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Abstract 
 
Coating colors are applied to the base paper in order to maximize the 
performance of the end product. Coating colors are complex colloidal systems, 
mainly consisting of water, binders, and pigments. To understand the behavior 
of colloidal suspensions, an understanding of the interactions between its 
components is essential. 
 
A colloidal particle exerts so-called Brownian motion due to thermal collisions 
with solvent molecules. With fluorescence microscopy and image analysis the 
behavior of small particles can be directly observed. By studying the Brownian 
motion, the self-diffusion coefficient of the particles can be determined. 
 
The fluorescence microscopy method has been evaluated at low and high 
volume fractions. For carboxylated polystyrene latex probes, at low volume 
fractions, the estimated diffusion coefficients correspond well with the 
theoretical predictions if thermal and electrostatical contributions are included 
in the discussions. It was also possible to discriminate latex interactions with an 
added polymer.  
At high volume fractions, up to 50%, the experimental results were compared 
to theoretical predictions for hard-sphere behavior. A comprehensive statistical 
analysis of the microscopy images establishes the Gaussian behavior, both for 
the single probe particles and for the averaged ensemble of particles.  
 
Cationic starches interact with the negatively charged probe, regardless of 
polyelectrolyte charge density or molecular weight. A higher starch molecular 
weight yields, at constant charge density, a looser polymer layer bound to the 
latex surface, expressed as a larger hydrodynamic radius. Adding unlabelled host 
particles to the systems increase the negatively charged total surface area. Under 
these conditions, the diffusion is solely determined by latex-latex interactions.  
 
Fluorescence microscopy can be used to study the dynamics of drying latex 
dispersions. The transport of particles can be studied as the water evaporates. 
Two latexes with Tg below and above the film forming temperature were 
studied. The latex colloids were modified by two cationic starches, differing in 
molecular weight. The cationic starch and anionic latex form aggregates. The 
presence of aggregates influences the film forming, giving a rougher surface. 
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1  Introduction 
 
When making paper, the final product is usually surface treated or covered with 
a thin layer of coating color. The uncoated base paper consists of a network of 
fibers and air filled voids (pores). Both the pores and the fibers are important 
for the performance of the paper, providing both opacity and control of ink 
absorption. Coating is a means of altering the pore structure to maximize the 
performance. 
Significant advances have been made during the last decades, in all areas of 
papermaking, including raw materials, production technology, process control, 
and end products. The technology has progressed and new technology 
emerged, and our understanding of the fundamentals of materials, unit 
processes, and product properties has deepened considerably. The chemistry 
and the physics of both the raw materials and the product structures are 
essential for the understanding of the final paper product [1-5]. 
A coating mix consists mainly of water, binders, and pigments. Furthermore, 
additives, such as dispersing agents, viscosity modifiers, defoamers, and water 
retention aids, are used to give the coating mix desired properties. As coating 
machines run progressively faster, the need for understanding the behavior of 
the coating color becomes increasingly more important. 
The amount of binder in a coating color is about 5-20 wt % of the amount of 
dry pigment. A binder binds the pigments to each other and to the substrate. 
The binder also affects the viscosity and flow properties of the coating color. 
Starch and carboxymethyl cellulose (CMC) are examples of water-soluble 
binders, which affect flow properties.  
Latexes are used both as binder and pigment in coating colors. Pigment latexes 
have a higher glass transition point, Tg, than binder latexes. This property gives 
these pigment latexes the ability to remain as separate particles in the 
temperatures of the coating dryer [3]. 
 
 
1.1 Latex  
 
Originally, the term “latex” referred to the milky sap of certain plants, such as 
milkweed, lettuce or rubber trees. These saps are colloids of natural rubbers 
suspended in an aqueous medium, with proteins and other substances as 
stabilizers. Today latex refers to polymer colloids known as “synthetic latexes”, 
or simply “latexes”. The terms can often be employed interchangeably [6]. 
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Polymer colloids most often have a milky appearance. When the particles are 
uniform in size, the latexes may exhibit opalescence. The latex particles are in 
general spherical [6]. 
It turns out that it is relatively easy to make polymer colloids with very narrow 
particle size distributions, so-called ‘monodisperse’ systems. Polystyrene latex 
spheres are useful as model substrates because they may be prepared within a 
broad range of uniform particle sizes and well characterized properties [7]. 
Despite the numerous applications of the so-called hard latex particles, not 
much is known about their detailed surface structure. Recent investigations 
have indicated that the increase in friction coefficient is affected by a change in 
the surface properties of the latex particle. Using electron microscopy, 
Goossens found that the particle surface of carboxylated polymer latex is not 
smooth when the surface charge number is increased. Goossens assumed the 
rough surface of the particles to be to a hairy structure [8].  
There are few techniques that allow one to characterize the surface of latex 
particles dispersed in water. Titrations can be used to determine the density of 
functional groups such as -COOH. Techniques based upon fluorescence 
spectroscopy, particularly those involving energy transfer, show considerable 
promise for characterizing the surface of colloidal particles. These techniques 
can provide valuable information especially in situ, under conditions typical for 
the applications of latex particles [9]. 
 
The formulation of commercial latex is very complex. The adsorption of 
surfactants and other solutes on polymers is an important factor to consider. 
For example, surfactants are used in both the synthesis and stabilization of 
latexes [10, 11]. 
A concentrated suspension of polymer particles is an ultra-divided system, and 
is thermodynamically unstable. The particles are subjected both to Brownian 
movement and van der Waals type attraction forces, which become very strong 
when the distance between the particles is small. Any collisions between the 
particles constitute an inelastic shock. There are two major ways of stabilizing 
dispersions: steric stabilization by adsorption of polymers that are easily soluble 
in the dispersion medium, and electrostatic stabilization by the introduction of 
charged groups onto the particle surface [12].  
When the latex particles are all of the same size and carry the same amount of 
charge all the particles position themselves away from each other, at the same 
average distance, thereby forming regular three-dimensional arrays [6]. 
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If the particles are labeled by a fluorescent chromophore, they can be used as 
sensitive detectors for proteins, and have found uses in medical diagnostics, cell 
separation, cancer chemotherapy, and targeted drug delivery systems [6].  
 
 
1.2 Colloids 
 
In 1861 Thomas Graham coined the term colloid to describe a dispersion of 
small particles in a solution. Graham deduced that the low diffusion rates of 
colloidal particles implied that the particles were fairly large – at least 1 nm in 
diameter. On the other hand, the failure of the particles to sediment under the 
influence of gravity implied that they had an upper size limit of approximately  
1 µm. Graham’s definition of the range of particle sizes that characterize the 
colloidal domain is still widely used [13]. 
To characterize a colloid suspension, a number of different methods can be 
used. Some of the most common are: 
• Light scattering 
• Microscopy (optical-, neutron-, ultra-, TEM, SEM, AFM) 
• Sedimentation 
 
Since colloidal systems consist of two or more phases and components, the 
interfacial area to volume ratio is significant. Surface phenomena, such as 
adsorption and the formation of electrical double-layers, occur at the interfaces. 
Because surface properties dominate the behavior of colloidal systems, surface 
phenomena play an integral role in colloidal science [13].  
Colloidal particles in a dispersion medium are always subjected to Brownian 
motion, resulting in frequent collisions between the particles. Stability and other 
characteristics of dispersions are thus determined by the nature of the 
interactions between the particles during such collisions.  
Generally, there are five important types of particle-particle interaction forces 
that can exist in a dispersion: [14] 
• Electrical double-layer interaction 
• van der Waals interaction 
• Steric interaction  
• Hydration/solvation interaction  
• Hydrophobic interaction 
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The tendency for colloidal particles to aggregate arises from the universal 
attractions among all uncharged molecules, usually van der Waals interactions. 
These dipole-dipole interactions act through space. Neutral molecules attract 
each other primarily because thermal oscillations of the nuclei relative to their 
electronic clouds result in transient dipoles, which in turn induce dipoles in 
neighboring molecules. The long range van der Waals force operates 
irrespective of the chemical nature of the particles or the medium. If the 
particles are similar, this force is always attractive [6, 13].  
 
Most colloidal particles acquire a charge either from surface charge groups or 
by specific ion adsorption from the solution. The requirement for overall 
electrical neutrality results in an equal number of counter-ions of opposite 
charge in the vicinity of the surface ions. These are usually relatively small, e.g., 
Na+, K+ or NH4+, and thus able to move about rapidly, but always under the 
influence of the rather highly charged surface of opposite charge. The result is 
an electrical double-layer composed of the more or less fixed surface ions and a 
diffuse layer of moving ions [6]. For similar particles this charge leads to a 
repulsive double-layer force. The charged surface and the neutralizing diffuse 
layer of counter-ions forms the electrical double-layer. As the ionic 
concentration increases, the thickness of the electrical double-layer decreases, a 
process referred to as compression of the double-layer [13, 15-17]. When two 
charged particles approach each other, the ion clouds in their diffuse electrical 
layers overlap, which leads to an increased ionic concentration between the 
particles. This creates a driving force for the separation of the particles. From 
another point of view, the higher concentration of ions between the particles 
leads to an osmotic pressure which brings solvent from the outside, forcing the 
particles apart [6]. 
 
The total energy of interaction between the particles in a colloid is given by the 
sum of the electrical double-layer and van der Waals energies. The stability of 
lyophobic dispersions was described by Deryagin and Landau [18] and 
independently by Verwey and Overbeek [19], and is known as the DLVO 
theory. It relies on an assumption that there is a balance between the repulsive 
interaction between the charges of the electrical double-layers on neighbouring 
particles, and the attractive interactions arising from van der Waals interactions 
between the molecules in the particles. At high ionic strengths, the ionic 
atmosphere is dense and the potential shows a secondary minimum at large 
separations. Aggregation of the particles evolving from the stabilizing effect of 
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this secondary minimum is called flocculation. The flocculated material can 
often be redispersed by agitation. Coagulation, the irreversible aggregation of 
distinct particles into large particles, occurs when the separation of the particles 
is so small that they enter the primary minimum of the potential energy curve, 
where van der Waals forces are dominant [16, 17, 20].  
 
Nearly all industrial processes involve colloidal systems. In many rapidly 
advancing areas of technology, progress depends on the ability to control 
colloidal interactions. The similarity between some biological systems and 
colloid dispersions, has made colloid science attractive to the scientific 
community. Successful applications of colloidal concepts in biological systems 
include encapsulation, controlled drug release, and prevention or promotion of 
cell adhesion [13, 14]. 
 
 
1.3 Brownian motion and diffusion 
 
According to kinetic theory all suspended particles regardless of their size, have 
the same average translational kinetic energy in the absence of external forces. 
Each particle follows a complicated and irregular zig-zag path, referred to as 
Brownian motion. The rapidity of the motions are greater, the smaller the size 
of the suspended particles [16, 21]. A characteristic of Brownian motion is its 
stability in time. The motion persists as long as the particles remain suspended 
in the fluid. This has been observed in preparations allowed to stand for over a 
year. A final very characteristic property is independence of most external 
influences. Electric fields, light (as long as it is not absorbed and does not heat 
the system), gravity (as long as the particles do not settle out) and similar 
disturbances from the outside seem to have no effect. 
Temperature has a marked effect, however. This could be expected from the 
observation that the motion depends on the viscosity of the medium; as is well 
known, the viscosity of fluids in appreciably temperature dependent [21]. 
The kinetic theory of matter asserts that the molecules of a fluid are constantly 
in motion with a mean kinetic energy proportional to the temperature. The 
motion is described by Newton’s equations of motion, where the interactions 
of the Brownian particle with the solvent molecules are taken into account by a 
rapidly fluctuating force. The statistics of Brownian motion can be studied in 
this way, if reasonable approximations for the statistical properties of the 
fluctuating force are made. In most cases, experimental data are ensemble-
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averaged quantities. Properties of such macroscopic quantities find their origin 
in processes on the microscopic scale, where the motion of individual 
Brownian particles is resolved. 
 
Brownian motion is also responsible for the process of diffusion, whereby a 
solute or a gas ultimately becomes uniformly distributed throughout available 
space. Departures from equilibrium occur if one or more components differ in 
chemical potential in different parts of the system. In general substances diffuse 
from regions of high concentration to regions of lower concentration, until the 
difference in chemical potential is leveled out. Diffusion is described by Fick’s 
first and second law of diffusion [17]. 
Contrary to collective diffusion, induced by density gradients, self-diffusion is 
the motion of a single particle in a system with homogeneous density. The 
single particle is commonly referred to as either the probe, the tracer particle, 
the labeled particle, or the tagged particle, while the remaining Brownian 
particles are referred to as host particles [22]. 
 
There are two sets of problems associated with the description of Brownian 
motion in concentrated solutions. The first is to find the appropriate equations 
of motion describing the evolution of the system. The second set of problems 
is to derive the appropriate interactions [21]. 
 
The transport of material by diffusion is of great importance in several 
industrial applications. From the pharmaceutical point of view, it is desirable to 
control the release rates of drugs from their formulations. This can be done, by 
controlling the diffusivity of the drug, during the release process. The diffusivity 
of the drug in biological systems is a property related to its biological activity. 
Thus, the estimation of diffusion coefficients in heterogeneous or in 
homogeneous systems is of great interest [23]. 
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1.4 Latex film formation 
 
The terms coalescence and film formation are often used interchangeably in the 
latex literature. Coalescence implies fusion of latex particles together by 
polymer interdiffusion, while film formation only implies that a film is formed 
by the distortion of particles to eliminate interstitial voids [24]. The main 
problem with water-based coating systems is the high latent heat of evaporation 
of water which leads to long drying times [25]. 
 
 

  
  
Figure 1. Schematic cartoon of film formation 
Top:        Dispersion 
Middle:   Evaporation of water leads to  close     
                packing. 
Bottom:  Deformation of particles.    
               Interdiffusion of polymer chains start. 

Figure 2. Schematic cartoon of film formation 
(cross-section). 
Top:       Immediately after application.  
Middle: Drying fronts from the edges. 
Bottom: The film formed on the substrate. 

 
 



 

 14 

According to the standard model [26-35], film formation proceeds in three 
stages. In stage 1, water evaporates from the dispersion, Figure 1: top. In the 
water evaporation stage of the film formation, Brownian motion plays a crucial 
role on the kinetics of colloidal particles [29]. The concentration of spheres 
increase, leading to close packing of spheres, Figure 1: middle. This first stage is 
the longest of the three and lasts until the polymer has reached approximately 
60-70% volume fraction, φ. 
On further water loss (stage 2) the particles deform (in case the temperature is 
above the so-called MFT = minimal film forming temperature), eventually 
leading to a space filling arrangement of rhombododecaeders of polymer 
material separated by more or less hydrophilic interfaces, Figure 1: bottom. 
During the deformation stage of latex film formation, a close-packed array of 
particles is consolidated to form a structure with volume fraction unity. There 
are a number of different possible driving forces to achieve this. Proposed 
mechanisms range from surface tension between polymer particles and either 
water or air to capillary forces at the water-air interface [26]. During this stage 
the film becomes transparent when the size of interstitial water areas becomes 
significantly smaller than the wavelength of visible light.  
Stage 3 is characterized by interdiffusion of polymer chains between 
neighboring particles (if the temperature is above the polymer glass transition 
temperature Tg) with a concomitant loss of particle individuality, thereby 
imparting mechanical strength to the formed film [35]. 
 
When a drop of dispersion is applied on the substrate, there is no concentration 
gradient in the sample, Figure 2: top. At the edges, the latex particles 
concentrate as the water evaporates, Figure 2: middle. Finally when all water has 
evaporated, a latex film has formed on the substrate, Figure 2: bottom. 
 
The drying front can be divided into two regions. One separates the dry film 
and the flooded close packed arrays of particles. The other separates the 
flooded array from the wet dispersion. As soon as the film starts drying, the 
water soluble components, i.e. surfactants and ions, concentrate in the 
remaining water pools, due to the radial drying front, from the edges to the 
center of the latex film [36]. 
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1.5  Starch 
 
Starch is the most common polysaccharide in nature after cellulose. They are 
both glucose polymers photosynthesized by solar energy in various plants, 
where starch serves as the main energy reserve, and cellulose as the structural 
basis of the plant cell wall. These polymers also constitute a major energy 
source in human and animal diets. In addition, starch and cellulose are widely 
used as raw materials in numerous industrial applications, e.g., in the paper, 
paint, textile, food, and pharmaceutical industries. Knowledge of the chemical 
and physical structure of starch is helpful in understanding the role of starch in 
paper coatings and other industrial processes. The polymers have great 
potential for providing a broad range of important functional properties and 
possess several advantages that make them excellent materials for industrial use; 
they are non-toxic, renewable, biodegradable and modifiable [37-39]. 
 
In order to increase their industrial use and to fulfill the various demands for 
functionality of different starch and cellulose products they are often modified 
by physical, chemical, enzymic or genetic means. Modification leads to changes 
in the properties and behavior of the polymer and consequently, improvement 
of the positive attributes and/or reduction of the negative characteristics can be 
achieved. The role of starch is progressing from that of being a cheap bulk 
ingredient to being a functional ingredient that is used because of its specific 
properties [40]. 
 
In starch the glucose molecule is in the glucopyranose ring structure. Each 
carbon atom is numbered as shown in Figure 3a, and each hydroxyl group 
(OH) or hydrogen atom (H) is either axial or equatorial in respect to the 
glucose ring [37]. The major constituent (∼99%) of the starch granule is α-D-
linked glucose, which occurs in two different polymeric forms; amylopectin and 
amylose. 
 
Amylose is considered to be an essentially linear macromolecule consisting of 
several hundreds of (1→4) - α-linked D-glucose residues, see Figure 3b. 
However, it is nowadays well established that there exists a minor degree of 
branching in amylose, as the chains may contain a small number of (1→6) - α-
D-linkages. The (1→4) - α-D-glucosidic linkages results in a flexible molecule 
with a natural extended helical twist in the solid state. In absence of foreign 
molecules, amylose in water does not have a helical twist. At most, short or 
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single-helical loops exist. Viscosity and other studies suggest primarily a random 
coil form for amylose in solution. The amylose content of most starches is 
generally about 20-30% [37, 39]. 
 
a b 

 
 

 
Figure 3 .  a. Schematic illustration of a glucopyranose ring. 

b. Molecular structure of amylose. 
 
 
Common starches normally consist of 75-80% amylopectin. Amylopectin, 
unlike amylose, is a highly branched molecule composed of (1→4) - α-D-
glucosidically linked chains with an average chain length of 15-25 glucose 
residues, but with 4-6% (1→6) - α-D-glucosidic bonds at the branching points, 
Figure 4a. The branching structure of amylopectin has been studied extensively 
and a variety of models of the molecular architecture have been proposed. 
Today the cluster model of the amylopectin structure is the accepted one, 
Figure 4b. 
 

a b 

  
 

 
Figure 4 .  a: The molecular structure of amylopectin 

    b: The revised cluster model of the amylopectin organization;  
     φ denotes the single reducing end of the molecule. 
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Figure 4b describes the branched structure as three different chains: A, B, and 
C, which are grouped according to their location in the amylopectin molecule. 
A chains are linked to B chains only through the reducing end and do not carry 
any other chains. The B chains carry A chains and/or other B chains through 
one or more (1→6) - α-D-linkages. They are linked via their reducing ends to 
other B chains or the sole C chain, which carries the only reducing end of the 
whole molecule. The A chains and short B chains form left-handed, parallel 
double helices that constitute the clusters, whereas the longer B chains 
interconnect the clusters into larger structures [38]. 
 
Native starch granules are insoluble in cold water, due to their semi-crystalline 
structure. Heating of a dilute aqueous suspension of starch results in a swelling 
of the granules, disruption of the crystalline parts and loss of birefringence. As 
the temperature increases, irreversible swelling occurs, and the granular order is 
destroyed. In addition, the viscosity increases with increasing swelling of the 
granules. Another important physical property of starch is retrogradation, 
which occurs when the polymer chains, after gelatinization, re-associate and 
return to a more ordered state. 
 
The characteristics of native starch are undesirable for many applications. 
However, only slight modification is required to change the behavior and 
properties of starch. Cationic starches are very important commercial 
derivatives and in most applications it is the ionic nature of the product that is 
the property of prime interest.  
Ionic repulsion of the cationic groups assists in dispersing the starch into the 
aqueous phase and contributes to the stability of the starch cook. These 
changes in the starch properties improve the efficiency of the starch as a binder.  
A major disadvantage using starch is its poor water resistance, but the desired 
water resistance can be reached by using various coating additives. Paper 
coatings that contain starch usually contain latex as a water resistance additive. 
Polystyrene-butadiene latexes render the highest degree of water resistance 
among the latex types, and give what is referred to as a “closed” or “tight” 
sheet [37, 39]. 
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1.6 Aggregation 
 
Polyelectrolytes are polymers carrying dissociated ionic groups. They are usually 
soluble in polar solvents and in most cases in water. The long-range character 
of the electrostatic interactions gives polyelectrolytes specific properties which 
are only partially understood from the theoretical point of view. In aqueous 
solution, polyelectrolyte chains strongly interact with other charged objects, and 
in particular, they tend to associate with charged objects of opposite sign and 
form complexes [41]. 
 
For adsorption of a polyelectrolyte onto an oppositely charged surface it is 
often observed that, concerning a given polymer, there is a maximum in 
adsorption as function of increasing segment charge density. When the charge 
density of a low charged polymer is increased, the adsorption increases due to 
attraction between oppositely charged sites. The adsorption of a highly charged 
polymer is, on the other hand, lower than that of a medium charged polymer 
because of charge compensation. Polymer charge density may have a significant 
effect on the flocculation efficiency. Polymers adsorbed due to purely 
electrostatic interaction forces will, with increasing charge density, also adopt a 
flatter conformation at the particle surfaces [42]. 
 
Interparticle bridging and patch flocculation are two examples of common 
mechanisms by which an oppositely charged polymer destabilizes a colloidal 
dispersion. 
  
It is obvious that the initial dynamics of bridging flocculation is closely related 
to the kinetic of polymer adsorption which can be considered to proceed in a 
three-step process: [43] 
1) Transportation of polymer coils onto the colloidal surface from the bulk 

phase 
2) Attachment of polymer coils to the surface  
3) Relaxation of attached polymers into flattened adsorbed conformation  
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Figure 5 show examples of adsorbed polymer on the surface of a spherical 
particle.  
 

 
 
Figure5. Polymers adsorbed on a spherical particle 

a. The polymer is in touch with the sphere at one point 
b. The polymer forms loops, trains, and tails when adsorbing 
c. The polymer wraps around the particle 

 
Interparticle bridging refers to a situation in which the segments of adsorbed 
polymer extend into a solution and overcome the thickness of the electrostatic 
double-layer of the particle. The adsorbed long-chain polymers extend to the 
surface of the other particles, thus bridge or bind the particles together and 
induce association or aggregation, despite the electrostatic repulsion, Figure 6  
[44]. 
 

  
  
Figure 6. Schematic illustration of interparticle 
bridging. 

Figure 7. Schematic illustration of patch 
flocculation. 

 
Control of the aggregate structures formed during a bridging flocculation 
process is not easy. Parameters such as polymer chemistry, polymer charge, 
particle surface charge, polymer dosage, and the mixing regime will be 
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important. The primary factor to control is the structure of the adsorbed 
polymer layer; the conformation should be of a loops and tails type. There 
should also be some particles with available free surface to facilitate the 
bridging. In this model, flocculation can only occur when a particle with free 
surface encounter a particle carrying some ‘active’ polymer; ‘active’ polymer is a 
polymer that has only recently adsorbed to the surface and has some long loops 
and tails. The optimum structure will only have a certain lifetime. This lifetime 
will be controlled by the relative surface area to polymer concentration ratio, 
the size of the polymer, the adsorption energy of the polymer segments to the 
solid surface, and the collision frequency between particles. A higher 
concentration of particles will lead to a higher collision frequency and hence an 
increased probability of finding the polymer in an active state. Of course, an 
increase in collision frequency can also be attained from an increase in agitation 
during mixing. Any polymer coil in the solution will have definite dimensions. 
These dimensions are controlled by the solvent affinity for the polymer chain 
segments. A high solvent affinity will lead to an expanded coil conformation; 
a poor affinity will cause coil collapse. At the initial moment of adsorption to 
the surface, the coil will retain its solution conformation. The polymer will then 
attempt to relax towards the surface. The amount of relaxation is controlled 
both by the adsorption affinity of the segments for the surface and the solvency 
of the chain. In a good solvent the chain will want to maximize its contacts with 
the solvent and a loops and tails conformation will be favored [45]. 
 
The adsorbed polyelectrolytes have a rather high charge density on the surface. 
Near the isoelectric point the charge of these patches is counterbalanced by the 
bare surface charge of the latex particles. Thus, the lateral charge distribution 
on the particles consists of a random arrangement of positively and negatively 
charged patches. The particles are close to being neutral and they aggregate due 
to van der Waals forces. When doing so, however, they follow the minimum 
energy path and thus orient themselves such that oppositely charged patches 
face each other. Electrostatic interaction between sites of opposite charge leads 
to aggregation, Figure 7. The sites with charge reversal are called patches. These 
patches of excess positive charge are surrounded by areas of negative charge 
that represent the original particle surface. The size of the patches will be 
relevant as well. The heterogeneity effect will be strongest for large patches and 
thus for high molecular mass polymers. There is often a maximum aggregation 
in the region around the isoelectric point [42, 44, 46, 47]. 
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1.7 Fluorescence microscopy 
 
The limit of resolution of optical microscopes using white light and glass 
refracting lenses is about 200 nm. This is sufficient to see the Brownian motion, 
and the ordering of particles, but is insufficient for determining both the size 
and the internal morphology of the particles. Fluorescence microscopy can be 
used to study the thermal motion of small particles [6]. For instance, the 
dynamics of DNA has been studied using fluorescence microscopy. The phase 
behavior and unfolding was investigated by this method [48, 49]. 
After a molecule has absorbed energy and thus attained a higher state, it must 
sooner or later reach its ground state again. The deactivation can take place in 
different ways; the molecule can dissipate its energy as thermal energy, by 
undergoing a reaction or by sending out the energy as light. This last 
deactivation process is called luminescence, and the energy of the emitted light 
is approximately proportional to the energy difference between the higher and 
lower states. The radiative deactivation between two singlet states is called 
fluorescence. Because the emitted photon has less energy than the excitation 
photon, the wavelength of the emission is longer than that of the excitation 
[50]. 
Many dyes have been developed that have very specific fluorescence. They are 
used to selectively stain parts of a specimen. This method is called secondary or 
indirect fluorescence. The staining dyes are called fluorochromes, and when 
conjugated to other organically active substances, such as antibodies and nucleic 
acids, they are called fluorescent probes or fluorophores. These various terms 
are often used similarly [51]. 
 
Fluorescence microscopy differs from conventional optical microscopy mainly 
in that the microscope has a special light source and a pair of complementary 
filters, Figure 8. To see the comparatively weak fluorescence, the light used for 
excitation is filtered out by a secondary (barrier) filter placed between the 
specimen and the eye. The barrier filter should be fairly opaque at the 
wavelength used for excitation, and fully transparent at longer wavelengths so 
as to transmit the fluorescence. The fluorescent object is seen as a bright image 
against a dark background [50]. 
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Figure 8. A schematic picture of the fluorescence microscope. 
 
Fluorescence microscopy has two major problems. The fluorescence image as 
seen in the microscope is weak compared to that obtained by almost all other 
kinds of microscopy. This makes particular demands on the efficiency of the 
system, so as not to waste light, and may lead to difficulties in interpretation 
due to the difficulty in monitoring at low light levels. In addition, the specimen 
usually fades more or less rapidly under irradiation, and may fade too quickly to 
be photographed. The terms photo bleaching and fading are used 
interchangeably, and refers to the progressive loss of fluorescence intensity 
during irradiation. Photo bleaching is the more specific term, as fading also can 
be used to describe the effects of long-term storage [50]. 
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2 Theory 
 
2.1 Brownian motion at low volume fractions 
  
In a simple binary solution of spherical colloidal particles dissolved, or 
suspended, in a pure solvent with shear viscosity, η0, each particle experiences a 
frictional drag, f, given by 
 

hrf 06πη=          {1} 
 
where rh is the hydrodynamic radius. In the case of perfect spheres that are 
large compared to the solvent molecules, rh equals the particle radius, r. The 
diffusion derives from a balance between the thermal and viscous forces acting 
on the particle [52]. This leads to the Stokes-Einstein equation: 
 

hr
kT

f
kTD

06πη
==         {2} 

 
Equation 2 is used for the calculation of Dtheory.  
A Brownian particle’s displacement, ρ(t), is parameterized by its self-diffusion 
coefficient, D, through the Einstein-Smoluchowsky equation: 
 

( ) ( ) ττ dDtt 22 =−+ ρρ        {3} 

 
where d is the number of dimensions of displacement data. The angle brackets 
indicate a thermodynamic average over many starting times t for a single 
particle or over many particles for an ensemble. Hence, particle trajectories 
from microscopy observations provide data to calculate colloidal particles’ self-
diffusion coefficients, Dexp. As an analytical tool, such measurements 
complement traditional light scattering techniques by permitting direct 
measurements on inhomogeneous, strongly interacting, and extremely dilute or 
concentrated suspensions [53]. A more detailed discussion is available in  
Article I. 
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The electrical double-layer is commonly described by the Debye-Hückel 
parameter,κ, which can be calculated for different ionic strengths, I: 
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0

202 2000
== ∑ zn

      {4} 

 
where I is given in molar units and NA is the Avogadro number. 
Apart from fundamental constants, κ depends only on the temperature and the 
bulk electrolyte concentration. The Debye-Hückel approximation is frequently 
used to describe the electrical double-layer, and the quantity κ is called the 
Debye-Hückel parameter. The thickness of the diffuse layer is of the order κ-1, 
the Debye screening length. 
It is useful to compare the electrical double-layer thickness with the size of the 
particle; the value of κr, referred to as the electokinetic radius, is often used for 
this purpose. Theoretical predictions, confirmed by experiments, indicate that 
the double-layer effect on the self-diffusion has a maximum when κr is close to 
unity and becomes very small for κr > 10 [54-61]. Also, see Article I. 
 
 
2.2 Brownian motion at high volume fractions 
 
There are two sets of problems associated with the description of Brownian 
motion in concentrated solution, e.g., at high volume fractions. 
The first is to find the appropriate equations of motion describing the evolution 
of the system. These equations, whatever their form, will include hydrodynamic 
interaction in some way. 
The second set of problems is to derive the appropriate interactions. 
The description of the hydrodynamic interaction is very important for 
describing the concentration dependence of the diffusion coefficient. The 
Oseen approximation describes the interaction well at large distances between 
the particles (assumed spherical), but is not a good approximation at short 
distances. The short distance behavior is vital to a correct description. The 
effect of direct intermolecular forces between the Brownian particles must also 
be considered [21]. It is a difficult problem, and numerically different answers 
can be found in the literature [62-68]. 
 
If the viscosity of a hard sphere suspension can be measured or predicted, it 
can be used in equation 2, giving a theoretical diffusion coefficient.  
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The diffusion of a colloidal particle becomes more restricted, due to the higher 
degree of order in the suspension, as the volume fraction increase. At a specific 
volume fraction, no flow at all can take place. This critical concentration is 
known as the maximum packing fraction, φm. The concentration dependence of 
the viscosity of hard-sphere dispersions is commonly described in relation to 
φm. Increasing the particle concentration leads to increasing continuous three-
dimensional contacts throughout the suspension, until eventually the viscosity 
diverges at φm. From purely geometric arguments, the maximum packing is 
estimated to lie between 0.52 and 0.74 [69].  
For charged spheres, the volume-fraction dependent viscosity has the same 
functional form as for hard spheres [70]. The value of φm, however, can be 
reduced since the electrical double-layers increase the particle’s effective 
dimension [71-73].  
 
The viscosity of a dispersion of hard spheres at infinite dilution in a fluid 
medium was shown by Einstein [74] to have a very simple dependence on the 
volume fraction, and the viscosity of the medium:  
 

φ
η
ηη 5.21

0

+=≡r          {5} 

 
where ηr is the relative viscosity, η the viscosity of the experimental solution, η0 
the viscosity of the pure solvent, and φ is the volume fraction of the additive. 
The remarkable result is that the slope of 2.5 is independent of the particle size 
as long as the particles behave as hard spheres, defined as having negligible 
double-layer and hydrodynamic interactions between particles [6].  
At higher volume fractions interparticle interactions occur, yielding also higher 
order term: 
 

2
21
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1 φφ
η
η CC ++=         {6} 

 
The Einstein coefficient C1, which accounts for the bulk stress due to an 
isolated particle, is 2.5 for hard spheres. The Huggins coefficient C2 accounts 
for particle pair interactions. For hard spheres C2 = 6.2 at zero-shear [72]. So 
equation 6 becomes: 
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( )2
0 2.65.21 φφηη ++=        {7} 

 
A model to describe the behavior of hard sphere systems in terms of the 
relative viscosity, ηr, was derived by Krieger and Dougherty [75], based upon 
the earlier work of Mooney: [62] 
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The intrinsic viscosity [η] was determined to be 2.7 for submicron sphere 
suspensions [69]. The Krieger-Dougherty equation has been found to hold for 
a broad range of systems and is frequently used [6, 69, 71, 72, 76-79]. 
 
Experimental viscosity data are often compared to the semi-empirical 
expression, derived by Quemada:[80] 
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This equation can easily be rewritten to give a linear relationship: 
 

    
ηr

−0.5 =1−
φ
φm

         {9b} 

 
The use of the Quemada equation, however, carries the intrinsic assumption 
that the product [η]φm equals 2. Under the hypothesis that [η] = 2.7, it yields 
that φm always takes the value 0.74, regardless of the kind and nature of the 
system. Evidently, this must be an oversimplification for a more thorough 
treatment, even though it might be acceptable in many practical situations. A 
more elaborate way, is to make use of the viscosity determined at different 
volume fractions to calculate [η] and φm from a two-parameter fit by the use of 
equation 8. The estimated values can subsequently be used in equations 8 and 2 
to calculate model values on the self-diffusion coefficient, Dtheory. The calculated 
Dtheory can be compared to the experimental Dexp, obtained from image analysis 
and equation 3. 
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A systematic theory for the dynamics of hard-sphere suspensions of interacting 
Brownian particles with both hydrodynamic and direct interactions was 
presented by Tokuyama and Oppenheim [81]. The volume fraction dependence 
of the long-time self-diffusion coefficients was explored from a unifying point 
of view. The diffusion at long times is described by: 
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where the non-local hydrodynamic effect K(φ) is given by: 
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The scalar function L(φ) results from the local tensor, and is given by 
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          {10b} 
 
Here b(φ) = (9φ/8)1/2, and c(φ) = 11φ/16. The first, second, and third terms (the 
latter between the square brackets) in equation 10 b, correspond to the long-
range interaction, short-range interaction, and their coupling, respectively [81]. 
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3 Experimental 
 
3.1 Equipment 
 
The instruments and chemicals used for the experiments were: 
• A Zeiss Axioskop2 MOT microscope equipped with HBO100 and HAL100 

light sources. 
• The digital camera was an ORCA-ER and the image analysis software was 

AquaCosmos versions 1.3 and 2.0, from Hamamatsu.  
• The sample holder was made from objective and cover glass with nail varnish 

as glue.  
• For the film formation experiments objective glasses with three wells 

(diameter 14 mm) were used. 
• Four carboxylate-modified fluorescent polystyrene micro-spheres with radii 

0.5, 0.265, 0.1, and 0.05 µm, respectively, were used as probes, their 
characteristics can be found in Table 1. 

• A Peltier table from Linkam was used for temperature control.  
• The polymers used as additives, polyethyleneglycole (PEG, Mw 20 000) from 

Merck and polyvinylpyrrilidone (PVP, Mw 8000) from Acros, were used as 
received.  

• The ionic strength was tuned by appropriate amounts of KCl, p.a., from 
Acros. 

• Carboxymethyl cellulose (CMC), Finnfix 5 from Noviant. 
• Sartorius Sartoflow Alpha for the filtering. 
• pH was measured with a pH BlueLine 16 pH electrode from Schott 

electrodes.  
• The conductivity was determined with a type CDC114 electrode, with a cell 

constant of 1.0, from Radiometer.  
• As host particles, two different latexes from Dow Chemicals were used as 

received, their characteristics can be found in Table 2. 
• Four starches were received from Ciba Specialty Chemicals (Raisio, Finland) 

and their characteristics are given in Table 2. 
• A Malvern HPPS-ET light scattering instrument. 
• A Particle Charge Detector from Mütek, PCD 03 pH, with 0.001 N Poly-

Dadmac (polydimethyl diallyl ammonium chloride) as titrand was used for the 
surface charge determination of latex. 

• For the rheological measurements a Physica MCR 300 equipped with a double 
gap cylinder (DG 26.7) was used. 
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Producer Size, radius 

(µm) 
Charge 

sign 
Charge 
(meq/g) 

Molecular Probes 0.5 ± 0.012 anionic 0.1 

Bangs 
Laboratories 

0.265 anionic 0.04 

Molecular Probes 0.1 ± 0.003 anionic 0.4 

Molecular Probes 0.05 ± 0.004 anionic 0.3 

 
Table 1. The characteristics of the probes used in the experiments. 
 
 
 
 
Trade 

name 

Acronym Charge 

sign 

Charge 

substitution 

Molecular 

weight 

Particle 

radius 

(µm) 

Tg 

Raifix  

120 

A cationic 0.8 >107   

Raifix 

01035 

B cationic 0.8 <<107   

Raisamyl 

21431 

C cationic 0.01 27,000   

Raisamyl 

01121 

D anionic 0.03 27,000   

Latex 

 

1 anionic 0.3 meq/g  0.075 < 15°C 

Latex  

 

2 anionic 0.2 meq/g  0.096 53°C 

 
Table 2. Characteristics of the starches and latexes used in the experiments. 
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3.2 Methods 
 
3.2.1 Determining the diffusion coefficient 
  
The latex solution was transferred to the sample-holder, which was 
subsequently sealed with nail varnish. A sequence was taken, 60-100 images 
with a specified time between them, and the displacements in two dimensions 
were determined. A trajectory in two dimensions can be seen in Figure 9.  
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Figure 9. The trajectory of a single probe. 
 
Three examples of trajectories and displacements are shown in Figure 10. The 
concentrations of probes and the time between each image were chosen so that 
approximately 30 particles could be followed through each sequence. 
 

 
 
Figure 10. Schematic illustration of trajectories and displacements for three probes. 
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If the sample holder had some defects, all particles were dragged in one specific 
direction, which could usually be detected with a visual inspection of the 
sequence. By superimposing the first and last image, the resulting displacement 
for each individual particle in the sequence could be measured. Between 150 
and 200 individual particles were used to calculate every single diffusion 
coefficient. Most of the displacements should have approximately the same 
length and the displacement length distribution should be Gaussian. From the 
measured lengths, <ρ 2> was calculated, and equation 3 was used to calculate 
Dexp. A 95% confidence interval was calculated and Dexp was compared with 
Dtheory, which was calculated from equation 2. A more detailed description of the 
method can be found in Article I. 
 
 
3.2.2  Following the film formation of latex 
 
The wells on the sample holder provide the same film formation area for each 
experiment. The sample volume and probe concentration were chosen to give 
optimal experimental conditions. 50 µl of the sample were placed in a well on 
the objective-glass. By always adding the same amount into the wells, the 
conditions for all experiments were the same. The propagation of the 
waterfront was studied, as well as the behavior of the particles on the surface. 
Sequences were taken and the behavior of the latex probes could be studied. 
After the film was formed, the ordinary light source on the microscope was 
used, giving brightfield images of the surface. The behavior at different places 
of the waterfront was studied giving an understanding of the growing pattern 
on the surface as the waterfront progressed.
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4 Results and discussion 

 
4.1 Evaluation of the method at low volume fractions 
 
The diffusion coefficients of the latex spheres in aqueous solution were 
determined with fluorescence microscopy and image analysis. In the present 
systems, the spheres can be assumed to be perfect and large compared to the 
solvent molecules. Under such circumstances, Dexp should equal Dtheory if no 
other specific interactions occur.  
 
It takes about one and a half minute for the actual experimental set-up to reach 
thermal equilibrium between the heating from the microscope illumination 
source and the cooling from the Peltier table. 
A plot of <ρ2> versus time should yield a straight line with slope 4D, according 
to equation 3. Superimposing images 1 and 20, 1 and 40, 1 and 60, and so on, 
resulted in Figure 11. The two smaller latexes show an experimental slope very 
close to the theoretical, while the latex with 0.5 µm radius shows a slight 
deviation from the theoretical prediction. To understand the results of the 
largest latex, we have to assume a larger effective radius than the certified size. 
Since the latexes are carboxylated, they carry charges at the present pH, and the 
effects of the electrical double-layer have to be taken into consideration. 
 
When the double-layer is very thick, i.e., for small κr, the double-layer repulsion 
is not negligible. For large κr, on the other hand, the electric double-layer forces 
can be neglected. For the latex with radius 0.265 µm, there was no electrolyte 
added, and κr could not be calculated. The latex with radius 0.1 µm has  
κr = 4.6, while the latex with radius 0.5 µm has κr = 0.9. It has been reported 
that there is a maximum double-layer effect at κr close to unity. When repeating 
the experiments for κr = 284 the experimental result came closer to the 
theoretical. 
 
From equation 2, it can be concluded that the diffusion coefficient depends on 
the temperature. The diffusion coefficient for latexes with radius 0.5 µm and 
0.1 µm were investigated at different temperatures; the larger latex between  
0 ºC and 80 ºC, and the smaller one from 0 ºC to 40 ºC. The results follow the 
theoretical predictions, at least for the trends, Figure 12. 
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Figure 11.  Mean squared displacements for the 
probes with radii: ■, 0.5 µm; ●, 0.265 µm; and 
♦, 0.1 µm in aqueous solution, versus time 

Figure 12.  The diffusion coefficients for probes 
with radii: ■, 0.5 µm; and ♦, 0.1 µm in aqueous 
solution versus temperature. The dashed lines 
show the theoretical prediction, according to 
equation 2. 

 
 
The presence of an additive can alter the diffusion coefficient, due to 
interactions between the added substance and the probe or due to a changed 
viscosity if additive-solvent or additive-additive interactions are considerable. In 
the present investigation, the additives chosen were two polymers, i.e., PEG 
(Mw 20,000) and PVP (Mw 8000). Both PEG and PVP, together with latex, have 
been reported on numerous times, and previous results indicate an interaction 
between polystyrene latex and PVP [82, 83]. Polystyrene latex and PEG should 
not show interaction at low concentrations of PEG [7]. Since the polymer 
concentrations are in the ppm-range, the solvent viscosity is not altered. The 
diffusion coefficient for the latex in PEG-solution did not alter for PEG 
concentrations between 0 and 12 ppm, see Figure 13.  
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Figure 13.  The diffusion coefficients for probes with 
radii: ■, 0.5 µm; ●, 0.265 µm; and ♦, 0.1 µm in 
aqueous solution versus PEG concentration. 

Figure 14.  The diffusion coefficients for probes with 
radii: ■, 0.5 µm; ●, 0.265 µm; and ♦, 0.1 µm in 
aqueous solution versus PEG concentration. 
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For increasing PEG concentrations, approaching the overlap concentration, c*, 
the diffusion coefficient decreased due to increased polymer-polymer 
interactions, eventually forming a polymer network. In this polymer network, 
the latex spheres with radius 0.1 µm can move more freely than the latex with 
radius 0.5 µm, Figure 14.  
 
For PVP, only ppm-concentrations were used, as this polymer showed 
interaction with latex already in this concentration regime, Figure 15. For both 
latexes investigated, the diffusion coefficient decreased when the PVP 
concentration increased. The latex with radius 0.1 µm showed a decreased 
diffusion at very low PVP concentrations, i.e., approximately 3 ppm. The larger 
probe, however, required PVP concentrations of 20 ppm and higher to show a 
significant decrease in the diffusion.  
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Figure 15. The diffusion coefficients for probes with radii: ■, 0.5 µm; and ♦, 0.1 µm in aqueous 
solution versus PVP concentration. 
 
The result is consistent with a more pronounced effect when a polymer 
interacts with a small sphere than with a larger, as the frictional drag increases 
much more for the smaller sphere. The radius of gyration was calculated for 
both PEG and PVP, and gave the results 10.6 nm and 6.6 nm, respectively [84]. 
For the smaller latex probe (radius 0.1 µm), the effect of the hydrodynamic 
forces gave an effective radius of 0.11 µm in aqueous solution (no PVP added). 
The effective radius increased to 0.13 µm, if 3 ppm PVP was added. The 
difference, 20 nm, is three times the radius of gyration for PVP. Calculating the 
number of PVP molecules and latex particles, one finds that there are 
approximately 30 times more PVP molecules than latex particles. This explains 
the marked increase in effective radius. 
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4.2 Evaluation of the method at high volume fractions 
 
The volume fraction was increased up to 50% by adding unlabeled latex 
particles, host particles, to the samples. Only the labeled latex particles, the 
probes, can be seen in the fluorescence microscope, see Figure 16. 
 

 
 
Figure 16. Schematic illustration: To left, all latex particles in the sample. To the right, the labeled 
latexes seen with the fluorescence microscope. 
 
 
The radii of the probes were 0.5 µm, 0.1 µm, and 0.05 µm. Styrene-butadiene 
latex from Dow Europe S.A. was used as host particles, latex 1. See Table 2 for 
more information. The pH was between 4.7 and 5.9 for all systems studied. All 
measurements were performed at 20 °C. 
 
The number of host particles per ml was in the range 1.45×1013 – 2.9×1014, 
while the number of fluorescent probe particles was chosen to be between  
10-7 and 10-9 of the host particle amount. This assures that no probe-probe 
interactions are measured, but only interactions between probe and host 
particles. 
 
An important question is, whether the particles behave as hard or soft spheres. 
As the latex particles are electrostatically stabilized, there might be electrical 
double-layer interactions, leading to soft-sphere behavior. If the electrical 
double-layer is compressed, however, the particles are likely to behave as hard 
spheres. Diffusion measurements were performed at two ionic strengths, 
yielding the corresponding κr to be 0.90 and 284, respectively. As can be seen 
in Figure 17 there is only a slight difference between these two extreme 
situations.  
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Figure 17. The diffusion coefficient versus volume fraction for the probe with radius 0.5 µm. The 
filled symbols for κr = 284 and empty symbols for κr = 0.9. The experimental diffusion coefficients 
are calculated using equation 3. 
 
Another evidence, though not a proof on its own, for hard-sphere behavior is 
obtained from viscosity measurements, Figure 18. From these measurements, it 
is evident that the viscosity at constant latex volume fraction is independent of 
whether the continuous phase is distilled water or a salt solution. A significant 
double-layer thickness is likely to influence the viscosity due to increased 
particle-particle interactions. As this is not the case, we conclude that at all 
experimental conditions used in the present investigation, a hard-sphere 
assumption is validated. 
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Figure 18. The viscosity obtained from rheological measurements versus volume fraction. 
■  diluted with distilled water, host and probe latexes 
□  diluted with distilled water, only host latex 
♦  diluted with salt solution, host and probe latexes 
◊  diluted with salt solution, only host latex
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One of the most important advantages of the fluorescence microscopy 
methodology is the direct observation of the dynamics of the investigated 
suspensions. One draw-back, however, is that the number of observations 
become relatively small, as compared to averaging methods, e.g., scattering and 
resonance techniques. The statistical significance of the method must be 
established if being used to study the dynamics of suspensions of high particle 
content. 
 
A particle in solution has an interaction with the surrounding medium, 
characterized by a frictional force and a random force, F(t). The random force 
is assumed to a Gaussian, random process, with a time average of 0)( =tF  [21]. 
The sum of a series of Gaussian processes yields an overall random process, 
from which it can be concluded that Brownian motion also is a Gaussian 
process. A Brownian particle’s motion is depending only on its current state, 
and its previous history is assumed to be irrelevant. The Brownian motion 
should, thus, be random, both for a single particle, as well as for an ensemble of 
Brownian particles. 
This assumption only holds as long as the particle-particle interactions are not 
dominant compared to the random process. Increasing the particle volume 
fraction will increase the interparticle interactions, eventually being of the same 
magnitude as the Brownian motion. At this stage, the particle’s motions will 
deviate from a Gaussian distribution. 
 
Fluorescence microscopy images offer the possibility to determine the single 
particle trajectories. From the trajectories, the displacement distribution can be 
determined, both for the single particles as for the whole ensemble of recorded 
motions. Figure 19 shows some representative probe trajectories at different 
host latex particle volume fractions, i.e., 0, 0.10, 0.30, and 0.50. The trajectories 
show that the single step length differs, as well as the finale distance displaced 
for each particle. As can be expected, both the single step lengths as the total 
displacements are longer at lower host latex contents.  
 
From a set of trajectories, the displacement length frequency can be 
determined, Figure 20. At the two lowest volume fractions, the distribution is 
clearly Gaussian. At 30% latex, the displacement statistics start to deviate from 
a normal distribution, and at the highest volume fraction, the distribution is 
clearly non-Gaussian. Also note the different scale at 50% latex – the 
displacements are significantly shorter, as also could be seen in Figure 19. 
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Figure 19. The trajectories for individual probe particles as the volume fraction of host particles 
increase. The use of “short”, “medium”, and “long” is compared to the average length for each 
volume fraction. 
a   no host particles, a short displacement 
c   10% host particles, a short displacement 
e   30% host particles, a short displacement 
g   50% host particles, a medium displacement 
 

b   no host particles, a long  displacement 
d   10% host particles, a long displacement 
f   30% host particles, a long displacement 
h   50% host particles, a long displacement 
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Figure 20. The distribution of the length of the displacements for the probe with radius 0.05 µm 
as the volume fraction increase. 

a. no host particles 
c.    30% host particles 

 

b. 10% host particles 
        d.    50% host particles 
 

a, b, and c the displacements for 180 probe particles, while d shows the results for 150 probe 
particles displacements. 
 
 
Another revealing examination, is to evaluate the single step distribution for 
individual particles. Figures 21a and b show such statistics for 0% and 30% 
host latex, respectively. Evidently, a Gaussian distribution describes these single 
particles’ motion, as should be the case for Brownian particles. Figure 21c 
shows the summing-up of the lengths of the single steps for three different 
particles at each host latex concentration. Regardless of the final overall 
displacement, the sum of the step lengths at each volume fraction is equal 
within statistical errors. 
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Figure 21. The distribution of the single steps within a trajectory. 

a. no host particles 
b. 30% host particles 
c. The total lengths when the single steps in one trajectory are added. 

 :   no host particles  
⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ :  10% host particles  
     :  30% host particles 
 ⋅ ⋅  ⋅ ⋅    :  50% host particles 

 
It has been argued that the behavior of the host and tracer particles differ if 
they are of the same size as compared to if they are of different sizes [72]. 
For the present systems, however, all three probes show similar behavior, 
independent of the probe size, up to φ = 0.40, see Figure 22a-c. At high volume 
fractions, when the inter-particle distance is small, there is a caging-effect. The 
free volume decreases as the volume fraction increases and at high volume 
fractions (above 0.40), the probe motion is almost completely restricted.  
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At φ = 0.50, the largest probe (radius 0.5 µm) was immobile. It should be 
noted, though, that even at this high volume fraction, the two smaller probes 
were still mobile. Their motion, however, is not longer Gaussian, as has been 
pointed out above. 
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Figure 22. Experimental results and theoretical predictions for the probes.  
 ⋅ ⋅  ⋅ ⋅    : from equation 2 and 8 using  [η] = 2.7 and φm = 0.62 
     : from equation 10  using  [η] = 2.7 and φm = 0.62 
⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ : from equation 2 and 8 using [η] = 3.10 and φm = 0.58 
a. probe with radius 0.05 µm 
b. probe with radius 0.1 µm  
c. probe with radius 0.5 µm 
d. two-parameter fit of equation 8  to viscosity data. The fit yields [η] = 3.10 and φm = 0.58. 
 
 
According to Poon and Pusey, the phase behavior of hard spheres must be 
taken into consideration. Below the freezing volume fraction, φ = 0.494, the 
stable phase of a homogeneous hard sphere suspension is a colloidal fluid. 
Above the melting volume fraction φ = 0.545, the stable phase is a colloidal 
crystal. A homogeneous hard-sphere suspension with volume fraction in the 
range 0.494 <φ < 0.545 is metastable and will, eventually, phase separate into 
coexisting crystalline (φ = 0.545) and fluid (φ = 0.494) phases [85, 86]. 
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Suspensions of hard-spheres near their glass transition concentration were 
studied by van Megen et al [87]. Their scattering study showed that the 
scattering function showed negligent deviation from Gaussian behavior up to 
the onset of aggregation. This is in accordance with our findings, as discussed 
above.  
At the volume fractions studied, no signs of crystalline phases were observed at 
the recorded microscopy images.  
 
Two groups of theories can be distinguished. On the one hand, the volume 
fraction, maximum packing fraction, and the intrinsic viscosity can be used to 
calculate the relative viscosity. Subsequently, the diffusion coefficients can be 
predicted by equation 2. This “standard” treatment of the data includes the 
calculation of φm from viscosity data using equation 9a or equation 9b, i.e., 
plotting η-0.5 versus φ  [88]. φm is obtained as the intersection of the fitted 
straight line with the x-axis, and was determined to be φm = 0.62. This value is 
in excellent agreement with other reports [12, 72, 78, 89-91]. 
It should be noted, that according to equation 10, this result implies that  
[η] = 3.22, which is higher than expected for submicron hard spheres [69]. 
Despite of this discrepancy, [η] = 2.7 and φm = 0.62 were used in the 
calculations by equation 8, yielding the relative viscosity. The prediction of the 
diffusion coefficient as a function of φ, equations 8 and 2, is shown in Figure 
22a-c. Within statistical errors, the model predicts the experimentally 
determined diffusion coefficients well. 
 
On the other hand, it is possible to calculate the diffusion coefficient directly 
from the φ, φm, and D0, the diffusion coefficient of the probe in the absence of 
host particles, by using equation 10. In this model, both hydrodynamic and 
direct interactions among an arbitrary number of particles are taken into 
account in the dynamics of the hard-sphere suspension. The long-range 
hydrodynamic interactions play an important role in attracting the particles, 
leading to a variety of phases. The particles have a very slow diffusion in 
regions where the volume fraction is close to the maximum packing fraction. 
The predictions of equation 10 are shown in Figure 22a-c, and as in the case of 
using equations 8 and 2, they resemble the experimental behavior well. 
Even though both models describe experimental data well, there are important 
differences to be noted. The combination of equations 8 and 2 yield predictions 
with faster diffusion than the experimental ones, while equation 10 yields a 
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slower diffusion. Furthermore, even within statistical errors, it seems like 
equations 8 and 2 works better for φ < 0.30, while equation 10 predicts the 
region 0.30 < φ < 0.50 better. 
 
An elaborated approach to determine [η] and φm was described in chapter 2. By 
performing a two-parameter fit of equation 8 to experimental viscosity data, 
values on [η] and φm are determined simultaneously, Figure 22d.  
This approach yielded [η] = 3.10 and φm = 0.58, a graphical representation of 
the fitting is shown in Figure 22a-c. 
A value of φm = 0.58 is within the values reported by others for similar systems 
[77, 92], even though it differs slightly from the value obtained by using 
equation 9. The intrinsic viscosity, however, is still higher than expected, even 
though it is lower than the implied value from the Quemada model. 
The estimated values on [η] and φm were further used in equation 8 to calculate 
the reduced viscosity at each measured volume fraction. The reduced viscosities 
were used in equation 2 to calculate the theoretical values on the diffusion 
coefficient. The resulting theoretical diffusion behavior is compared with the 
experimental data in Figure 22a-c. The behavior of the probe diffusion could be 
better predicted over the whole range of volume fractions, as compared to the 
other predictions shown in Figure 22a-c. The elaborated approach, 
consequently, makes it unnecessary to use equation 10 for the higher volume 
fractions.  
It remains to be investigated if this alternative procedure works for the actual 
systems only, or if it is a more general one. 
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4.3 Interactions between the probes and polymers 
 
The interactions between the probes and the polymers were investigated, using 
the diffusion coefficient as an indicator of the interaction. Any interaction 
between the probe and the polymer will cause the diffusion coefficient to 
decrease. Fluorescent polystyrene latex spheres from Molecular Probes and 
Bangs Laboratories were used as probes, see Table 1. 
 
4.3.1 Interactions at low polymer concentrations 
 
As an example of how the hydrodynamic radius were calculated, the 
interactions between the probe (r = 0.1 µm) and starch C and D will be 
described. Figure 23 show the diffusion coefficient versus starch concentration. 
The line at the top corresponds to the diffusion of the probe in pure water. The 
line at the bottom corresponds to the diffusion coefficient as the diffusion 
coefficient levels out in the case of interaction between the probe and starch C. 
By using equation 2, the hydrodynamic radius can be calculated. In Figure 23 
the difference between interaction and no interaction can be clearly seen. 

 
Figure 23. Schematic illustration for estimating the hydrodynamic radius. 
Empty symbols for starch C and filled symbols for starch D. 
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In Table 3 the experimental results from all probe – polymer interaction 
experiments are put together.  
 
Probe  
radius 
(µm) 

Polymer Molecular 
weight 

Hydrodynamic
Radius 
(µm) 

Concentration 
Range 
(ppm) 

PEG 20,000 0.5 0-12 
PVP 3,500 0.5 0-12 

0.5 

PVP 8,000 0.69 0-80 
PEG 20,000 0.265 0-12 0.265 
PVP 3,500 0.265 0-12 
PEG 20,000 0.1 0-12 
PVP 3,500 0.1 0-12 
PVP 8,000 0.13 0-50 
CMC native 0.12 0-12 
CMC cut off 

10,000 
0.14 0-12 

Starch A > 107 0.18 0-40 
Starch B << 107 0.13 0-40 
Starch C 27,000 0.16 0-20 

0.1 

Starch D 27,000 0.1 0-20 
Starch A > 107 0.09 0-40 0.05 
Starch B << 107 0.09 0-40 

 
Table 3. All experimental results from the probe – polymer interaction studies. 
 
 
No interaction was found between PEG and the probes, this has been further 
discussed in section 4.1. Between the anionic probe and anionic starch, starch 
D, there was no interaction, as expected for two species with the same charge 
sign. 
 
The influence of molecular weight can be clearly seen in Table 3. 
The PVP – probe interaction could not be detected for the low molecular 
weight PVP. For the higher molecular weight, however, both probes 
investigated showed an increase of the hydrodynamic radius. When a longer 
polymer interacts with a sphere, the friction increase, and the diffusion 
coefficient decrease. 
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Native CMC has a wide size distribution of the molecular weight. The native 
CMC gave an increased hydrodynamic radius. If the CMC-solution was filtered 
and only the molecules over 10,000 was used for the experiments, the 
hydrodynamic radius increased even more.  
 
Starch A and B differ in molecular weight, but are both cationic, and both will 
interact strongly with the anionic probes. We can clearly see the difference 
between the molecular weight on the hydrodynamic radius. Starch C is also 
cationic, but with a much lower degree of cationic substitution. The 
hydrodynamic radius got a value in between the more cationic starches. As 
starch C has a much lower charge density than A and B, it will be less tightly 
bound to the latex surface. The subtle balance between charge density, 
macromolecular chain length, and surface curvature yields the obtained results.  
 
For the probe with radius 0.05 µm, big aggregates were formed at very low 
concentrations of starch A, se Figure 24. 
 

 
 
 

 
 
 

Figure 24. Microscope images (275 x 210 µm) of the 0.05 µm probe in aqueous solution (a) and in 
solution with 6 ppm starch  A (b). See Table 1 for details. The aggregation of probes is seen in 4b. 
 
 
It was found that the mixing order was of great importance for the samples 
containing the probe with radius 0.05 µm and starch A.  
It is well known that the mixing order of the components is critical when 
preparing a coating color. This phenomenon was investigated by changing the 
mixing order from adding starch to the probe solution to adding the probe to 
the starch solution. Furthermore, in one series this was done without stirring 
during mixing, but afterwards; while in another series, the mixing was 
performed during constant agitation. The revealing results are exposed in 

a b 
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Figure 25. One can see, that when stirring after mixing, the order becomes very 
important. This can be understood in terms of molecular interactions. Adding 
the probe solution to the starch solution means that every probe will encounter 
a huge number of starch molecules. Many macromolecules will start to interact 
with the latex colloid, so forming a hairy layer around the probe. As the starch 
molecules are highly charged, they will repel each other and no or very few 
aggregates will be formed. Adding the starch to the probe solution, on the other 
hand, turns the interactions completely around. Each added starch molecule 
would encounter many oppositely charged latex colloids. These colloids will 
bind to the polyion, so forming an aggregate. The formed aggregates are 
evidently bound together strong enough to withstand agitation after mixing. 
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Figure 25. The probe diffusion coefficient determined from microscopy images as a function of 
starch concentration. The probe radius is 0.05 µm and the starch was A (see Table 1and 2 for 
details). When performing the mixing under continuous stirring the mixing order becomes 
insignificant. 
♦   starch solution added to a probe solution, then mixing 
◊   probe solution added to a starch solution, then mixing 
■   starch solution added to a probe solution while mixing 
□   probe solution added to a starch solution while mixing 
 
 
If performing the mixing under continuous stirring, however, no aggregates are 
formed. Even more, the mixing order becomes insignificant, as is clearly shown 
in Figure 25. There is no significant difference between the estimated diffusion 
coefficients as a function of mixing order. From a molecular and statistical 
point of view, the most likely way of interaction between the probe and the 
charged starch is that many macromolecules attach partly to the colloid surface. 
Indeed, the results from mixing under stirring are almost identical to when the 
starch was added to the probe solution without agitation.  
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4.3.2 Interactions at high polymer concentration 
 
As the concentration of starch increases, a polymer network builds up. In order 
to obtain complementary information, the viscosity was also measured for all 
solutions investigated by fluorescence microscopy. This allows the calculation 
of the Dtheory from equation 2. The starch concentration was increased up to 2% 
and resulted in the data given in Figure 26. The results for PEG concentrations 
up to 2% was shown in Figure 14. 
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Figure 26. The normalized diffusion coefficient versus starch concentration A and B. See Table 2 
for details. 
a   Starch B 

∆   radius 0.1 µm 
 ◊   radius 0.05 µm 

- - - - - diffusion coefficient from equation 2, using the viscosity from the rheological 
measurements. 

b   Starch A 
 ▲   radius 0.1 µm 
 ♦   radius 0.05 µm 

   diffusion coefficient from equation 2, using the viscosity from the rheological 
measurements. 

 
 
The results of the shorter starch, i.e., B, are shown in Figure 26a. The dotted 
line shows the normalized diffusion coefficient, Dtheory, from the viscosities. 
Evidently, the normalized Dexp for both probes decreases more than predicted 
from the viscosity. This means, that the probes are not only hindered by the 
polymer network formed by starch-starch interactions; the interactions between 
the probe and the starch slows down the diffusion even further. Due to massive 
aggregation, the diffusion coefficient of the smaller probe decreased to a much 
larger extent than for the big probe. A smaller colloidal particle means a larger 



 

 49

surface area and the same explanation as was given to the results shown in 
Figure 25 holds. 
The results of A are given in Figure 26b. They follow the same pattern as for B, 
but with one major difference: The predictions from the rheological 
measurements yield Dtheory in accordance with Dexp. In order to rationalize this, 
we have to assume that the polymer network formed by the longer 
macromolecule dominates the probe behavior. In other words, the network 
formed by A interacts strong enough itself with the probe colloids, that any 
other specific interaction becomes invisible to the methods used in this 
investigation. Moreover, it should be noted that the smaller probe showed 
massive aggregation, as was the case for B. 
 
 
4.4 Latex – polyelectrolyte interactions at latex volume fraction 20% 
 
In order to resemble systems of applied relevance, systems of higher latex 
content are of interest. The volume fraction was increased to 20% by adding 
non-fluorescent latex colloids, referred to as host particles. It can be assumed 
that the host and the probe behave in the same way in the systems used. 
At thisφ, the pH was about 5 at all starch concentrations, showing that the 
carboxylated latex determines the acid-base characteristics of the solutions.  
 
A or B was added, in the concentration range from 0 up to 1500 ppm, to the 
latex suspension containing host particles and either the probe with radius 0.1 
or 0.05 µm. From rheological measurements on host particle suspensions, the 
viscosity was determined and used to calculate Dtheory. From image analysis, Dexp 
was determined, and the results are shown in Figure 27. 
 
It can be concluded that the rheological description of the four systems 
explains the probe diffusion perfectly. Remember that the interactions between 
the probe and starch in pure water were different depending on the size of the 
probe and the molecular weight of the starches. When adding 20% host 
particles, the amount of charged surfaces increased. This huge increase of the 
surface area levels out the difference between the size of the probe and the 
molecular weight of the starch. For high φ, the diffusion behavior is completely 
determined by latex-latex interactions, and adding a polyelectrolyte to the 
solutions does not influence this behavior in any respect. 



 

 50 

0

0.2

0.4

0.6

0.8

1

1.2

0 250 500 750 1000 1250 1500

Starch concentration (ppm)

D
/D

0

 
Figure 27. Normalized diffusion coefficient versus starch concentration. See Table 1 for details. 
- - - - - - - diffusion coefficient from equation 2, using the viscosity from the rheological 
measurements for starch B. 
   diffusion coefficient from equation 2, using the viscosity from the rheological 
measurements for starch A. 
◊   probe with radius 0.05 µm and B 
♦   probe with radius 0.05 µm and A 
∆   probe with radius 0.1 µm and B 
▲  probe with radius 0.1 µm and A 
There is no significant difference between probe size or molecular weight of the starch in the 
presence of 20% unlabeled latex. 
 
 
4.5 Film formation 
 
General considerations 
The probe diffusion in latex 1 and 2 have been studied with fluorescence 
microscopy, and the diffusion coefficient has been determined up to volume 
fraction 30%, Figure 28d. There is no significant difference between the latexes 
in the wet state. If the latexes were left to dry, the latex with Tg below 20 °C, 
latex 1, formed a film, Figure 28a, the sharp distinction of spheres was gone. 
Latex 2 was not forming film in the same way as latex 1; the separate spheres 
can be clearly seen, Figure 28b. The probes with high Tg are shown, after 
drying, in Figure 28c. 
  
The interactions between latex 1 and the two starches have been studied, see 
Article 3. The volume fraction of latex 1 was 20%. The behavior of the probe 
was the same independent of the molecular weight of the starch. The behavior 
was controlled by the viscosity of the samples, Figure 28e. A volume fraction of 
15% was chosen for the film formation experiments. 
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Figure 28. 

a. Latex 1, the spherical particles has smoothen out, a film is formed. 
b. Latex 2, the individual particles can be seen, no coalescence. 
c. The polystyrene latex probe, no coalescence. 
d. The diffusion coefficient for the probe versus the volume fraction. Filled symbols for 

latex 1, and open symbols for latex 2. At volume fraction 15% there is no significant 
difference between the two latexes. 

e. Normalized diffusion coefficient versus starch concentration. 
- - - - - - - diffusion coefficient from equation 2, using the viscosity from the 
rheological measurements for starch B. 
   diffusion coefficient from equation 2, using the viscosity from the rheological 
measurements for starch A. 
∆   probe with radius 0.1 µm and B 
▲  probe with radius 0.1 µm and A 
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The time for film formation (average of 4 measurements on each sample) can 
be found in Table 4. It took approximately 40 minutes for the samples to form 
a dry film, except for a, where the time was 56 minutes. An early initial film 
formed a “skin” at the sample surface, through which water had to diffuse 
before evaporation.  
 
Sample Latex Starch Total time for 

film formation 

a 1 - 56 min 

b 1 B 42 min 

c 1 A 41 min 

d 2 - 40 min 

e 2 B 43 min 

f 2 A 43 min 
 
Table 4. The samples and the time for film formation, average of 4 measurements on each sample. 
 
The films formed from latex 1, with Tg below 20°C, are transparent, Figure 29a-
c. Latex 2 formed opaque films, Figure 29d-f. These films cracked upon drying. 
 
For all samples the surface could be divided into circular regions, Figure 30a for 
latex 1 and 30b for latex 2. The behavior in the wet state will be described in 
these circular regions, as will also the resulting surface structure.  
The boarder between the dry latex particles and the immobile but wet particles 
can be seen in the microscope. In this report, only the mobile particles are 
discussed. 
 
The surface topography became different for the samples. If we describe the 
surface as if it were a landscape we see pits, peaks, creeks, sheets, channels, 
valleys, and mountains. 
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Figure 29. Images of the formed films in the wells. The images a-c, the film formed from 
latex 1 are transparent, giving no sharp patterns when scanned. 

 a. Sample a 
b. Sample b 
c. Sample c 

 d. Sample d 
e. Sample e 
f. Sample f 

 

a 

 

b 

 
Figure 30.  Schematic illustration of the radial regions with different patterns on the film 
formed. 

 a. Latex 1 
b. Latex 2 

1. The outermost region 
2. The middle region 
3. The inner region 
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The outer region  
Samples a and d behave in the same way in the wet state when the film starts to 
form at the edges of the samples. The probe particles move towards the edge. 
In the wet state, the particles expose two different translational behavior: One 
Brownian motion, without a direction, and one superimposed drag motion 
towards the drying edge, Figure 31a. The drag motion towards the edge 
continued through the whole formation of the film in the outermost region. 
The film is flat in this region. 
Irrespective of the fact that sample d cracked, the surface is similar for the two 
samples.  
It is a significant difference when starch is present in the samples (b,c,e,and f). 
Aggregates were formed between the latexes and the starches. Larger aggregates 
were formed with starch A than with B. The aggregates were transported to the 
waterfront edge, where they became immobile. Between the aggregates probes 
could move towards the immobile probes at the waterfront, Figure 31b. It 
could also be observed that the film was built up in the z-direction. The 
particles at the waterfront fluctuates as the particles fills up under the surface. 
Small pits were formed near the edge.  
 
The middle region 
The two samples without starch, a and d, behaved in the same way. Small creeks 
were formed at the front between mobile and immobile particles, Figure 31c. 
When a creek was formed, mobile particles moved quickly into it, making the 
boarder lean again. Subsequently a new creek was formed next to the first, it 
was filled, and this was repeated. This behavior was most profound for latex 1. 
For latex 2, the creeks were smaller. For latex 1, small peaks build up when the 
edge of the film becomes nonuniform and the particles move rapidly in the 
channels into the creeks. The surface is pushed upwards. This continues and 
builds up the pattern with small peaks. Latex 2 had a similar behavior, but the 
resulting film was smooth. 
The samples containing starch, (b, c, e, and f), behaved in a similar way building 
up this middle area. Samples c and f, containing starch A, caused larger 
aggregates to form. Sheets of immobile particle were present at the surface near 
the waterfront. Under these sheets aggregates deflocculated. In the channels 
between the sheets particles moved towards the waterfront. The surfaces 
became quite different despite the similar behavior of the wet dispersions. 
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a b 

  
 c 
 

 
d e 

  
 
Figure 31. Schematic illustrations of the probe movement. 

a. Without starch in the samples. 
b. With starch in the samples, aggregates can be seen at the waterfront edge. 
c. The behavior of the probes in a creek. 
d. Movements in a deep valley. 
e. Movements around big aggregates. 
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The inner region 
Sample a, containing latex 1, had different behavior in this region as compared 
to the other samples. The “skin” on the surface broke up, channels of particles 
moved between them. The “skin” fragments became mountains and the 
channels became deep valleys. A schematic illustration of the movements can 
be seen in Figure 31d.  
Sample d continued to dry in a similar way as in the middle area.  
Samples b, c, e, and f exposed behavior very similar to each other. As the water 
evaporated, big aggregates were formed. Around these aggregates mobile 
particles moved, Figure 31e. The resulting surface structure showed that a 
starch with higher molecular weight caused larger structures. 
 
The last mobile particles 
 The last mobile particles when 1 was used as host moved in valleys. When no 
starch was added (a, Figure 32a), the valley was deep and smooth. Adding 
starch B (b, Figure 32b) caused the valley to became shallower and with a 
rougher structure. As a curiosity, a similar structure has been observed in cloud 
vortexes, which formed over Selkirk Island, Chile. [93]  
Starch A, finally (c, Figure 32c), made the valley almost disappear and yielded a 
structure similar to that seen for sample b. 
Host particle 2, on the other hand, caused craters to form instead of valleys. 
The latex without added starch (d, Figure 32d) formed a large, smooth, and very 
deep crater. In fact, the crater extended whole the way down to the supporting 
glass. Adding starch B (e. Figure 32e) yielded a smaller and less deep crater with 
a rough surface, while A exposed almost no crater formation at all. It should be 
noted that A resulted in very similar patterns, irrespective of latex 1 or 2 was 
used, compare Figure 32e and 32f. 
 
From this comparison, it can be concluded that the latex without any added 
starch forms smooth and large structures upon drying. Adding starch yields less 
pronounced structures with rougher surfaces – the impact of the added starch 
depending on the molecular weight. 
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Figure 32. Images of the area (1.3 x 1.0 mm) where the last movement of probes was seen. 

a. Sample a: particles in deep valleys. 
b. Sample b: particles in small craters in valleys. 
c. Sample c: particles in small craters. 
d. Sample d: a large crater. 
e. Sample e: aggregates gave a rougher and smaller crater than for sample d. 
f. Sample f: particles in small craters (same behavior as sample c). 
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Future work 
In this study, commercial styrene-butadiene latexes were used as host particles. 
The latex dispersions contain additives, e.g., surfactants. The additives 
concentrate in the remaining water during the drying process. The additives can 
influence the film formation, especially just before the film becomes dry. 
Surfactant free latex dispersions will be used for film formation experiments. 
The influence of the surfactants on the film formation will be studied. When a 
film is formed, there might be a temperature gradient present in the z-direction. 
The sample might be heated from the light, while the Peltier table keeps the 
sample at 20°C. It has been reported that polystyrene particles migrate from a 
hot to a cold wall [94]. 
The surfaces (brightfield images) of films formed in room temperature (20°C) 
will be compared to films formed during fluorescence microscopy experiments. 
As a complement to fluorescence microscopy, the surfaces of the formed films 
will be studied using SEM or AFM. With these techniques the ordering of latex 
particles on surfaces can be determined. 
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5 Summary 
 
Fluorescence microscopy combined with image analysis can be used to 
determine diffusion coefficients for fluorescent latex particles in aqueous 
solutions, both at low and high volume fractions of latex. The strength of 
fluorescence microscopy, compared to ordinary optical microscopy, is that 
smaller particles can be studied. The Brownian motion can be directly observed, 
giving more information concerning the microenvironment of the probes. 
 
During this work, theoretical work combined with experimental investigations 
of temperature equilibrium, electrical double-layer effects, and the Gaussian 
distribution were performed. The first step was to study polystyrene latex 
probes in aqueous solutions at thermal equilibrium, without additives. These 
results gave diffusion coefficients according to theory, equation 2.  
Two polymer systems were used to determine whether fluorescence 
microscopy could be used to discriminate interactions between the latex probes 
and the polymer. The latex probes in dilute PEG solutions showed no 
interactions, while a decrease in the diffusion coefficient was detected in semi-
dilute PEG solutions. In PVP solutions, on the other hand, the results show a 
decrease of the diffusion coefficient even in the dilute regime due to 
interactions between the latex probe and PVP. 
 
The behavior of polystyrene latex probes (radii 0.05, 0.1, and 0.5 µm) in host 
particle suspensions of styrene-butadiene latex (radius 0.075 µm) was 
investigated up to volume fractions φ = 0.50.  
A comprehensive statistical analysis of the microscopy images establishes the 
Gaussian behavior, both for the single probe particles and for the averaged 
ensemble of particles.  
 
For the diffusion measurements, the experimental results were compared with 
theoretical predictions for hard-sphere behavior. From the commonly used 
Quemada equation, the maximal packing fraction, φm, was determined to be  
φm = 0.62. This result, together with [η] = 2.7, was used in the Krieger-
Dougherty model and in the recently proposed model by Tokuyama and 
Oppenheim. The former can serve as a “standard” model, while the latter is a 
more complex one. Both models were found to predict the experimentally 
determined diffusion coefficients quite well, within statistical errors. Systematic 
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differences between the model predictions, though, called for further 
investigation. 
An alternative approach is to determine the intrinsic viscosity and the 
maximum packing fraction simultaneously, using a two-parameter fit. By this 
approach, [η] and φm were determined to be 3.10 and 0.58, respectively. The 
estimated values yield better predictions over the whole volume fraction range 
studied, when inserted in the Krieger-Dougherty model. 
 
At very low concentrations of starch, in the ppm-range, cationic starches 
interact with the negatively charged probe, regardless of polyelectrolyte charge 
density or molecular weight. The anionic starch, however, did not interact with 
the probe. A higher starch molecular weight yields, at constant charge density, a 
looser polymer layer bound to the latex surface, expressed as a larger 
hydrodynamic radius. This can be understood from a molecular point of view: 
The longer macromolecule will form more loops than a shorter one.  
Changing the probe size to a smaller colloid, influence the interactions between 
colloid and polyelectrolyte. The high molecular weight starch induces massive 
aggregation, even at very low starch concentrations. From this it is concluded 
that the relation between polyelectrolyte length and colloid curvature is vital. 
It was found that the mixing procedure was of importance. Mixing starch and 
latex under continuous agitation yielded solutions with no aggregation. 
 
Adding unlabelled host particles to the systems increased the negatively charged 
total surface area. Under these conditions, the diffusion is solely determined by 
latex-latex interactions. Increasing the starch concentration yields a higher 
viscosity and, subsequently, a slower diffusion. The diffusion, however, is equal 
regardless of probe size or starch molecular weight. 
 
Fluorescence microscopy can be used to study the dynamics of drying latex 
dispersions. The transport of particles can be studied as the film dries. The 
topographic structure of the resulting film can help the understanding of how 
the particles behave as water evaporates. 
In this study, two latexes with Tg below and above the film forming 
temperature was used. The latex particles have an anionic surface. Two cationic 
starches with different molecular weight were used to modify the latex colloids. 
The cationic starch and anionic latex form aggregates. The presence of 
aggregates influences the film forming, giving a rougher surface.  
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