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Abstract
The main topics of this thesis, association phenomena in bulk and at solid-liquid
interfaces in polar and non-polar media, were studied by a range of methods. Direct
force measurements employing the interferometric surface force apparatus (SFA) was
the chief technique. In addition, atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), small angle neutron scattering (SANS), dynamic light scattering
(DLS), turbidimetric and electrophoretic mobility measurements were also applied.
These techniques give complementary information, and together they can provide a
rather detailed picture of the fairly complex systems studied.

The first system studied was designed to explore particle interactions in non-polar
media. It consisted of polar or, alternatively, non-polar surfaces immersed in a non-
polar medium, triolein, in some cases containing additives such as phospholipids,
polyglycerol polyricinoleate (PGPR), and trace amounts of water. It was investigated
how triolein mediates the surface interactions and how these interactions are affected
by the presence of additives. Triolein adsorbs onto mica surfaces thus producing a
barrier against flocculation of the particles. The additives mentioned interact with the
surfaces and with each other, thus altering the surface interactions. Water, for
instance, being strongly polar, preferentially adsorbs onto mica and disturbs the
triolein ordering at the mica surfaces causing the barrier against flocculation to
vanish. Owing to capillary condensation of water, a strong adhesion between the
surfaces is instead developed. On the other hand, it could be shown that in the
presence of phospholipids, the effect of water was opposite: long-range repulsive
forces develop due to weakly adsorbed reversed phospholipid aggregates.

The second type of system studied contained cationic polyelectrolytes and oppositely
charged surfactants. Such systems occur in numerous technological processes:
wastewater treatment and ore recovery as well as laundry and body care.
Polyelectrolytes and surfactants associate in bulk solution, and they also adsorb on
surfaces. Thus, the relation between the bulk properties of polyelectrolyte-surfactant
mixtures and their properties at the solid-liquid interface is of great scientific and
industrial interest. The bulk properties of polyelectrolyte-surfactant aggregates were
characterised by DLS, SANS, turbidimetry and electrophoretic mobility
measurements. It was concluded that to a certain extent the interfacial properties of
polyelectrolyte-surfactant aggregates can be rationalised by considering their bulk
properties. However, it was also shown that the presence of a surface affects the
association between polyelectrolytes and surfactants. The chemical composition of
adsorbed aggregates is different from that of aggregates in solution, and, moreover,
the structure of surface-bound polyelectrolyte-surfactant aggregates changes slowly
with time.
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I Introduction

The aim of this thesis work was to investigate certain association phenomena
occurring in bulk solutions as well as at solid-liquid interfaces in order to ultimately
gain a better understanding of technical colloidal dispersions. In particular, my
interest was focussed on exploring how surface interactions are affected by the
presence of various additives, and on comparing polyelectrolyte-surfactant association
in bulk solution and at surfaces. The urge for such research stems both from
intellectual curiosity and from its high technological relevance.

To this end two seemingly very different systems were studied. The first of them
contained a copolymer, polyglycerol polyricinoleate, and a phospholipid,
phosphatidylethanolamine, dispersed in a non-polar oil, triolein. All these are food
ingredients and this mixture when placed between polar or non-polar surfaces may
serve as a simple model of a typical oil continuous food dispersion. To consider a
system which just contains three or four different components mixed together “a
typical food colloid” is a vast oversimplification. Yet, such a system turned out to be
complicated enough and for this reason I began investigating the simplest possible
case – interactions of polar and non-polar surfaces in pure triolein. In the next phase
the other components were added, first one by one, and, subsequently, as a mixture.

The other type of system studied contained a cationic polyelectrolyte, AM-MAPTAC
or PCMA, a surfactant, sodium dodecyl sulphate (SDS), and in most cases also a salt,
KBr. Mixtures of this kind are encountered in a number of applications, such as
paints, ore separation, wastewater treatment, and in laundry and personal care
products. The surface force behaviour of cationic polyelectrolytes dissolved in water
has been thoroughly investigated before by Mats Dahlgren,1 one of our former PhD-
students thus providing the necessary background to studies of the more complex
polyelectrolyte-surfactant mixtures.

In the following the papers included in my thesis are listed in Section II. In Section III
the content of the papers is briefly summarised. The substances used in this thesis
work are shortly described in Section IV. Further, the advantages and drawbacks of
the main methods employed are briefly discussed in section V. Phenomena that were
particularly important with regard to the investigated systems together with an
overview of the findings are discussed in Sections VI - VIII. This constitutes the main
part of the thesis and is especially devoted to association phenomena in bulk and at
solid liquid interfaces, and to the surface forces arising for the systems studied. In
Section IX some perspectives for future research are briefly outlined. Finally, a list of
abbreviations used is furnished in Section X.
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II  List of Papers

Papers included in the thesis
The papers listed below are included in the thesis. In the following these papers are
referred as “Paper I”, etc.

I. Per M. Claesson, Andra Dedinaite, Björn Bergenståhl, Bruce Campbell and Hugo
Christenson
“Interactions between Hydrophilic Mica Surfaces in Triolein: Triolein Surface
Orientation, Solvation Forces, and Capillary Condensation”
Langmuir 1997, 13, 1682-1688.

II. Andra Dedinaite, Per M. Claesson, Bruce Campbell, and Holger Mays
“Interactions between Modified Mica Surfaces in Triglyceride Media”
Langmuir 1998, 14, 5546-5554.

III. Andra Dedinaite and Bruce Campbell
“Interactions between Mica Surfaces Across Triglyceride Solution Containing
Phospholipid (PE) and Polyglycerol Polyricinoleate (PGPR)”
Submitted to Langmuir.

IV. Per M. Claesson, Andra Dedinaite, Eva Blomberg, and Vladimir Sergeyev
“Polyelectrolyte-Surfactant Association at Solid Surfaces”
Ber. Bunsenges. Phys. Chem. 1996, 100, 1008-1013.

V. Per M. Claesson, Matthew L. Fielden, Andra Dedinaite, Wyn Brown, and Johan
Fundin
“Interactions between a 30% Charged Polyelectrolyte and an Anionic Surfactant in
Bulk and at a Solid-Liquid Interface”
Journal of Physical Chemistry B, 1998, 102, 1270-1278.

VI. Andra Dedinaite and Per M. Claesson
“Interfacial Properties of Aggregates Formed by Cationic Polyelectrolyte and Anionic
Surfactant”
Submitted to Langmuir.

VII. Andra Dedinaite, Per M. Claesson, and Magnus Bergström
“Polyelectrolyte-Surfactant Layers: Adsorption of Preformed Aggregates versus
Adsorption of Surfactant to Preadsorbed Polyelectrolyte”
Submitted to Langmuir.
Other relevant papers to which the respondent has contributed
The papers listed below are not included in the thesis. Nonetheless they contain some
auxiliary information which is relevant for the research works included in the thesis.

VIII. Andra Dedinaite, Per M. Claesson, Björn Bergenståhl, and Bruce Campbell
“Interactions Between Hydrophilic Surfaces in Triglyceride Media – Information
Obtained from Surface Force Measurements”
Food Hydrocolloids, 1997, 11, 7-12.

IX. Per M. Claesson and Andra Dedinaite
“Interactions between Polar and Non-Polar Surfaces in Triglyceride Oil”
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In “Water Management in the Design and Distribution of Quality Foods”, Isopow 7,
ed. Roos, Y.H., Leslie, R.B., Lillford, P.J.,Technomic Publishing Co., Inc., Lancaster,
Basel, 1999, 151-163.

X. Per M. Claesson, Andra Dedinaite, Matthew Fielden, Mikael Kjellin, and Roland
Audebert
“Polyelectrolyte-Surfactant Interactions at Interfaces”
Progr. Colloid Polym. Sci. 1997, 106, 24-33.

XI. Holger Mays, Mats Almgren, Andra Dedinaite and Per M. Claesson
“Spontaneous Formation of Reverse Vesicles with Soybean Phosphatidyl
ethanolamine in Mixture with Triglyceride and Water”
Langmuir, in press.

XII. Andra Dedinaite, Per M. Claesson, Jenny Nygren and Ilias Iliopoulos
“Interactions between Surfaces Coated with Cationic Hydrophobically Modified
Polyelectrolyte in Presence and Absence of Oppositely Charged Surfactant”
Progr. Colloid Polym. Sci., submitted.
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III  Summary of Papers

Surface forces, adsorption and association in non-polar media. The first three
Papers deal with the interactions between polar/non-polar surfaces in triglyceride oil,
and effects of additives. The results are important for comprehending the properties of
particle dispersions in non-polar media.
Paper I is devoted to an investigation of the interfacial properties of a non-polar
triglyceride oil, triolein, at a mica surface. It was found that triolein preferentially
attaches to a mica surface via the glyceryl residue, whereas the three oleic acid
residues are turned toward the bulk. The main attention in the paper was given to the
surface forces induced by the adsorbed molecular layers of triolein, and how these
forces are affected by the presence of water. In the absence of water the ordering of
triolein at the mica surfaces gives rise to an oscillatory force profile. The ordering is
disturbed by the presence of small amounts of water and it disappears completely for
triolein saturated with water. This is due to capillary condensation of water. The issue
of variable water adsorption with surface separation was also elucidated.
In Paper II the investigation of interfacial properties of triglyceride oil was extended
to a non-polar surface. It was shown that the ordering of triolein molecules outside a
non-polar surface results in an oscillating force profile. However, in contrast to the
case of untreated mica surfaces, no preferential conformation of the molecules at the
surfaces is induced. Moreover, it was also established that the presence of water does
not wipe out the structural forces. This is in sharp contrast to the findings for pure
mica surfaces. The phospholipid, soybean phosphatidylethanolamine, when present in
anhydrous triolein, spontaneously self-assembles on the polar mica surface and thus
renders it non-polar. The interactions between such surfaces are similar to those
measured when the mica surface was modified to be non-polar using the Langmuir-
Blodgett deposition technique. Interestingly, at water saturation a long-range
repulsive force was measured. This force is likely to be due to weakly adsorbed
reversed phospholipid aggregates, the formation of which is facilitated by the
presence of water. The implications of these results for the stability and physical
properties of colloidal particle dispersions in non-polar media were discussed. In
addition, the adsorption isotherms for the phospholipid from refined vegetable oil at a
low water activity on mica and sucrose crystals were presented. The large surface
excess on sucrose is interpreted as being due to phospholipid capillary condensation
into crevices and cracks in the sucrose particle surface.
Finally, in Paper III an effort was undertaken to approach more closely the situation
encountered for applied food colloids. In order to do so, the interactions between mica
surfaces across triolein containing two commonly used additives, a phospholipid,
soybean phosphatidylethanolamine, and a polymeric ingredient, polyglycerol
polyricinoleate, were investigated in the oil containing different amounts of water. It
was found that polyglycerol polyricinoleate adsorbs on the mica surface from
anhydrous oil. It gives rise to a steric force barrier with a range of 120 Å. From the
mixture, both additives adsorb as a complex of polymer attached to phospholipid
crystals thus giving rise to a very long-range steric force. The presence of such
adsorbed layers might well contribute to the stabilisation of particle dispersions in
non-polar media. On the other hand, at elevated water contents, the phospholipid
crystals melt and soft reversed aggregates form. These aggregates adsorb in a viscous
and sticky layer. Such adsorbed layers would evidently flocculate the particles.

Polyelectrolyte-surfactant association. Papers IV-VII deal with polyelectrolyte-
surfactant association in bulk and at the mica/water interface. The polyelectrolytes
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used were a poly({2-(propionyloxy)ethyl}trimethylammonium chloride (PCMA), and
a copolymer of acrylamide (AM) and {3-(2-methylpropionamide)propyl}
triethylammonium chloride (MAPTAC). The surfactant was SDS.
Paper IV is devoted to an investigation of the association between PCMA adsorbed
on a negatively charged mica surface, and SDS. The polyelectrolyte adsorbs on the
mica surface in a flat conformation and almost perfectly compensates the negative
surface charge of mica. From the magnitude of the double-layer force measured at
different surfactant concentrations the critical association concentration at the surface,
cacs, is 0.1-0.2 cmc of SDS (1 cmc = 8.3*10-3 M), which is considerably higher than
the cac for the PCMA and SDS in bulk. The association of a surfactant with the
polyelectrolyte results in a swelling of the adsorbed layers and oscillations, with a
periodicity of •40 Å appear in the force – distance profile.
The association between a 30% charged cationic polyelectrolyte, (AM-MAPTAC-30),
and SDS, in bulk and at a solid-liquid interface, was studied using dynamic light
scattering and surface force measurements (Paper V). The light scattering
measurements revealed that upon progressive addition of SDS to a polyelectrolyte
solution the single coil size decreases until precipitation occurs at an SDS/MAPTAC
ratio above 0.4. For SDS/MAPTAC ratios above 2, re-dispersion of the aggregates
takes place. These findings are consistent with surface force results obtained when the
polyelectrolyte-surfactant mixture formed in bulk was transferred between the mica
surfaces and allowed to adsorb. It was found that the range of the steric force
decreased with increasing SDS/MAPTAC ratio from 0 to 0.4 due to contraction of the
polyelectrolyte chain. At a ratio of 0.6 a compact interfacial complex was formed and
the measured force was even attractive over a small distance regime. A further
increase in SDS/MAPTAC ratio resulted in precipitation of large aggregates on the
surface, thus making it impossible to obtain reproducible data. At a SDS/MAPTAC
ratio of 4 highly negatively charged aggregates were adsorbed on the surface and
purely repulsive forces were generated. In this paper the association between
preadsorbed 30% charged polyelectrolyte and surfactant is also discussed.
Aggregation of polyelectrolytes and surfactants in bulk and at the mica/water
interface was further studied in Paper VI. The study now concerned the relation
between the properties of PCMA-SDS aggregates formed in bulk solution and the
surface forces induced by allowing such aggregates to adsorb onto the mica surfaces.
The bulk properties of polyelectrolyte-surfactant aggregates were studied by turbidity
and electrophoretic mobility measurements. It was established that at low surfactant
concentrations (below 0.04 cmc) polyelectrolyte-surfactant aggregates carry a net
positive charge and at high surfactant concentrations the aggregates acquire a net
negative charge. When transferred between negatively charged mica surfaces such
aggregates rapidly adsorb on the surfaces independent of the aggregate charge. The
chemical composition of the adsorbed polyelectrolyte-surfactant layers was
characterised by XPS. The interfacial properties of these aggregates were probed with
the surface force apparatus. The results obtained demonstrate that the structure of the
layers formed by adsorbing aggregates is a function of time. At SDS concentrations
up to 0.01 cmc a slow spreading of the polyelectrolyte along with SDS expulsion
from the adsorbed layer takes place. In the SDS concentration range of 0.02–0.1 cmc
very thick adsorbed layers form. The interactions between such layers seem to be
repulsive on approach and attractive on separation. The relaxation in such layers is
extremely sluggish making the measurement of equilibrium forces unfeasible. It is
interesting to note that viscous and sticky adsorbed layers can be formed in both non-
polar and polar media by mixing surfactants with polymers (compare Papers III and



6

VI). At high surfactant concentrations highly negatively charged surfactant aggregates
adsorb in thin layers and generate repulsive forces.
By comparing the results presented in Papers IV and VI we noticed that the structure
of adsorbed polyelectrolyte-surfactant layers greatly depends on the sequence at
which the surfaces were exposed to the adsorbing components. The issue of non-
equilibrium effects in polyelectrolyte-surfactant systems was addressed in more detail
in Paper VII. By surface force measurements and AFM imaging the properties of
adsorbed polyelectrolyte-surfactant aggregate layers were shown to depend not only
on surfactant concentration, as was demonstrated in Paper VI, but also on the
experimental pathway indicating that these layers represent kinetically trapped
metastable states. True equilibrium can be reached only after very long time, which is
not accessible during normal experimental times (about one week). This is important
to bear in mind when considering the properties of polymer-surfactant mixtures,
which are common ingredients in detergent blends and body care products. Also, in
Paper VII some data obtained by using SANS concerning the internal structure of
polyelectrolyte-surfactant aggregates, is provided. These data confirm the presence of
a characteristic distance of about 40 Å in PCMA-SDS aggregates formed in bulk
solution. However, they give no evidence for the presence of SDS micelles in these
aggregates. An internal aggregate structure similar to the highly ordered
mesomorphous polyelectrolyte-surfactant phases observed by Antonietti et al. 2-6 is
suggested.



7

IV  Substances employed

Surface interactions in a medium of low polarity were studied employing triolein
(Figure IV.1) as the solvent and model for a typical food oil.7 This substance consists
of a polar glyceryl residue and three non-polar oleic acid residues. It is viscous, which
makes surface force measurements slow and difficult, but in contrast to many other
triglycerides it is a liquid at room temperature. The asymmetric shape of the molecule,
• 5 Å along the glyceryl residue and • 27 Å along the oleic acid residues in fully
extended conformation (calculated following Tanford,8 makes it comparatively easy
to determine the orientation of such molecule outside surfaces from surface force
measurements.

CH2-O-CO-(CH 2)7CH=CH(CH 2)7CH 3

CH- O-CO-(CH 2)7CH=CH(CH 2)7CH 3

CH2-O-CO-(CH 2)7CH=CH(CH 2)7CH 3

27Å

  

Figure IV.1 Chemical composition of the triolein molecule. The dimensions were
assessed assuming extended hydrocarbon chain conformations.

The structure of phosphatidylethanolamine, PE from soybean, is shown in Figure
IV.2. It is an amphiphilic molecule with a zwitterionic ethanolamine head-group and
two hydrocarbon chains. Naturally occurring PE contains a mixture of unsaturated
and saturated fatty acids with the main components being (18:2) 47.3%, (16:0) 21.5%,
(18:0) 8.8%, (18:3) 7.2%, (18:1) 5.7%.9 The average molecular mass is 715.99 g/mol.
PE has a very limited solubility in triolein (< 80 ppm or 1.02*10-4 M). It is highly
hygroscopic both in powder form and when dispersed in oil.

CH2-O-PO 4-CH2CH 2-NH3

CH- O-CO-R 2

CH2-O-CO-R 1

- +

Figure IV.2 Principal structure of phosphatidyletanolamine. R1 and R2 are fatty acid
residues.

A polymeric additive, polyglycerol polyricinoleate (PGPR), which is a product of
esterification of condensed castor oil fatty acids with polyglycerol 10 was also used
for modifying surface interactions in triolein. The composition of this substance can
vary to some degree but the principal structure is shown in Figure IV.3. The
polyglycerol part may most likely be di- to penta-glycerol. The polyricinoleic part
consists on average of about five fatty acids. The PGPR is easily soluble in triolein.
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CH3(CH2)5CHCH2CH=CH(CH2)7C
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CH3(CH2)5CHCH2CH=CH(CH2)7C
O

CH3(CH2)5CHCH2CH=CH(CH2)7C
O

OH

[ ]
n=2-3

PGPR

R OCH2CHCH2
OR

OR][
m=2-5

Figure IV.3 The principal structure of PGPR. PR is polyricinoleate. In PGPR, at
least one of the groups marked R is PR while the rest are either hydrogens, fatty acid
residues, or PR.

Association and surface interactions in aqueous solutions of oppositely charged
polyelectrolytes and surfactants were studied employing a 30% charged
polyelectrolyte, AM-MAPTAC-30 (Figure IV.4) and a 100% charged polyelectrolyte
(PCMA) (Figure IV.5). In AM-MAPTAC-30 70 % of the segments are uncharged
acrylamide (AM) units and 30% is positively charged {3-(2-
methylpropionamido)propyl}trimetylammonium chloride (MAPTAC) units. The
molecular weight of this polyelectrolyte is 7.8*105 g/mol. PCMA, is built of {2-
(propionyloxy)ethyl}trimetylammonium chloride monomers carrying one positive
charge per segment. In our studies we used PCMA polymers of two different
molecular weights, 1.6*106 g/mol and 8*105 g/mol. Despite their large molecular
weight, both PCMA and AM-MAPTAC-30, are easily soluble in water.

(AM) ( M A P TA C )

3

-CH2-C-

CH

C=O

NH-(CH 2)3-N-CH 3

CH3

CH3
-CH2-C-

C=O

NH2
+

Figure IV.4 The chemical composition of the two types of segments making up the
AM-MAPTAC-30 polyelectrolyte.
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( C M A

3

-CH2- C H -

C=O

O-(CH 2

3

CH

)2-N-CH 3

CH
+

Figure IV.5 The chemical composition of the monomer, CMA, which is the building
block for the polyelectrolyte PCMA.

The anionic surfactant used was sodium dodecyl sulphate (SDS) (Figure IV.6) having
a hydrocarbon tail with 12 carbon atoms and a sulphate head-group. This surfactant
starts to self-associate into micelles when its concentration in water solutions reaches
8.3*10-3 M.

C12H25SO4
-
  Na

+

Figure IV.6 Sodium dodecyl sulphate (SDS).

Muscovite mica was used as a substrate in all our experiments. Mica is a layered
aliuminosilicate mineral 11 with the ideal formula KAl2(AlSi3)O10(OH)2 (Figure IV.7).
Each layer of mica is strongly negatively charged, about 2.1*1018 lattice charges per
m2. The charge originates from the fact that a quarter of the tetravalent Si atoms is
substituted by trivalent Al atoms. Mainly potassium ions, and to a lesser degree
sodium ions located between the sheets compensate these charges in the crystal. In
water, K+ and Na+ readily leave the crystal face and can be exchanged by other
positive ions.
In order to obtain non-polar surfaces muscovite mica was modified by depositing a
monolayer of dimethyldioctadecylammonium bromide (DDOA), using the Langmuir-
Blodgett deposition technique. 12-15
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Figure IV.7 Mica crystalline lattice structure as depicted by Per Linse who kindly has
allowed it to be reproduced in this thesis.
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V Methods

Several different experimental methods were used to study the systems devised. In the
table, we summarise the merits and limitations of these techniques as viewed from the
perspective of our investigations. Concerning the specific details of our experimental
procedures, one can find them in the original articles that are included in this thesis.

Method
Information obtained Limitations

Surface Force Apparatus (SFA) 16-18

The primary information obtained from
surface force measurements is the force
acting between two macroscopic surfaces as a
function of surface separation. From this it is
possible to draw conclusions about what kind
of interaction force that is operative, as well
as the thickness, refractive index, and
compressibility of the adsorbed layers.
Moreover, accurate measurement of adhesion
forces is possible. For asymmetric molecules
the surface orientation of the molecule can be
deduced.

The method does not provide direct
information about the structure of adsorption
layers nor their lateral homogeneity.

Atomic Force Microscope (AFM) 19-21

AFM gives information about the surface
topographical features. By using the
electrical-double layer force for imaging one
can obtain a reproducible picture of a soft
sample without damaging it or inducing
artifacts due to sample-tip interaction.

The information concerned with the height
of the surface features is not accurate due to
tip broadening. Images do not contain any
information about the thickness of adsorbed
layers.

X-ray Photoelectron Spectroscopy (XPS, ESCA) 22, 23

Gives detailed information about chemical
composition of adsorption layers (the depth
of analysis is in the order of several nm). The
method is essentially non-destructive.

Requires the use of a “dry” sample in
vacuum. It is not possible to study the
chemical composition of adsorbed layers in
solution.

Small Angle Neutron Scattering (SANS) 24-27

Gives information about the size, shape and
internal structure of the aggregates. The
distribution and organisation of different
species within the aggregate can be obtained
by contrast matching.

Requires access to a nuclear reactor. The
size of polyelectrolyte-surfactant aggregates
used in our study was too large to be
determined.

Dynamic Light Scattering (DLS) 28-31
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Gives information about the size and, under
favourable conditions, the shape (sphere or
rod) of the aggregates, as well as interactions
between aggregates.

Does not provide any information about the
internal structure of the aggregates. The
possibilities to determine the shape of the
aggregates are limited.

Turbidimetry 32

Gives qualitative information about the size
of aggregates and the rate of aggregation in
solution.

No quantitative information of the number
of aggregates and their size.

Electrophoretic Mobility 33, 34

Gives information about the sign of the
charge of the aggregates.

The undefined shape of the aggregates
makes it impossible to quantitatively
determine the actual charge or zeta-potential
of the aggregates.
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VI Surface forces

In this section we discuss some main phenomena playing important roles as to
governing the physical properties and behaviour of the investigated systems. We will
explain the general features of these phenomena and use illustrative examples from
this PhD-work. The first section, Section VI, discusses the main types of forces
encountered.

VI.1 Electrical double-layer forces and van der Waals forces

Understanding colloidal stability is one of the most important tasks in colloid science.
When two identical colloidal particles interact across a highly polar medium (e.g. an
aqueous solution), at distances much exceeding the sizes of the entities of the
intervening medium, (liquid molecules, polymer molecules, supra molecular
aggregates as micelles), the interaction between identical particles is predominantly
governed by the interplay of repulsive electrostatic double-layer forces and attractive
van der Waals forces. It is successfully described by the DLVO theory of colloidal
stability, named after Derjaguin, Landau, Verwey and Overbeek. For the full
description of this theory the reader is referred to the original works 35, 36 or
excellent modern textbooks. 37, 38 Since the double-layer and van der Waals forces
are so well understood we will not treat them in any detail here, but just mention some
facts: The double-layer force is due to the confinement of counterions to the gap
between two interacting charged surfaces. The elevated ion concentration in the gap
between two identical surfaces gives rise to an osmotic pressure – the double-layer
force. The double-layer force is always repulsive between identical surfaces, and its
range decreases with the ionic strength of the solution. Attractive double-layer force
can exist between unequal surfaces. It is even the case that the sign of the double-
layer force may change with surface separation. 39

The van der Waals forces originate from interactions between fluctuating
electromagnetic waves extending from the surface of any material. The theoretical
treatment of these forces is complex, as anyone who has tried to read the original
papers by Lifshitz 40 and Dzyaloshinskii 41 will know. Much useful information
about van der Waals forces, retardation and entropy effects, salt dependence and how
to treat multilayer systems can be found in a book by Mahanty and Ninham. 42 For
our purpose it is enough to know that the van der Waals force can be calculated
provided the dielectric function is known as a function of frequency, see e.g. 43 or. 44

We note that the van der Waals force is always attractive between identical surfaces,
whereas it may be repulsive between different materials.

The forces acting between mica surfaces in dilute electrolyte solutions are largely in
accordance with the DLVO theory, as illustrated in Figure VI.1. An exponentially
decaying double-layer force dominates the long-range interaction. A repulsive force
maximum is encountered at a separation of 40-50 Å, and at smaller separations the
force is strongly attractive due to the action of van der Waals forces. (Note that
strongly attractive forces cannot be measured. When an attractive force component is
present, the gradient of the force with respect to the surface separation, ∂F/∂D, may at
some distances become larger than the value of mechanical spring constant, k. The
mechanical system then becomes unstable and the surfaces “jump” to the next stable
region as is the case in the example given.)
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Figure VI.1. Force normalised by the radius as a function of surface separation
between mica surfaces immersed in 1*10-4 M KBr (B). The solid line is a DLVO-
theory fit. The arrow indicates an inward jump.

The description of colloidal stability in terms of the DLVO theory breaks down when
polymers are present in the aqueous solution or on the surfaces. In this case, steric
forces, bridging forces, and depletion forces may come into play. On the other hand,
in a non-polar medium, the DLVO theory also turns out to be insufficient to describe
interactions between surfaces and to predict the behaviour of colloidal dispersions.
Owing to the low dielectric constant, the electrostatic self-energy required to create a
charged surface is very high in such a medium, and therefore it is unlikely that the
particles acquire a surface charge sufficiently large to generate a stabilising electrical
double-layer force. According to the DLVO theory, in such a case the only force
acting between identical particles interacting across the medium would be the van der
Waals attraction leading to rapid aggregation. However, experience shows that this is
not always the case, and it is clear that the DLVO theory alone is not always sufficient
to describe the behaviour of colloidal system in a non-polar medium. The DLVO
theory treats the suspending medium as a continuum characterised by its macroscopic
properties such as density, dielectric constant and refractive index and totally ignores
the discrete structure of matter. When the separation between the bodies is
comparable to the sizes of the entities constituting the intervening medium, the
interaction forces between the bodies are mediated by the medium in a way that
strongly deviates from the one predicted by the DLVO theory. In a range of systems
from simple one-component liquids, to liquid crystals and complex fluids containing
e.g., charged and uncharged micelles or dispersed bilayers of surfactants, periodically
oscillating forces reflecting the structure of the liquid are detected. In the following
sections we discuss how these forces arise, how they depend on the geometry of the
interacting surfaces, and finally we give an overview of experimental results
illustrating the occurrence of packing forces in simple pure liquids and complex
molecular mixtures.



15

VI.2 Oscillating packing forces

Forces arising due to changes of the dynamic structure of liquids or in adsorbed layers
play an important role in many of the studies described in the papers included in this
thesis. Hence, it seems appropriate to treat them here in some detail.

Molecular origin of structural (packing) forces. To understand how structural
forces arise between two surfaces, for simplicity we consider the solvent molecules as
hard spheres confined between ideally smooth solid surfaces (Figure VI.2).

1 32 4

Figure VI.2 Spherical molecules constituting a simple liquid between two flat
surfaces. The density of a liquid confined between two walls depends on the wall-to-
wall separation.

It is understandable that even when there is no attractive interaction between the
confining walls and the molecules, the geometrical constraints alone are sufficient to
invoke order in such a way that the molecules can efficiently accommodate
themselves in the confined geometry. The ordering effect will depend on the
separation (see Figure VI.2). The variation of this ordering gives rise to a solvation
force between the surfaces. It is straightforward that as long as there is no interaction
between the walls and the molecules, the pressure exerted on the walls, P(D), is kT
times the difference between the liquid number density at the surfaces when the walls
are a distance D apart, ρs(D), and the liquid number density at the surfaces when the
walls are at ”infinite” separations, ρs (∞):45

P(D) = kT[ρs(D) − ρs (∞)] (VI.1)

From eq. VI.1 it appears that the solvation force arises due to changes in the density at
the walls as the separation is varied. Between two inert hard walls the molecular
density changes as is schematically shown in Figure VI.2. Here we see that ρs(D) is
largest at separations which are multiple numbers of the molecular diameter, but is
less at other separations. The resulting force variation due to the packing constraint as
a function of separation is shown in Figure VI.3. It is an oscillatory variable function
with a periodicity close to the diameter of the spherical molecules. This force
variation ranges several molecular diameters and at larger separations, where ρs(D)
approaches ρs(∞), it converges to zero.
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In the limit of very small separations, as the layer of solvent molecules is finally
squeezed out and ρs(D) = 0, from eq. VI.1 we can easily derive:

P(D → O) = −kTρs(∞) (VI.2)

and we note that the contact force is attractive.

To conclude, we emphasise that for oscillatory forces to arise there is no need of
attractive liquid-liquid or liquid-wall interactions. All what is required are two smooth
hard walls, a regular shape of the intervening molecules, and free exchange of
material between the bulk and the confined space. It is important to realize that
packing forces do not arise simply because the liquid molecules tend to order in layers
between the surfaces. Oscillating forces arise because of changing this ordering when
the separation between the surfaces is varied.

Packing forces and surface geometry. A simple mathematical description of
packing forces between two parallel flat surfaces should capture at least the following
effects.

i) The pressure should oscillate between attraction and repulsion when the
surface separation is varied.

ii) The oscillations should be weaker at larger surface separations.
iii) The pressure should be close to zero when the distance between the surfaces is

an integral number of the mean centre-to-centre distance (σ) between the
molecules in bulk solution.

iv) The pressure should equal –kTρs(∞) when D is less than σ*, the diameter of
the molecule. The reason is that at such small distances no molecules can
remain between the surfaces.

One simple equation that would yield such a force law is:

P(D) = −kTρs(∞)sin(2πD /σ)e− D / σ   for D•σ*

P(D) = −kTρs (∞)   for D•σ* (VI.3)

Where σ*, the molecular diameter, is slightly less than σ, the mean center-to-center
distance in bulk solution. The measured structural forces which have been recorded
are normally more complex, than indicated by eq. VI.3 as will become clear from the
examples below.

Most of modern techniques (e.g. the SFA, MASIF, AFM, and TIRM) which are used
to probe surface interactions are employing surfaces with curved geometry, such as
two crossed cylinders, two spheres, or a sphere near a flat surface. 18, 46, 17 Also, in
most technical colloidal systems the geometry of two interacting parallel flat surfaces
is totally unrealistic. Hence, it is interesting to find out if a similar structural force is
present also outside curved surfaces. The interaction free energy between two flat
surfaces is related to the force Fsf(D) acting between a sphere and a flat surface
through the Derjaguin approximation: 47

Fsf (D)

R
= 2πGf (D) (VI.4)
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where R is the radius of the sphere and Gf(D) the interaction free energy per unit area
between two flat surfaces.

From the general relation between force and energy we immediately get

F
sf

(D) = −
dG

f
(D)

dD
(VI.5)

implying that eq. VI.4 can be written

d(Fsf (D) / R)

dD
= −2πPf (D) (VI.6)

and inserting the expression for the pressure from eq. VI.3 we have:

dFsf (D)

RdD
= 2πkTρs(∞)sin(2πD /σ)e− D / σ (VI.7)

After integration one obtains the following expression for the force divided by the
radius R of the sphere which acts between the sphere and the flat surface:

Fsf (D)

R
= − 2πkTρs(∞)

1 + 4π2 2πcos(2πD /σ) + sin(2πD /σ)[ ]e−D / σ (VI.8)

when D•σ*.

This is likewise a periodical function with identical decay length, D/σ , to that of eq.
VI.3, describing the pressure between two parallel flat surfaces. Similar expressions
hold for two interacting spheres or two crossed cylinders. Clearly, for our assumed
force law oscillatory structural forces persist for curved geometries of the interacting
surfaces as long as they are smooth enough (see Figure VI.3). That this is the case
also for more complicated oscillating forces has been discussed by Horn and
Israelachvili.48 Importantly, both the decay-length and the periodicity are independent
of the geometry, but the force curve displays a ”phase shift” when going form flat to
curved surfaces. This brings up a practical problem. When strong forces are measured
the surfaces flatten locally. This means that a phase shift in the force curve will be
observed. The apparent periodicity of the oscillations will decrease in this transition
region. Note, this is an effect solely due to the change in geometry of the surfaces.
This effect has to my knowledge never been addressed in the literature, probably
because the phase shift occurs gradually.
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Figure VI.3 Normalised force as a function of D/σ. Solid line – interaction (F/A)
between two flat surfaces. Dashed line – interaction (F/R) between two spheres or a
sphere and a flat surface. The force has been normalised to equal 1 at the innermost
force minimum of the oscillating part of the force curves.

Structural forces in simple liquids. In this section we discuss packing forces in
simple non-polar liquids, weakly polar liquids, and mixtures of weakly and strongly
polar liquids as they are observed using the interferometric SFA.

Non-polar liquids. Based on their molecular shape, non-polar liquids can be divided
into three groups: 1) rigid effectively spherical molecules, such as cyclohexane,
octametylcyclotetrasiloxane, tetrachlormethane, 2) long-chain flexible molecules,
such as n-alkanes, and 3) branched flexible molecules, such as iso-alkanes. When
such molecules are contacted with a polar surface, e.g., mica, there are only van der
Waals forces acting between them and the surface. The abundant experimental data
(see e.g. 49 and references therein) obtained for rigid “spherical” molecules show that
at short range the force is a decaying oscillatory function of distance, with 8 to 10
measurable oscillations. The periodicity is close to the mean molecular diameter. An
example of such a structural force, obtained with the SFA using
octamethylcyclotetrasiloxane is described by Christenson. 50 The n-alkanes show
very similar force curves with 4 to 5 oscillations but with one important difference:
the periodicity of the oscillations is equal to the width of the alkane chain. From this it
is clear that alkanes order into discrete layers parallel to the surface. 51 It is interesting
to notice that even a very small degree of branching in alkane molecules (as in iso-
octadecane, the only side chain being a methyl group) prevents packing of the
molecules in ordered structures, and in such liquids the force law is no longer
oscillatory. 52

Structuring of non-polar molecules outside a tightly packed hydrocarbon surface, e.g.
mica coated with a hydrophobic LB-monolayer, is qualitatively the same as outside
polar surface but of shorter range. However, this may be related to the circumstance
that it is difficult to obtain an atomically smooth hydrocarbon-covered surface. It is
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well known that when the surface is randomly rough on the molecular length scale,
the packing forces tend to smear out. 53

Triolein - a liquid of low polarity. So far we have discussed the structural forces
induced by simple molecules which interact with the surface about equally favourably
at all orientations. Now we consider how the surface interactions are mediated by
triolein (Figure IV.1), an asymmetric molecule, having a weakly polar glyceryl
residue and three non-polar hydrocarbon chains. This molecule has been very
important for this thesis work since it has served as a food oil model. Interactions
across this medium was studied in Papers I – III, and some results concerning the
structural forces will now be recapitulated. The structural forces between mica
surfaces across anhydrous triolein are dominated by two strong force barriers,
occurring with a periodicity of 20-30 Å (Figure VI.4), which is comparable to the
length of the molecule along the oleic acid residues.
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Figure VI.4 Force normalised by radius as a function of surface separation between
mica surfaces in anhydrous triolein (G) and between non-polar, modified mica
surfaces (B). Insert: the layering of triolein molecules between mica surfaces.

From the location of the force barriers and the size of the molecule, it can be deduced
that at a separation of 50 - 60 Å one layer of triolein molecules is adsorbed on each
mica surface (see insert in Figure VI.4). It is suggested that due to the favourable
interactions between the polar part of the triolein and the mica surface the triolein
molecules preferentially orient with their glyceryl residues directed toward the surface
and the oleic acid chains toward the bulk. To remove one layer of triolein molecules a
strong compressive force has to be applied. The free energy required to do so can be
determined by integrating the measured force curve. For two interacting cylinders
with radii 2 x 10-2 m, as is the case in the SFA, it is • 6 x 10-13 J, which is • 1.5 x 108 kT
at 20°C. This result is important in predicting colloidal stability of polar particles
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dispersed in a medium of low polarity: it can readily be recalculated into, e.g.,
spherical geometry using the Derjaguin approximation. The energy barrier for
spherical particles with a radius of 1 µm, interacting according to the same force
profile would at room temperature be about 4000 kT. Hence, the measured structural
force in anhydrous triolein would no doubt be large enough to prevent coagulation of
colloidal-sized particles dispersed in a weakly polar medium.

Packing forces in complex liquids. In this section we discuss surface interactions in
solutions containing surfactant aggregates, polyelectrolytes, or polymer-surfactant
mixtures.

Micellar solutions. Packing forces in simple liquids have their counterparts in
complex liquids such as concentrated micellar solutions, polyelectrolyte solutions,
liquid crystaline phases and polyelectrolyte-surfactant mixtures. One important study
is that of Kékicheff et al. who investigated aqueous micellar solutions of
cetyltrimethylammonium bromide (CTAB). 54 The force-distance curves measured
between two crossed cylindrical mica surfaces coated with a bilayer of CTAB in a
solution containing CTAB micelles were found to be oscillatory with a periodicity of
12.9 nm. This is a structural force originating from the packing of spherical CTAB
micelles between the two walls. The periodicity observed is considerably larger than
the ”dry” micelle diameter, which for CTAB is calculated to be 4.7 nm. This can be
understood by considering the structure of a micelle which can be viewed as an
aggregate of surfactant molecules consisting of a liquid hydrocarbon core, surrounded
by charged head-groups, which in turn are surrounded by a diffuse layer of
counterions. The counterion cloud gives rise to an intermicellar repulsion and thus
enhances the effective size of a micelle. Similarly as for simple liquids, the
occurrence of packing forces in a CTAB micellar solution is due to changes in the
solution structure in the confined gap between the bilayer-covered walls. This
structure is set-up by the double-layer repulsion between the charged micelles and the
charged surfaces, and among the micelles themselves. It is found that the number and
magnitude of the oscillations increase with the volume fraction of micelles. At the
same time, the periodicity decreases. 54This fact is fully consistent with our picture of
a micelle: the effective size of a micelle becomes smaller as a consequence of the
decrease in Debye-length occurring when the ionic strength of the solution is raised. It
should be emphasised that individual micelles are short-lived. This does not prevent
the appearance of structural forces in micellar solutions. The reason is that,
approximately, the total number of micelles is time-independent, and so is their
average separation.

We note that packing forces also have been observed in polyelectrolyte solutions, 55-

57 in a nematic liquid crystal, 58 and due to the confinement of a sufactant L3 (sponge)
phase between two surfaces. 59, 60 In the latter case it was observed that the presence
of the surfaces induced a phase change from the L3 phase to the lamellar phase. This is
essentially a capillary condensation phenomenon.

Polymer-surfactant mixtures. We have used the SFA to study interactions between
negatively charged mica surfaces precoated with a cationic polyelectrolyte, poly {2-
(propionyloxy)ethyl}trimetylammonium chloride (PCMA). This polyelectrolyte has
one positive charge per segment (Figure IV.5). It was present only on the surfaces and
not in the bulk solutions. The interactions were measured across solutions of an
anionic surfactant, SDS, and reported in Papers IV and VII. We found that the
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surfactant associates with the preadsorbed polyelectrolyte on the mica surface when
the SDS concentration is larger than 0.1 cmc. Three clearly expressed oscillations
were measured (Figure VI.5). Similarly, as was found for pure surfactant solutions
(see above), the strength and number of oscillations were increasing with the SDS
concentration and at 1 cmc SDS six oscillations could be detected (Figure VI.6). The
amplitudes of the oscillations is, however, very different and about 10 -100 times
stronger in the present case than for the pure surfactant 54 or pure polyelectrolyte 56

solutions. The periodicity is also very different. As seen from Figures VI.5 and VI.6,
the periodicity of the oscillations observed in this study is about 40 Å. This
corresponds to a characteristic distance within the layer. In the original Paper IV this
was interpreted as being due to SDS micelles bound along the polyelectrolyte chain.
In a recent SANS study (Paper VII) we observe the same characteristic distance
within PCMA-SDS aggregates formed in bulk solution. However, the SANS data put
severe doubts on the original interpretation as they do not provide any evidence for
the presence of micellar-like structures within the aggregates. Instead it seems that the
aggregates have an internal structure reminiscent of the mesomorphous
polyelectrolyte-surfactant phases found by Anonietti and co-workers. 5, 3, 6, 2 The
discussion about the internal structure of polyelectrolyte-surfactant aggregates will be
further developed in Section VIII.1.3.
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Figure VI.5 Force normalised by radius as a function of surface separation between
mica surfaces precoated with PCMA in an SDS solution with a surfactant
concentration of 0.2 cmc.
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Figure VI.6 Force normalised by radius as a function of surface separation between
mica surfaces precoated with PCMA in an SDS solution with a surfactant
concentration of 1 cmc = 8.3*10-3 M.

As is demonstrated by the above examples, packing forces are fairly common and
they are observed whenever discrete entities of the intervening medium are forced to
rearrange between “hard-wall” surfaces in order to adopt to the geometrical
confinement.

VI.3 Forces due to the presence of polymers and polyelectrolytes

In the presence of polymers or polyelectrolytes, whether adsorbing or not, the forces
between the surfaces are often mediated in such a way that neither DLVO nor packing
force theories are sufficient to adequately describe the interactions.

Steric forces. The nature of the forces generated by the presence of polymers is
complex and not easily described by analytical theories. For instance, the adsorbed
amount, the character (repulsive or attractive), the range and the strength of the force
generated by a given polymer greatly depend on the interactions between the polymer
and the particular solvent. For example, when the polymer has a not too large affinity
to the surface on which it adsorbs from a good solvent, i.e. when the interactions
between the polymer segments and the solvent are favourable, the polymer adopts
conformations with tails and loops extending into the solution. When two such
surfaces approach each other, the conformational freedom of the chains will be
restricted and the free energy of the system increased. This would reveal itself as a
repulsive force, generally called a “steric repulsion”. On the other hand, in a poor
solvent, when interactions between polymer segments are preferred to interactions
between segments and solvent, the polymer collapses on the surface and the
interactions will be of shorter range and in some distance regime even attractive.
Today, the scaling theory due to de Gennes, 61 the lattice mean-field theory
developed by Scheutjens and Fleer 62, 63 and Monte Carlo simulations 64, 65 are used
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to describe interactions between polymer coated surfaces under different solvency
conditions, adsorption strengths, polymer architecture, and adsorbed amounts of
polymer. The main difficulties associated with applying these theories (from an
experimentalist’s point of view) are the following:

i) Monte Carlo simulations and lattice mean-field calculations require the use of
rather complex computer programmes that are not readily available.

ii) The scaling approach gives, in some cases, simple analytical equations
describing the functional form of the interactions. However, the numerical
prefactors are not known, which means that any values obtained for the layer
thickness and graft density by such a fitting procedure are not correct. This is
well known in the theoretical community but, unfortunately, sometimes
ignored by experimentalists.

iii) The theoretical results differ strongly depending on if true equilibrium
conditions (constant chemical potential) or restricted equilibrium conditions
(constant adsorbed amount) are used. Experimentally it is not uncommon that
the real situation is somewhere in between.

The repulsive forces generated by polymers play an important role in many practical
applications. One interesting example we dealt with in this thesis work was a co-
polymeric food additive, polyglycerol polyricinoleate (PGPR) (see Figure IV.3). It is
used in the food industry to improve particle dispersion flow properties in non-polar
media, and to increase chocolate tolerance to thickening during enrobing operations
caused by trace amounts of water. 10 PGPR is readily dissolved in triolein. From such
solution it adsorbs on polar mica surfaces and generates a repulsive barrier preventing
adhesion between two such surfaces.
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Figure VI.7 Force normalised by radius as a function of surface separation between
mica surfaces interacting in triolein containing 200 ppm of PGPR. Two distinct force
regimes are observed: the magnitude of the force increases slowly with decreasing



24

surface separation until a distance of 60 Å is reached. At smaller separations force
increases steeply.

In Figure VI.7 the steric force generated by PGPR layers adsorbed to mica surfaces is
plotted using a logarithmic force scale. It is clearly seen that the adsorbed polymer
layer has a structure with a dilute region which generates a weak steric force out to a
separation of • 200 Å, and a compact region close to the surfaces. The slope of this
curve is not consistent with scaling theories (neither the brush nor the mushroom
models). It rather resembles the curves observed experimentally between adsorbed
layers of flexible proteins containing clearly separated polar and non-polar regions,
such as β-casein 66 and proteoheparan sulphate. 67 The results indicate that the
majority of segments are close to the surface, but that some non-polar regions of the
polymer extend into the solution to form the dilute region.

Electrosteric forces. When polymers adsorb on charged surfaces, or when the
polymers themselves carry electrical charges, it is often the case that the surface
interactions cannot be described by purely steric forces. Instead, the measured forces
are of mixed steric and electrostatic origin with the long-range part of the force being
dominated by the electrostatic double-layer repulsion and the short-range part being
dominated by the steric force. The forces measured under such circumstances are
sometimes referred to as electrosteric. It should be noted, however, that the
electrosteric force is not a new force. The concept is only used to capture the fact that
both steric and electrostatic forces are of importance for a particular system. As an
example we reproduce a force curve between mica surfaces in a solution containing
20 ppm PCMA, 1 cmc SDS and 1*10-4 M KBr (Figure VI.8).
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Figure VI.8 Force normalised by radius as a function of surface separation. The
forces were measured between mica surfaces in a solution containing 1 cmc SDS =
8.3*10-3 M and 1*10-4 M KBr. The line has a slope equal to that of an electrical
double-layer force at the actual ionic strength
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There is a large excess of the surfactant, when counted per polyelectrolyte segment
(•80 molecules of SDS per each segment of PCMA). Under such condition PCMA
and SDS associate to form anionic aggregates in bulk solution which adsorb to a
limited extent on the negatively charged mica surface. The adsorption of such
aggregates results in a force curve with a slope of the force at large distances (170–70
Å) consistent with that of an electrical double-layer force at the known ionic strength
(•33 Å). At distances below 70 Å, the slope is considerably steeper than expected for
a double-layer force. The reason is that the steric contribution due to chain
confinement in the gap becomes dominant.

So far we have confined our discussion to repulsive forces generated by adsorbed
polymer or polyelectrolyte layers. However, not all types of interactions generated by
polymers are repulsive. When a polymer does not adsorb on a surface but rather is
expelled from it, a weak attractive force arises between the surfaces. This is called a
depletion attraction, which can be seen as an osmotic attraction caused by expulsion
of polymer chains from the gap between the surfaces. As this type of force was not
encountered in this thesis work we will not dwell on it in this chapter. Instead we refer
the interested reader to the book by Fleer et al. 63 We will concentrate on the other
type of attractive force which may occur in the presence of polymeric species – the
bridging attraction.

Bridging. It was briefly noted above that the type of forces which act on surfaces
coated with polymers depend on the degree of coverage. And indeed, when two
polymer-coated surfaces are approached close enough to one another, at low
coverage, the polymer chains can bind to both surfaces. This phenomenon is called
bridging. 62 It is easy to understand that during separation of two such surfaces
bridged by polymers one would need to detach the polymer segments adsorbed on the
opposing surface and due to this one would experience an attractive force. This
argument, however, does not capture the fact that the bridging attraction to a large
degree has an entropic origin. When the two polymer-coated surfaces are close
together there are simply more conformations of the polymer that allows many
segments to be adsorbed on one or the other surface, which increases the entropy and
lowers the free energy of the system. With polyelectrolytes the mechanism of
bridging is slightly different, and this was first analysed by Monte Carlo simulations
as described by Åkesson et al. 64 In their interpretation, a bond that crosses the
midplane between the surfaces is a bridging bond, and a chain with monomers on
both sides of the midplane is a bridging chain. An attraction between the surfaces due
to bridging chains develops if one part of the chain is attracted to one surface and the
other part of the chain to the other surface. Thus, the concept of bridging in
polyelectrolyte systems is extended. No direct bonding of the monomers to the
opposing surfaces is needed to cause a bridging. The reason for this is that
electrostatic forces are long-ranged. The segments of the polyelectrolyte thus does not
need to be adsorbed to the surface in order to be attracted to it. Just as for
conventional bridging, the attraction is mainly due to an increased entropy in the
system: due to bridging a larger number of favourable conformations of the
polyelectrolyte chain is available.

A case where we have measured bridging attraction is illustrated in Figure VI.9. A
highly positively charged polyelectrolyte, PCMA, is adsorbed on negatively charged
mica surfaces. It nearly perfectly compensates the mica surface charges. From a
distance of •130 Å the surfaces are pulled (they “jump”) into a separation of 10-14 Å
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by a strong attractive force where a deep adhesive minimum, 110 mN/m, is measured.
This attraction is due to bridging, which was studied in more detail by Dahlgren et al.
68 (inset Figure VI.9) using a similar highly positively charged polyelectrolyte,
MAPTAC (see Figure IV.4).
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Figure VI.9 Force normalised by radius as a function of surface separation. The
forces were measured between mica surfaces coated with PCMA submerged in a
polyelectrolyte-free 1*10-4 M KBr solution (J). The arrow indicates an inward jump
due to bridging attraction. Inset: Attractive pressure between MAPTAC-coated
surfaces in a solution containing 10 ppm MAPTAC and 1*10-4 M KBr (J). The results
are recalculated into the geometry of two flat surfaces and compared with the
theoretical results from Monte Carlo simulations (dashed line). The solid line
represents the calculated non-retarded van der Waals attraction (Hamaker constant
2.2*10-20 J). Redrawn from 68.

The results shown in the inset clearly demonstrate that the attraction is considerably
larger than the van der Waals force between mica surfaces in water. Note, for strongly
attractive forces we do not measure the force between the surfaces but rather its
gradient, which is related to the pressure between flat surfaces (eq. VI.6).
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VII Effects of water on surface interactions in non-polar media

A large part of this thesis work deals with surface interactions in a non-polar medium,
triolein, with a low dielectric constant ε = 3.109. 69 In such a solvent medium it costs
much energy to dissociate surface groups. The interacting surfaces are therefore
basically uncharged and electrostatic double-layer forces are of no importance. As
was shown in section VI.2, packing forces play a major role in determining surface
interactions in these systems. These interactions can be drastically modified by the
presence of water in the medium. The bulk solubility of water in triolein is low; yet
minor traces of water (which come from the ambient atmosphere) are always present
in the oil. The amount of water is strongly enriched at the mica surfaces due to strong
dipolar interactions. In the following section we will discuss how the presence of
water influences the surface interactions in triolein.

VII.1 Structural forces

It has been reported previously that the presence of minute amounts of dissolved
water can have a dramatic effect on the packing forces between hydrophilic surfaces
in liquids with low polarity. 70 In Paper I we investigated this issue in detail using
triolein. In section VI.2 on oscillating forces we have already noted that in anhydrous
triolein two strong force barriers are generated between the two polar mica surfaces
due to triolein molecules adsorbing with their polar parts towards the surfaces (Figure
VI.4). The forces measured in triolein at water activities, ranging from 0.23 to 1 are
shown in Figure VII.1. The main effect observed is that the force barrier located at a
separation of 40 – 50 Å decreases with increasing water activity. At a water activity of
0.75 the barrier is nearly removed. The reason for this phenomenon is that water
molecules preferentially adsorb on the mica surface (as also seen from the contact
angle of water in triolein on mica being close to zero) thus disrupting the ordering of
triolein molecules at the surface. It is interesting to note that the magnitude of the
attractive minimum is not that strongly affected by the water activity until the triolein
is saturated with water.

The effect of water activity on the interactions between non-polar surfaces is much
less (Paper II) due to the fact that water does not adsorb on such surface immersed in
triolein. This is also reflected in the advancing contact angle of water measured on our
non-polar surface in triolein, 132°.
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Figure VII.1 Force normalised by the radius as a function of separation between two
mica surfaces in triolein at a water activity of 0.23 (E), 0.47 (G), 0.75 (B), and 1 (J).
The arrows indicate inward and outward jumps.
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Figure VII.2 Energy barrier required to flocculate (G) and re-disperse (B) spherical
polar particles of 1 µm radius as a function of water activity.
One of the ambitions of this thesis work was to gain a better understanding of the
relation between the measured forces using model surfaces on one hand, and the
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interactions taking place in technical colloidal systems in non-polar media on the
other hand. In section VI.2 we briefly discussed the implications of the force barrier
measured in anhydrous triolein between polar surfaces in terms of the energy barrier
against flocculation of spherical particles with a radius of 1 µm. Now we will apply
the same methodology to analyse what implications our findings have for dispersions
of polar particles in triolein when water is present (Figure VII.2).

By analysing the force curves in Figures VI.4 and VI.10 we find that the free energy
barrier required to flocculate µm sized polar particles is in the order of thousands of
kT when the water activity is low. This means that spontaneous aggregation will not
take place under such conditions. However, this energy quickly diminishes with
increasing water activity. On the other hand, the energy barrier against re-dispersion
remains high and approximately constant until a capillary condensate forms. At this
point it becomes even more difficult to separate the particles from each other.

In order to interpret the results as was done above one needs to consider the question:
which are the relevant radii for dispersed particles? Most technical colloids contain
non-spherical particles; moreover, their surfaces are far from being perfectly smooth.
Qualitatively, the magnitude of the structural force is expected to decrease as the
surface roughness is increased. 53 This means that both the energy barrier against
flocculation and against re-dispersion will decrease. The structural forces have a very
short range and for irregular particles the local radius in a particular region on the
surface is the one that matters. Consequently, edges of particles, where the local radii
are small, come more easily close to each other than the regions where the particles
have large radii of curvature. Hence, it is likely that there are edges that adhere to
each other in the initial state of aggregation. However, the adhesion increases and it
becomes even more difficult to re-disperse the particles if the aggregates can re-
arrange to allow larger regions of the particles to experience an attractive force.

VII.2 Capillary condensation

The physical properties of colloidal dispersions are greatly affected by capillary
condensation. Therefore it is appropriate to discuss the water capillary formation
phenomenon in triglyceride oil in more detail. In general, the phase that wets the
surface will spontaneously phase separate from vapour or from liquid mixtures into
crevices and slits. For phase separation of one component to occur from a liquid, the
free energy gained by creating the new solid-liquid interface must be larger than the
energy loss due to forming a new phase and a new liquid-liquid interface. Consider a
gap between a sphere and a flat surface (Figure VII.3).
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Figure VII.3 Water (w) phase separation in oil (o) occurring in a gap between a
sphere of radius R0 and a flat surface. The surfaces are supposed to be polar. Rm is
the lateral radius of the water capillary, D is the distance of closest approach
between the two surfaces.

Following Yushchenko et al. 71 and Evans and Wennerström 72 we find that the
change in free energy associated with the formation of a capillary condensate of water
in oil under equilibrium conditions at constant T, overall volume and chemical
potentials, is approximately given by the expression

∆Ω ≈ 2πRm
2 (γ sw − γ so) − πRm

2(D + Rm
2 / 4R0)∆p + 2πRm (D + Rm

2 / 2R0 )Dγ ow (VII.1)

where Rm

 is the lens radius, γsw the solid-water interfacial tension, γso the solid-oil
interfacial tension, γow the water-oil interfacial tension, ∆p the pressure difference
between the capillary condensate and the surrounding oil phase, D the distance of
closest approach, and R0 the radius of the sphere. For capillary condensation to at all
occur the first term must be negative. The second term in eq. VII.1 describes the
positive contribution from changing the volume πRm

2(D+Rm

2/4R0) of the lens from
being filled with oil at a higher pressure to become a water condensate at a lower
pressure. As a rule, the positive contribution due to forming a new liquid-liquid
interface (the third term in eq.VII.1) is negligible as long as R0>>D, but evidently not
when ∆p • 0.
Taking the derivative of eq. VII.1 with respect to Rm to find the minimum
corresponding to a stable equilibrium configuration, and applying the condition
R0>>Rm>>D one obtains an expression for the optimum Rm value at any separation:

R
m = 2R0 R

K
(2 − D / R

K
) (VII.2)

According to the Kelvin equation we have

∆p =
kT

Vw

ln( p
w

/ p
w
0 ) (VII.3)
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Where Vw is the molecular volume of water (• 30*10-30 m3), k Boltzmann’s constant, T
the temperature, and pw/pw

0 is the activity of water over the solution with pw

0 being the
vapour pressure of pure water. The term ∆p is, of course, always negative for an
unsaturated solution.

Neglecting the surface tension contribution due to the attachment of the oil-water
interface to the three-phase contact line and using eq. VII.2 we readily obtain the total
force from

F = πRm
2 ∆p = 2πR0RK (2 − D / RK )∆p = 2πR0(γ sw − γ so )(2 − D / RK ) (VII.4)

where RK is the Kelvin radius defined by

RK =
γ ow

∆p
=

γ owVw

kT ln( pw / pw
0 )

= (γ sw − γ so) / ∆p (VII.5)

for a cylindrical interface, i.e. the negatively curved oil-water interface. The last
equality folows by assuming a contact angle equal to zero.
In case of triolein and water the interfacial tension oil-water, γow, is 33 mN/m. 73 The
interfacial tensions γso and γsw can be measured experimentally using the SFA. From
the pull-off force between mica surfaces in triolein and in water, respectively, we
found γso = 35 mN/m and γsw = 4 mN/m. The force due to the presence of a capillary
condensate could be calculated using equation VII.4 and two independent sets of data.
First, by using the interfacial tension γow for triolein-water, and alternatively, using the
solid-liquid interfacial tensions γso and γsw obtained from the SFA measurements.

Our experimental data close to saturation with water indicate that all structural forces
have been eliminated and instead a strong attraction predominates (Figure VII.4)
which is due to water condensate formation around the contact position. (Note that
due to heating of the sample by the light source the water activity is slightly less than
1. In our calculations we have put aw = 0.99.) The measured pull-off force from
contact is very large, 350±50 mN/m. It agrees well with the one theoretically
expected. However the onset of the attractive force at 100 Å is at a much shorter
separation than predicted theoretically, 460-480 Å. The reason for this is that there is
a huge energy barrier that decreases rapidly with decreasing surface separation, and
which has to be overcome before the condensate can form. 71 This is not captured by
the simplified treatment above by omitting the third term in eq. VII.1. Our system is
thus in a metastable state in the distance regime 480 – 100 Å. At a separation of 100
Å the energy barrier is overcome and the capillary condensate forms. Thus the force
changes suddenly form zero to highly attractive, as indicated by the arrow in Figure
VII.4. Finally, we note that the slight disagreement between the two theoretical curves
is due experimental uncertainties in the interfacial tension values.
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Figure VII.4 Force normalised by radius as a function of surface separation. The
forces were measured between two mica surfaces in triolein saturated with water (J).
The arrow represents the sudden jump into the attractive branch of the force curve
that occurs when a capillary condensate is formed. The expected capillary force
calculated from eq. VII.4 using the interfacial tension γow between triolein and water
(B), and the one obtained by using the solid-liquid interfacial tensions, γsw and γso (E).

Phase separation is a general phenomenon taking place in crevices and cracks with
any sparingly soluble substance as long as the free energy change (eq. VII.1)
associated with the phase separation is negative. This is important to bear in mind
when e.g. phospholipids, which are poorly soluble in oil are added as dispersing
agents. One example is illustrated in Figure VII.5 (taken from Paper II) showing the
adsorption isotherm of phosphatidylethanonlamine (PE) from soybean on polar mica
and sucrose particles.
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Figure VII.5 Adsorption isotherm of PE from refined vegetable oil on mica particles
(B) and sucrose particles (G). The dashed lines show the limits of the surface excess,
which corresponds to monolayer coverage of PE (limiting head-group area in the
range 40 – 60 Å).

The adsorbed amount of PE corresponds to that of a monolayer on mica, whereas the
surface excess exceeds a monolayer many times on sucrose particles. We suggest that
the high surface excess is due to phase separation of PE in gaps on the rough sucrose
surface rather than to multilayer adsorption. It was also recently shown by the method
of confocal laser scanning microscopy using labelled lecithin in a sugar-sunflower oil
mixture that lecithin assembles at the sugar crystal surface. 74 The circumstance that
phase separation of phospholipids may take place is of particular importance when
trying to understand how phospholipids affect particle dispersions. It is well known
that addition of lecithin improves the flow properties of sugar dispersions in fat. 7
Observations of particles by scanning electron microscopy have revealed that addition
of lecithin smoothens the surface of previously rough particles, 75 which is in full
agreement with the idea of phospholipid phase separation into gaps. When the cracks
and crevices are filled with phase separated phospholipid, the sliding of the particles
past each other is easier.
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VIII  Association in polar and non-polar media

Polar molecules generally interact more strongly with each other than non-polar
molecules (per unit volume). The reason for this is that in addition to van der Waals
interactions they also interact via dipolar and higher multipolar interactions and,
possibly, hydrogen bonds.

Amphiphilic molecules have one polar and one non-polar part that interact differently
with the environment. In a polar medium, such as water, the interactions between
pairs of water molecules and between water and polar regions of the amphiphiles are
much stronger than those between water and the non-polar regions. Hence, water will
avoid contact with that part of the surfactant that is said to be hydrophobic. The
contact with water can be minimised if aggregation of the surfactants occurs. This
happens as soon as the concentration is high enough so that the entropy of mixing,
that favours the presence of monomers over that of aggregates, no longer dominates
over the other free energy contributions that changes during the association process.

Similarly in a non-polar medium, polar or zwitterionic parts of the amphiphile will
interact more favourably with each other than with the solvent. Hence, it is now the
polar parts that tend to aggregate during formation of liquid crystalline phases. This
process is often facilitated by the presence of a small amount of water that increases
the crystal energy of the surfactant. As a consequence the monomer solubility is
increased and the conversion of crystals to liquid crystalline phases or discrete
aggregates is facilitated.

At low enough concentrations amphiphilic molecules exist in the form of monomers
in both polar and non-polar solvents due to the fact that the mixing entropy is
dominant in the overall free energy balance describing the association process.
However, when the amphiphilic molecular solubility limit is reached, depending on
their molecular architecture and solvent properties, they may associate into a variety
of organised structures. This gives qualitatively new physical properties to the
solution. The character of the organised structures depends not only on the type of
molecules which associate, but also on external factors, such as polarity or ionic
strength of the medium.

One of the most well-studied amphiphilic molecules, which also was used in this
thesis work, is a surfactant consisting of a polar sulphate group and a non-polar
hydrocarbon tail, sodium dodecyl sulphate (SDS) (see Figure IV.6). Due to the
presence of its hydrophobic hydrocarbon tail, having 12 carbon atoms, SDS
assembles into micellar aggregates that are commonly believed to be spherical 76 or
tablet shaped. 77 This occurs at the critical micellar concentration (cmc) i.e., when
the SDS solution concentration has reached 8.3*10-3 M. 78 The aggregation of SDS in
water solutions is driven by the tendency of the hydrocarbon tails to associate and
form a liquid oil-like environment, whereas it is opposed by the electrostatic repulsion
between negatively charged surfactant head-groups and, even more so by the
associated entropic penalty of confining counterions next to the charged micelle.
These interactions together with the shape of the surfactant determine the optimal
geometry of the surfactant aggregate and thus the aggregation number. In water
solutions SDS forms aggregates consisting of approximately 65 or 80 monomers, as
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recently determined by steady-state fluorescence quenching and time-resolved
fluorescence quenching methods. 79

The presence of oppositely charged polyelectrolytes has an enormous effect on the
association of the surfactants. A large amount of experimental studies have showed 1)
that the association between these species starts at a very low surfactant concentration
80 called the critical aggregation concentration or the critical association
concentration (cac) 2) that the association is co-operative when the polyelectrolyte
backbone is hydrophilic, 3) that the surfactant often forms discrete aggregates that
associate with the polyelectrolyte chain. 81

Association between oppositely charged polyelectrolytes and surfactants in bulk has
been modelled theoretically by Wallin and Linse. 82-87 The authors used Monte Carlo
simulation and thermodynamic integration methods and showed that the presence of
polyelectrolytes reduces the surfactant concentration needed to trigger surfactant self-
assembly. It was also found that the cac/cmc ratio decreases with increasing flexibility
and linear chrge density of the polyelectrolyte, and with increasing hydrocarbon chain
length of the surfactant. This is fully consistent with experimental observations. 88, 89

VIII.1 Association of anionic surfactants and cationic polyelectrolytes

VIII.1.1 Association in bulk

We studied association of highly positively charged polyelectrolyte, PCMA, and
negatively charged surfactant, SDS, in 1*10-4 M KBr solution by measuring turbidity
and electrophoretic mobility (Paper VI). The association process between oppositely
charged polyelectrolytes and surfactants in bulk can largely be understood by
considering electrostatic and hydrophobic forces. 88, 90-93 The association of PCMA
and SDS is initially driven by both an electrostatic attraction between the positive
charges on the polyelectrolyte and negative charges of the surfactant, and by a
hydrophobic interaction. The latter force operates between the hydrocarbon tails
themselves and between the tails of the surfactant and hydrophobic regions of the
polyelectrolyte. The turbidity of a 20 ppm PCMA solution as a function of SDS
concentration, expressed in units of cmc is shown in Figure VIII.1.
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Figure VIII.1 Turbidity difference (nephelometric turbidity units) between solutions
containing 20 ppm PCMA, 1*10-4 M KBr, and different amounts of SDS, and the
corresponding polyelectrolyte-free SDS solutions. The concentration of SDS is
expressed in units of cmc of SDS in water (1 cmc SDS = 8.3*10 –3 M). Data are
shown for PCMA with a mean molecular weight of 1.6*106 g/mol (J) and 9*106 g/mol
(E).

Even at very low SDS concentrations, below 0.01 times the cmc, some turbidity
increase was measured. When the SDS concentration was increased to above 0.01
cmc the turbidity increased very steeply indicating that large aggregates are formed in
the solution. The maximum occurred when the SDS concentration was 0.05 cmc and
after this the turbidity fell. However, it did not reach its initial low value even at very
high SDS concentrations. Measurements of the electrophoretic mobility of the
PCMA-SDS aggregates (Figure VIII.2) help to understand the turbidity curve. The
mobility of the aggregates is positive at low SDS concentrations, close to zero at
around 0.03 – 0.04 cmc SDS, and negative at higher SDS concentrations. By
comparing Figures VIII.1 and VIII.2 we see that the turbidity is low when the PCMA-
SDS aggregates are highly positively charged and increases sharply when the charge
of the aggregates is sufficiently reduced. The turbidity maximum closely coincides
with the presence of uncharged aggregates. The decrease in turbidity at high SDS
concentrations is caused by a recharging of the aggregates due to excess bound SDS.
Note that at this stage the association is counteracted by electrostatic forces and solely
driven by hydrophobic interactions, just as when normal SDS micelles are formed in
polyelectrolyte-free solution.
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Figure VIII.2 Electrophoretic mobility of PCMA-SDS aggregates as a function of
SDS concentration. The concentration of SDS is expressed in parts of the cmc of SDS
in pure water solution.

The cac in the PCMA-SDS system cannot be determined without knowing the
binding isotherm. However, from our turbidity data, it is clear that the association of
PCMA and SDS occurs at concentrations at least two orders of magnitude lower than
the cmc of SDS in water. The reasons for this can partly be explained by the strongly
increased concentration of counterions next to polyelectrolyte chain. Thus, the
concentration of oppositely charged surfactant is elevated close to the polyelectrolyte
region and the cmc may be reached locally, despite that the bulk surfactant
concentration is much lower. 93, 94 Another way of understanding why the cac is
much less than the cmc is to consider that the formation of a micelle in
polyelectrolyte-free solution involves the confinement of a counterion cloud around it.
This results in great loss of counterion entropy. When the polyelectrolyte is present, it
plays the role of an efficient counterion for the micelle and thus a fewer number of
small counterions are present close to the surfactant aggregate. Thus less counterion
entropy is lost. We also note that PCMA has some rather hydrophobic regions which
will interact favourably with the surfactant tails. Thus mixed aggregates are likely to
be formed in the present case.

VIII.1.2 Adsorption of polyelectrolyte-surfactant aggregates

Polyelectrolyte and surfactant mixtures are used in numerous applications such as
pharmaceuticals, laundry and cosmetics to just mention a few. 95 Sometimes
polyelectrolytes and surfactants are unintentionally mixed and due to mutual
interaction provide unexpected properties to the mixture. Sometimes they are
purposefully added together to fill the function of changing the properties and feel of
treated surface, e.g. hair or fabrics. It is thus important to understand how these
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mixtures of molecules act in combination when they are first mixed in bulk and
subsequently transferred to a surface, and how the properties of polyelectrolyte-
surfactant aggregates formed in bulk correlate with the properties of such aggregates
adsorbed at a solid-liquid interface. Further, it is necessary to learn what happens with
the polyelectrolyte-surfactant mixture at the surface when it is diluted with water.

Mixtures of 100% positively charged polyelectrolyte and anionic surfactant. It is
clear from the discussion concerned with polyelectrolyte-surfactant bulk properties
(Section VIII.1.1) that PCMA-SDS aggregates, depending on the surfactant
concentration, acquire charges ranging form highly positive to highly negative. Such
PCMA-SDS aggregates adsorb on negatively charged mica surfaces regardless of the
sign of their own charge (Paper VI). However, as determined by XPS analysis, the
adsorbed amount varies strongly with the SDS concentration (Figure VIII.3).

At low SDS concentrations, the charges of the adsorbed polyelectrolyte nearly
compensated the negative mica lattice charge, whereas the adsorbed amount of SDS
was below the detection limit. At intermediate SDS concentrations large amounts of
both nitrogen and sulphur were found. It shows that adsorption of aggregates
containing both polyelectrolyte and incorporated surfactant takes place. At higher
SDS concentrations, when the aggregates formed in bulk were negatively charged, the
adsorbed amount decreased again.

At low surfactant concentrations, up to 0.01 cmc SDS, the conformation of the
adsorbed polyelectrolyte is strongly affected by the presence of the surfactant.
Without surfactant in solution the polyelectrolyte adsorbs in a very flat conformation
as shown by the absence of any long-range steric force (Figure VIII.6). However,
even in the presence of a very small amount of surfactant a long-range steric repulsive
forces is observed (Figure VIII.10). This reflects the presence of loops and tails of the
polyelectrolyte reaching out into solution. Interestingly, the range of the steric force
decreases with the equilibration time, demonstrating that slow conformational change
occurs. These results will be shown and further explained in section VIII.1.4.
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Figure VIII.3 Number of nitrogen (B) and sulphur (J) atoms per cm2 in the adsorbed
PCMA-SDS layer as a function of SDS concentration. The concentration of SDS is
expressed in parts of the cmc of SDS in pure water. The dashed line indicates the
number of negative surface sites on the basal plane of muscovite mica.

At intermediate SDS concentrations, 0.02 - 0.1 times the cmc of SDS, weakly charged
aggregates are formed. The adsorption of such aggregates results in very thick
adsorbed layers with peculiar properties. Specifically, the forces generated by such
adsorbed layers appear to be repulsive on approach and attractive on separation
(Figure VIII.4). This is indicative of very slow pressure-induced changes in the
internal adsorbed layer structure. We attribute the developed attraction to the
formation of surfactant mediated interlayer bridges. We notice that the magnitude of
the attraction progressively increases with decreasing surface separation, which is
fully consistent with the hypothesis of surfactant bridge formation. Under
compression the opposing polyelectrolyte layers may penetrate deeper into each other,
or, due to deformation, develop a larger contact area. In either case more interlayer
surfactant bridges may form. It is important to note that a slow change in turbidity
was observed in bulk PCMA-SDS solutions having similar composition. This is due
to a slow flocculation leading to formation of larger aggregates. This is likely to be
driven by the same mechanism, i.e. inter-aggregate surfactant bridging.
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Figure VIII.4 Force normalised by radius as a function separation between mica
surfaces immersed in a solution containing 20 ppm PCMA, 1*10-4 M KBr, and 0.04
cmc SDS. The different symbols represent force curves where the surfaces have been
approached to different distances before being separated. Arrows illustrate outward
jumps occurring upon separation.

At high SDS concentrations, 0.4 – 1 cmc, the PCMA-SDS aggregates are highly
negatively charged and adsorption of such aggregates results in rather thin layers. The
forces are purely repulsive.

Mixtures of 30% positively charged polyelectrolyte and anionic surfactant. To
further investigate the correlation between the properties of polyelectrolyte-surfactant
mixtures in bulk and at a solid-liquid interface we employed a 30% positively charged
polyelectrolyte, AM-MAPTAC-30 (Figure IV.4). We measured the forces between
mica surfaces carrying adsorbed aggregates of polyelectrolyte and SDS that first was
formed in bulk solution. The bulk solution was characterised by dynamic light
scattering (DLS) (Paper V). The concentration of polyelectrolyte used in the light
scattering study was 2000 ppm. Further, to avoid long-range electrostatic correlation
in the bulk sample the light scattering measurements were conducted in 1*10-2 M
NaCl. In order to be able to make a better comparison between DLS and surface force
measurements (SFA), we used a polyelectrolyte concentration of 200 ppm in the SFA,
i.e. 10 times larger than used in the other surface force experiments described in this
thesis. We also added 1*10-2 M NaCl to the solution. One reason for not using a 2000
ppm polyelectrolyte solution in the SFA was that the solution became inconveniently
turbid when surfactant was added. Due to the relatively large polyelectrolyte
concentration, the amount of SDS bound to the polyelectrolyte is now significantly
larger than the free SDS concentration. Under such circumstances it is relevant to
discuss the results in terms of the concentration ratio of SDS to the charged monomer
MAPTAC, i.e the SDS/MAPTAC ratio. On the other hand, the total concentration of
SDS, expressed e.g. in terms of the cmc, has lost its meaning.
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One main conclusion from our study was that the variation of the forces measured
across AM-MAPTAC-30-SDS mixtures as a function of surfactant concentration can
be understood by considering the bulk behaviour. When the SDS/MAPTAC ratio was
increased from 0 to 0.4, a continuous decrease in the apparent hydrodynamic radius of
bulk complexes was seen from the light scattering data. Similarly, the range of the
measured repulsive force was decreasing when the SDS/MAPTAC ratio was
increased from 0 to 0.6. The SDS/MAPTAC ratio of 0.6 is just at the borderline where
the bulk solution phase separates, indicating an attractive interaction between
polyelectrolyte-SDS aggregates. This attraction is also observed between adsorbed
polyelectrolyte-surfactant layers (Figure VIII.5). It is rationalised, just like in the
PCMA-SDS case, by surfactant mediated interlayer bridge formation.
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Figure VIII.5 Force normalised by radius as a function of surface separation
between mica surfaces across a 10 mM NaCl solution containing 200 ppm AM-
MAPTAC-30 and SDS at a ratio of 0.6. Forces measured on approach and separation
are represented by filled and unfilled squares, respectively. The arrow indicates an
outward jump.

Despite a general good consistency between bulk and surface properties as probed by
dynamic light scattering and surface force measurements, it is clear that the presence
of a surface affects the structure of polyelectrolyte-surfactant aggregates. Further, in
response to the surface the properties of the adsorbed aggregates change slowly with
time. This will be discussed further in section VIII.1.4.

VIII.1.3 Association at the solid-liquid interface

Association of polyelectrolytes and surfactants at the solid-liquid interface has
previously been investigated to a rather limited extent. This is surprising indeed,
considering the technological importance of such systems. For example,
Ananthapadmanabhan et al. 96 measured surface interactions between mica surfaces
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coated with cationic cellulosic polymer, JR-400, across submicellar SDS solution and
established that in the presence of SDS an attraction between the surfaces developed
during separation, while the interactions measured during approach were repulsive.
Anthony et al. 97 investigated interactions between mica surfaces covered with
cationic guar in water and SDS solutions. Shubin 98 studied the effect of anionic
surfactant on the structure and composition of layers of cationic hydrophobically
modified cellulose adsorbed on negatively charged surfaces (mica and silica). Later,
Shubin et al. 99 conducted a comparative study of the influence of anionic, cationic
and non-ionic surfactants on the structure of adsorbed layers of the same
polyelectrolyte on mica and silica surfaces. Fröberg et al. followed how addition of
SDS to a preadsorbed lysozyme layer led to desorption. 100 The mechanism was as
follows: the layer became strongly charged by adsorption of SDS. Next, at least
partial, denaturation of the protein took place and finally a co-operative desorption
occurred.

In our group an investigation was undertaken in order to understand how the
concentration of an anionic surfactant, SDS, and the charge density of the cationic
polyelectrolyte affects the structure of preadsorbed polyelectrolyte layers on
negatively charged mica surfaces. The forces to consider in such systems are: 1) an
attraction between the positively charged polyelectrolyte and the negatively charged
surface, 2) electrostatic and hydrophobic interactions between the polyelectrolyte and
the oppositely charged surfactant, 3) an attraction between hydrophobic tails of the
surfactant, 4) an electrostatic repulsion between the negatively charged crystal surface
and the surfactant. We note that there is competition between the surface and the
surfactant for positive charges on the polyelectrolyte. Polyelectrolytes with charge
density of 30% and 10% were studied by Fielden 101 and Kjellin. 102 In Paper IV we
studied association between a 100% charged polyelectrolyte with oppositely charged
surfactant. The main findings are recapitulated below.

The positively charged polyelectrolyte, PCMA, was preadsorbed on a highly
negatively charged surface, mica. The anionic surfactant, SDS, was then added in a
stepwise manner to the polyelectrolyte-free solution and we followed how the
interactions between the surfaces changed. Hence, in this case no polyelectrolyte-
surfactant aggregates are formed in bulk solution. This is an important difference
compared to the results discussed in section VIII.1.2.

The results presented in Figure VIII.6 show that no repulsive double-layer force is
present when PCMA is adsorbed on mica in surfactant-free 1*10-4 M KBr solution.
This means that the PCMA coated surface is uncharged. A strong bridging attraction
pulls the surfaces into a separation of 10 Å once the surface separation is less than 150
Å. Hence, under the influence of the bridging attraction the adsorbed polyelectrolyte
layers adopt a very flat conformation despite the large molecular weight of PCMA,
1.6*106 g/mol.
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Figure VIII.6 Force normalised by radius as a function of surface separation
between mica surfaces precoated with PCMA. The forces were measured in 1*10-4 M
KBr (G) and in 1*10-4 M KBr containing SDS at concentrations of 0.01 cmc (B), 0.02
cmc (Å), and 0.1 cmc (J). The arrows indicate inward jumps due to the presence of
strongly attractive forces. The dashed line shows the layer thickness at SDS
concentrations between 0 and 0.02 cmc SDS, and the continuous vertical line shows
the layer thickness at an SDS concentration of 0.1 cmc.

Addition of SDS up to a concentration of 0.02 cmc does not induce any change in the
measured interactions. Clearly, at these low SDS concentrations no incorporation of
SDS in the pre-adsorbed polyelectrolyte layer occurs. As the SDS concentration is
increased to 0.1 cmc, a long-range repulsive double-layer force develops. This is
indicative of a recharging of the adsorbed layer due to PCMA and SDS association.
The repulsion is overcome by an attraction from a separation of 110 Å, which pulls
the surfaces into a separation of 40 Å. The adsorbed layer thickness has increased due
to the incorporation of some surfactant. A further increase in surfactant concentration
to 0.2 cmc results in a further marked increase in the repulsive double-layer force,
whereas subsequent increase in SDS concentration up to 1 cmc has a less dramatic
effect on the double-layer force. From this we can deduce that the critical association
concentration at the surface, cacs, for PCMA and SDS at a negatively charge mica
surface, is in the range of 0.1-0.2 cmc. As seen form the discussion concerning
PCMA-SDS association in bulk and this result, the cacs is at least one order of
magnitude larger than cac in bulk (cacb). After concluding that cmc>cacs>cacb it is
interesting to discuss the reasons for this sequence. One factor increasing cacs above
that of cacb is the competition between the surface and the surfactant for positive
charges of the polyelectrolyte. Another factor is a decreased flexibility of the
polyelectrolyte at the surface, compared to the flexibility in bulk solution. It was
clearly demonstrated in theoretical studies of oppositely charged polyelectrolyte-
surfactant association by Wallin that a decreased flexibility of the chain increases the
cac/cmc ratio. 82 The third reason is that the surface coated with polyelectrolyte
acquires a net negative charge when surfactants are incorporated, and thus counterions
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will be constrained inside the electrical double-layer outside the surface. This results
in a decreased counterion entropy, which is not the case when uncharged
polyelectrolyte-surfactant complexes are formed in bulk solution.

As mentioned in VI.2 and demonstrated in Figures VI.5 and VI.6, the association of
PCMA and SDS at the surface, when the SDS concentration is 0.2 cmc and larger,
results in oscillating forces. The periodicity of the oscillations is approximately 40 Å
and they reflect a characteristic length describing the internal structure of the adsorbed
layers. In Paper IV we interpreted these oscillations as being due to polyelectrolyte
stabilised micelles and their rearrangement in the confinement between the mica
walls. Such association structures are commonly referred to as bead-and-necklace
structures. However, despite that our recent PCMA-SDS bulk solution study with
Small Angle Neutron Scattering confirmed the presence of a characteristic distance of
37-39 Å (Figure VIII.7) in PCMA-SDS aggregates, it did not provide any evidence
for the presence of SDS micelles in these aggregates (Paper VII). The data in Figure
VIII.7 were collected in two different solvents: D2O in which the deuterated surfactant
is invisible and the polyelectrolyte seen, and in a mixture of 80% H20 and 20% D20
where only the deuterated SDS is observed. The correlation peak at Q=0.16-0.17 Å-1

provides evidence for the characteristic distance. Note that the scattering curves in the
two solvents are rather similar, evidencing that the surfactant and the polyelectrolyte
are distributed in a similar way in the aggregates. No scattering peak due to the
presence of micallar-like aggregates is observed.
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Figure VIII.7 A log-log plot of scattering intensity vs. scattering vector for a sample
containing 1000 ppm PCMA and 0.5 w% deuterated SDS. The curves were recorded
in D2O (F) and in a mixture of 80% H20 and 20% D2O (E).

It is at present not clear how to properly describe the internal structure of the PCMA-
SDS aggregates formed in bulk or at the surface. However, it is likely that it is similar
to the highly ordered mesomorphous polyelectrolyte-surfactant phases characterised
by Antonietti and co-workers. 2-6 AFM imaging of the adsorbed layers is possible
(Paper VII). The images show the presence of a strongly swelled layer, which, unlike
before addition of SDS, display large-scale features with a typical height of 40 Å
(Figure VIII.8).

Figure VIII.8. AFM image of preadsorbed PCMA layers swelled with a SDS solution
of the cmc concentration 8.3*10-3 M. The image is taken in contact mode in a liquid
cell using the double-layer repulsion between the tip and the sample. The height scale
is 10 nm/div.

VIII.1.4. Non-equilibrium aspects
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It has long been realised that processes with polymers involved may be very slow. For
instance, during adsorption from a polydisperse polymer solution it is initially the
lower molecular weight molecules that adsorb due to their faster diffusion. However,
from the thermodynamic point of view, the adsorption of higher molecular weight
species is more favourable. This is an entropy effect. The decrease in entropy of
mixing in the solution is less when one large molecule adsorbs compared to the
entropy loss occurring when many small molecules adsorb. Hence, an exchange of
lower molecular weight chains by higher molecular weight ones will occur with time.
However, the exchange process may last for weeks and equilibrium may, practically,
never be reached. 103 We also note that the use of homopolymers as steric stabilisers
is based on their slow desorption. It has clearly been shown theoretically that if full
equilibrium is established at each surface separation, then two surfaces coated by
homopolymers will attract each other. 104, 62 However, if the polymers have no time
to desorb during the collision event, which is most often the case in a real situation, a
repulsion develops in good solvents. One case that can be treated theoretically is what
is called restricted equilibrium (or quasi equilibrium). This means that the adsorbed
amount is independent of surface separation and that the conformation of the adsorbed
polymer chains have time to equilibrate at each separation, i.e. the equilibrium
situation for the fixed adsorbed amount is reached. Experimentally it means that the
same force curves should be measured on approach and on separation, and this is
often the case (see for instance Figures VI.7 and VI.8). However, in other cases the
force measured on approach and on separation is different.  This means that some
relaxation mechanism (adsorption/desorption or rearrangements) in the adsorbed layer
has a relaxation time comparable to the time scale of the experiment (minutes to
hour), and non-equilibrium forces are measured (see e.g. Figures VIII.4 and VIII.5).
There are some theoretical attempts to describe non-equilibrium forces, 105, 106

particular effects due to “squeezing down” polymer segments by approaching two
surfaces together. However, they do not suffice to explain the complex behaviour
illustrated in Figures VI.16 and VI.17. The adsorption of polyelectrolytes and
surfactants from single component solutions is broadly studied and rather well
understood. The research on adsorption from polyelectrolyte-surfactant mixtures is a
comparatively recent effort 107 and many aspects, particularly non-equilibrium
phenomena, are not very well understood. However some reports on this topic can be
found. For instance, Pagac et al. 108 studied adsorption and co-adsorption of cationic
surfactant with cationic polyelectrolytes and found that the effect of the surfactant on
the polyelectrolyte adsorption was very sensitive to the order in which the surfactant
and the polyelectrolyte were exposed to the surface. Different pathways to the same
final bulk solution composition produced significantly different adsorption results.
Similar conclusions were reached by Neivandt et al. 109 who studied co-adsorption of
cetyltrimethylammonium bromide and poly(styrenesulfonate) on silica.

Effects of the experimental pathway. The influence of the experimental procedure
on the character of adsorbed layers consisting of oppositely charged polyelectrolyte
and surfactant were studied in Paper VII. It was found that the structures formed on
the surface were strongly dependent on the experimental pathway (Figure VIII.9). For
instance, we compared the surface forces generated by adsorbed PCMA-SDS
complexes at identical final bulk solution composition, 1 cmc SDS and 1*10-4 M KBr.
In one case the polyelectrolyte was first adsorbed onto the mica surfaces from
surfactant-free 20 ppm PCMA and 1*10-4 M KBr solution. Next, the polymer was
removed from the bulk (by dilution) and 1 cmc SDS was injected. The effect of the
SDS association with the preadsorbed polyelectrolyte resulted in an adsorbed layer
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with a characteristic internal structure which gives rise to an oscillatory force profile
(see also section VI.2).
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Figure VIII.9 Force normalised by radius as a function of surface separation. Here
we compare the forces measured across identical bulk solutions (1 cmc SDS and
1*10-4 M KBr), but with different surface history. The forces obtained with precoated
PCMA are shown by (B). The forces measured after PCMA-SDS aggregates have
been adsorbed from a PCMA-SDS mixture containing 20 ppm PCMA and 1 cmc SDS
and subsequently diluted by a polyelectrolyte-free 1 cmc SDS and 1*10-4 M KBr
solution are shown by (G).

In the other case the polyelectrolyte surfactant complex was adsorbed from the
mixture containing 20 ppm PCMA, 1 cmc SDS and 1*10-4 M KBr. Next, the polymer
was removed from the bulk (by dilution) and 1 cmc SDS was injected. In this case no
similar oscillations were detected in the force profile, indicating that the adsorbed
layer structure was different. We attribute this difference to two factors. First, the
adsorbed amount of PCMA, determined by XPS, is eight times as high in the case of
preadsorbed polyelectrolyte, as compared to the amount of polyelectrolyte adsorbed
form the PCMA-SDS mixture. Second, the preadsorbed polyelectrolyte layer is
homogenously distributed over the surface whereas an inhomogenous layer is most
likely formed by aggregate adsorption. In particular, the structural units giving rise to
the characteristic length scale may have a random orientation relative to the surface.

Changes occurring with equilibration time. Another important aspect to consider is
changes in adsorbed polyelectrolyte-surfactant layers with time (Paper VI). At low
surfactant concentrations the adsorption of polyelectrolyte-surfactant complexes is
rapid. However, after the rapid adsorption stage, a slow spreading of the
polyelectrolyte occurs. It takes very long time for the equilibrium conformation of the
adsorbed polyelectrolyte chains to be attained. In Figure VIII.10 this is illustrated for
the case when PCMA-SDS complexes have adsorbed form a mixture containing 20
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ppm PCMA, 0.002 cmc SDS and 1*10-4 M KBr. The association between the
polyelectrolyte and the surfactant in bulk leads to a contraction of the polyelectrolyte
chain. Upon adsorption this contraction is partly retained and initially the adsorbed
layer is rather thick. The range of the repulsive steric force is about 1000 Å. Due to
the competition between the surfactant and the surface for the positive segments of
the polyelectrolyte a slow expulsion of SDS from the adsorbed layer takes place and
the polyelectrolyte chain spreads on the surface. This results in a decreased range of
the force.

Similar slow structural changes, demonstrating that initially adsorbed polyelectrolyte-
surfactant aggregates slowly rearrange at the surface due to expulsion of some SDS
from the adsorbed layer, were also observed with AM-MAPTAC-30.
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Figure VIII.10 Force normalised by radius as a function of surface separation
measured between mica surfaces immersed in a solution containing 20 ppm PCMA
and 1*10-4 M KBr. The SDS concentration was 0.002 cmc SDS. The forces were
measured one hour (B) and 20 hours (J) after the PCMA-SDS mixture was injected
between the surfaces.

The slow equilibration discussed in sections VIII.1.4 is of general importance for
applications utilising complex mixtures. It is well known that the properties of some
formulations depend on the order of addition of the components, 110 and our findings
give some clue to understand why this is the case. Another aspect, related to the
structural changes in adsorbed layers is also important for products with long storage
times. Due to rearrangements of the adsorbed layers the properties of formulations
containing particles or emulsions stabilised by polymer may change dramatically with
time. An example that comes to mind is fluorocarbon emulsions stabilised by block
copolymer for use as artificial blood. 111-113 In this case human lives may depend on
that the adsorbed layers retain their stabilising power over prolonged times.
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VIII. 2 Association in non-polar media

Aqueous phospholipid dispersions have for a long time served as model systems for
cell membranes of living organisms. 114 It is one of many reasons for the enormous
scientific activity in this area. Due to this, the association of phospholipids in aqueous
environment is rather well understood and thoroughly described. Other important
field of application for phospholipids is in food, pharmaceutical and cosmetics
industries. Here, phospholipid vesicles and liposomes are often employed as drug
carriers 115, 116 and emulsifiers in oil medium. 7 In contrast to phospholipid
association in water, the behaviour of this class of substances in non-polar media is
much less studied. Most studies deal with formation of lecithin organogels in non-
polar media due to the presence of trace amounts of water. 117-120 In some recent
works the properties of lecithin aggregates in organic solvents, such as isooctane and
cyclohexane, with traces of water, were reported 121, 122 and summarised in the
doctoral thesis by Cirkel. 123 One clear conclusion of these works was that the water
activity in the sample plays a crucial role in determining the self-association of
phospholipids in non-polar solvents.

VIII.2.1 Effects of water on phospholipid association

We studied interactions between polar surfaces across triolein containing a small
amount, 200 ppm, of phosphatidylethanolamine, PE, (Paper II). This phospholipid
consists of one zwitterionic polar head-group, and two hydrocarbon chains (see Figure
IV.2). Double chained phospholipids have very limited molecular solubility both in
water and non-polar oil environment. By measurement of the turbidity of PE
dispersions in triolein at a water activity • 0.4 – 0.6 we concluded that the solubility is
below 80 ppm (1.02*10-4 M) (Paper II).

Surface force measurements using polar mica surfaces interacting across an
anhydrous 200 ppm PE dispersion in triolein showed that PE, due to the favourable
dipolar interactions between the mica surface and the phosphatidylethanolamine
zwitterionic head-group, self-assembles at the surface with the polar part directed to
the surface and the hydrocarbon tails directed to the bulk. Thus, the surface is
rendered non-polar. There is no adsorption of crystalline PE aggregates on such
surfaces and the surface interactions are in principle the same as those between mica
surfaces rendered non-polar by LB deposition (Figure VI.4). The introduction of
water into the solution induced marked changes to the measured force profile. During
the first approach of the surfaces a repulsive force of up to 0.8 mN/m was measured
before the surfaces were pushed into PE-PE contact at • 53 Å separation. The long-
range repulsive force branch had nearly disappeared during the following approaches
(Figure VIII.11).
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Figure VIII.11 Force normalised by radius as a function of surface separation
between mica surfaces interacting across triolein containing 200 ppm of PE at a
water activity of 1. The first measurement (B) and the following measurements (J) are
shown. Forces measured upon approach and separation are represented by solid and
open symbols, respectively. The arrow shows an outward jump occurring upon
separation. The dashed line marks the thickness of a PE bilayer between the surfaces.

It is of no doubt that water strongly interacts with phospholipid polar regions, 117 and
we suggest that the long-range repulsion is due to the presence of weakly adsorbed PE
aggregates, the formation of which is facilitated by the presence of water. Mays et al.
inspired by this finding conducted a study of mixtures consisting of PE, triolein and
trace amounts of water in order to determine the size and shape of these PE
aggregates. 124 The methods of dynamic light scattering, electro-optical birefringence
and cryo-electron microscopy were employed and it was concluded that optically
isotropic aggregates with mean radius of 6000 Å were present. It was suggested that
these aggregates may be reversed vesicles or a dispersed cubic bicontinous phase. The
range of our measured repulsive force was just above 300 Å, i.e. much less than the
size of the aggregates found in solution. This indicates that when the large aggregates
attach to the surface they break or deform significantly. A breakdown of aggregates
on the surface has also been observed in aqueous phospholipid liposomes solutions in
studies using the SFA 125 and AFM. 126

VIII.2.2 Association between phospholipids and polymers

Phospholipids are often used in foods in order to regulate the flow properties of
particle dispersions. This effect can be enhanced when the PE is mixed with a
polymer, PGPR (see Figure IV.3). 7, 10, 127 The forces induced by PGPR when
adsorbed on mica surfaces from a 200 ppm solution in triolein are shown in Figure
VI.7. They are rather typical of those observed between adsorbed polymer layers.
Hence, there is nothing unusual with the forces appearing between polar surfaces



51

across triolein solutions containing either PE or PGPR. However, when both additives
were present some interesting and unexpected results were obtained.

The surface force profile measured in an anhydrous mixture containing 200 ppm
PGPR and 200 ppm PE in triolein is dominated by a very long-range and strong
repulsion (Figure VIII.12). No similar repulsion was observed in pure anhydrous PE
or pure PGPR dispersions. PGPR adsorbs strongly with the polar polyglycerol part on
the mica surface and it seems likely that PGPR associates through the non-polar
polyricinoleate part with PE crystals. PGPR thus serves as an anchoring link attaching
the PE crystals to the mica surface and the repulsion observed is due to these crystals
which partly are removed when the surfaces are pushed together.

Introduction of water to the PE-PGPR mixture induced melting of the PE crystals and
formation of a highly viscous and sticky adsorbed layer: as soon as the two layers
came into contact an adhesion was developed as observed during separation (Figure
VIII.13). The internal structure of these layers is not known. However, it is clear that
it contains PGPR, PE and water since no similar layers are observed with only two of
the components present in the triolein.
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Figure VIII.12 Force normalised by radius as a function of surface separation
between mica surfaces interacting across triolein containing 200 ppm of PGPR and
200 ppm of PE in anhydrous triolein. Solid squares represent the forces measured
upon approach; open squares represent the forces measured on separation. The
arrow shows an outward jump.
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Figure VIII.13 Force normalised by radius as a function of surface separation. A
hydrated PE-PGPR mixture was allowed to adsorb onto the mica surfaces. Three
consecutive force runs of increasing depth of approach are plotted.

In summary, we have studied association between polymers and surfactants in both
polar and non-polar media as well as in bulk and at solid-liquid interfaces. The
driving forces for association are very different in non-polar and polar environments.
Despite this, some analogies can be found. The driving force for association is to keep
non-polar molecules, or parts of molecules, away from the polar ones. The presence
of a surface affects the association behaviour and the structure of the adsorbed entities
in several ways as discussed in the previous pages. Finally, remarkably similar force
curves can be obtained in completely different polymer-surfactant systems. For
instance, compare Figures VIII.13, VIII.4 and VIII.5. In all cases the adsorbed layer
contains molecules that readily associate. New contacts are formed when the layers
are brought together. The re-equilibration is slow and the layers appear viscous and
sticky.
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IX Outlook for further research in this field

In the beginning of my PhD-work I was somewhat confused about my own research
and needed a great deal of support and encouragement. At that stage the learning was
exciting and enjoyable but the progress slow. In the end, when I had begun to obtain a
deeper understanding and was able to ask the right questions, and the most interesting
research just had started, oh, it is time to finish and leave room for younger
colleagues. It feels a bit sad. There are many open ends in my research work and
therefore, I would like to conclude this thesis with some possible future research
ideas.

In the works described in Paper I and II triolein was used as a food oil representative.
In fact, food oils, such as coca butter, consist of a mixture of glycerides of stearic,
palmitic, oleic, and small portion of linoleic fatty acids. 7, 128 It is of interest to know
how these triglycerides interact with each other, if they compete for adsorption on
surfaces, and how the glycerides mediate surface interaction when they are in a
mixture. Free fatty acids are highly surface active materials which are inevitably
present in food oils. Thus, one might expect that free fatty acids would affect surface
interactions in food oils to some extent. It would be of interest to find out more about
these issues. We studied the forces generated by the presence of one type of
phospholipid, PE, in triolein. In practice, lecithin from soybean is used as emulsifier
in food and pharmaceutical products. This is a mixture of phospholipids with the main
components being phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol and phosphatilic acid. These phospholipids have different head-
groups and are apt to form different types of aggregated structures. When in mixture,
they should form mixed aggregates with properties that are different from those
formed by the single components. In principle, up to date, it is not much known about
the aggregation of phospholipids in non-polar media. It is of great interest to enter this
field. Another question to answer is how mixed phospholipids adsorb on polar and
non-polar surfaces from non-polar media. In Paper III we investigated how
interactions between polar surfaces are mediated by the presence of a polymeric
additive, PGPR and a phospholipid, PE. It is also important to learn how non-polar
surface interactions are affected by these additives. I had time to start this work but
not to finish it. I hope to do so in the future.

Colloidal dispersions often consist of mixtures of polar and non-polar particles (e.g.
sugar and oil crystals) dispersed in non-polar medium. The interactions in asymmetric
systems with one surface being polar and one non-polar would be of interest to study.
Further, in this thesis work I only studied normal surface forces. However, for
dispersions the rheology is important and studies of the viscoelastic properties of thin
triglyceride films as well as measurements of frictional forces in such media are
greatly needed.

In Paper VI we have seen that the association between oppositely charged
polyelectrolytes and surfactants in bulk starts already at very low surfactant
concentrations. Clearly the binding isotherm for this system contains important
information. Today the instrumentation exists (surfactant selective electrodes)
allowing us to determine the concentration of free anionic surfactant in solution,
which would give us the binding isotherm, cac in bulk, charge neutralisation
concentrations and the stoichiometry of the aggregates in general. During this thesis
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work I tried to measure the binding isotherm but without success, the main reason
being the very low concentration at which the association process starts. However,
new larger dialysis bags are waiting in the lab and hopefully I will have time to try
again before I switch to other duties.

As we have seen in Papers IV and VII, oppositely charged polyelectrolytes and
surfactants form aggregates which generate periodically oscillating surface forces
reflecting the internal structure of these aggregates. It is not fully understood how the
structure should be described even though we learned a lot from the SANS
measurements. To elucidate this question is an open field of research. Likewise, when
close to neutral polyelectrolyte-surfactant aggregates are adsorbed on mica and very
thick viscous and sticky layers form (Paper VI), the measurement of equilibrium
forces with the aid of the SFA is inaccessible. However, to probe the viscoelastic
properties of such layers with the help of the tribological SFA would certainly be of
interest.

My research on polyelectrolyte-surfactant association was mostly concentrated on
systems containing highly positively charged linear polyelectrolytes. It is expected
that different architectures of the polymeric molecules would bring new properties to
the polyelectrolyte-surfactant system. Therefore studies involving polyelectrolytes of
various charge density, branching degree, stiffness and hydrophobicity would be of
great interest. If I could freely choose my next research topic, this would be it.

Not every experiment that is done in the lab immediately ends-up in scientific papers.
But exactly these small things which happen in the laboratory are so important in
realising what is interesting to do in the future. One such thing is the fascinating way
by which polyelectrolytes and surfactants are able to affect wetting properties of the
surfaces. For instance, the substrate I used throughout in my experiments, mica, is
hydrophilic. When a solution of pure PCMA is placed on such surface, PCMA
adsorbs on it, yet the surface stays hydrophilic. Pure SDS being negatively charged on
one end and hydrophobic on the other, when placed on a bare mica surface does not
adsorb at all. However, when a mixture of PCMA and a very small amount of SDS is
in contact with the mica surface, PCMA facilitates the adsorption of SDS at the three-
phase line and the interfacial properties there are dramatically changed. This field is
scientifically intriguing and also interesting from a practical point of view. For
instance, when dealing with ore separation and mineral flotation the ability to change
surface properties of particles is of utmost importance.

In my research work dealing with polyelectrolytes and surfactants I confined myself
to the use of non-modified mica surfaces. However, having in mind the many
applications of polyelectrolyte-surfactant mixtures one realises the need of using other
surfaces such as non-polar hydrocarbon surfaces, keratin-coated and cellulose-coated
surfaces. Such studies would certainly attract the attention of academically as well as
industrially oriented scientists.

In fact, I would like optimistically to conclude that the list of future research ideas that
I have mentioned above is just a small portion of all the questions which the research
itself poses during its course to all the time keep us curious and busy.
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X List of abbreviations used

AFM Atomic Force Microscopy
AM Acrylamide
cac Critical aggregation concentration, critical association concentration
cacb Critical aggregation concentration in bulk
cacs Critical aggregation concentration at the surface
cmc Critical micellar concentration
CTAB Cethyltrimethylammonium bromide
DLS Dynamic Light Scattering
ESCA Electron Spectroscopy for Chemical Analysis
DLVO Derjaguin, Landau, Verwey and Overbeek theory of colloidal stability
LB Langmuir-Blodgett deposition technique
MAPTAC {3-(2-methylpropionamido)propyl}trimethylammonium chloride
MASIF Measurement and Analysis of Surface and Interfacial Forces
PCMA Poly{2-(propionyloxy)ethyl}trimethylammonium chloride
PE Phosphatidylethanolamine
PGPR Polyglycerol Polyricinoleate
SANS Small Angle Neutron Scattering
SDS Sodium Dodecyl Sulphate
SFA Surface Force Apparatus
TIRM Total Internal Reflection Microscopy
XPS X-ray Photoelectron Spectroscopy
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