculation by polyelectrolyte or polymer chains occurs when the chains
are attracted to more than one surface, forming bridges between them. The chain
need not necessarily be anchored at both surfaces; it is sufficient for the chain to cross
the mid-plane between the surfaces in order to form a bridge 25. This flocculation
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mechanism dominates at low or intermediate surface coverage. The polyelectrolyte
chains should furthermore have a high molecular weight and a low charge, as these
polymers generally adsorb with a high degree of loops and tails protruding into the
solution; and these facilitate the creation of bridges at large inter-particle separations.

Patch flocculation

Patch flocculation requires a heterogeneous surface coverage, where the
polyelectrolyte adsorbs in patches on the particle surface. This kind of adsorption
leads to local overcompensation of the surface charge. Oppositely charged patches on
adjacent particles attract; i.e. patches of polyelectrolyte at one surface attract
uncovered patches at the neighbouring surface. This mechanism dominates in dilute
solutions and for highly charge polyelectrolytes, as these attain a flat surface
conformation with few segments protruding into solution. The formation of flocs
occurs either through forced collisions (by means of e.g. shearing) or through
Brownian motion. Flocs formed by means of a patch flocculation mechanism have
often been found to have a higher shear strength than flocs formed through a
bridging mechanism 1. These flocs also show a better ability to reflocculate than flocs
formed through bridging after having been heavily sheared. The reason for this is the
cleavage of the chains, which occurs in the latter case, as the long bridges are more
exposed during shearing. After cleavage, the chain loses some of its bridge-forming
capacity and consequently its flocculation ability.

Neutralisation flocculation

In neutralisation flocculation, the flocs are formed through charge compensation. The
adsorbed polyelectrolyte film saturates the surface charge and the polyelectrolyte-
covered, neutral particles flocculate by means of attractive van der Waals
interactions. However, these conditions are in practice difficult to obtain, since the
polyelectrolyte adsorption generally leads to either under- or overcompensation of
the surface charge, depending on the surface coverage.

Depletion flocculation

There is yet another mechanism for inducing flocculation in colloidal systems 17, 26.
The flocculation is in this case caused by polymer chains not adsorbing to the particle
surfaces. The non-adsorbing polymer is excluded from areas where the distance
between the particles is smaller than the radius of gyration (Rg) of the polymer. This
depletion results in a lower polymer concentration in the gap than in the bulk
solution, and this in turn leads to a weak, attractive force between the surfaces. For
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depletion forces and consequently depletion flocculation to be significant, the bulk
concentration of polymer should ideally be high and the Rg of the polymer should be
large 17.

Porous surfaces

When a polyelectrolyte chain has adsorbed at an interface it starts to reconform and
adjust to a flatter surface conformation. For flocculation to occur time is therefore
essential; the particles must collide before the chains have adopted too flat a surface
conformation. This is especially important in the case of bridging flocculation, as
large loops are necessary if flocculation is to occur. If the adsorption is taking place
on a porous surface, such as a fibre surface, yet another process must be taken into
consideration. On a porous surface, the chains are able to penetrate into the cavities,
making them even less available for floc formation 27-30.

Effect of nanosized particles in colloidal systems

The addition of a polyelectrolyte to a colloidal system can be combined with the
action of nanoparticles. This is often done in papermaking in order to improve the
flocculation and retention. These dual systems, often referred to as microparticle

systems, have shown better properties in several areas. The ability of fibre flocs to re-
flocculate after heavy shearing and the dewatering of the system are improved when
nanoparticles are present in the system 2-6, 31. Other observed advantages of these
systems are a more open, porous structure of the paper sheets than when a single
polyelectrolyte system is used 1. The actual function of the particles has not yet been
elucidated. The aim of this work has been to shed some light on this issue. The
adsorption properties of polyelectrolyte-nanoparticle systems are, in Papers I and II,
discussed in relation to the observed flocculation behaviour.



17

5. Materials

5.1 Polyelectrolytes

Two different polyelectrolytes, each with a random structure, have been used in the
measurements. One polyelectrolyte consisted of acrylamide and (3-methacrylamido
propyl) trimethylammonium chloride (MAPTAC), while the other consisted of
acrylamide and acrylamide propyl trimethylammonium chloride (APTAC) units.
The molecular structures of these monomers are presented in Figure 5.1.
Measurements have been performed using polyelectrolytes with different charge
densities and different molecular weights.
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Figure 5.1 Molecular structure of monomers of a) acrylamide (AM), b) (3-methacrylamido

propyl)  trimethylammonium chloride (MAPTAC) and c) acrylamide propyl

trimethylammonium chloride (APTAC)

5.2 Silica – particles and surfaces

Nanoparticles in the size range of a few nanometers (10-9m) have also been studied.
The polyelectrolyte and nanoparticles have been adsorbed onto silica slides and, as
both particles and slides consist of silica, some aspects of the surface characteristics of
SiO2 are presented.
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At room temperature the silica surface is composed of so-called silanol (Si-OH)
groups. These hydroxyl groups render the surface hydrophilic, so that the surface (if
absolutely pure) is generally completely wetted by water. Above 170°C, the surface
composition of silica changes 32. The surface starts to dehydrate and the number of
silanol groups at the surface decreases as silanol groups transform into siloxane (Si-O-
Si) groups. This (reversible) process leads to a less hydrophilic surface at elevated
temperatures. The concentration of silanol groups on a silica surface is often
expressed as the number of hydroxyl groups per nm2. For a fully hydroxylated
surface the silanol number, αOH, is ≈ 5 33.

For silica in an aqueous solution, the iso-electric point, where the mean surface charge
density is zero, is close to pH 2 34. Below this pH, the silica surface is positively
charged and above it the charge is negative. Above pH 2, the charge density of silica
increases both with increasing pH and with increasing ionic strength 35, 36.

More comprehensive discussions concerning the rather complex chemistry of silica
are found in e.g. Refs. 32 and 37.
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6. Experimental techniques

In this work, ellipsometry has been combined with techniques such as the bimorph
surface force technique, atomic force microscopy, x-ray photoelectron spectroscopy
and neutron reflectometry in order to study the adsorption behaviour, interactions,
film composition and structure pertinent to the polyelectrolyte-nanoparticle system.

6.1 Ellipsometry

Ellipsometry is a non-destructive, optical technique for measuring the refractive
index and thickness of thin films. This technique makes it possible to continuously
follow adsorption and desorption processes with a time resolution of the order of a
few seconds. The measurements require a reflecting surface, good optical contrast
and a transparent ambient medium.

The phenomenon exploited in an ellipsometric measurement is the change in the
state of polarisation, which takes place when a polarised light probe is reflected at an
interface. A brief presentation of the technique is given below. A more thorough
description is found in Refs 38, 39.

Basic principles

Light can be considered to be an electromagnetic wave moving in space. When the
light is polarised the light wave can be divided into a parallel, E//, and a
perpendicular, E⊥, component. The state of polarisation of the light is characterised
by the phase, δ, and amplitude, A, of the components, so that

E A ei// //
//= δ  and E A ei⊥ ⊥= ⊥δ (6.1.1)

When a light beam is reflected at an interface, changes generally occur in the phases

and amplitudes of the parallel and perpendicular components of the light. The

difference between the phases and amplitudes of the incident (i) and the reflected (r)

light are denoted ∆ (delta) and ψ (psi), respectively, where



20

∆ = −( ) − −( )⊥ ⊥δ δ δ δ// //
r r i i  and tan

//

//

Ψ =





















⊥

⊥

A

A

A

A

r

r

i

i

(6.1.2)

∆ and ψ are often referred to as the ellipsometric parameters. The ratio between the

complex coefficients in the perpendicular and parallel directions of the reflected light,
R⊥ and R//, is
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This ratio is related to ψ and ∆ according to:

R

R
e N Ni// tan , ,

⊥

= = ( )ψ ρ∆ Φ0 0 2 (6.1.4)

for reflection at a single surface. When a film is present on the surface the ratio
depends on additional parameters

R

R
e N N N di// tan , , , , ,

⊥

= = ( )ψ ρ λ∆ Φ0 0 1 2 1 (6.1.5)

where

ρ is a function depending on the indicated parameters

Φ0= angle of incidence on the surface
N0= refractive index of the ambient medium
N1= refractive index of the film
N2= complex refractive index of the surface
d1= thickness of the film
λ= wavelength of the incident light
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In order to determine the refractive index and thickness of the film from the
experimentally measured values of ψ and ∆, the parameters N0, Φ0, λ and N2 must be
known.

The complex refractive index of a homogeneous surface, N2, is calculated from the
values of ψ and ∆ for the bare surface when N0 and Φ0 are known (see equation 6.1.4).
However, in order to determine the surface characteristics of more complex surfaces,
such as oxidised silicon surfaces, measurements must be performed in more than one
ambient media (equation 6.1.5). In our case, the properties of the substrate are
obtained from measurements of ψ  and ∆ in air and in an aqueous environment,
which enables the thicknesses and refractive indices of the different substrate layers
to be determined. Once the surface characteristics are known, properties of any
additional layer may be calculated from measured ψ and ∆ values. An example of a
four-layer optical model is shown in Figure 6.1.

Figure 6.1 Optical four-layer model for an oxidised silicon

wafer bearing an adsorbed layer treated as a homogeneous

slab. The thickness and refractive indices of the substrate are

determined by measurements in two media. Once the surface

characteristics are known, the properties of an adsorbed film

can be determined from each measured set of ellipsometric

parameters.

Instrument set-up

The ellipsometric set-up is shown in Figure 6.2. A xenon arc lamp is used as light

source. The light first passes through the polariser and becomes linearly polarised. The
linearly polarised light then passes through the compensator, a quarter wave plate,
where a phase shift of π/2 is introduced between the parallel and perpendicular
components of the light, making the light elliptically polarised. The elliptically
polarised light beam encounters the sample surface and is reflected. At a certain
elliptical polarisation of the incident beam the reflected light becomes linearly
polarised. A second polariser, called the analyser, in the path of the light can be used
to extinguish the reflected light. The light intensity is measured with the detector,
which is placed after the analyser. In order to find the characteristic polarisation of
the sample where the elliptical light is reflected into linearly polarised light, the
positions of the polariser and the analyser are adjusted, while the compensator is

SiO2

adsorbed film

bulk solution

Si
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held fixed. The ellipsometric parameters ψ and ∆ are then determined from the
angular settings of the polariser and the analyser when the light intensity at the
detector is a minimum. The aim of the filter mounted after the analyser in the plane
of the light is to seclude the desired wavelength (4015 Å) from the white light
produced in the xenon arc lamp.

Light source

Polariser

Compensator

Surface

Analyser

Filter

Photodetector

Figure 6.2 Ellipsometric set-up.

Measurements and analysis

Measurements are first performed in air and in aqueous solution for the bare silica
wafer, as described above. From these measurements, the thickness of the silica layer
as well as the refractive indices of both the silica layer and the underlying silicon
wafer are obtained. Thereafter polyelectrolytes and/or nanoparticles are injected into
the cuvette and the adsorption is measured.

In the four-layer model (shown in Figure 6.1), smooth, uniform films are assumed.
However, polymer and particle films are generally not completely smooth. In the
case of polymer films, the model tends to represent the inner dense part of the film 20.
Hence, the thickness is dominated by the contribution from the polymer loops (see
Figure 3.2).

The amount of material adsorbed onto the surface, the surface excess, has been
calculated using the equation:

Γ =
−n n
dn

dc

df
f

0 (6.1.6)
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In the formula, where n0 and nf are the refractive indices of the ambient media and

the film respectively, df is the thickness of the film and dn/dc the refractive index

increment of the adsorbed species.

This equation, which was derived by de Feijter et al 40, works well for the adsorption
of single component layers, converting the refractive index and thickness data of the
adsorbed film into the amount of material adsorbed at the surface.

However, when two components such as polyelectrolyte and nanoparticles are co-
adsorbed the evaluation of the surface excess becomes more complex. We have dealt
with this problem in different ways in the papers. In Paper I, the surface excess was
presented as extreme values, using the refractive index increments of the individual
components. In Papers II and III, a mixed refractive index increment was calculated
assuming a linear relationship between the composition and the refractive index
increments of the individual components. This approach was also used in Papers IV
and V. Furthermore, for the sake of simplicity, the multilayer adsorption in these
latter papers was assumed to give pure polyelectrolyte layers after polyelectrolyte
was added to the solution and polyelectrolyte-nanoparticle superstructures when
nanoparticles were added. In Paper VI, a new, improved model for calculating the
surface excess in two-component systems was presented. In all papers the adsorption
has been assumed to be irreversible.

Even though the model used to calculate Γ in Papers I-V is very simplified, the
values obtained agree well with results obtained using other techniques such as
atomic force microscopy, x-ray photon spectroscopy and neutron reflectometry.
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6.2 The bimorph surface force apparatus (MASIF)

The MASIF (Measurements and Analysis of Surface Interactions and Forces)
instrument has been used to measure the interactions between surfaces in solution as
well as in the gas phase. The technique is only briefly described here. A more
thorough description is found in 41-43.

This technique is flexible with regard to the interaction geometry, and surfaces of
different shapes and sizes can be used as long as they are smooth and relatively non-
compliant.

In the work reported in Paper I, we used spherical borosilicate glass surfaces. Glass
rods, with an approximate diameter of 2 mm and length of 2 cm, were melted at one
end using a butane-oxygen burner. The surface tension of the melted glass produces
a spherical end with a diameter of about 4 mm.

Instrument set-up

The measurement chamber consists of stainless steel, Teflon (seals) and silica
(windows) and has an approximate volume of 10 ml. The upper spherical surface is
attached to the end of the so-called piezoelectric tube, which in turn is placed in
parallel with a linearly variable displacement transducer (LVDT). The lower
spherical surface is mounted onto the end of the piezoelectric bimorph force sensor
(which is protected from the solution in the chamber by a Teflon sheath). The
bimorph consists of two piezoelectric slabs glued together with opposing directions
of polarisation. These two slabs together generate a signal proportional to the
deflection of the bimorph spring. A motor, controlling the position of the upper
surface, is used to bring the two surfaces close enough together for measurements to
be performed.

Measurements and analysis

By applying a voltage to the piezoelectric tube, which will expand or contract
depending on the sign of the voltage, the upper surface is moved at a constant rate
relative to the lower surface. When the lower surface is affected by interactions with
the upper surface the bimorph force sensor, holding the lower surface, becomes
deflected. The sensor then produces a signal, which is used to monitor the
interactions between the surfaces. At large separations, when there are no
interactions between the surfaces, the signal from the bimorph is constant. As the
surfaces approach each other and start to interact, the bimorph signal responds to the
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forces acting between them. During the experiment, the LVDT monitors the
displacement of the upper surface and, at the same time, the response from the
bimorph is recorded. These signals are then together used to calculate the force-to-
distance relationship between the surfaces, assuming hard wall contact. When the
surfaces are in contact, the upper surface pushes the lower surface at a constant rate.
The relation between the bimorph signal and the applied piezo voltage is then linear.
This region, called the “region of constant compliance” is used to set the position of
zero separation.

Prior to each experiment, the interaction force between the surfaces is measured in
air. The chamber is then filled with the electrolyte solution and the force between the
surfaces is again measured. If the system behaves as expected in both cases, and
there is no sign of any contamination, the measurements are carried out.

The instrument is calibrated by measuring the sensitivity of the LVDT. Furthermore,
after each experiment the radii of the surfaces and the spring constant (the stiffness)
of the bimorph are measured. The latter is obtained by measuring the deflection of
the bimorph spring using a microscope when known loads are applied to the end of
the spring.

In the evaluation of the results, the Derjaguin approximation 15 has been used. This
approximation, which is valid as long as the distance between the surfaces is much
smaller than their radii, allows results obtained with different geometries to be
compared.

F D

R
Gf

( )
= 2π (6.2.1)

where F is the force and Gf is the interaction free energy per unit area for flat
surfaces.

For spherically shaped surfaces with radii R1 and R2:

R
RR

R R
=

+( )
1 2

1 2

(6.2.2)

One of the drawbacks of the bimorph surface force technique is that the apparent
point of zero separation is determined in relation to the constant compliance region
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and this does not guarantee that all adsorbed material is squeezed out from the
contact zone. Thus it may in reality not be the zero separation position, which e.g.
makes it difficult to extract data on adsorbed layer thickness from MASIF force
curves. Furthermore, soft materials such as polymer layers are in general
compressible, and this means that the assumption of a hard wall contact may not
always be fulfilled 44.

6.3 Atomic force microscopy

Atomic force microscopy (AFM) was used in Papers IV and VI in order to investigate
the surface composition of dried polyelectrolyte-nanoparticle multilayer films. The
surfaces were studied using the tapping mode. In this section the method, focusing on
the tapping mode, is briefly described. For a more thorough explanation of this
technique and its applications, see Refs. 45 and 46.

Experimental set-up and measurements

There are four key components in an atomic force microscope 47:

• the tip (mounted on a cantilever)
• the piezoelectric scanner (micropositioner)
• the cantilever deflection sensor
• the feedback mechanism

The sharp silicon tip is mounted on the end of a cantilever beam. During the
measurements, the surface, horizontally mounted on the piezoelectric scanner, is
moved in relation to the tip and the interactions between the tip and the surface (or
the damping of the tip) are monitored. The surface is manoeuvred by applying a
voltage to the piezoelectric scanner, which contracts and expands depending on the
sign of the voltage. The surface can be manoeuvred with high accuracy in all three
orthogonal directions. A laser beam is focused on the upper side of the cantilever
beam to monitor the vertical and lateral motions of the cantilever. The laser beam is
reflected onto a mirror and subsequently into an array of (four) photodiodes,
detecting the movements. A vertical movement of the light corresponds to bending
while a horizontal movement corresponds to a twisting of the cantilever. The
response of the photodiodes is linked to a computer and by using the feedback

mechanism the deflection is recorded as a function of the position at the surface. Prior
to each measurement, the laser is adjusted so that the beam is located in the middle
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of the group of photodiodes. This position corresponds to a situation when the
cantilever is not subjected to any load and is consequently not deflected.

During imaging the interactions between the tip and the surface are recorded while
the surface is scanned in the x- and y directions, giving an interaction map of the
sample. In order to attain a height image of the sample it is not sufficient only to
monitor the tip/sample interactions. A feedback loop adjusts the voltage sent to the
scanner in order to keep certain preset parameters constant. In the tapping mode, this
parameter is the amplitude of the vibrating cantilever.

Measurements and analysis - Tapping mode

A low force is often required in order not to damage the sample. This is especially
important for soft materials, such as polymer films. For these purposes, the tapping
mode is adopted when studying the topography and adhesion of the sample. In the
tapping mode, the sample is moved in the lateral direction while the tip is oscillating

on the surface. During these measurements the surface contact time of the tip is very
short, and this reduces the risk of scraping the sample. The feedback mechanism
sends the root mean square amplitude signal back to the piezoscanner so that the
amplitude of the oscillation is kept constant. The amplitude is sensitive to changes in
tap depth and the changes in oscillation are thus used to map the surface
topography. Information about the adhesion and the viscoelastic properties of the
sample is gained by simultaneously detecting the phase variations between the
driving oscillator and the detector signal during the intermittent contact.

6.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used in the work described in Paper IV
in order to determine the surface chemical composition of polyelectrolyte-
nanoparticle multilayer films. Dry samples were placed in a high-vacuum chamber
and irradiated with x-rays. During this process photoelectrons are ejected from the
surface. The ejected electrons are separated by their kinetic energies and the surface
chemical composition of the sample is obtained from the detected photoelectron
intensities.
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Experimental set-up

The XPS spectra were measured using a Kratos AXIS HS x-ray photoelectron
spectrometer (Kratos Analytical, Manchester, UK). The samples were analysed using
an Al x-ray source, operated at 300 W (15kV/20mA).

Measurements and Analysis

The analysis area of the samples was approximately 1 mm2. Detailed spectra for Si
2p, O 1s, N 1s, C 1s, K 2p and Cl 2p were obtained with a pass-energy of 80 eV. The
electron take-off angle was set to 90°, 30° and 20°, corresponding to approximate
analysis depths of 10, 5 and 3 nm respectively. During the measurements, wide spectra

were first run, in order to detect the elements present in the surface layers. These
measurements were followed by detailed spectra for each element. Quantification of
these latter spectra yields the relative surface composition of the sample. In Paper IV,
the photoelectron intensity of the N 1s peak was used as a relative measure of the
polyelectrolyte content in the films.

6.5 Neutron reflection

Neutron reflection is a good tool for measuring the composition and structure of thin
films. The advantage of using neutron reflection (compared to the reflection of light)
is the short wavelength of the neutrons, enabling measurements to be made on very
thin films (in the range of a few Å).

The fact that neutrons are scattered differently in H2O and D2O is the key feature
used in the measurements. By using contrast variation, solutions of specific ratios of
H2O and D2O, it is possible to select which part of the film is to be highlighted and
which part is to be hidden during the measurements.

In the experiments, the film is adsorbed onto a polished silicon surface. These
surfaces are good for neutron reflection as silicon is transparent to the neutrons,
making it possible for the beam to go in and out through the surface from the silicon
side. Reflection occurs at the silicon/silica (a 10 nm thick silica layer covers the
silicon surface) and the silica/water interface.

Experimental set-up and measurement

SURF is a time-of-flight spectrometer, where the measurements are performed at a fixed
angle of incidence with neutrons of variable wavelength.
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Figure 6.3 Instrumental set-up of SURF. The collimator slits determine the direction of the

beam. The sample surface consists of two silicon blocks covered with a thin layer of silica.

In the spallation source a beam of protons is accelerated to 800MeV in a synchrotron.
These high-energy protons are fired towards a heavy metal target, resulting in
ejection of neutrons from the target nucleus. Before entering the reflectometer, the
ejected neutrons first pass through a hydrogen moderator, in order to reduce their
energy, and then through a rotating metal disc (the chopper) containing a slit. As the
beam can only pass through the slit in the disc, a pulse of neutrons is created. The
supermirror, in the path of the beam, prevents neutrons with too low energy from
reaching the sample. Just before the beam reaches the sample it passes through a low

efficiency detector, which measures the intensity of the incoming beam. The neutrons
finally reach the sample and are reflected. The reflected beam enters a collimator,
which prevents off-specular scattering from reaching the detector. The detector, in
turn, determines the time of arrival of each neutron from which its wavelength can
be determined. Hence, the intensities of neutrons reflected at the fixed angle of
reflection can be determined as a function of wavelength.  By comparison with the
beam incident on the monitor the intensity can be converted to reflectivity.
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7. Polyelectrolyte adsorption

7.1 Adsorption isotherm

The cationic polyacrylamides studied in this work are high-molecular weight
polymers, with Mw’s in the range of 105-107 g/mol. A typical adsorption isotherm for
a low charged cationic polyacrylamide polymer is shown in Figure 7.1. This shows
that the silica surface becomes saturated with polyelectrolyte already at a rather low
concentration, roughly 3 ppm, suggesting a high-affinity character of the adsorption.
This kind of behaviour, where a pseudo-plateau is reached at very low
concentrations, is often observed for high molecular weight polymers 20. The
adsorption generally increases with increasing molecular weight of the polymer but
becomes independent of the molecular weight for very large polymers 48.
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Figure 7.1. Adsorption isotherm measured for a cationic polyacrylamide (AM-MAPTAC) at

the silica/aqueous interface. The polyelectrolyte has a charge density of 4.2 mol% and a

molecular weight of 106 g/mol. The adsorption was performed in a 1mM KCl solution at pH

5.6. The line is included only to guide the eye. The insert shows the mobility (G) of silica

microparticles during the same conditions. The surface excess (F) is illustrated in the insert

for comparison.
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Electrostatic interactions are important for polyelectrolyte adsorption. The surface
coverage strongly depends on the charge density of the surface and polymer chains
as well as on the ionic strength of the ambient solution, as these parameters govern
the strength of the electrostatic interactions. In the case of purely electrosorbing
polyelectrolytes with low charge density, the adsorption has been found to increase
with increasing charge density of the polymer chains. At higher charge densities,
however, the adsorption will decrease 21. When the adsorption of two cationic
polyacrylamides with widely different charge densities (4.2 and 50.5 mol%) but
similar molecular weights were compared in Paper I, the polyelectrolyte with the
lower charge density was found to produce a thicker film containing more than twice
the amount of polymer. This is in agreement with the results of van der Steeg and co-
workers 21 and is explained by the gain in entropy when the polymer segments
replace surface-bound counter-ions combined with the requirement of system
electro-neutrality. Fewer segments, and consequently smaller amounts of polymer,
will be needed to neutralize the surface charges in the case of a highly charged
polyelectrolyte.

Throughout this work, the polyelectrolyte was observed not to desorb during
rinsing, which suggests that the polyelectrolyte chains are to some extent
“irreversibly” adsorbed with respect to rinsing with pure solvent. This apparent
irreversibility is at least in part explained by the high-affinity character of the
adsorption isotherm, where the concentration difference between the bulk (i.e.
rinsing solution) and the sub-surface region in the vicinity of the adsorbed surface
layer is small.

The insert in Figure 7.1 illustrates the mobility of micro-sized silica particles 15
minutes after addition of cationic polyacrylamide. The surface excess at plateau
conditions is also plotted for comparison. Note that both the mobility and the surface
excess are here plotted as a function of the polymer concentration on a logarithmic
scale. The mobility of the particles without the polyelectrolyte is approximately –4.3
Vµm/scm. As can be seen, the polyelectrolyte overcompensates the silica surface
charge already at very low bulk concentrations of polymer, and this leads to a
positive surface charge; a fact exploited later in this work for the deposition of
multilayers of polymers and nanoparticles.
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7.2 Effect of ionic strength on the polyelectrolyte adsorption

Several parameters that govern the polyelectrolyte adsorption may be affected by the
ionic strength; the non-electrostatic adsorption energy, the solvency, the attraction
between charged polymer and surface groups, and the repulsive “intra-molecular”
interactions between polymer and surface charges. The surface excess and the layer
thickness of a cationic polyacrylamide are plotted in Figure 7.2 as a function of the
salt concentration. Both properties increase with increasing ionic strength of the
ambient solution, a behaviour typical for polyelectrolytes exhibiting a lower
solubility in the electrolyte-screened state.
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Figure 7.2. Surface excess of cationic polyacrylamide (AM-APTAC) (E) and film thickness

(✕) as a function of the ionic strength of the solution. The polyelectrolyte has a charge

density of 10 mol% and a molecular weight of 107g/mol. The measurements were performed

at pH 5.6.

With increasing salt concentration, the charge density of the silica surface becomes
higher due to screening of the repulsive interactions between charged surface
groups. An increase in NaCl concentration from 1 to 100 mM has been found to lead
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to an almost three-fold increase in surface charge density 35; clearly illustrated in ref
49. This may partly explain the adsorption increase observed with increasing salt
concentration in Figure 7.2. However, the surface excess of a purely electrosorbing
polyelectrolyte is predicted to decrease with increasing ionic strength 21, even though
the adsorption may be favoured by the screening of intra- and inter- chain repulsions
among the charged polymer units. The continuous increase in adsorption at higher
concentrations is explained by the polyelectrolyte solubility being sensitive to
screening and by the presence of non-electrostatic interactions contributing to the
adsorption energy. The charged MAPTAC and APTAC segments of the polymers
studied in this work are inherently hydrophobic and will tend to associate at higher
ionic strengths when the repulsive interactions between the charged terminal groups
become screened. The salt dependence observed is thus typical for a polyelectrolyte
having a non-electrostatic affinity for the surface and an electrolyte-sensitive
solubility.

Several studies have indicated that silica exposes hydrophobic molecular sized
domains also in the hydrated state 34 and that attractive non-electrostatic interactions
prevail between silica and various polyelectrolytes, including cationic
polyacrylamides 22, 50, 51. However, non-ionic polyacrylamides do apparently not
adsorb on silica 52, 53, which supports the notion that the attractive non-electrostatic
interactions occur between the silica surface and the hydrophobic groups on the side-
chain of the APTAC (and MAPTAC) units (see Figure 5.1). The importance of this
hydrophobic attractive interaction increases when the terminal charge is effectively
screened. This also decreases the polymer solubility and facilitates attractive
interactions between hydrophobic parts of the screened monomers bearing the
permanent charges.
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8. Polyelectrolyte and nanoparticle adsorption

8.1 Effect of ionic strength on polyelectrolyte-nanoparticle adsorption

Having discussed the ionic strength effects on the polyelectrolyte adsorption, we
proceed to discuss the slightly more complex case of adsorbing nanoparticle onto
pre-adsorbed polyelectrolyte. The silica particle adsorption displays a dependence on
the ionic strength similar to that observed for the single polyelectrolyte, see Figures
7.2 and 8.1. This suggests that the effect of electrolyte on the conformation of the
polymer chains at the surface also determines the binding of silica nanoparticles. In
particular the transition from more restricted chain conformations in the charge-
compensation limit to more flexible conformations in the screening-limit is expected
to facilitate an increased binding of particles per adsorbed polymer chain. This effect
should be enhanced at higher salt concentrations, since the same decrease in polymer
chain coordination is expected at the silica particle surfaces, freeing polymer
segments to interact with more particles. This is we believe the reason for the
increase in the surface excess and thickness with increasing electrolyte concentration
seen in Figure 8.1. It is noteworthy that the refractive index and thus the density of
the particle layers reach a plateau value at a relatively low ionic strength, and that
further screening-induced adsorption leads to a growth of the layer normal to the
surface. This points to the increasing availability of loop and tail segments at the
expense of trains. The plateau (maximal) particle density appears to depend on
particle size (Papers III and VI) as well as on parameters such as polyelectrolyte and
surface charge.
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Figure 8.1. Surface excess (E) and film thickness (✕) versus salt concentration when silica

nanoparticles are adsorbed onto a pre-adsorbed film of cationic polyacrylamide. The charge

density of the polymer is 10 mol% and the molecular weight 107 g/mol. The specific surface

area of the particles used is 580 m2/g. The insert illustrates the refractive index of the

adsorbed film. The measurements were performed at pH 5.6. First 30 ppm polyelectrolyte

was added, after plateau the cell was rinsed and finally 10 ppm nanoparticles was added.

8.2 Effect of history on the adsorption properties

The polyelectrolyte-nanoparticle system is a multi-component system with
electrostatic interactions governing much of its behaviour. Due to kinetic barriers of
association and adsorption and to differences in the size of particle-polymer
complexes compared to the components alone, it is reasonable to assume that the
history of the system will have a large influence on the adsorption characteristics.
This was in fact clearly seen in the study reported in Paper II. The effects are
illustrated in Figure 8.2. In Figure 8.2a, polyelectrolyte is adsorbed onto a silica
surface prior to the addition of nano-sized silica particles. The particle adsorption
onto this polyelectrolyte film is fast, mass-transfer limited, due to the strong
attraction between the oppositely charged components and the high mobility of the
nanoparticles. The surface excess and thickness of the film increase with increasing
amount of particles in the bulk solution until plateau conditions are reached.
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Figure 8.2 Surface excess (upper graph) and film thickness (lower graph) when a)

nanoparticles adsorb onto pre-adsorbed layers of polyelectrolyte and b) when the

polyelectrolyte and nanoparticles are adsorbed concurrently. 0.3 ppm cationic

polyacrylamide (AM-MAPTAC) and (F ) 0.25, (E ) 1.25, (G ) 2.5, (J ) 25 ppm of silica

nanoparticles. (✕) illustrates the polyelectrolyte adsorption in the right-hand graph. The

particles have a mean diameter of approximately 12 nm calculated from the specific surface

area. The charge density and the molecular weight of the polyelectrolyte is 4.2 mol% and 106

g/mol, respectively. The measurements were performed at pH 5.6.
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Figure 8.3. Surface conformations a) of a low charged polyelectrolyte, b) after addition of

nanoparticles to the pre-adsorbed low charged polyelectrolyte.

Figure 8.3 illustrates possible surface conformations when nanoparticles are
adsorbed onto a pre-adsorbed polyelectrolyte film. Figure 8.3a shows the single
polyelectrolyte layer with loops and tails extending into the solution. When particles
are added to the bulk solution they are attracted to the oppositely charged
polyelectrolyte chains at the surface and are subsequently adsorbed. A small amount
of particles present in the solution results both in adsorption and in a swelling of the
polymer layer due to competition for polyelectrolyte charges between the negatively
charged particles and the surface. This results to some extent in detachment of
surface-bound polyelectrolyte groups (Figure 8.3b). A larger amount of particles
enhances this effect.

In Figure 8.2b, the adsorption is shown for systems where polyelectrolyte and
particles are added simultaneously. The adsorption under these conditions is much
slower than in the previous case, due to complex formation between the
polyelectrolyte chains and the particles in the bulk solution. The adsorption of the
complexes is slower than when the particles adsorb onto the pre-adsorbed
polyelectrolyte film, due to several reasons. Firstly, the complexes are larger than the
single particles, and this leads to a slower diffusive motion. Secondly, the complexes
have a lower net charge than both polyelectrolyte and nanoparticles alone, and this
leads to a lower attraction to the silica surface. Thirdly, the complexes are likely to
experience an adsorption barrier when the surface coverage is high, due to restricted
access to the surface. Paper II also shows that when the amount of particles in the
complexes is sufficiently high the complexes do not adsorb at the silica surface at all.
In practice, the difference in adsorption rates for sequential addition and
simultaneous addition of the two components is reflected by the fact that e.g. paper
makers usually add particles to the paper stock after having added the polymeric
retention aid 1.
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9. Effect of nanoparticles on interaction forces

The flocculation and retention characteristics of fibre and particle systems using
various aid systems have been discussed in several reviews 1, 48, 54. The use of dual
polyelectrolyte-particle retention aid systems in the paper forming process has
proven to lead to better reflocculation properties of the formed flocs compared to
when one-component polymer systems are used 1. The flocculation properties of both
single 27, 30, 55-59 and dual polymer systems 60-63 as well as polymer-particle 4, 6, 31, 64-67

retention aid systems have been widely studied. The interaction forces in
polyelectrolyte systems have also been thoroughly investigated 68-71. However, few
studies have been concerned with the surface forces acting in dual polymer-particle
systems 2. In Paper I, the interactions between surfaces in the presence of single
polyelectrolyte systems are compared to the interactions in the presence of dual
polyelectrolyte-nanoparticle systems, and it is shown that the nanoparticles have a
great effect both on the repulsive forces measured during the approach of surfaces
and on the attractive forces seen on separating surfaces from positions of close
proximity.
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specific surface area). The measurements were performed in a 1mM KCl-solution (✕) at pH
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When a solution of cationic polyelectrolyte in the presence or in the absence of
particles is brought into contact with an oppositely charged surface (such as for
instance silica, glass or cellulose) adsorption occurs. Interaction force measurements
(Paper I) show that two glass surfaces approaching each other when polyelectrolyte
is adsorbed repel each other (see Figure 9.1). The repulsive force measured on
approach is even stronger when nanoparticles are co-adsorbed with the
polyelectrolyte. This behaviour suggests that the role of the particles in retention
applications in e.g. papermaking flocculation is not to facilitate spontaneous
flocculation but rather to alter the reflocculation behaviour and make it more
reversible.

When surfaces are forced into close proximity, contact bridges are formed between
the polymer-particle complexes adsorbed on the two surfaces. This is apparent from
the attractive forces prevailing when two surfaces are separated after being in close
contact, as is shown in Figure 9.2. The bridging between the two surfaces in the
presence of a highly charged polyelectrolyte is strong and adhesive. The bridging
force when nanoparticles are present between the surfaces is not as strong, but is
more elastic and more long-range, signifying a tougher system.
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Figure 9.2. Interaction forces between two glass surfaces measured with the MASIF during

separation in a solution of AM-MAPTAC, in the absence (J) and in the presence (E) of silica

nanoparticles. The arrow shows an outward jump. For system details and solution

conditions see Figure 9.1.
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10. Multilayering

Thin films consisting of several layers of different components, so-called multilayer
films are important in various fields and applications. In addition to the multilayers
of polyelectrolyte and nanoparticles formed at fibre surfaces during papermaking,
these films are of potential use in sensors, and in optical and electronic devices. More
complex surface topographies can be obtained by including organic microparticles as
core templates in the adsorption scheme 72-76. The organic material can later be
removed through calcination or by extraction in solvent, thus leading the way to
controlling surface topography and making porous surfaces. There are numerous
potential applications for such surface modification schemes, including gas and
liquid barriers, anti-corrosives, catalysis, and various other functional coatings.
Super-wetting or repelling surfaces can also be produced using this approach, since it
permits the manipulation of topography (at multiple levels of scale) and surface
chemistry at the same time. Furthermore, optical properties can be tuned almost at
will.

The interest in the formation and behaviour of multilayer films has increased
considerably during recent years, ever since Decher and co-workers introduced the
concept of layer-by-layer self-assembly in 1991 77-79. Numerous studies have been
concerned with multilayer film formation of oppositely charged polyelectrolytes 9, 80-86

as well as with layers containing polyelectrolytes and particles or clays 13, 87-92.

10.1 Effect of ionic strength on multilayer film formation

During film build-up it is important to control the adsorption conditions in order to
achieve the desired properties of the film. One crucial parameter is the ionic strength
of the surrounding solution. It was reported in Paper IV that the ionic strength to a
large extent determines the stability of the films as well as the actual film formation
process. The build-up of polyelectrolyte-nanoparticle films at two different ionic
strengths is shown in Figure 10.1, where the refractive index and thickness of the
adsorbed film are shown as functions of time.
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Figure 10.1. Thickness, d, (E) and refractive index, n, (J) of multilayer films produced in a

solution of a) 1mM and b) 50 mM KCl solution. 30 ppm AM-MAPTAC, pe, and 25 ppm silica

nanoparticles, np, (approximate radius of 12 nm) are added consecutively, with intermediate

rinsing steps, r, to the bulk solution and adsorbed at the surface. The charge density of the

polyelectrolyte is 4.2 mol% and the molecular weight 105 g/mol. The measurements were

performed at pH 5.6.

As discussed in the previous sections, a higher ionic strength leads to a greater
adsorption of the components and to an increase in film thickness. This is clearly
illustrated in Figure 10.1. When the adsorption is performed at low ionic strength it is
possible to adsorb several layers of the polyelectrolyte and the nanoparticles.
However, when the ionic strength of the solution is high (Figure 10.1b) the film starts
to desorb after the second addition of nanoparticles, resulting in an extended, low-
density film clinging to the surface. The film produced at the high ionic strength is
clearly unstable while the film produced at low ionic strength appears to be
kinetically stable. Kovacevic and co-workers 93 introduced the concept of an
electrolyte-induced glass-liquid transition in order to explain the salt-dependence of dual
polyelectrolyte films. This concept can also be used to explain the behaviour
observed in the polyelectrolyte-particle system. At low ionic strength when the
electrostatic interactions are strong, the multilayer film is retained and immobilized
at the surface. The state of the film can, in the broad sense, be compared to the frozen
state of a polymer at temperatures below the glass transition (Tg). At high ionic
strengths, when the electrostatic interactions are screened, the film is less strongly
bound to the surface. If the behaviour is explained in terms of a glass transition, the
film is then in a liquid state. Films in this state are less ordered and more sensitive to
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changes in their surroundings and are consequently less stable. Hence, the glass
transition ionic strength for the multilayer films in Figure 10.1 lies in the range
between 1 and 50 mM KCl.

10.2 Build-up of multilayer structures; ellipsometry versus neutron reflection

In order to obtain a more detailed description of the multilayer structures shown in
Figure 10.1a, complementary studies of the film build-up were performed by means
of neutron reflection (Paper V). These measurements confirm the notion of the build-
up of a stratified multilayer film by sequential adsorption of polyelectrolyte and
nanoparticles from a solution of low ionic strength. The neutron reflection
measurements also suggest extensive mixing of the different components in the
layers.

Figure 10.2 shows the change in thickness, ∆d, of the multilayer films, measured by
ellipsometry and neutron reflection, as a function of the number of adsorption cycles.
The results obtained by the different techniques are clearly in agreement. Both
techniques show that the nanoparticle adsorptions result in much thicker layers than
the additions of polyelectrolyte. However, the two techniques show different results
after the addition of polyelectrolyte. In the ellipsometry data the increase in film
thickness is negligible for all but the first polyelectrolyte addition. This is explained
by the fact that the first addition of polyelectrolyte is adsorbed onto the smooth silica
surface, whereas the subsequent additions adsorb onto and mix into the underlying
rough layers of nanoparticles. The neutron reflection data, on the other hand,
provide a better distinction between the different components and indicate that the
later polyelectrolyte additions lead to approximately 15 nm thick layers on the
surface.

The insert in Figure 10.2 shows the change in the surface excess, ∆Γ, of the multilayer
film as a function of the number of additions. Again the neutron reflection results are
in good agreement with the results obtained by ellipsometry. Discrepancies can be
attributed to differences in the models used for analysing the data. The quite simple
model used when analysing the ellipsometry data assumes homogeneous slabs,
whereas the neutron reflectivity profiles are obtained by fitting overlapping
Gaussian distributions for the silica and polyelectrolyte respectively. Nevertheless,
the results are clearly supportive in describing the build-up of the polyelectrolyte-
nanoparticle multilayer films. Neutron reflection is structure sensitive and
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ellipsometry has a good time-resolution, which is a good match when studying
complex systems such as those featured in the present study.
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Figure 10.2 Layer thickness increment (Cd) as a function of the number of adsorption cycles

for the multilayer polyelectrolyte-nanoparticle film. The film is produced by sequentially

adsorbing 30 ppm AM-MAPTAC (charge density 4.2 mol%, molecular weight 105 g/mol)

and 25 ppm silica nanoparticles from a 1 mM KCl solution at pH 5.6. Neutron reflection

measurements (F) performed in H2O and D2O, ellipsometry measurements (E) performed in

H2O. Polyelectrolyte layers are denoted 1,2 and 3 and particle layers are denoted 1’, 2’ and 3’.

Ellipsometric measurements for H2O and D2O showed negligible isotope effects, whereby the

ellipsometry and neutron reflection measurements are clearly comparable. The insert shows

the change in surface excess (CΓ) as a function of the number of adsorption cycles.

10.3 Surface topography of multilayer structures at different stages of the film

build-up

In Paper VI the build-up and structure of multilayer films was studied for different
polyelectrolyte-nanoparticle systems. Even though the type of particle used greatly
influences the properties of the film, the particle coverage and roughness generally
increase with increasing number of adsorption steps during film build-up. Figure
10.3 shows an AFM image of a dry film produced by single adsorption steps of
polyelectrolyte and nanoparticles, respectively.
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Figure 10.3 0.5x0.5 µm images displaying topography and phase of a dried multilayer

polyacrylamide-MAPTAC/silica nanoparticle film. The film is produced by one addition (30

ppm) of polyelectrolyte and one addition (25 ppm) of nanoparticles. The nanoparticles have

a specific surface area of 580 m2/g. Polyelectrolyte charge density: 4.2 mol%, molecular

weight: 105 g/mol. Adsorption at pH 5.6 in a 1mM KCl solution. Height and phase range of

the images are 100 nm and 30°, respectively.

The particles are relatively evenly distributed in the plane, but do not fully cover the
surface. Furthermore, the image indicates that the particles are arranged at the
surface either as singles or as small surface aggregates.

Figure 10.4 shows a film of the same polymer-particle system after further addition
of the different components. The film consists of three “layers” of polyelectrolyte and
two “layers” of particles (where polyelectrolyte constitutes the outermost layer). The
particles and surface aggregates in the film have here reached a state of full coverage
where the silica surface underneath cannot be distinguished. The image also suggests
a greater surface roughness for this composite film. This is also apparent from the
root mean square roughness values.
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Figure 10.4 0.5x0.5 µm AFM images of topography and phase of a multilayer film after three

additions of polyacrylamide-MAPTAC and two additions of silica nanoparticles. Height and

phase ranges as in Figure 10.3. For system details see Figure 10.3.

The studies reported in Paper VI show that the coverage, roughness and packing-
ability are highly dependent on the type of particle used. Small particles produce
densely packed films with large particle coverage, while large spherical particles
produce less dense films. The difference in packing-ability of the different particle
types can be ascribed to particle properties such as size, charge density and
polyelectrolyte affinity as well as to different inter-particle forces.
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11. Concluding remarks and prospects for future work

The aim of this work was to gain a better understanding of the manner in which
polyelectrolyte and nanoparticles interact and arrange at an interface, which prior to
the present work was not extensively investigated. Some of the findings obtained
will hopefully help explaining observations in practice, for instance with regards to
fines and filler retention in papermaking and in the processing of sludges, where
such systems also may find important use as flocculation agents. The improved
understanding of adsorption properties and surface forces can hopefully also be of
use in the design of functional multilayer films.

The work has revealed, to some extent, the potential (and limitations) of combining
different experimental techniques for studying dynamic and steady state properties
of composite interfacial layer structures. In particular the combination of
ellipsometry, neutron reflection, and surface force measurements for studying wet
films and atomic force microscopy imaging and x-ray photoelectron microscopy for
studying dry layers.

The adsorption behaviour of the systems has been found to be greatly affected by a
range of parameters, including the ionic strength of the solution, the charge density
of the polymer and the addition history of the components. The effect of
polyelectrolyte and nanoparticles on the interaction forces between surfaces has also
been investigated, as well as the build-up mechanisms and structure of multilayer
composite films. In the latter case, the influence of salt concentration on the film
stability and the effect of size of the particles on the film formation have been
elucidated.

In conclusion, polyelectrolyte-nanoparticle systems exhibit a fascinating richness in
terms of interfacial behaviour and there is clearly still much to learn before we
understand all aspects of the co-adsorption and the interactions governing the
interfacial structures obtained. Most of the measurements in this work have been
performed with low charged cationic polyacrylamides and silica nanoparticles.
Therefore, as a continuation, it would be interesting to study the interactions and
film-forming abilities of systems consisting of silica and different highly charged
polyelectrolytes, or systems consisting of silica and grafted polymers. It would also
be of interest to study the adsorption and interactions between polyelectrolytes and
other particles than silica, such as for instance TiO2 or different clays. A comparison
could also be made between the interactions and characteristics of these kinds of
systems and other dual systems, such as dual polyelectrolyte and polyelectrolyte-
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surfactant systems. Finally, as discussed earlier in this thesis, the amount of co-
adsorbing systems adsorbed at an interface can only be estimated. It would therefore
be of great value to extend and optimise an ellipsometric model for calculating the
surface excess of multi-component systems.
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