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SAMENVATTING 
ZELFORGANISATIE VAN POLYELECTROLIETEN GEÏNITIEERD DOOR 
SURFACTANTS, KLEURSTOFFEN EN KLEINE IONEN. 

Polyelectrolieten zijn wateroplosbare polymeren waarvan elke monomeereenheid een 
geladen of dissocieerbare groep bevat. Het zijn belangrijke materialen die steeds meer worden 
gebruikt. Naast hun traditionele rol als stabilisator of flocculant, worden ze de laatste decennia 
vaker ingezet voor het maken van complexe supramoleculaire structuren door dienst te doen 
als een ‘sjabloon’ voor de constructie van geavanceerde, functionele nano- en meso-scopische 
structuren. De vorming van deze structuren wordt geleid door hun organisatie en de interacties 
met, voornamelijk tegengesteld geladen, species die zowel uit moleculen als uit deeltjes kunnen 
bestaan. De op deze wijze gevormde structuren worden gebruikt in een groot aantal toepassingen 
in geavanceerde materialen zoals een sjabloon voor polymerisatie, gestuurde medicijn-afgifte, 
persoonlijke verzorgingsproducten, geavanceerde sensoren of nieuwe voedingsadditieven. 
Naast toepassingen in het materialenveld worden polyelectrolieten, en hun complexen, 
steeds belangrijker in de sanering van milieuverontreinigende afvalstromen. In de huidige 
wetenschappelijke literatuur is er voldoende aandacht voor polyelectrolieten en hun gedrag, 
echter slechts een gering deel van dit onderzoek is gedaan op een systematische wijze, meer 
specifiek, onder goed gedefinieerde oplosmiddelcondities van zuurgraad (pH) en ionsterkte.  

Allereerst werden polyelectroliet-surfactant complexen onderzocht die onder andere 
hun toepassing vinden in moderne shampoos met ‘ingebouwde’ conditioner. Een studie 
werd gedaan naar het complexatiegedrag van twee synthetische polykationen, te weten 
Poly(di-allyl-dimethyl-ammoniumhydrochloride) (PDADMAC) and poly(ethyleneimine) (PEI) 
in combinatie met een set van vijf homologe natrium lauryl ether sulfaat (SLES) surfactants 
met een variatie in de grootte van het ethyleenoxide (EO) blok. In dit onderzoek werd de 
methode van continue variatie (titratie-methode) toegepast om complexen stapsgewijs op 
te bouwen en deze tijdens dit proces te onderzoeken op hun colloïd-chemische kenmerken 
zoals hydrodynamische diameter en zeta-potentiaal. De invloed van de molmassa van 
PDADMAC op de complexatie werd onderzocht en de kritieke aggregatie concentratie (CAC) 
voor elke polyelectroliet-surfactant combinatie werd bepaald middels tensiometrie en 
fluorescentie spectroscopie (gebruikmakende van de fluorescerende kleurstof Nile Red). Uit 
het onderzoek kan geconcludeerd worden dat het complexatie-gedrag zowel bepaald wordt 
door de eigenschappen van het polyelectroliet alsook door de grootte van het EO-blok in de 
surfactants. Op basis van de resultaten kon er een uitspraak gedaan worden over de voorkeur 
voor complexen met een surfactant die een klein EO-blok heeft voor het gebruik in shampoo; 
deze vertonen namelijk de hoogste CMC/CAC-ratio. 
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Vervolgens werd de zelforganisatie van dezelfde twee polykationen (PDADMAC en PEI) in de 
aanwezigheid van de anionische kleurstof methyl-oranje (MO), gebruikmakende van de eerder 
gebruikte titratie-methode, onderzocht. Zichtbaar licht spectra, met aandacht voor het optreden 
van metachroom gedrag van de kleurstof, werden gemeten en gebruikt om inzicht te verkrijgen 
in de verschillen in complexatie en organisatie van de kleurstof gebonden aan het polykation 
sjabloon. De bindings-affiniteit en –stoichiometrie van methyl- oranje voor beide polykationen 
werd bepaald. Daarnaast werden de hydrodynamische diameter en zeta-potentiaal bepaald aan 
complexen met een variabele compositie. Vervolgens werd de verdringing van methyl-oranje 
uit zijn binding met het polykation (aan vooraf samengestelde complexen met een gekozen 
samenstelling) door halogeniden bestudeerd. Het doel hiervan was onderzoeken of deze 
verdringing een generiek effect van ionsterkte is of dat er specifieke ion-effecten optreden. 
Hierbij werd aangetoond dat PDADMAC meer hydrofobe interacties gebruikt in de binding van 
MO aangezien de verdringingssterkte een omgekeerde Hofmeister-reeks volgt. Tot slot, MO 
verdringing door polyanionen blijkt ladings-stoichiometrisch te verlopen. 

Als tussenstap naar polyelectroliet-surfactant-kleurstof complexen, werden eerst  surfactant-
kleurstof complexen nader onderzocht. De interactie tussen de kationische kleurstof ortho-
toluidine blauw (TBO) en de eerder gebruikte SLES werd eveneens onderzocht gebruikmakende 
van zichtbaar licht spectroscopie. Bij een aantal composities werd metachroom gedrag van 
de kleurstof TBO waargenomen en de bestaande literatuur suggereert dat dit een generiek 
effect is, onafhankelijk van de surfactant structuur of samenstelling. Afhankelijk van de 
samenstelling van de TBO-SLES complexen werden drie verschillende structuren waargenomen:  
ion-paren, pre-micellaire structuren en micellen. Het samenstellingsgebied waarin deze 
verschillende structuren optreden blijkt afhankelijk te zijn van de grootte van het EO-blok, 
waarmee aangetoond werd dat metachroom gedrag in surfactant-kleurstof complexen geen 
generiek effect is maar afhankelijk is van de structuur en samenstelling van de surfactant. Tot 
slot werd in dit onderzoek een, nog niet eerder beschreven, dimere, structuur van de kleurstof 
aangetoond.  

Vervolgens werden polyelectroliet-surfactant-kleurstof complexen onderzocht door de 
verdringing van TBO van het polyanion alginaat, door surfactants te bestuderen. De verdringing 
van een kleurstof uit zijn binding aan een tegengesteld polyelectroliet, in de literatuur ook 
wel “inversie van metachroom gedrag” genoemd, werd beschouwd als een generiek effect van 
surfactants. Vooraf gevormde alginaat-TBO complexen, met een variatie aan samenstellingen, 
werden middels de eerder toegepaste titratie-methode onderworpen aan een verdringingsstudie 
met een kationische surfactant (Tegotrant A100, TEGO) en de eerder gebruikte set van anionische 
SLES surfactants. De resultaten laten zien dat TEGO een coöperatieve binding aangaat met de 
geladen groepen van het alginaat waarbij TBO stoichiometrisch verdrongen wordt; hierbij werd 
waargenomen dat de samenstelling van het alginaat-TBO complex enkel leidt tot een verschil 
in de verdringingsroute.  

NEDERLANDSE SAMENVATTING



Voor de SLES surfactants, die evenals het alginaat een anionische lading dragen, blijkt 
verdringing af te hangen van het gemak waarmee pre-micellaire TBO-SLES complexen gevormd 
worden. Op basis hiervan kan gesteld worden dat “inversie van metachroom gedrag” geen 
generiek effect is van surfactants maar afhangt van de structuur (in deze studie de grootte 
van het EO-blok) van de betreffende surfactants. De hier gevonden complexatie rangorde van 
de verschillende SLES, bevestigt de eerder verkregen resultaten voor de SLES-TBO complexen. 

In dit proefschrift werd de “effectieve pKa of pKa (app)” van alginaat bepaald door het 
metachroom gedrag van TBO te meten (zichtbaar licht spectroscopie) als functie van de pH, door 
een zuur-base titratie van het alginaat-TBO complex. Om inzicht te krijgen of dit een werkbare 
methode oplevert voor de bepaling van pKa (app) werd een set van vijf zwakke polyanionen 
onderzocht. Deze werden gekozen uit reguliere verdikkingsmiddelen die gebruikt worden in de 
levensmiddel-industrie, en een synthetisch zwak polyanion. Als de onderlinge afstand tussen 
de geladen groepen op een polyanion kleiner is dan 4.5 Å wordt er metachroom gedrag van TBO 
waargenomen. Het is hierbij zeer wel mogelijk dat het polyanion hiervoor een helix-structuur 
aanneemt. Door de mate van dit metachroom gedrag te bepalen tijdens een zuur-base titratie 
van het stoichiometrisch polyanion-TBO complex kan een pKa (app) verkregen worden die in 
goede overeenstemming is met de waarden verkregen via potentio- of tensio-metrische titratie. 
Als de ionsterkte van de voorgelegde oplossing van het polyanion-TBO complex licht verhoogd 
wordt door de toevoeging van kaliumchloride (KCl) tot 10 milli-molair (mM), is er een kleine 
afname van pKa (app) waarneembaar die in overeenstemming is met de waarden gevonden 
met potentiometrische titratie. Echter, indien de ionsterkte van de oplossing verder verhoogd 
wordt (> 10 mM KCl) treedt er verdringing op van TBO waardoor de bepaling van de pKa (app) 
niet meer mogelijk is. Tot slot werd aangetoond dat voor niet-stoichiometrische polyanion-TBO 
complexen afwijkende pKa (app) waarden worden gevonden evenals afwijkende titratiecurven. 
Op basis van dit onderzoek kan worden geconcludeerd dat de metachromatische zuur-base 
titratie van polyanion-TBO complexen een geschikte methode is voor het bepalen van pKa (app) 
van zwakke polyanionen met een onderlinge ladingsafstand van niet meer dan 4.5Å, bij lage 
concentratie (typisch 40 micromolair (µM)) in waterige oplossingen met een lage ionsterkte. 

De gepresenteerde resultaten openen de mogelijkheid voor het ontwikkelen van nieuwe 
materialen zoals op kleurstof-gebaseerde sensoren en persoonlijke verzorgingsproducten zoals 
bijvoorbeeld shampoos. Daarnaast kunnen deze resultaten helpen bij het ontwikkelen van 
analytische methoden voor de karakterisering van polyelectrolieten, surfactants en kleurstoffen 
en hun gedrag. Voor het verkrijgen van exacte informatie over de moleculaire structuur en 
hiërarchie van polyelectrolieten in hun gecomplexeerde toestand is meer onderzoek gewenst, 
met name kan hierbij gedacht worden aan Röntgen- (XRD) of neutronenverstrooiing (SANS). 
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CHAPTER 1
INTRODUCTION 

This introductory chapter starts with describing the principle of self-organization: the ability 
of a system to spontaneously arrange its components in a purposeful (non-random) manner, 
driven by the interaction between these components. The use of non-covalent interactions 
is highlighted for making temporal, tuneable, self-organized structures. As the focus in this 
thesis will be on self-organization of polyelectrolytes in the presence of oppositely charged 
species like surfactants and/or dyes, the physical chemical properties of these building blocks 
are described. In this sense polyelectrolytes are charged macromolecules whose manifold 
charged groups, combined with their polymeric properties, makes polyelectrolytes ideal guides 
or templates for self-organization based on electrostatic interactions. Charged surfactants are 
amphiphilic molecules, characterized by the presence of an electrostatic charge and an apolar 
(tail) section, which exhibit concentration-dependent self-organization due to the effective 
interaction between their apolar moieties. Dyes are molecules that absorb light at specific 
(visible) wavelength ranges and which may also self-organize depending on concentration due 
to the presence of large conjugated systems which engage in π-π interactions. In this thesis 
self-organization is aimed at being the result of the mutual action of both electrostatic and 
one other type of interaction. For polyelectrolyte-surfactant complexes the establishment of 
organized 3D structures is described, whereas for polyelectrolyte-dye complexes emphasis is 
also given to the phenomenon of metachromasy, a shift in the visible light spectrum of the dye 
in its complexed state onto a polyelectrolyte template. This introductory chapter ends with the 
aim and outline of this thesis as outlook. 
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1.1 SELF-ORGANIZATION 

1.1.1 The meaning of self-organization in the context of this thesis 

Self-organization can be defined as a process in which pattern at the global level of a system 
emerges solely from numerous interactions among the lower-level components of the system. 
Moreover, the rules specifying interactions among the system’s components are executed using 
only local information, without reference to the global pattern1. From this broad definition it is 
clear that the term self-organization can be applied in a wide range of disciplines ranging from 
biology and chemistry, computer science and cybernetics to non-technical fields like social 
development2. This last field has seen the important process studies, by Hegel3, Marx and 
Engels4, on self-organization and it may appear surprising to see that the principles derived in 
those studies are valid for the entire field of disciplines studying self-organization5.  

From the elaborate list of principles of self-organization presented by Fuchs5, the researcher 
may draw valuable information on setting up experimental studies for in fact any field of science, 
choosing analysis tools and most importantly in setting controls and boundary conditions. This 
last aspect is strangely enough overlooked in most scientific work dealing with self-organization 
of polymers, colloids and colloidal structures like surfactant micelles in aqueous solution, where 
studies are performed in ‘pure water’ in which pH and ionic strength are the products of random 
variation in the purity or added quantities of raw materials. For the reported work in this thesis 
we rigorously set the most obvious control parameters: pH, ionic strength, equilibration time 
and addition sequence. In doing so, it is clear that partial validation of earlier work is required, 
prior to engaging in the study of the self-organization of these systems. 

In current scientific publications many descriptive terms are used which may in fact describe 
the type of systems described in this thesis. But the multitude of terms coined, like e.g. self- 
or co-assembly, complexation, coacervation or supra-molecular chemistry, not only have 
the inherent risk of being ambiguous, they may lead to misunderstanding or discussions 
on semantics. According to Haaken2, self-organization is the spontaneous often seemingly 
purposeful formation of spatial, temporal, spatiotemporal structures or functions in systems 
composed of few or many components. In physics, chemistry and biology self-organization 
occurs in open systems driven away from thermal equilibrium6. Therefore, the term self-
organization is an unambiguous term that does not assume a priori a specific structure or 
explicit rules towards the ordering of the studied systems.  

Nevertheless, in the further chapters of this thesis certain organizations are hypothesized 
which have been named by more specific terms, such as for instance complexation, aggregation 
or stacking. It is clear that these terms are mere subdivisions of the phenomenon of self-
organization. 

CHAPTER 1 - INTRODUCTION



1.1.2 Self organization; covalent versus noncovalent bonds 

In nature, self-organization takes place spontaneously to generate a complexity and diversity 
which is so far unrivalled by any artificial system1. The most complex, self-organized molecular 
systems in nature depend on noncovalent rather than on covalent bonds7. In classical chemistry, 
the covalent bond is considered the gold standard with respect to stability and selectivity, 
and noncovalent interactions were generally considered as ‘side effects’. With the onset of 
supramolecular chemistry8-10, this classical viewpoint, has been, at least partly, abandoned 
with. In supramolecular chemistry preferably noncovalent interactions or bonds are used. The 
advantages of noncovalent over covalent bonds are: 

• they require no chemical reaction, thereby giving no chemical by-products 
• they can be highly reproducible  
• they can be highly specific and selective 
• their action radius can be either short or long range 
• they are temporal, reversible and can be switched on and off by external stimuli

(like e.g. temperature, pH, ionic strength, competition with specific ions or other
molecular species) 

• they mostly form spontaneously and are ‘self-repairing’ 

The binding strength of non-covalent bonds or interactions is not necessarily much weaker 
than covalent bonds as is shown in table 1.1.  

TABLE 1.1 Comparison of non-covalent and covalent bonds and interactions, adapted from11. 

[a] Dependent on solvent, data shown here are for organic media. 
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In this thesis, self-organization of polyelectrolytes, by means of noncovalent interactions, will 
be investigated in aqueous salt solutions by studying selected examples of their interactions 
with surfactants, dyes and small ions. The typical interactions in these systems are ionic, van der 
Waals and π-π stacking interactions. The next section provides an introduction to these materials. 

1.2 POLYELECTROLYTES, SURFACTANTS AND DYES

1.2.1 Polyelectrolytes 

According to the IUPAC definition12, polyelectrolytes are ‘macromolecules in which a 
substantial portion of the constitutional units have ionizable or ionic groups or both’. 
Polyelectrolytes can be either homopolymers or copolymers. Based on the acidity or basicity 
of the chargeable groups, polyelectrolytes can be subdivided into: strong polyelectrolytes, 
where charge is permanent and independent of pH within a practical range of 2-12, and 
weak polyelectrolytes, in which the net charge depends on pH and ionic strength of the 
solution. Cationic and anionic polyelectrolytes have positively and negatively charged groups, 
respectively, while polyampholytes carry both types of charges. Polyelectrolytes can be either 
synthetic, such as poly(acrylic acid), or natural for instance alginate. 

The physical properties of polyelectrolyte solutions are usually strongly affected by the 
degree of dissociation. Since a polyelectrolyte upon dissociation releases counter-ions, this 
necessarily affects the solution’s ionic strength which sets the length scale over which charged 
groups in solution are correlated; this length scale is known as the Debye length (λD).  

The Debye length is a measure for the range of an electrostatic potential around a point 
charge, which causes screening of electrostatic interactions, and therefore an important 
parameter when predicting the conformation of a polyelectrolyte in solution. The Debye length 
is defined as: 

where I is the ionic strength of the electrolyte (mole/m3), ε0 the permittivity of free space, εr 
the medium dielectric constant, KB the Boltzmann constant, T the temperature in Kelvin, NA is 
Avogadro’s number and e the elementary charge.  

The presence of charged groups causes the conformation of polyelectrolytes to differ 
from those of other water-soluble polymers. Whereas neutral polymers in solution can be 

CHAPTER 1 - INTRODUCTION

[1.1]



described reasonably as random coils, the repulsions between the charged groups within each 
chain leads ‘chain swelling’ and may even result in the formation of rod-like structures at low 
ionic strength (large λD). As the ionic strength increases, these charges are screened and at 
sufficiently high ionic strength the polyelectrolyte assumes a random coil conformation13. 
Polyelectrolytes in solution strongly adsorb onto oppositely charged surfaces and interfaces14,15. 
Since this involves multiple, strong, electrostatic interactions it leads to near non-reversible 
adsorption16. Polyelectrolytes of higher molar mass can strongly increase the viscosity of 
dispersed systems by interacting with multiple surfaces, thus forming structures in emulsions 
and dispersions17. 

Their polymeric nature combined with the presence of charges makes polyelectrolytes 
interesting functional compounds in many industrial applications. Mostly they are used to 
structure systems by either altering rheological properties (thickening, thinning, modifying 
flow properties) or by interacting with different species (in food often charged proteins) leading 
to gelation. Their strong tendency to adsorb onto oppositely charged surfaces and interfaces 
allows them to stabilize aqueous dispersions, emulsions and gels. At sufficiently high molar 
mass, polyelectrolytes are used to induce bridging flocculation of colloids by bridging surfaces. 
Bridging flocculation by polyelectrolytes is used in waste water cleaning18 as well in sheet-
forming in the paper industry19; these activities comprise the largest market for synthetic 
polycations like polyDADMAC (poly(di-allyl-dimethyl-ammonium chloride).  

On the contrary, polyelectrolytes can also be used to improve dispersion of for instance 
neutral, apolar powders in aqueous solution, where by adsorption onto the uncharged 
surface they impart a surface charge onto the colloid surfaces enabling dispersion. This last 
phenomenon also plays a role when polyelectrolytes are used as drag reduction agents20 or in 
oil recovery21. 

In daily life polyelectrolytes are abundant as many soaps, shampoos, and cosmetics 
incorporate polyelectrolytes22. Additionally, natural polyelectrolytes are added to many 
foods as polysaccharides to impart viscosity, stability or mouthfeel, examples being pectin, 
carrageenan, alginates, and carboxymethylcellulose (CMC). The development of molecular 
gastronomy has been spurred by the possibilities offered by food hydrocolloids such as charged 
polysaccharides, using physical-chemical principles, to form novel shapes and compositions23,24. 
Novel applications are in the fields of biochemical and medical applications. There is currently 
considerable research in using biocompatible polyelectrolytes for implant coatings, controlled 
drug release and in gene delivery. For a number of popular strong synthetic polyelectrolytes 
like PDADMAC (paper industry and waste water treatment), Polyvinyl alcohol (PVA), Polyvinyl 
pyrolidone (PVP) and polyacrylamide (PAA) global market volumes are in the tens to hundreds 
of kilotons and prices start in the 3-4 Euro/kg range. 
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1.2.2 Surfactants 

A surfactant, or surface active agent, is a molecule that commonly consists of solvophilic 
and solvophobic groups which are separated in specific regions of the molecule. In solution, 
surfactant molecules therefore tend to orient themselves to an interface, which may be a 
surface, or more notably, the solution-air interface. In aqueous solutions the term surface-active 
agent or surfactant represents a heterogeneous class of mostly linear molecules containing 
both hydrophilic (head) and hydrophobic (tail) moieties. The hydrophilic group of a surfactant 
can be either an ionic or otherwise a (highly) polar group. Depending on the nature of the 
hydrophilic group, surfactants can be classified as anionic, cationic, zwitterionic (carrying both 
an anionic and a cationic group) and non-ionic. Next to the grouping by the nature of the head-
group, surfactants can also be classified by their origin in synthetic and natural surfactants. 
Finally, several new surfactant classes have been identified with special properties. Some of 
these surfactants are denoted as polymeric surfactants or Gemini surfactants (named after the 
fact that they have two hydrophobic tails)25.  

The description below however holds for most classes of surfactants irrespective of their 
origin or class. 

Due to their amphiphilic nature, surfactants exhibit limited water solubility. The aqueous 
solubility depends on the type and relative proportions and size of the hydrophobic and 
hydrophilic moieties. In dilute solution surfactants preferably dissolve as individual molecules. 
When the concentration of surfactant in an aqueous medium exceeds a certain critical value, 
which is called the critical micelle concentration (CMC), the individual species preferably form 
organized aggregates of a large number of molecules called micelles (Fig. 1.1). Micellization 
only occurs for the concentration in excess of the CMC; therefore the bulk concentration of 
the individually dissolved surfactant molecules remains fairly constant. Micellar aggregates or 
micelles are held together by hydrophobic interactions between the surfactants’ apolar tails. 
The hydrophobic interactions are substantial as they must compensate for entropic losses of 
the individual surfactant molecules and, in case of ionic surfactants, the electrostatic penalty 
for bringing the charged head groups in close proximity. At concentrations far below the CMC, 
surfactants already prefer to attach to surfaces or interfaces to overcome the exposure of the 
hydrophobic group to the aqueous environment. This results in a surfactant concentration 
dependence of a number of physical properties of the solution such as surface and/or interfacial 
tension, adsorption, detergency etc. below the CMC26. There is, however, no change in these 
properties above the CMC, as shown schematically in Fig. 1.2. 

Surfactant solutions exhibit striking changes in the concentration dependence of some other 
physical properties such as density, equivalent conductivity and solubilisation of organics below 
and above CMC. These changes can be attributed to the presence of micelles, and as the number 
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of micelles increases with concentration, these properties also increase with concentration. 
CMC values of surfactants cover a wide range depending on the chemical composition of 
the molecules. Generally, ionic surfactants have higher CMC values when compared to non-
ionic surfactants. The lowest CMC values are observed for Gemini surfactants, which also 
exhibit a lower surface tension at the CMC, making them interesting species. Applications 
for surfactants are widespread and are all based on their ability to adsorb onto surfaces/ 
interfaces, thereby changing the surface or interfacial tension or displacing other adsorbed 
species. This makes them very suitable in processes like: colloid stabilization, detergency, 
wetting and adhesion, and derived properties26. Surfactants are common ingredients in a 
great variety of products like soaps and cleaners, washing powder, emulsions/-dispersions, 
paints and coatings but also in pesticides, foods and pharmaceutical/personal care products. 
Due to the wealth of applications and the market size of these products, some popular 
surfactants have market volumes of several hundred kilotons and are readily available at 
prices of 3 - 4 Euro/kg and upwards.

1.2.3 Dyes 

A dye, by definition, is a soluble, coloured substance that has an affinity to bind to the 
substrate to which it is being applied. Pigments, which are also used for coloration purposes, 
are insoluble, particulate coloured substances which have no affinity for the substrate. 
Dyes can be categorized by their source as being either natural or synthetic. Natural dyes 
and pigments have developed in the evolutionary path of plants and animals for specific 
purposes like e.g. signalling functions or camouflage. Since the earliest Neolithic times, man 
has used natural dyes from plants or insects for coloration of textiles27. The first synthetic 
dye, Perkin’s mauve, was found in 1856 by serendipity during William Henry Perkin’s attempts 

FIGURE 1.1 Surfactant molecules arranged 

into a spherical micelle.

FIGURE 1.2 Influence of surfactant concentration, and in 

particular the CMC, on surface and interfacial tension, 

detergency and (equivalent) conductivity.
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at synthesising the antimalarial drug quinine from aniline, which resulted in the formation 
of a pink coloured compound when dissolved in ethanol28. Perkin’s work resulted in the 
successful synthesis of a number of aniline-based dyes, including ortho-toluidine blue (TBO), 
whose commercialization led to the quick displacement of natural dyes in textile coloration. 

Both dyes and pigments are coloured because they absorb electromagnetic radiation 
of specific wavelength regions within the visible light spectrum more than others. This 
wavelength specific absorption originates from the presence of chromophore molecular 
structures. A chromophore consists of a conjugated system, which is a group of connected 
π-orbitals. Such a conjugated system contains delocalized electrons, caused by the presence 
of alternating single and multiple bonds29. With few exceptions, all synthetic dyes are 
aromatic organic compounds. In addition to chromophores, most dyes also contain groups 
known as auxochromes (colour helpers), examples of which are carboxylic acid, sulfonic acid, 
amino, and hydroxyl groups. While these are not responsible for colour, their presence can 
shift the colour of a colourant and they are most often used to influence dye solubility30,31. 
The simplest, and for this thesis most relevant, classification of dyes is by auxochrome or the 
charge they carry in (aqueous) solution; anionic (or acidic), cationic (or basic) or nonionic30. 
Dyes may further be classified according to chemical structure (e.g. azo or anthraquinone 
dyes) or by their usage or application method (e.g. reactive dyes for cotton, disperse dyes for 
polyester)31. 

Of the many interesting chemical properties of dyes one worth highlighting, in view of its 
frequent use in this thesis, is metachromasia. Metachromasia is a phenomenon whereby 
a dye shows a distinct shift in the typical wavelength corresponding to the maximum 
absorbance peak(s), depending on concentration, molecular organization and/or physical 
characteristics of its environment, without changing its chemical structure32,33. Explanations 
given for metachromasia have been the dye-stacking model of Bradley and Wolf34 and the 
pairing concept of Young, Phillips and Balazs35. Both concepts relate the metachromatic 
shift to a change in the energetic state of the π-conjugated systems of multiple interacting 
dye molecules due to the alignment of these systems (illustrated in Fig. 1.3). When the 
energetic state increases, a hypsochromic (to a lower wavelength) shift is observed, whereas 
a decreased energetic state leads to a bathochromic shift evident at a higher wavelength. 
Hypsochromic shifts are generally associated with a dye organizing in a parallel way (plane‐
to plane or H-stacking) to form a ‘card deck’‐type arrangement, whereas bathochromic 
shifts are observed when the dye organizes in a head‐to‐tail arrangement (end‐to end or 
J-stacking). Metachromatic dyes share important characteristics: they are almost exclusively 
uni-cationic or uni-anionic (low charge), small and planar. Fig. 1.3 shows a schematic 
representation of dye-stacking.
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1.3 COMPLEXATION INVOLVING POLYELECTROLYTES 

Mixed polymer solutions show a number of different organizations which may be summarized 
using Shinoda’s concept of organized solutions36. In this concept there are no restrictions on 
solvents and solute other than the requirement of amphiphilicity in solute-solvent interactions.

Piculell and Lindman37 described the interactions between two different, like-charged 
polyelectrolytes which in most cases lead to segregation, yielding two distinct polymer 
phases containing each individual species. The work in this thesis focuses on polyelectrolytes, 
interacting with oppositely charged species, like another polyelectrolyte, surfactant or dye, 
in an aqueous salt solution. In this case all three organizations may (co)exist depending on 
concentration, composition, temperature, ionic strength and pH. 

1.3.1 Binary polyelectrolyte complexes 

Oppositely charged polyelectrolytes will readily engage in intermolecular electrostatic 
interaction leading to complexation which is known as complex coacervation38. Non-
stoichiometric coacervates may still be soluble, depending on solution conditions like ionic 
strength, and their charge is dominated by the species with the largest molar amount of 
charged groups. In case of charge stoichiometric mixtures, in which the polymer backbones 
are hydrophobic, precipitation or phase-separation may occur39. This last phenomenon has 
been applied to determine polyelectrolyte charge density in case the concentration is known or 
their concentration in case the charge density is known. Insoluble coacervates generally have 
poor functional properties, but are applied in foods40.

Figure 1.3 Schematic representation of dye-stacking, a. 

energy state of π-orbitals, b. dye orientation.

Figure 1.4 Shinoda’s proposed scheme of 

solute-solvent interactions leading to three 

distinct solution types, (redrawn from36).
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On (charged) surfaces, or a similar guiding motive, however, functional inter-polyelectrolyte 
complexes can be created easily. Kabanov41 and Iler42 already described this in the mid 1960’s 
but the broad scientific audience did not pick up on this topic until Decher published this in 
a landmark article in Science43. Decher described the so-called layer-by-layer technique (LbL) 
that allows the stacking of subsequent layers of polyanion-polycation pairs onto a surface. 
The method is surprisingly simple; it involves spontaneous self-organization by alternating 
contact of the surface with semi-dilute solutions of both polyelectrolytes as shown in Fig. 1.5.  
In these LbL systems other molecules or nanoparticles can be incorporated or they can be used 
to form capsules from which the initial core is dissolved once the LbL assembly is ready. LbL 
constructs are exceedingly well published for a large variety of material combinations and 
purposes and to venture in this field would limit the chance of finding novelty. Therefore, LbL 
constructs are not studied in this thesis.

1.3.2 Polyelectrolyte-surfactant complexes 

The interactions between surfactants and polymers (including polyelectrolytes) are a topic 
belonging to a rather diverse field of research. Concentrated systems have been studied 
extensively by Lindman and coworkers44. Diluted systems have attracted a lot of interest with 
many day-to-day products depending for some functionality on the combined action and 
interaction of surfactants and polymers. Examples can be found in many important products 
like emulsions and dispersions, paints, adhesives, agrochemicals and personal care (hair and 
skin care) products.  

Their main role lies in changing interfacial forces, imparting structure, modification of 
the rheology and thus tuning stability. The work described in this thesis focuses only on 
complexation between oppositely charged polyelectrolytes and surfactants.

Figure 1.5 The Layer-by-Layer method to manufacture functional inter-polyelectrolyte complexes (redrawn from 

Decher43).
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Interactions between oppositely charged polyelectrolytes and surfactants in dilute aqueous 
solutions are by far a smaller field of research, which nonetheless has attracted growing 
interest from industry and academia. A recent review by Langevin45 gives an overview of the 
field quoting, however, primarily European academia. Kurawaki and Hayakawa46 in their review 
cover most of the work done by US and Japanese academic groups. Finally, Kabanov, Zezin and 
coworkers47,48 have been involved in most of the academic work on this topic in Russia.  

Next to academic interest a growing number of industrial products is based on polyelectrolyte-
surfactant complexes (PESC); these include for instance food, cosmetics, detergents and paints. 
Finally in patent literature a growing number of applications of PESC are claimed. 

The association between oppositely charged surfactants and polyelectrolytes in water is a 
spontaneous process driven by both electrostatic and hydrophobic interactions. For strong 
polyelectrolytes the electrostatic interactions are mainly controlled by the ionic strength of 
the solution; next to the ionic strength, the valency and type of the counter ions plays an 
important role. Association based on electrostatic interaction already starts at concentrations 
far below the CMC of the surfactant, typically two orders of magnitude below the CMC, at a 
concentration referred to as the critical aggregation concentration (CAC). When a surfactant 
molecule binds to the polyelectrolyte chain, the phenomenon of cooperativity is observed, i.e. 
the binding of a second surfactant-ion preferably happens on a site adjacent to the already 
bound surfactant-ion. This is due to the hydrophobic interaction between the surfactants’ 
hydrophobic tails. The longer the hydrophobic tail, the stronger the hydrophobic interaction 
becomes and the lower the CAC will be. The result is that the CAC scales with CMC in a series of 
homologues surfactants for one specific polyelectrolyte. The determination of the CAC is most 
easily done using surfactant-selective electrodes45,49, other methods include fluorescence50. 
Because in the case of PESC, two interaction forces are operating simultaneously, interesting 
supramolecular structures can be generated11.

The type of structure formed in aqueous salt solutions largely depends upon: 

 1. the properties of the polyelectrolyte; i.e. backbone flexibility and hydrophobicity, 
  charge density, distance between charged groups,  
 2. surfactant characteristics; i.e. type of charged group, size of the hydrophobic tail, 
  presence of double bonds in this tail, and the number of tails, 
 3. solution ionic strength and pH, and presence of co-solvents 

The complex interplay of forces and relative contributions of the above parameters make 
predictions of structure, based on polyelectrolyte and surfactant structure, very complex. In 
literature lamellar structures, vesicles, rods, spherical ‘frozen micelles’ and various helical 
structures have been described. Common theme in these structures is that in aqueous 
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solutions, hydrophobic groups are grouped together to maximize hydrophobic interaction. It is 
also clearly understandable that the mesoscopic structures largely determine the properties of 
PESC dispersions. Fig. 1.6 shows the organization in lamellar and rod-shaped PESC. 

PESC have seen many applications in technological processes and formulations including the 
production of photographic film, cosmetics, drug delivery systems, food and paper45. Recent 
decades show the increasing use of PESC in environmental remediation51-54, where the apolar 
cavity inside PESC is used to capture harmful apolar substances. The most common day-to-
day example of PESC is in dilution-deposition shampoo, where a PESC is instantly formed 
the moment the ionic strength is lowered below a critical value once the shampoo is washed 
out of the hair22. An interesting application in the field of polymer synthesis is the directed 
polymerization in meso-phases of PESC55. 

1.3.3 Polyelectrolyte-dye complexes 

Polyelectrolyte-dye-complexes form spontaneously when oppositely charged polyelectrolytes 
and dyes are mixed. The driving force for complexation is considered to be a priori electrostatic. 
In case the bound dye ions are in close enough proximity, dictated by the charge distance 
of the polyelectrolyte, individual bound dye ions can further interact via π-π interactions. A 
second mechanism that allows for the dye to interact with itself is the presence of hydrophobic 
pockets in a polyelectrolyte structure. In that case the dye ions interact via van der Waals 
interaction. When interaction between dye ions occurs the phenomenon of metachromasy is 
observed which is a distinct change in the dye’s visible absorption spectrum, generally with the 
appearance of a new ‘metachromatic’ peak (see 1.2.3 for details).  

When the dye ions are too far apart to interact, the visible absorption spectrum shows no 
change but generally the dye’s molar extinction coefficient is lowered with respect to ‘free’ 

Figure 1.6 Lamellar (left) and rod-like (middle and right) PESC structures are often encountered when using (semi-) 

rigid polyelectrolytes (polyelectrolytes are depicted in yellow or red, surfactants in blue). 
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dye. In this thesis we have investigated solely those polyelectrolyte-dye complexes which show 
metachromasy. 

After Perkin’s discovery of the first synthetic dye “Perkin’s mauve”, dyes have seen a growing 
application in textile dyeing and in histology and pathology56,57. Therefore, the earliest use in 
scientific research of dyes was the microscopic study of plant or animal tissue, were dyes have 
been used to stain specific cell organelles or functional molecules. This specific staining was 
largely possible due to metachromasy caused by the presence of polyelectrolytes or regularly 
spaced charged groups on organelles. In the 20th century, scientist were able to separate 
specific biomolecules and dyes were used to study the structure, properties and concentration 
of proteins, carbohydrates etc. One of the early pioneers in the field of protein-dye interactions 
who later ventured into the field of polyelectrolyte-dye interactions was Klotz58,59 and co-
workers, later followed by Takagishi et al60,61. From the more fundamental studies until the late 
1970’s, the past three decades have shown a trend towards more pragmatic or applied studies. 
In these studies polyelectrolyte-dye complexes are mostly used for environmental remediation 
of textile dyeing effluents62,63.

The most recent papers on polyelectrolyte-dye complexes, from a colloid chemist’s point 
of view, use rather ill-defined solutions with respect to pH and ionic strength, often applying 
distilled water as solvent. Complexation and colloidal behaviour of polyelectrolytes are 
(partly) controlled by pH and ionic strength. Therefore small variations in ionic strength, 
caused by varying amounts of ionic impurities in the reagents, may have significant effects 
on complexation behaviour. In the experimental work described in this thesis we have used 
buffered model systems (both for pH and ionic strength) as solvent. The buffer concentrations 
used are the lowest concentrations that still maintain a constant pH, without significantly 
interfering with complexation. 

1.4 AIM AND SCOPE OF THIS THESIS

The main focus of this thesis is related to the fundamental and applied aspects of self-
organization of polyelectrolytes interacting with oppositely charged surfactants, dyes and 
small ions, under well-controlled, dilute aqueous salt solution conditions like e.g. pH and 
ionic strength. 

The overall objective of this thesis is to gain understanding in the microstructural properties 
of polyelectrolytes and their complexes, and how they can be successfully applied in existing 
and novel products and applications. Examples of this are for instance: how complex structure 
and composition affects the performance of dilution deposition shampoos (chapter 2), dye 
removal from effluents by oppositely charged polyelectrolytes (chapter 3), the application of 
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dyes in the analysis of surfactants (chapter 4), controlling metachromasy in industrial dyeing 
(chapter 5) and a novel method to determine apparent pKa values of polyelectrolytes using 
metachromatic dyes (chapter 6). Polyelectrolytes and their self-organization are a popular 
science theme with a growing number of publications. However most of these publications 
seem to be either fundamental and complex or, too pragmatic and specific, to allow them 
to be the basis for successful industrial development. Here a balance between fundamental 
and applied aspects is pursued. To achieve this, a number of model systems (polyelectrolyte-
surfactant, polyelectrolyte-dye, surfactant-dye and polyelectrolyte-dye-surfactant) are studied.  

To make the presented research, methods and strategies, accessible to both academic and 
industrial R&D colloid chemistry science groups, the methodologies applied are those that can 
be commonly found in such a laboratory. The characterization methods used are mainly UV-VIS 
spectrophotometry, dynamic light scattering, electrophoretic mobility, streaming potential, 
tensiometry and potentiometric titration. For the investigation of the influence of self-organized 
complex composition, the method of continuous variation or a ‘titration approach’ is applied. In 
this method the properties of a complex are monitored whilst one component is step-wise added 
to a fixed concentration of the second component. In later experiments the stability of complexes 
is studied by monitoring physical changes, for instance the visible light absorption spectrum, of 
the complex, whilst adding a third component to a pre-formed polyelectrolyte complex. 

The possible application of polyelectrolyte complexes encompasses a broad field of highly 
ordered and functional materials for industrial and societal relevant topics as optics (e.g. 
anti-reflective coatings, optical waveguides), optoelectronics, (nano)coatings, environmental 
remediation, medical applications for instance drug delivery and biocompatibilization, 
biotechnology, coloration (food and non-food) and catalysis. For all these applications, 
organization on nano- and meso-scale is crucial to achieve the desired performance.  

The work presented in this thesis has been partly supported by DSM as part of an ongoing 
collaboration with the SPC Laboratory of Physical Chemistry at Eindhoven University of 
Technology and as part of the author’s desire for further education and development. Therefore, 
there are no direct links with other projects currently ongoing within Eindhoven University of 
Technology. To avoid issues with respect to confidentiality and DSM’s intellectual property, no 
DSM products or processes have been studied and the work has been performed on suitable 
model systems which bear no direct relation to DSM’s products, processes and businesses. 
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1.5 OUTLINE OF THIS THESIS 

This thesis consist of seven chapters regarding the self-organization of polyelectrolytes in 
aqueous salt solutions mediated by oppositely charged small ions like surfactants, dyes and 
inorganic salts under well-defined conditions of pH and ionic strength. The following systems 
are investigated to provide an example of polyelectrolyte self-organization: polyelectrolyte-
surfactant complexes, polyelectrolyte-dye complexes, surfactant-dye complexes and 
competition between surfactants and dye for complexation with a polyelectrolyte. As a spin-
off from this work a novel method is presented for the determination of the apparent pKa of 
weak polyelectrolytes with the use of metachromatic dyes and its applicability demonstrated 
for the analysis of food hydrocolloids. 

Chapter 2 concerns an in-depth study into the complexation of two polyelectrolytes, poly(di-
allyl-dimethyl-ammonium hydrochloride) (PDADMAC) and poly(ethyleneimine) (PEI), with 
a set of sodium lauryl ether sulphate (SLES) surfactants with a variation in ethylene oxide 
block length. The method of continuous variation (titration approach) is used to prepare 
complexes with varying composition and colloid-chemical characteristics are determined 
such as hydrodynamic diameter and zeta-potential. The influence of PDADMAC molar mass is 
investigated and the critical aggregation concentrations (CAC) are analysed using tensiometry 
and fluorescence spectroscopy, for each polyelectrolyte-surfactant combination. The findings 
are used to understand why dilution deposition shampoos uniquely use only one type of SLES 
and all research is focused on development of novel polycations. 

 In Chapter 3 self-organization of the same polycations (PDADMAC and PEI) is studied in 
the presence of the anionic dye methyl orange. The same titration approach is applied to vary 
the composition of complexes. Spectral data are used to explain differences in complexation 
and organization. Subsequently, the binding-affinity and -stoichiometry are established for 
methyl orange onto both polycations. Also here hydrodynamic diameter and zeta potential of 
complexes with varying composition are analysed. Next the displacement of methyl orange 
from pre-formed polycation-methyl orange complexes by halides is investigated to verify if 
displacement is a generic effect of ionic strength or that specific ion effects exist. Finally, 
methyl orange displacement by oppositely charged polyelectrolytes is investigated. 

The self-organization of surfactant-dye complexes is investigated in Chapter 4. This is needed 
to describe organization in these systems prior to attempting the study of polyelectrolyte-
dye-surfactant complexes (chapter 5). The interaction of the cationic dye ortho-toluidine blue 
(TBO) with the previously used SLES is investigated using visible light spectrophotometry 
applying the titration approach. In these experiments the influence of TBO concentration and 
buffer concentration is firstly investigated. Next the different organizations for each SLES are 
investigated in more detail and related to microstructural data provided in literature. Based 
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on the observations, a previously overlooked organization is postulated in which the dye is 
partially organized in a dimeric conformation.  

In Chapter 5 displacement of TBO from its complexed state with a model polyanion, sodium 
alginate, is investigated. The aim is to investigate whether dye displacement, in literature 
termed “reversal of metachromasy”, is a generic effect of surfactants or that it depends on 
surfactant molecular structure. Initially, sodium alginate’s apparent pKa value and binding 
stoichiometry with TBO (employing the same methods as used in Chapter 4) are determined. 
Next, pre-formed alginate-TBO complexes with varying composition are submitted to titration 
with one cationic surfactant (TEGO®trant A100) and the set of previously used SLES surfactants. 

In Chapter 6 an observation from Chapter 5, the linear displacement of TBO from alginate by 
respectively protons and hydroxide ions, is further investigated with its potential use as a novel 
method to determine apparent pKa-values of weak polyanions. For this purpose the apparent 
pKa values of a synthetic (sodium poly(acrylate), and five food hydrocolloids (alginate, pectin, 
sodium carboxymethycellulose, sodium poly(phosphate), kappa-carrageenan and gellan) were 
determined using the newly proposed method and compared to potentiometric titration. 
Finally the influence of ionic strength and the initial polyanion-TBO complex composition on 
the determination are investigated. 

The final section in this thesis, Chapter 7, presents the highlights and conclusions from 
the results obtained within this research. The insights gained are formulated with respect 
to applying them to applications in characterization and analysis methods, formulation of 
products, remediation of environmental issues such as for instance textile dyeing effluents, 
recovery of dyes from recycling coloured waste materials etc. The last section outlook presents 
suggestions for the continuation of this research. 
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CHAPTER 2
POLYCATION-SLES-TYPE SURFACTANT COMPLEXES: 
INFLUENCE OF EO-LENGTH 

Polyelectrolyte-Surfactant Complexes (PESC) is a class of materials which form spontaneously 
by self-assembly driven by electrostatic and hydrophobic interactions. PESC containing sodium 
lauryl ether sulphates (SLES) have found wide application in hair care products like shampoo. 
Typically, SLES with only one or two ethylene oxide (EO) groups are used for this application. 
We have studied the influence of the size of the EO-block (ranging from 0 to 30 EO-groups) 
on complexation with two model polycations: linear PDADMAC and branched PEI. PESC size 
and electrostatic properties were determined during step-wise titration of buffered polycation 
solutions. The critical aggregation concentration (CAC) of PESC was determined by surface 
tension measurements and fluorescence spectroscopy. For PDADMAC, there is no influence 
of the size of the EO-block on the complexation behaviour; the stiff polycation governs the 
structure formation. For PEI it was seen that the EO-block size does affect the structure of the 
complexes. The CAC value of the investigated complexes turns out to be rather independent of 
the EO-block size; however the CMC/CAC-ratio decreases with increasing size of the EO-block. 
This latter observation explains why the Lochhead-Goddard effect is most effective for small 
EO-blocks. 

This work has been published as: Vleugels, L.F.W., Pollet, J. and Tuinier, R., J. Phys. Chem. B, 2015, 
119, 6338-6347. 
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2.1 INTRODUCTION 

Self-assembly of polymers and especially polyelectrolytes in solution offers the possibility 
to build composite mesoscopic structures, with specific functionalities1-3. The absence of 
covalent bonds between the building blocks makes self-assembly both a spontaneous, 
versatile and reversible process allowing the formation of complex architectures. The main 
driving force in self-assembly involving polyelectrolytes is the electrostatic interaction between 
the charges on the polyelectrolyte chain and oppositely charged ions, which may be other 
polyelectrolytes4,5, surfactants6-8, counter-ions or even charged surfaces9,10. The binding motif, 
and thus the structure of a self-assembled system, does not require extensive synthesis. It 
can be tuned by the structure and composition of the polyelectrolyte and proper choice of the 
other component(s). Because self-assembly is thermodynamically driven it is relatively defect-
free and can exhibit self-healing properties. Nature employs self-assembly for the formation 
of functional structures which are crucial to biological functions11,12. A rapidly growing number 
of industrial applications of self-assembled structures are seen with increasing importance, 
for instance in the fields of coatings, optical materials, drug delivery, food and personal care 
products13-17. Also in industrial processes self-assembly is becoming a more common tool like 
e.g. in waste (water) treatment and bioremediation18-20.

Polyelectrolyte-surfactant Complexes (PESC) are a particular class of self-assembled structures, 
which may exist at interfaces21,22, as dispersed colloidal particles23,24 or in the dry state25. Their  
formation involves, beside electrostatic interactions between the polyelectrolyte’s charges and 
the charged head groups of the surfactant, a second driving force being the hydrophobic or 
van der Waals interaction between the apolar tails of the surfactant molecules. This second 
interaction allows for the formation of complex shapes, this in contrast to polyelectrolyte-
polyelectrolyte complexes derived from synthetic polyelectrolytes which only show ordering in 
planar structures. The formation of PESC is thermodynamically driven and during formation it is 
seen that the binding of the surfactant molecules is highly cooperative. To allow a hydrophobic 
interaction between the surfactant tails, close proximity is required, i.e., surfactants 
preferentially bind adjacent to an already bound surfactant molecule in the PESC26,27.

We define the relative amounts of polycations and anionic surfactants in terms of the charge 
stoichiometry Zs/Zp, where Zs and Zp are the number of charged groups on the surfactants and 
on the polycations per unit volume. Charge stoichiometric PESC (Zs=Zp) only form when the 
actual distance between two neighbouring charges along the polycation matches the optimal 
distance between two surfactant head groups. The optimum distance between two neighbouring 
surfactant head groups includes both solvation as well as the spatial requirements to allow 
the most favourable hydrophobic interaction between the surfactant’s apolar tails. When the 
charged groups along neighbouring groups are too far apart, stoichiometric complexation may 
only occur at higher surfactant to polycation ratio (Zs/Zp > 1); in case the polycation charges are 
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too close, a lower surfactant to polycation stoichiometry (Zs/Zp <1) may be observed to reach 
effectively neutral complexes as not all surfactant molecules may actually be able to bind to 
the polycation’s charged groups.  

In this study we focused on the formation of PESC consisting of polycations and sodium 
lauryl ether sulphates (SLES). These SLES-PESC have an interesting application in personal care 
products in so-called dilution-deposition shampoos. These dilution-deposition shampoos are 
based on the Lochhead-Goddard effect28,29; which is described in literature as the formation 
of a gel-like PESC precipitate on the hair’s surface when the ionic strength I, by dilution, is 
lowered below a critical value, Icrit. PESC formation in the formulation, and during application, 
is avoided by the addition of salt at a level sufficient to achieve an ionic strength above Icrit. 
Although, still not fully understood, it is assumed that an increased ionic strength prevents 
PESC formation by weakening the electrostatic interaction between SLES and polycation. In 
the appropriate ionic strength range, a minimum surfactant concentration is observed where 
PESC can form. PESC typically form at a critical aggregation concentration (CAC) that is orders 
of magnitude smaller than the critical micelle concentration (CMC). The variation in the recipes 
for these shampoos is almost exclusively found in the architecture of the polycation, i.e. the 
binding motif. The majority of the compositions contain the same SLES-type surfactants with 
only one or two ethylene oxide groups. Suitable polycations for this application are often 
tested in high-throughput experimentation30 but fundamental knowledge on the mechanism 
of complexation is mostly lacking. 

The interest in this study was to investigate whether SLES-type surfactants with larger 
EO-blocks also form stoichiometric complexes with polycations, and, if so, whether the 
physicochemical properties of these complexes reveal whether they are also suitable materials 
for capture, encapsulation and release of sparingly soluble solutes. For this purpose the 
complexation of commercially available SLES surfactants (with variable size of the EO-block) 
with two model polycations, linear poly(diallyldimethyl amine hydrochloride) (PDADMAC) 
and highly branched poly(ethyleneimine) (PEI), was investigated. Of main interest are the 
hydrodynamic radius and electro kinetic properties as a function of stoichiometry and the critical 
aggregation concentration of PESC with SLES. Such a study contributes both to the insight into 
the preferred type of surfactant (low EO-blocks) used in dilution-deposition shampoos, and 
the most preferred type of surfactant for capture, encapsulation and release of apolar solutes.  

Figure 2.1 Chemical structures of (from left to right) SLES, PDADMAC and PEI. 
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2.2 EXPERIMENTAL 

2.2.1 Chemicals 

In our experimental studies, the following polyelectrolytes were used: (1) poly(di allyldimethyl 
amine hydrochloride) hereafter referred to as PDADMAC. Three grades were used: DB45 (molar 
mass 450 kDa), DB45VHM (molar mass 2000 kDa) both kindly supplied by SNF Floerger, and 
PDADMAC Titrant (molar mass 107 kDa) supplied by BTG Mütek GmbH further denoted as 
Mütek. (2) Highly branched poly(ethyleneimine hydrochloride), further on denoted as PEI (molar 
mass 55 kDa) which was purchased from Acros. The stated molar masses of the polycations 
are weight-averaged molar masses; the polydispersity indices are unknown. PDADMAC is 
considered to be a strong polycation with a pKa≈ 12, whereas PEI is considered a weak polycation 
with a pKa= 9.7. The SLES used were commercial Disponil® series surfactants, kindly supplied 
by BASF: (1) Disponil FES27, lauryl(EO)2 sulphate, (2) Disponil FES32, lauryl(EO)4 sulphate, (3) 
Disponil FES993, Lauryl(EO)11 sulphate and (4) Disponil FES77, lauryl(EO)30 sulphate. Sodium 
lauryl sulphate, of highest purity (99.6%) available, was purchased from Merck. The chemical 
structures of the surfactants and polyelectrolytes used are given in Fig. 2.1.

Auxiliary materials used were: Hyamine 1622 titrant solution (0.004 N) purchased from 
VWR/Merck; Nile Red technical grade purchased from Sigma-Aldrich and poly(sodium 
ethylene sulphate) hereafter referred to as NaPES (molar mass 19.1 kDa), purchased from BTG 
Mütek GmbH. All other materials were of highest purity available and have been used without 
further purification. Ultrapure water, used throughout the investigation, was obtained using 
a Milli-Q Advantage A10 purification system from Millipore SA Molsheim, France.

2.2.2 Methods  

Sample preparation and model system. All reagents were prepared as stock solutions in 
ultrapure water. These stock solutions, at a concentration of 10 mM, were freshly prepared 
and stored in the dark for the duration of the study. Since commercial products were used, 
some of which in the form of concentrated solutions, the actual concentrations in the stock 
solutions were determined by titrimetric methods and expressed as mM of charged groups. 
To maintain a constant pH and ionic strength, all experiments were performed in an acetic 
acid buffer at c(buffer) = 5 mM and pH = 4.0.  

Standardization stock solutions of reagents. Actual PDADMAC and PEI concentrations 
were determined by streaming potential titration employing a Mütek PCD03 streaming 
potential detector and a standardized NaPES 1.00 mM titrant solution. All analyses were 
performed in 5 mM acetic acid buffer solution (pH= 4.0) in triplicate. Actual concentrations 
of the surfactants were determined using a monotonous turbidimetric titration employing 
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a Metrohm 907 Titrando titrator fitted with a SpectroSense photometric detector and a 
standardized Hyamine 1622 4.0 mM titrant solution. All stock solutions were first prepared 
at a slightly higher concentration than expected from materials’ purity. Next the actual 
concentration was determined, after which the solutions were diluted to yield solutions 
that had an exact concentration of 10.0 mM. Prior to use, all stock solutions have been re-
analysed and were found to contain the desired concentration of 10.0 mM within the 2% 
accuracy of the employed titration methods.  

Hydrodynamic diameter and ζ-potential. To get insight into the size and charge of the 
complexes, we performed dynamic light scattering (DLS) and ζ-potential measurements. DLS 
is based on measuring fluctuations in the scattered intensity as a function of time. These 
fluctuations arise from the Brownian motion of particles. The fluctuations in the scattered 
intensity yield a correlation function which is fitted, giving a diffusion coefficient of the 
complexes. For dilute suspensions the diffusion coefficient can be turned into a (z-averaged) 
hydrodynamic size using the Stokes-Einstein equation. The ζ-potential is derived from 
electrophoretic mobility measurements, by using the Smoluchowski equation. By applying 
an electrical field, the electrophoretic mobility of particles, was determined by laser Doppler 
velocimetry. The Zetasizer Nano ZS Malvern instrument allows to simultaneously measure 
the hydrodynamic diameter dH and the ζ-potential by using a combination of laser Doppler 
velocimetry and phase analysis light scattering (PALS) in a patented technique called M3-PALS.  

The influence of the stoichiometry Zs/Zp on PESC size and charge was investigated by 
addition of surfactant stock solution to a 1.0 mM polycation solution buffered at pH= 4.0 (5 
mM acetic acid buffer) by using the Malvern Instruments MPT-titrator. After each dosing step 
the PESC solution was thoroughly mixed, the sample cell flushed and subsequently a two 
minute temperature equilibration (25°C) was applied. The ζ-potential measurements were 
performed in three-fold allowing the instrument to determine the optimal number of sub-
measurements. A reproducible execution of the titrations was achieved by programming 
full instrument and titrator control into a detailed program in the instrument’s software 
called a ‘play-list’. Selected experiments were duplicated and showed negligible differences. 
Duplicate titrations showed minor deviations in absolute values, while displaying identical 
trends. 

Critical aggregation concentrations. The CAC of PESC was determined by fluorescence 
spectroscopy and surface tensiometry.  

Fluorescence spectroscopy. For the CAC determination by fluorescence, each model system 
was investigated by the analysis of individual samples prepared for each data point. For this, 
polycation and buffer were added to yield a concentration, in the final solution for analysis, 
of 1.00 mM in acetate buffer 5 mM, pH= 4.0.  
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Next varying amounts of SLES stock solutions and diluted solutions were added by means 
of calibrated pipettes. All samples were made up to a final volume of 9.98 ml to which 20 
µl of a 4.5 µM Nile red solution in ethanol was added37. After equilibration of the solution (15 
minutes at room temperature), fluorescence analyses were performed on a Shimadzu RF5301 
spectrofluorometer, using high performance quartz cuvettes supplied by Hellma. Excitation of 
the samples was done at 550 nm; emission spectra were recorded in the range 560 to 750 nm in 
slow scanning plus high sensitivity modes. The instrument’s software was used to analyse the 
spectra to obtain the peak position and intensity. As a check on instrument performance the 
Raman peak (position and intensity) of water was recorded.  

Surface Tensiometry. Static surface tension measurements were performed using a KSV 
Sigma-70 tensiometer equipped with a Wilhelmy-plate. Titrations were performed in pre-cleaned 
and tested titration beakers by verifying the correct measurement of the surface tension of water 
(72.8 mN/m at 293 K). Next the beakers were rinsed with buffer solution, prior to the addition of 
the buffered polycation solution at 1.00 mM. The surface tension was derived from the equilibrium 
force obtained in the force-time curve after dipping the Wilhelmy-plate to a depth of 2.0 mm. The 
first dip was used to wet the plate, next a set of four measurements were performed at each point 
in the titration. The Wilhelmy-plate was not cleaned between titration points. 

Also here, selected experiments for the CAC determination were duplicated and these showed 
minor differences in absolute values while confirming the observed trends. 

2.3 RESULTS AND DISCUSSION  

A prerequisite for studying PESC is a proper characterization of the constituting components. 
The reason for this characterization is twofold. Firstly, as industrial grade surfactants and 
polyelectrolytes were used, only approximate concentrations of active matter were given by the 
suppliers, and secondly the actual amount of active matter may differ from our purpose in this 
study. As we selected the surfactants and polyelectrolytes with the purpose of investigating 
the formation of complexes as a function of the stoichiometric ratio Zs/Zp, the amount of 
charged groups present was characterized for both species. 

2.3.1 Characterization of polycation and surfactant species, the model system 

The amount of equivalent charged groups per polycation was determined using streaming 
potential titration31,32. For this purpose stock solutions were prepared with concentrations 
slightly above 10 mM, based on the mass per monomeric charged unit. These solutions were 
titrated using a Mütek PCD03pH streaming potential detector fitted with a Titrino titration unit 
using a calibrated NaPES titrant solution of 1.0 mM. The titration of PDADMAC is independent 
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of the solution pH, owing to the fact that PDADMAC is a strong polycation which remains 
charged within the observed range of pH-values during titration. For PEI, however, the regular 
solution pH at the start of the titration was about 6.5 at which not all monomeric groups are 
protonated. Only 70% of the maximum amount of charge equivalents could be recovered from 
titration. It was therefore decided to fix the pH of the titration medium to pH= 4.0 using a 5 mM 
Sodium acetate buffer which was able to maintain a pH= 4.0 for the duration of the titration. 
For the polycations used in this study, the expected charge equivalents, based on weight and 
purity, were confirmed. Based on the charge equivalents found in the stock solutions, dilutions 
were made (if needed) to bring the charge equivalents to 10.0 ± 0.2 mM.  

The surfactants used in this study were, apart from SDS, industrial grade commercial 
Disponil® products. It is known for these compounds that the proposed molecular formula 
represents an average composition, as there are both distributions in the alkyl-chain length as 
well as in the number of EO-groups per molecule. There may also be species present that do 
not carry a sulphate group. Also here, stock solutions were prepared at a concentration based 
on the average composition of the surfactants, slightly above 10 mM which were characterized 
using potentiometric titration33 employing a Metrohm “Anionic surfactant electrode” and a 
standardized Hyamine 1622 solution of 4.0 mEq/l. Alternatively, for the surfactants with the 
larger EO-blocks (FES993 and FES77) also a turbidimetric titration34 with Hyamine 1622 was 
applied. It was found that for Disponil FES77 also this method does not give an identifiable 
equivalence point, neither in direct titration, nor in back-titration of an excess of Hyamine 1622 
using a calibrated SDS solution. Also the attempt to determine the Disponil FES77 content by 
streaming potential titration failed. The FES77 content was therefore estimated by determining 
the dry matter content of the solution. This yielded a value close to the purity stated on the 
product’s certificate of analysis. 

 
The surfactant stock solutions were diluted to yield a concentration of 10.0 ± 0.3 mM. An 

overview of the characteristics of the polycations and surfactants is shown in table 2.1.

Table 2.1 

Characteristics of PEI, PDADMAC and 

surfactants used in this study. 

a Opened container may have shown 

moisture uptake and was not previously 

dried. 

b Dry weight was used.
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PESC formation using SLES-type surfactants is influenced by the ionic strength of the solution 
and can only take place at an intermediate salt concentration (depending on the type of salt 
and polycation). In the limit of low ionic strength Manning condensation9 of the polycation’s 
counter ions prevents PESC-formation, whereas in the high ionic strength limit PESC-formation 
is prevented by screening the electrostatic interactions between surfactant and polycation, 
resulting in the Lochhead-Goddard28,29 effect (described in the Introduction).  

In order to avoid variation in ionic strength, all experiments were performed using a buffer 
solution. As was shown before, for PEI, the pH needs to be buffered at a value well below PEI’s 
pKa= 9.7 in order to maintain fully charged PEI-molecules. Since all surfactants and polycations 
were characterized in a 5 mM acetic acid buffer at pH=4, it was decided to use the same buffer 
for all subsequent experiments. 

2.3.2 PESC-formation 

When rapidly mixing equimolar charge quantities of SLES and polycation (Zs=Zp) at 1.0 mM 
level, there is an increase in turbidity, which can be detected by eye. This suggests that PESC 
formation indeed took place since neither micellization of the surfactants nor precipitation of 
the polycation is expected at this concentration. For all SLES species, there is a marked increase 
in turbidity when mixed with either PDADMAC or PEI, indicating that even with an EO-block 
of 30 units PESC-formation still takes place. The turbidity, observed by eye, develops within 
seconds and remains fairly unchanged over a time span of several hours, indicating that the 
PESC-formation is completed almost instantaneously. However, upon gradual addition of SLES 
surfactant to polycation solutions, the onset of complexation is not readily visible and will only 
appear at higher stoichiometry. For instance for PDADMAC this occurs at Zs/Zp > 0.8.  

To follow the evolution of PESC formation, both size and ζ-potential of PESC with increasing 
Zs/Zp charge stoichiometry were measured in a titration setup. In the sample vessel 9.00 ml of 
a 1.10 mM polycation solution was placed, to which a SLES surfactant solution of 10.0 mM was 
sequentially added in 0.1 ml steps. After each addition the vessel was stirred, circulated and 
allowed to temperature equilibrate to 25°C, prior to analysing the size and ζ-potential of the 
mixture. In Fig. 2.2 we plotted the evolution of the hydrodynamic diameter (dH) and ζ-potential 
of PESC consisting of PDADMAC DB45 and SDS or the selected Disponil FES-types. In Fig. 2.3 the 
results for the ζ-potential and dH are shown for PESC with PEI as polyelectrolyte.

The results presented in Fig. 2.2 and 2.3 can be interpreted as follows. Upon adding surfactant, 
the first surfactant molecules will bind at random positions on the charged polyelectrolyte. The 
local segment concentration of a single polyelectrolyte chain in a salt solution will vary; it will 
have a maximum near the centre of the polymer chain and gradually decrease as a function of 
the distance from the centre. Hence the probability that surfactant molecules will initially bind 
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Figure 2.2 ζ-potential (ζ in mV, left) and hydrodynamic diameter (dH in nm, right) of PESC for PDADMAC DB45, as 

a function of Zs/Zp stoichiometry at pH=4.0 using 5 mM acetic acid buffer. 

Figure 2.3 ζ-potential (in mV, left) and hydrodynamic diameter (dH in nm, right) of PESC of PEI, as a function of Zs/

Zp stoichiometry at pH=4.0 using 5 mM acetic acid buffer. . 

to locations close to the centre of the polyelectrolyte is larger than on the outside. Therefore 
the measured ζ-potential, which will mostly depend on the outer parts of the polyelectrolyte 
chains, will hardly be affected at low Zs/Zp. Followed by the first randomly bound surfactant 
molecules, the binding of the subsequently added surfactant molecules is considered to 
be cooperative and preferably on locations next to already bound surfactant molecules26. 
In that configuration the hydrophobic tails can align in such a way that they benefit from 
the van der Waals interaction. Therefore the charge as measured via the ζ-potential of most 
PESC, both PDADMAC and PEI, only starts to decrease (except for the EO30 surfactant case) for 
values of Zs/Zp approaching 1. Sometimes (PEI plus surfactants with small EO block lengths) 
the ζ-potential even increases initially as a function of Zs/Zp. The increase of the ζ-potential 
relative to the starting polycation solution, may be the result of an improved measuring signal, 
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thus overcoming analytical errors, or may indicate the release of counter-ions attached to 
the polycation upon the interaction with the first surfactant molecules. It is noted that the 
measurements at small values of Zs/Zp show larger variation most likely due to measurement 
errors caused by low signal quality. 

The addition of more surfactant molecules to the PESC probably also proceeds by cooperative 
binding near the centre of the polycation. In case of PEI, with a branched topology and 
therefore most likely in a more compact spherical arrangement, this will lead to a compaction 
of the centre. For PDADMAC, a linear polycation with a relatively more extended rod-like 
formation, this can be visualized by placing the surfactant molecules distributed along this 
rod with a higher preference for positions close to the centre of the rod. For both polycations 
this leaves the outermost segments free of surfactant molecules and thus leading to an 
overall positive ζ-potential. The sizes of the observed PESC are smaller with respect to the 
initial sizes, which also reflects a more condensed structure of the complexes due to the 
replacement of counter ions (with their large hydration shells) by surfactant molecules. 

Close to the condition Zs=Zp, one expects charge neutralization of PESC, which could be 
detected via either a vanishing ζ-potential or a steep increase in PESC size. Suspended PESC 
are stabilized by double layer interactions between them. When the PESC become effectively 
uncharged, the repulsive double layer interactions disappear and one can imagine that the 
surfactant molecules bound to the polyelectrolytes of different PESC will engage in van 
der Waals interactions by bringing their hydrophobic tails close to one another. Charge 
neutralization at Zs=Zp is however not always achieved. In case of PESC from PDADMAC 
(Fig. 1) the PESC are still positively charged at Zs=Zp. This may be explained by the wide 
molar mass distribution of the polycation; i.e. at Zs=Zp the smaller mass polymer chains 
are fully neutralized whereas the larger ones still have ‘dangling’ ends which are positively 
charged. Further, the surfactants also self-organize inside the PESC. Thereby their charges 
are screened and they do not all bind to a cationic group along the polyelectrolyte. It can also 
be observed that the size of the PESC close to Zs=Zp rapidly increases with Zs to micron-sized 
species, which are the result of individual PESC entities aggregating and precipitating into a 
flocculated state. This occurs in spite of a net positive charge of the PESC which obviously is 
insufficient to prevent aggregation. 

From the evolution of the ζ-potential and hydrodynamic diameter dH with increasing 
Zs it follows from Fig. 2.2 and 2.3 that PDADMAC and PEI have a different behaviour in 
complexation; the PDADMAC PESC exhibit almost identical trends for the measured size 
and ζ-potential regardless of the size of the EO-block in the SLES. The size and ζ-potential 
dependence on the relative amount of surfactant on the PESC made from PEI does vary with 
the EO-block length; the larger the EO-block the earlier the onset of a decrease in ζ-potential 
and rise in PESC hydrodynamic radius. 
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These observations suggest that the inherent chain stiffness of PDADMAC is a governing 
factor in the formation of structure of the complex; the size of the surfactant EO-block length 
hardly affects PESC structure development. For PEI, a flexible and branched polycation, it is clear 
that spatial restrictions govern the development of structure by the continued incorporation 
of surfactant molecules into the complexes’ structure; a larger surfactant (longer EO-block 
length), leads to larger PESC sizes, earlier onset of overlap between surfactant molecules on 
different PESC and a stronger decrease in ζ-potential. 

2.3.3 The influence of PDADMAC molar mass on PESC formation 

To investigate the influence of molar mass of PDADMAC in more detail, three stock solutions 
were tested with PDADMAC of different molar masses. The ζ-potential seems to follow the 
same trend for SDS, FES32 (EO)4 and FES993 (EO)11 regardless of the molar mass as is shown 
in Fig. 2.4. Also the size, shown in Fig. 2.5, seems fairly independent of the molar mass of the 
PDADMAC species involved. A remarkable observation is that at the highest molar mass the 
onset of the formation of larger sized aggregates does not appear at 1:1 charge neutralization, 
Zp=Zs, for the FES surfactants. This supports the idea that the surfactants are more preferentially 
present near the centre of the PESC than near the outside because such an effect is expected to 
be stronger for larger (higher molar mass) polyelectrolytes.

Figure 2.4 Influence of molar mass of 

PDADMAC (at 1 mM) on the ζ-potential 

(ζ in mV) of PESC respectively with 

SDS, FES32 and FES993, as a function 

of stoichiometry at pH=4 in 5 mM 

acetic acid buffer. 
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2.3.4 Determination of the critical aggregation concentration, CAC 

The tendency of surfactant molecules to assemble into micelles can be characterized by 
their critical micelle concentration (CMC), which is the lowest concentration at which micelles 
exist. The CMC values of the studied surfactants in water are listed in Table 2.2. As is well-
known, the CMC decreases with increasing EO chain length. The interaction of surfactants 
with polyelectrolytes shows a very similar behaviour to the formation of micelles. Also here a 
minimum concentration exists above which surfactant molecules will start interacting with 
the polyelectrolyte, termed the critical aggregation concentration (CAC).  

Next to similarities between micellization and PESC formation, there is also a major difference 
which is the fact that PESC formation results in entropic gain by the release of the counter ions 
of both the surfactant and the polyelectrolyte. It is therefore commonly observed that the CAC 
value of a given surfactant is one to three orders of magnitude smaller than the CMC in the 
absence of the polyelectrolyte6,35,36. The CAC for a given polyelectrolyte-surfactant combination 
depends on a large number of parameters, including the surfactant’s alkyl chain length, polymer 
concentration, ionic strength but also on structural properties of the co-assembled structures. 
By adaptation of the model system used here, while keeping ionic strength and pH constant 
with a constant surfactant geometry (only varying the EO-block size), the determination of the 

Figure 2.5 Influence of molar mass 

of PDADMAC (at 1 mM) on the 

hydrodynamic radius (dH in nm) of 

PESC respectively with SDS, FES32 and 

FES993, as a function of stoichiometry 

at pH=4 in 5 mM acetic acid buffer. 
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CAC would possibly contribute to understanding the influence of the EO-block and its possible 
restrictions to PESC formation for the two model polycations. Two commonly used methods to 
determine CAC values are (surface) tensiometry36 and fluorimetry37 which were also employed 
here. The results are shown in Fig. 2.6 and 2.7.

In surface tensiometry, where the surface tension of a liquid-gas interface is determined, 
a KSV Sigma-70 Wilhelmy-plate type instrument was used and the surface tension of a 1 mM 
polycation solution was measured during a manual titration with the surfactants studied 
here. As can be judged from the data depicted in Fig. 2.6, most of our results yielded multiple, 
some less obvious, inflexion points. This can be understood by the fact that we used non-
purified, industrial grade surfactants where some compositional variation is expected. Given 
this compositional variation it is reasonable to assume that aggregation of surfactants onto 
polyelectrolytes takes place within a concentration range rather than a discrete concentration. 
This made the localization of the position of the CAC and its determination ambiguous. 

It was decided to use fluorescence of an added Nile red probe molecule as a second, 
independent, method to determine CAC values. Nile red shows a marked increase in fluorescence 
intensity, and a typical shift in emission wavelength, when it is transferred from a polar into an 
apolar environment37.  

The onset of PESC formation in an aqueous solution can therefore be determined by monitoring 
emission intensity and wavelength as a function of the surfactant concentration. For this, 
individual samples of PESC were prepared (at 1.00 mM polycation) to which the surfactants 

Figure 2.6 Surface tension (γ in mN/m) 

dependence on the concentration of added SLES 

to PDADMAC (medium molar weight DB45) at 

pH=4 in 5 mM acetic acid buffer. 

Figure 2.7 Surface tension (γ in mN/m) 

dependence on the concentration of 

added SLES to PEI at pH=4 in 5 mM acetic 

acid buffer. 
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were added in a wide concentration range. From each individual sample spectrum the emission 
wavelength maximum, λmax, and intensity, Iem, were determined. Plotting λmax and Iem as a 
function of surfactant concentration provides similar curves for the tested surfactants. Fig. 2.8 
provides an example of the curves obtained for FES77 for both polycations.

The resulting curves, as shown in Fig. 2.8, do not always give a single value for the 
transition concentration. The cause of the latter observation may again be the compositional 
polydispersity of the investigated surfactants, hence only an estimate of the CAC values is 
provided. However, when combining the three datasets of concentration dependence of the 
surface tension, wavelength maxima and emission intensities, it seems possible to indicate 
the possible locations of the CAC-values for the PESC studied. Table 2 gives an overview of 
the CAC estimates based on the comparison of surface tensiometry and fluorescence data. 
Given the fact that the CAC depends on the ionic strength, ionic composition and pH, it is 
noted that the reported CAC values should be considered ‘apparent’ CAC values. Finally the 
CAC-values were manually selected, rather than calculated, it is therefore not possible to 
include standard deviations on the presented data and they should be considered estimates 
at best.

The apparent CAC values found here for both PEI and PDADMAC are in the same range and 
seem independent of the type of surfactant, type of polyelectrolyte or the combination. 
Disponil FES993 in combination with both polycations was close to the onset of precipitation 
in the fluorescence measurements; this may have been unnoticed in the surface tensiometry 
experiments. It may, however, very well explain the break in the trends observed in Table 2.2. 
The CACs observed for PEI are about 3 µM and seem independent of the size of the EO-block 
in the SLES surfactant. A similar observation can be made for PDADMAC, where the CAC does 
not significantly change after the size of the EO-block is larger than 2 units. Given the fact that 

Figure 2.8 Emission wavelength maximum (Iem in au) and Emission peak position (λmax in nm) versus the 

concentration of added SLES for PESC with FES77. Left: PDADMAC DB45. Right: PEI. 
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the CMC decreases with a larger EO-block size, and the near constant CAC, the CMC/CAC-ratio 
decreases with increasing size of the EO-block (exception in the trend is FES993, most likely due 
to the abovementioned reason). As the CMC value is the result of a thermodynamic balance 
between solvation and aggregation of hydrophobic regions, a similar trend in the CAC could be 
expected, which would have resulted in a nearly constant ratio. The fact that this is not seen, 
suggests that the decrease in the CAC/CMC ratio with increasing EO block length is the direct 
result of the spatial restrictions in the incorporation of the larger SLES into the complexes. 

The abovementioned spatial restrictions may be the prime reason why SLES type surfactants 
with larger EO-blocks are not the most suitable candidates for incorporation in dilution-
deposition shampoos. For the purpose of capturing, encapsulating and release of sparingly 
soluble solutes, it also seems that there are no additional advantages of using SLES with larger 
EO-block sizes. Overall this study demonstrates that in fact the properties of the polycation, 
like chain stiffness and/or branching, are the most dominant factor in the development and 
properties of PESC containing SLES surfactants. 

The PESC described in this study seem to have only limited stability at the concentration 
studied here. We observed, at concentrations at and above 1 mM and equilibration times of 24 
hours, that the PESC show visible precipitation. This is most likely caused by slow exchange of 
surfactant molecules between polycation chains causing the lower molecular mass polycations 
to be become saturated (Zs/Zp≈ 1) and precipitate when Zs/Zp≥ 0.8. This severely limits the 
practical application of the described PESC, unless polycations with a low polydispersity can 
be used.

Table 2.2 Estimated apparent CAC for PEI and PDADMAC 
a Precipitation observed during the Fluorescence experiments b Data from suppliers.
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2.4 CONCLUSIONS 

The formation of polyelectrolyte-surfactant complexes (PESC) has been demonstrated for 
two model polycations, PDADMAC and branched poly(ethylene imine) (PEI), with a series of 
sodium lauryl ether sulphates of varying ethylene oxide (EO) block length. In case of PDADMAC, 
having a stiff, linear backbone, no influence was seen of the surfactant EO-block length on 
the development of the hydrodynamic radius of the complexes with increasing amount of 
surfactant in the PESC; below charge stoichiometry all complexes where submicron-sized 
and only near full stoichiometry the complexes precipitated into macroscopic (micron-
sized) particles. For PEI, with a flexible, branched backbone, the size of the EO-block governs 
the hydrodynamic radius of the resulting PESC. Larger EO-block lengths lead to unstable, 
aggregating and flocculating PESC at lower amounts of surfactant. The ζ-potential of PESC 
made with PDADMAC remain highly positive over a large range of Zs/Zp and only decreases 
when approaching charge stoichiometry (Zs/Zp= 1), in some cases whilst maintaining a positive 
charge. In case of PESC made with PEI the PESC’s positive charge decreases more gradually, 
which is more apparent when the EO-block is larger. 

PESC formation in case of PDADMAC is governed by the limited flexibility of the backbone, 
whereas spatial restrictions govern complex formation in case of PEI. The influence of the 
molar mass of PDADMAC on PESC formation is less obvious; for SLES with larger EO-blocks it 
seems that the lowest molar mass species may form PESC that involve multiple polyelectrolyte 
chains. The trend of ζ-potential versus stoichiometry is unaffected by the molar mass of the 
polyelectrolyte. 

Critical aggregation concentrations (CAC) were estimated based on the combination of three 
experimentally determined quantities: fluorescence emission intensity and peak wavelength 
of a Nile Red probe and surface tension. It was shown that CAC values are roughly two orders of 
magnitude lower than the CMC of the surfactant species investigated. There is no clear trend 
in CAC values with respect to the number of EO groups present in the surfactant. The CMC/
CAC ratio decreases with an increase of EO-block size which suggests the inherent difficulty of 
larger surfactants to be incorporated into the PESC structure. 
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CHAPTER 3  
COMPLEXATION OF METHYL ORANGE WITH POLYCATIONS

 

Complexation between Methyl orange and polycations involves multiple interactions dictated 
by molecular structure, composition (D/P), pH and ionic strength. The effect of ionic strength is 
considered a generic effect. By step-wise construction of complexes, we expect to gain insight 
in the nature of interactions and whether displacement by competing ions is a generic effect. 
We step-wise constructed complexes of methyl orange with two model polycations, whilst 
recording visible light spectra, size and electrophoretic mobility in buffered solution. MO 
organization was derived from discrete spectral changes, whereas complexes were described in 
terms of size and zeta-potential data. Spectral data were used to study the effect of competing 
ions, both potassium halides and polyanions, using a manual titration method. Spectral 
and size data reveal a complex stoichiometry of D/P = 2.2 and 4.6 for poly(ethyleneimine 
hydrochloride) (PEI) and poly(diallyl dimethyl amine hydrochloride) PDADMAC, respectively. 
Contrary to PEI-MO, the formation of PDADMAC–MO complexes is driven by hydrophobic rather 
than electrostatic interactions. Organization of PDADMAC-MO complexes also shows a strong 
dependency on the order of construction and polycation concentration. Displacement of MO 
by halides shows no effect of ion size for PEI, whereas Hofmeister series ordering was found for 
PDADMAC. The displacement by polyanions is shown to be charge-stoichiometric. 

This work has been published as: Vleugels, L.F.W., Domańska, I., Voets, I.K. and Tuinier, R., J. 
Colloid Interface Sci., 2017, 491, 141-150. 
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3.1 INTRODUCTION 

Dyes are soluble, coloured compounds used for a variety of applications, of which the 
most important are the dyeing or coloration of fibres and textiles1. The great variety of 
chemically different dyes are generally classified by their most obvious structural group; 
amongst others acidic, basic, disperse, azo, anthraquinone based and metal complex dyes. 
Most commercial dyes are ionic as their charge is required to maintain water-solubility and 
ensure fixation onto an oppositely charged surface. Their abundant use and water solubility 
also pose a risk as dyes, and/or their degradation products, are considered aqua toxic 
and potentially carcinogenic2. Besides industrial applications, dyes are commonly used in 
scientific research3 where their colour change upon changes in their degree of protonation, 
or interaction with other species, resulting in a colour change, makes them useful sensors4,5. 
The earliest use of dyes in science was as staining agents in histology or bacteriology, 
where their interaction with specific macromolecular structures was employed to identify 
mesoscopic structures inside bacterial cells or organelles6. This was later extended to the 
study of proteins, macromolecules and synthetic polymers. The large body of scientific work 
on macromolecule-dye complexes evidences that the organization of these complexes is not 
generic and depends on the dye, the macromolecule and external conditions. This makes 
comparisons between the behaviour of different dyes, even with the same macromolecule, 
difficult. As a result of this we have chosen Methyl orange (MO), a commonly used anionic 
dye in similar and many applied studies, and have limited our review of literature to MO.   

MO was first used in 1946 by Klotz7,8 et al. to investigate the interaction of small ions 
with proteins. Klotz9, and later Takagishi10-12 et al. and Quadrifoglio13 et al. focused on the 
interactions of MO with synthetic polymers, i.e. polycations. Most of this early work was 
carried out by determining adsorption isotherms in aqueous, non-buffered systems, using 
for instance equilibrium dialysis7,9 followed by absorbance spectroscopic determination of 
MO in the dialysate. In subsequent studies, absorbance spectra of the polymer-MO complex 
revealed a new blue-shifted peak which was interpreted as being the result of structural 
changes in MO’s organization; dye-aggregation or -stacking mainly driven by hydrophobic 
interactions between dye molecules. The interaction between MO and polycations, from this 
early work, is generally accepted as being both electrostatic and hydrophobic.  

Various polycations, with different composition and structure, have been investigated 
which demonstrated the complexity of the interplay of interactions and the importance of 
hydrophobic interactions10,11. In later studies26,31 similar spectral information was used to 
determine the binding stoichiometry and the influence of binding competition effects of 
salts, surfactants and polyanions. These were generally interpreted – especially in the case 
of added ions - as arising from a generic effect of ionic strength. Overall, in the studies 
reported, the colloidal properties (size, effective charge) of the MO-polycation complexes 
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were largely neglected. Since the mid-1980s, publications on the interaction of MO with 
macromolecules changed from fundamental to utilization. Most of these studies use MO 
as an indicator substance to test the efficiency of the removal of dye substances14,15,35-37, 
to probe host-guest interactions16,17, self-assembled structures18, micellization of nonionic 
surfactants20, to characterize e.g. polycations19 and to analyse pharmaceuticals21.  

The aim of this study is to complement the existing studies on MO with a more in-depth 
colloid chemical study applying analysis techniques that can be commonly found in a colloid 
chemistry laboratory, thus making our work open for a broad audience of both academic 
and industrial scientists working with MO or wishing to advance in understanding MO’s 
interactions with polycations. Firstly we investigate complexation, between MO and two 
selected polycations, PDADMAC a rigid-chain, strong polycation and PEI, a highly branched, 
weak polycation, by stepwise construction whilst comparing absorbance spectral, size 
and electro-kinetic properties. Next we verify whether the previously described binding 
competition with salt anions is indeed a generic effect of ionic strength, or if specific ion 
effects occur. For this purpose a series of potassium halides, spanning the well-known 
Hofmeister series22,23, are tested for their ability to displace MO from its complexed state. 
Finally, the displacement of MO by polyanions is investigated which may proof useful e.g. in 
assessing the use of MO as an indicator in photometric titration analysis of polyelectrolytes. 

3.2 EXPERIMENTAL 

3.2.1 Chemicals 

The following polycations were used: (1) poly(di allyldimethyl amine hydrochloride), 
hereafter referred to as PDADMAC (indicated molar mass 107 kDa) supplied by BTG Mütek 
GmbH, (2) poly(ethyleneimine hydrochloride), highly branched, further on referred to as PEI 
(indicated molar mass 60 kDa) which was purchased from Acros Organics. Methyl orange 
(4-[4-(Dimethylamino)phenylazo] benzene sulfonic acid sodium salt), was purchased from 
Fluka (Reag. Ph. Eur.). Polyanions used were: poly(sodium ethylene sulphate) hereafter 
referred to as NaPES (indicated molar mass 19.1 kDa), purchased from BTG Mütek GmbH 
and poly(styrene sulfonate Sodium), denoted as NaPSSA (indicated molar mass 75 kDa) 
purchased from Alfa Cesar. All other materials used in this study were of highest purity 
available. All materials were used as supplied. Ultrapure water, used throughout the 
investigation, was obtained using a Milli-Q Advantage A10 purification system from Millipore 
SA Molsheim, France. Scheme 3.1 shows the molecular structures of the materials used.  
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3.2.2 Methods  

Solution preparation. All reagents were prepared as stock solutions in ultrapure water. The 
stock solutions of polyelectrolytes were freshly prepared at a concentration of 1.0 mM based on 
monomeric charge equivalent groups (the experimental verification thereof is described in the 
next sub-section) and stored in the dark for the duration of the study. To maintain a constant 
pH and ionic strength, all experiments were performed in an acetic acid buffer at c(buffer) = 10 
mM and pH = 4.0.  

Standardization stock solutions of reagents. The actual concentrations of PDADMAC and 
PEI, based on the concentration of monomeric charged groups, were determined by streaming 
potential titration, employing a Mütek PCD03 streaming potential detector and a standardized 
NaPES 1.00 mM titrant solution (standardization on a reference solution of PDADMAC supplied 
by BTG GmbH). PDADMAC can be considered as a rather strong polycation with pKa≈ 12, whereas 
PEI is a weak polycation with pKa= 9.7. To achieve fully charged polycations, all analyses were 
performed in a 10 mM acetic acid buffer solution at pH= 4.0. Experiments were performed in 
triplicate and the results were averaged. The polycation stock solutions were initially prepared 
at slightly higher concentration, analysed as described, and if needed diluted to yield an exact 
concentration of 1.00 mM based on monomeric charged groups. The stock solutions thus 
prepared were re-analysed and found to contain the desired concentration of 1.00 mM within 
a 2% accuracy of the employed titration methods. NaPES and NaPSSA stock solutions were 
prepared and standardized in a similar manner, employing a standardized PDADMAC solution. 
Stock solutions of the potassium halides (c= 3 M) were prepared based on their reported purities 
and used as such without further analysis.  

Spectral studies on MO interactions. The absorbance of solutions containing MO plus 
polyelectrolytes was determined by UV-VIS spectrophotometry, employing a Shimadzu UV-
2450 double beam spectrophotometer using disposable PMMA cuvettes. Prior to each series 
of experiments, the instrumental and cell baseline were recorded by placing two cuvettes with 
ultrapure water in the sample and reference position, resp. In all subsequent analyses the same 

Scheme 3.1 Chemical structures of materials used. 

a. MO b. PEI  c. PDADMAC d. NaPES e. NaPSSA 
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cuvette was left in the reference position, whereas the cuvette in the sample position was 
used to analyse the absorbance spectra of the various compositions. The reference sample was 
used to determine the baseline which was subtracted from the measured sample data. In the 
stepwise construction of MO-polycation complexes a manual titration approach was used; a 
50 ml solution of the first solute (either polyelectrolyte or MO) was prepared and an absorbance 
spectrum was recorded (wavelength scan from 700 to 340 nm). Next, the second solute (MO 
or polyelectrolyte) was added stepwise using calibrated micropipettes. After each addition, 
the newly established composition was mixed and equilibrated for 2 minutes prior to taking 
an aliquot of which the absorption spectrum was recorded. The composition of complexes of 
MO and the selected polycations was expressed as the ratio of dye concentration D over the 
polycation equivalent charged group concentration P.  

The dimensionless fraction D/P is used throughout the paper. All absorbance spectra were 
corrected for changes in reagent concentration caused by volume increase due to the volumetric 
addition of reagents.  

Hydrodynamic diameter and ζ–potential. To investigate the size and charge of the 
complexes formed by the addition of methyl orange to oppositely charged polyelectrolytes, 
we performed dynamic light scattering (DLS) and ζ-potential measurements. DLS is based 
on the measurement of fluctuations in the scattered intensity as a function of time. These 
fluctuations arise from the Brownian motion of particles within the illuminated volume. The 
fluctuations in the scattered intensity are described by a correlation function, which is fitted 
and analysed using a cumulant analysis, from which a z-averaged diffusion coefficient of the 
complexes can be derived. For dilute suspensions the diffusion coefficient D can be related to 
a hydrodynamic diameter, dH, using the Stokes-Einstein equation: 

where k is the Boltzmann constant and T and η the absolute temperature and dynamic viscosity 
of the solvent medium respectively. The ζ-potential is derived from electrophoretic mobility 
measurements, using the Smoluchowski equation. The electrophoretic mobility of particles, 
as a result of an applied electrical field, is derived from the particle’s electrophoretic mobility 
determined by a combination of laser Doppler velocimetry and phase analysis light scattering. 
The Malvern Zetasizer Nano ZS instrument allows determination of the hydrodynamic diameter 
dH and the ζ–potential, consecutively on the same sample residing in the measurement cell. 

The influence of the molar monomeric charge stoichiometry between dye (D) and 
polyelectrolyte (P), D/P, based on hydrodynamic diameter and ζ-potential of the complexes, 
was investigated by addition of dye stock solution to polycation solution using the previously 
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described manual titration method. After each reagent addition, the solution was thoroughly 
mixed, the sample cell flushed and filled with an aliquot of the current composition. This was 
followed by a two minute temperature equilibration (25°C) prior to starting the analysis. Folded 
capillary zeta cells (Malvern Instruments) were used for both size and ζ -potential measurements. 
The ζ-potential measurements were performed in threefold, the size measurements once; both 
with automatic selection of the optimal number of sub-measurements.  

MO displacement studies. The displacement of MO from its adsorbed state by the addition 
of simple salts (Potassium halides) and polyanions was similarly investigated using the manual 
titration method. In this case however, MO and model polyelectrolyte were mixed beforehand 
in a chosen D/P ratio and equilibrated, prior to the stepwise addition of the displacing ions. 
For each tested composition the absorbance spectrum was recorded from 700 to 340 nm (as 
previously described).  

Selected experiments were duplicated and confirmed the observed trends with minor 
absolute differences. 

3.3 RESULTS AND DISCUSSION  

3.3.1 Analysis of polyelectrolyte stock solutions 

The equivalent charged group concentrations P of the polycations in their stock solutions 
were determined by streaming potential titration24,25. The titration of a solution of PDADMAC, 
a strong polycation, is not influenced by the solution pH as remains fully charged within the 
applied range of pH-values during titration. For PEI, the weak polycation (pKa ≈ 9.7) the regular 
solution pH at the start of the titration (pH ≈ 7) causes only partial charging of the monomeric 
groups. It was therefore decided to set the pH of the titration medium to pH= 4.0 using a 
10 mM Sodium acetate buffer which was able to maintain constant pH for the duration of 
the titration. All titrations and subsequent experiments were performed in this buffer unless 
stated otherwise. The analyses show that the contents stated by the suppliers are in good 
agreement with our results as shown in Table 3.1.

Table 3.1 Contents of polyelectrolytes used. 

1 Substances supplied as concentrated aqueous solution.



3.3.2 Spectral properties of methyl orange (MO) 

 Optical properties of methyl orange (MO) were characterized by recording the absorbance 
spectrum of several diluted solutions prepared from a 1.00 mM stock solution. MO has an 
absorbance maximum at λ = 476 nm9,10,18 and it was demonstrated that absorbencies (A) 
measured at this wavelength comply with Lambert-Beer’s law at least up to a concentration 
of 1.00 mM. Comparison of the spectra at different MO concentrations shows that when 
normalized (A/D) they superimpose, confirming that in the chosen buffer, up to 1.00 mM, MO 
essentially exists in monomeric state as was previously reported9,10,18.  

3.3.3 Interaction of MO and polycations 

The interaction of MO with both polycations was investigated for a wide range of D/P values, 
which was accomplished by manual titration in two ways. In one method MO was added 
stepwise to a polyelectrolyte solution for the lower D/P values (0.2 < D/P < 2.8). In the other 
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Figure 3.1a 
Absorbance spectra for MO added to PDADMAC  
(P = 0.2 mM, in 10 mM acetate buffer pH = 4.0). 

Figure 3.1b 
Absorbance spectra for PDADMAC added to MO. Reagent 
concentrations and solvent conditions as in fig. 3.1a.

Figure 3.1c 
Absorbance spectra for MO added to PEI.  Reagent 
concentrations and solvent conditions as in fig 3.1a.

Figure 3.1d 
Absorbance spectra for PEI added to MO. Reagent 
concentrations and solvent conditions as in fig 3.1a.



method the polycations were gradually added to an MO solution (50 > D/P > 0.51). The spectra 
obtained from these experiments are given in Fig. 3.1.

Fig. 3.1 shows that the interaction of MO with both polycations leads to the development 
of a blue-shifted, hypsochromic, metachromatic peak, located near a wavelength λ= 376 
nm26. This metachromatic peak is not a result of the electrostatic interaction between MO 
and individual monomeric charged groups but rather the interaction between adjacent MO 
molecules. Both polycations provide a template for binding and organizing MO and the 
resulting absorption spectrum of MO can be used to derive the type of organization. The 
presence of a sharp peak at λ= 376 nm is generally considered to relate to the presence of 
dimers, whereas larger MO aggregates, held together by van der Waals interaction, give rise 
to an absorption peak at λ= 430 nm19. For MO addition to PDADMAC (fig. 3.1a), the monomeric 
MO peak (at λ= 476 nm) prevails at low D/P with a simultaneous increase in the spectral 
region 350-430 nm; only at higher D/P the dimeric peak becomes apparent. For PEI (fig. 3.1c) 
the organization is different as already at low D/P a clear, sharp dimeric peak is seen at a 
constant location which increases with D/P. In the reversed titration, addition of PDADMAC 
to MO (fig. 3.1b), at low PDADMAC concentrations (50 > D/P > 4) MO organizes as dimers, as 
evidenced by the presence of a sharp dimeric peak.  

Interestingly, further increase of the PDADMAC concentration (4 > D/P > 0.5) shows that the 
dimeric peaks remains at D/P values where it is absent in the direct titration (MO added to 
PDADMAC). For PEI addition to MO (fig. 3.1d), the formation of MO dimers is obvious from D/P ≤ 
10.6 and this dimeric organization is maintained at lower D/P as was also observed in the direct 
titration (addition of MO to PEI, fig. 3.1c).  

In previous literature10 the term conformational adaptability was used to explain differences in 
the ability of polyelectrolytes to accommodate MO binding and organization. The predominant 
organization of MO on PEI, i.e. primarily in dimeric form, indicates that a favourable chain 
conformation and the ideal spacing of monomeric charges allow such organization. The 
behaviour of MO interacting with PDADMAC, i.e. coexistence of dimers and larger aggregates, 
may be explained by the polymer’s higher chain stiffness which partially prohibits attaining the 
conformation that favours MO in dimerized state. PDADMAC, at intermediate concentration 
and ionic strength, is known to form coiled structures which may offer suitable environments 
for larger MO aggregates. At higher D/P (> 2) the number of electrostatic interactions between 
MO and PDADMAC increases, leading to a decrease in charged monomeric groups which 
in turn reduces chain stiffness. This may lead to a preference of MO to organize in dimeric 
state. The results of the reversed titration, where MO dimers prevail, seem to support this 
explanation. Once MO has organized itself as dimers on PDADMAC, further lowering of D/P, 
by the addition of PDADMAC does not lead to re-formation of aggregated MO, which indicates 
that the observed aggregates are not an equilibrium state. 
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3.3.3.1 Binding affinity 

The free MO concentration can be derived from the absorbance at λ= 476 nm, as was previously 
reported by Klotz7-9, Takagishi11,12 and others13. Since the total added MO concentration was 
known, the bound MO concentration Db was assumed to be the difference between the total 
added and monomeric MO concentrations. The bound fraction with respect to the total 
amount of charges available at the polyelectrolytes Db/P is plotted as a function of the free dye 
concentration in Fig. 3.2.

The results shown in Fig. 3.2 corroborate with earlier work7-11 and clearly demonstrate that MO 
has a higher binding affinity for PEI than for PDADMAC. This may be explained by the fact that 
the specific molecular interaction between MO and PEI is stronger or that PEI’s conformational 
adaptability accommodates for more favourably spaced binding loci for MO. 

3.3.3.2 Binding stoichiometry 

To determine the binding stoichiometry of complexes we introduce the parameter Fb (Fraction 
bound dye) which is defined as Fb = Db/D, in which Db is the difference between total (D) and 
monomeric dye concentration (deduced from the monomeric MO peak height). Fig. 3.3 shows 
plots of Fb versus charge stoichiometry D/P.

Fig. 3.3 (left) illustrates that manual titration of MO onto PEI and the reverse titration, PEI 
onto MO, intersect at what seems to be the optimal stoichiometry with respect to Fb, located 
at D/P ≈ 2.2. For larger values of D/P, Fb decreases most likely due to saturation of the available 
binding loci, i.e. an excess of MO relative to the available loci. The maximum bound fraction 
Fb was found at Fb= 0.8, which is in line with the observations in earlier work7-11 where the 
binding of MO was described as a Langmuir-type adsorption rather than as a 1:1 electrostatic 

Figure 3.2  MO bound fraction versus free MO 

concentration (P = 0.2 mM, in 10 mM acetate buffer at 

pH = 4.0).
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Figure 3.3  Fraction bound dye Fb versus stoichiometry D/P, left PEI, right PDADMAC 

(Start conditions: either P = 0.2 mM or D = 0.4 mM, in 10 mM acetate buffer at pH = 4.0). 

ionic interaction (which would show Fb ≈ 1). The above findings are in good agreement with 
the observations made in Fig. 3.1, where it seems that MO mainly organizes in its dimeric form 
(expected optimal D/P ≈ 2) when it adsorbs onto PEI. 

The MO complexation behaviour for PDADMAC (right) is different. In the titrations of 
PDADMAC added to MO, precipitates form at D/P ≈ 2.8 - 4. When applying the reverse titration, 
MO added to PDADMAC, this precipitation was not observed. The optimal stoichiometry for 
PDADMAC-MO, with respect to Fb, can be derived from the reverse titration and is located at 
D/P ≈ 4.6, as based on our titration approach. The maximum fraction bound Fb does not exceed 
0.6. While MO already interacts at low D/P with PEI, Fb ≈ 0 is observed for PDADMAC up to D/P 
≈ 0.3. As D increases, MO molecules seem to organize themselves near those initially bound 
forming partially dimers and larger aggregates, presumably held together by van der Waals 
interactions. This behaviour, and the spectra obtained, seem to indicate that PDADMAC, in 
combination with MO thus bound, partially forms apolar pockets in which the dye aggregates 
reside. The above observations are illustrated graphically in scheme 3.2.

Scheme 3.2 Postulated evolution of 

complex structure as a function of 

D/P for both studied polycations 
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3.3.4 Size and zeta-potential of complexes 

Following the same titration approach, the hydrodynamic diameter dH and ζ-potential of 
complexes of both polycations with MO were analysed at various D/P values; the results are 
shown in Fig. 3.4 and 3.5.

Fig. 3.4 shows that at low D/P (D/P = 0 - 0.2 for PEI and D/P = 0 – 1 for PDADMAC), the observed 
variation in the measured hydrodynamic diameter dH (indicated by error bars), as well as the 
absolute value of dH , is considerable. This is, most likely, caused by the fact that at low D/P the 
polycations are essentially free chains which hardly display any light scattering. Therefore, for 
such systems, dynamic light scattering is in fact an inappropriate method; at the investigated 
low concentrations it is not possible to measure the expected small sizes of fewer than 10 nm 
and the instrument reports a harmonic z-average of dH which is very sensitive to e.g. dust 
particles present in the sample. Thus the observed high dH values at low D/P are not caused 
by the polycation-MO complex and should therefore be treated with care as these are most 
likely erroneous; they are merely given here for the sake of completeness of the experimental 
data. Once the number of MO molecules interacting with both polycations increases, when 
D/P is increased, the resulting complexes become optically more dense and scatter more light 
resulting in more reliable data, leading to less variation and consistent values of dH ≤ 100 nm. 
Beyond D/P≈ 2 for PEI and D/P ≈ 4.6 for PDADMAC, as indicated by the arrows in Fig. 3.4, dH 
rises due to the formation of aggregates involving intermolecular polycation-dye complexes. 
The driving force for this aggregation is the increased hydrophobicity of the complexes as a 
result of the (partial) neutralization of the polymer’s charged groups by bound MO. We note 
that the D/P value at the onset of aggregation agrees well with the optimal stoichiometry 
found by absorption spectrophotometry (Fig. 3.3) for both polymers.  

Figure 3.4 Hydrodynamic diameter dH versus

stoichiometry D/P (P = 0.047 mM in 10 mM acetate 

buffer pH = 4.0).

Figure 3.5 ζ-potential versus stoichiometry D/P (P = 

0.047 mM in 10 mM acetate buffer pH = 4.0). 
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In Fig. 3.5 the measured ζ-potential is plotted as a function of D/P. Both data sets show an 
initial rise in ζ-potential, which, judged from the variation in the sub measurements for each 
data point, may again be the result of poor data quality as argued in the description of fig. 3.4. 
For PDADMAC, even when taking the observed variation into consideration, there is a trend wise 
increase of the ζ-potential which may be the result of dye ions replacing multiple condensed27 

counter ions leading to an overall larger ζ-potential. Alternatively the initial binding of dye may 
lead to conformational changes in the polycation leading to the exposure of more charged 
groups. After reaching a maximum value, the ζ-potential instantaneously starts to decrease 
in case of PEI, but remains positive up to D/P ≈ 5. From the data in Fig. 3.4 it follows that this 
corresponds to the ζ-potential of the aggregates formed starting at D/P ≈ 2. For PDADMAC, a 
consistent positive charge is maintained and the downward trend is less pronounced. Fig. 3.4 
shows that also here aggregates are present, however their size increase is less abrupt most 
likely due to a still relatively high ζ-potential, allowing only gradual aggregation of individual 
polymer-dye units. Fig. 5 suggests that also in the case of PDADMAC, the observed ζ-potential 
is the result of the outermost or ‘dangling’ charged groups on the polymer chain or in the 
aggregates. This indicates that MO does not preferentially bind to these outermost charged 
groups. 

3.3.5 MO displacement by halides 

Literature lists profuse examples that demonstrate the displacement of MO and other dyes 
from polyelectrolytes by the addition of small ions, like KCl28, NaCl15,18,29-32 and K2HPO433. In 
most studies only a single salt species has been used, which implies that the displacement 
of dye molecules is considered a universal, non-specific, phenomenon caused by an increase 
in ionic strength, rather than by a direct competition between the ion and the bound dye, 
which could be ion-specific. This implicit assumption is corroborated by the fact that for the 
monovalent anions studied (almost exclusively chlorides), full displacement is only achieved 
at a salt concentration (S) that exceeds the dye concentration (D) by a factor of, at least, 500 
(S/D = 500). 

To test whether specific ion effects are indeed irrelevant, we investigated the impact of 
anion type on MO displacement. To this end, polycation-MO complexes were titrated with a 
series of monovalent salts: potassium halides. First the polyelectrolyte-dye complexes were 
formed by sequentially adding premixed polycation and dye (at D and P = 1 mM) to the buffer 
solution to yield a solution with P= 0.05 ± 0.006 mM and D/P= 0.90 ± 0.05. These solutions were 
subsequently equilibrated, while stirring, for 15 minutes prior to starting the manual titration 
procedure using a concentrated (3.00 M) potassium halide salt solution. The absorption 
spectra from the buffered complexes prior to salt addition, for both polymers, showed a clear, 
sharp, dimeric peak. As this was not observed for PDADMAC in the initial experiments (Fig. 3.1), 
we must assume that construction of the PDADMAC-MO complex by instantaneous addition 
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of MO, at a higher concentration of 1 mM, rather than stepwise construction at 0.05 mM, 
causes MO to organize predominantly as dimers on PDADMAC. For the ease of comparison the 
observed monomeric peak heights were normalized as follows, 

in which Ã is the normalized monomeric peak height, A      is the initial (minimum), A      the 
final (maximum) and A     the actual (observed, for each individual data point) absorbance  
value at λ = 476 nm.

Fig. 3.6 shows Ã strongly increases with increasing [KX], up to Ã = 1, while Ã = 1 irrespective 
of [KX] in the absence of polyelectrolytes (data not shown are blank experiments which 
indicate no influence of [KX], in the applied range, on MO monomeric peak height). Hence, 
MO is effectively displaced from PEI and PDADMAC upon an increase in [KX] for all four studied 
potassium halides.  

Interestingly, for PEI-MO the type of anion does not have a significant perceptible effect on the 
normalized absorption of MO monomers as a function of the ionic strength. By contrast, for 
PDADMAC-MO the different anions clearly differ in efficiency of displacement. 

min
mon

max 
mon

obs
mon

Figure 3.6 Displacement of MO by potassium halides; normalized monomeric peak height Ã versus the salt 

concentration [KX].  Left: PEI, right: PDADMAC (P= 0.05 ± 0.006 mM and MO added to a D/P= 0.90 ± 0.05). Note that 

given the log scale applied, KX= 0 mM cannot be shown but corresponds to Ã = 0 for all curves; in the high salt limit Ã 

approaches 1.
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Similar displacement of MO from PEI-MO complexes, by different competing anions, is 
in line with the hypothesis that displacement by salts is a generic, non-specific process; a 
gradual increase of ionic strength will cause a steady decrease in the polymer’s persistence 
length as well as a reduction of the electrostatic interactions involved in the dye complexation, 
resulting in displacement of MO from its complexed state. The minimal S/D required for full 
displacement of MO from PEI by the tested halide ions is in the same range (S/D > 500) as 
found in literature15,18,25-33. Given this high S/D ratio, it is obvious that besides electrostatic 
interaction, other interactions are involved in the binding of MO. Literature suggests these 
interactions originate from van der Waals forces, the organization of MO species in dimers or 
stacks (referred to as dye stacking) enhanced by conformational fit of MO and its aggregates 
in PEI-MO complexes. Conformational fit includes the conformation of the polymer, which 
may change as a result of the increased ionic strength. As previous results indicated, MO 
mainly adsorbs in dimeric state onto PEI, and weakening of the electrostatic interaction will 
involve dislodging of the dimer. Once displaced from PEI, and solvated in the bulk phase, MO is 
retrieved in monomeric state, as spectra are identical to those obtained for MO in the absence 
of polycations. 

In contrast to the findings for PEI-MO, the results for PDADMAC-MO (Fig. 3.6 right panel) 
show that the different anions do have a different efficiency in displacing MO, and its 
order follows the Hofmeister series. These results clearly show that the hypothesis that MO 
displacement by anion is a generic, non-specific effect, is not valid for PDADMAC-MO. It is 
known that in the Hofmeister series, F- < Cl- < Br- < I-, the larger anions increase the solubility 
of non-polar molecules and weaken the hydrophobic effect34. This implies that in PDADMAC-
MO, hydrophobic interactions between individual MO ions and between MO and polycation 
are far more important in establishing the complexation of MO, than in the case of PEI-MO. 
The size of the hydration-shell of the aforementioned anions follows the reverse trend; F- > 
Cl- > Br- > I-. The presence of a small hydration shell may allow the anion to penetrate into 
hydrophobic polycation-MO complexed zones, faster and at lower bulk concentration. Once 
in proximity with the binding site of MO at the polycation, the halide displaces MO in case 
binding of the halide is energetically favoured over the binding of MO. Overall it is evident that 
the van der Waals interaction in the dye-polycation complexed state is more prominent in case 
of PDADMAC-MO than in PEI-MO; which is in line with the earlier results reported here. Another 
explanation, which may, partly, contribute to the observed phenomena, could originate from 
the specific effect of the anions on the conformation of PDADMAC. 

3.3.6 Competition with oppositely charged polyions 

When mixing oppositely charged polyelectrolytes, strongly interacting complexes will be 
formed. In these complexes, which interact typically via multiple charged groups, minor losses 
in Coulombic force will be more than compensated for by the entropic gain caused by the 
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release of many counter ions. Likewise, the displacement of MO by polyanions is considered to 
be more efficient than by monovalent anions (like the tested halides). It is therefore expected 
that the displacement of MO from its complexed state is stoichiometric with the added amount 
of oppositely charged polyelectrolyte. To verify this, the displacement of MO from PDADMAC 
and PEI was investigated by adding NaPES and NaPSSA. From the spectra obtained by manual 
titration of PEI-MO and PDADMAC-MO complexes at D/P = 0.84 ± 0.04, with calibrated solutions 
of NaPSSA and NaPES, the absorbances of the monomeric (Mono) and dimeric (Dim) peak are 
plotted as a function of the ratio polyanion added (P-) versus polycation (P+) in Fig. 3.7.

The starting condition of PEI-MO at D/P = 0.84 implies, based on the previous results in 
this study (i.e. optimal D/P ≈ 2.2), that the polyelectrolyte chain has approximately 38% of 
its charges involved in the interaction with dimeric MO. The close to linear trend in Amono 
for both polyanions for small values of P-/P+ (≤ 0.6) signifies a direct linear displacement of 
MO: it appears that every charged polyanion group added displaces an MO instantaneously. 
This implies that i) MO is equally distributed on PEI, ii) both NaPES and NaPSSA do not favour 
the interaction with MO-free sections over those with already bound MO ions and that iii) 
MO again exist in monomeric state once released into the bulk solution. For NaPES charge 
stoichiometry is reached near the end of the linear increase and at the establishment of a 
maximum in Amono. For NaPSSA, after a linear increase of Amono, an apparent plateau region is 
approached sigmoidal. Subsequently, the absorption slightly increases towards a maximum in 
A. This points at the existence of an additional binding interaction which most likely are either 
π-π stacking between MO and the aromatic groups on NaPSSA or van der Waals interaction, in 
apolar pockets. Only when full stoichiometry is achieved, the stronger electrostatic interaction 
between the oppositely charged polyelectrolyte chains displaces the dye, leading to the 
establishment of a maximum in Amono. 

Figure 3.7 Displacement of MO by polyelectrolytes NaPES and NaPSSA; monomeric peak height versus the 

polyelectrolyte stoichiometry. Left: (A) PEI (P = 0.05mM, for both NaPES and NaPSSA D/P = 0.81), right: (B) PDADMAC 

(P = 0.05 mM, for NaPES D/P = 0.87 and for NaPSSA D/P = 1.00). 
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For PDADMAC-MO at D/P ≈ 0.84 similarly this implies less than a quarter of the maximum 
amount of binding places for MO are occupied. In this case Amono shows a very limited sigmoidal 
trend which may indicate that the first polyanions, NaPES more explicitly than NaPSSA, favour 
binding to sections on PDADMAC that have a less than average amount of bound MO. Next, 
for 0.25 < P-/P+ < 0.75 the linear trend (as found for PEI) points at linear displacement of evenly 
distributed MO. Finally, Amono reaches a maximum value near the calculated stoichiometry 
between the polyelectrolytes. Also in this case, NaPSSA gradually approaches a plateau region 
for 0.8 < P-/P+ < 1.2, which corroborates our previous explanation that this is related to the 
presence of pendant aromatic groups on the NaPSSA polymer chain. 

The absorption spectra obtained during these manual titrations, shown in Fig. 3.8, reveal 
the existence of an isosbestic point, prior to P-/P+ ≈ 1, which is further proof of the fact that 
in displacement of MO by polyelectrolytes, MO is found in two distinct forms: i) as dimers 
bound to polycation and ii) as monomers in bulk solution. At P-/P+ ≥ 1, the polyelectrolyte-
polyelectrolyte complex may have formed sufficient hydrophobic zones to host MO, leading to 
the presence of MO aggregates which have slightly different spectral properties.

3.4 CONCLUSIONS 

To show the influence of molecular structure and organization of synthetic polycations on 
the complexation with the anionic dye methyl orange (MO), both a linear strong (PDADMAC) 
and a weak branched (PEI) polycation, is investigated by visible light spectrophotometry, 
electrophoretic mobility and dynamic light scattering using a titration type approach. An 

Figure 3.8 Spectra obtained 

during displacement of MO 

from PEI (P = 0.2 mM, D/P = 

0.90) by NaPSSA in 10 mM 

acetate buffer at pH = 4.0. 
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adsorption isotherm shows MO has a higher affinity for PEI. Stepwise construction of the 
complexes, rather than equilibrium studies done in older studies, reveals that initial complexation 
is governed by electrostatic interactions followed by an increasing importance of hydrophobic 
and π-π interactions. For PEI, complexation proceeds via the formation of MO dimers, whereas 
PDADMAC shows higher aggregates that, as D/P increases, rearrange into dimers. Visible light 
spectra and hydrodynamic radii suggest binding stoichiometry D/P ≈ 2.2 in case of PEI and 4.6 
for PDADMAC. The hypothesis that MO displacement, from its complexes with polycations, 
by salts, is a generic and non-specific effect is valid for PEI-MO. Interestingly; the hypothesis 
is not valid for PDAMDAC-MO where displacement strongly depends on the size of the anion 
(Hofmeister series order). This new finding corroborates spectral data suggesting that for 
PDADMAC hydrophobic interactions are more important in MO complexation. Stoichiometric 
displacement of MO by polyanions indicates that MO is randomly spread of the polycation. 
Although our work shows that commonly applied laboratory methods are useful to study 
this type of complexation behaviour more advanced spectrometric methods (FT-IR, H-NMR, 
and XRD) are needed to investigate the detailed organization of MO in the complexed state.  
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CHAPTER 4  
TOLUIDINE BLUE-SODIUM LAURYL ETHER SULPHATE COMPLEXES: 
INFLUENCE OF ETHYLENE OXIDE LENGTH  

 

Sodium Lauryl Ether Sulphates (SLES) are an increasingly important and versatile type of 
surfactants. The complexation between ortho-Toluidine blue (TBO) and a homologous series 
of SLES, including Sodium Lauryl Sulphate (SDS) without Ethylene Oxide (EO), has been 
investigated using visible spectrophotometry. Upon increasing the molar surfactant-dye-ratio 
(S/D), three TBO organization regimes can be identified from the absorption spectra: (i) Ion-pair 
formation, (ii) Pre-micellar aggregation and (iii) Micellar aggregation. The limited solubility of 
SDS-TBO ion pairs, leading to precipitation of ion-pair clusters, causes a decrease of the TBO 
monomeric peak height when S/D is increased. The better solvability of TBO-SLES ion-pairs 
causes the onset of precipitation to occur at higher S/D when the EO-block length increases. 
In an intermediate S/D range, metachromasy is observed as a result of dye-stacking onto 
the SDS arranged in a pre-micellar state at surfactant concentrations well below the critical 
micelle concentration (CMC). For SDS, the S/D range showing pre-micelles depends on TBO 
concentration but seems independent of variation of ionic strength (phosphate buffer, pH = 
7.0, Cbuffer = 0.1 to 10 mM), whereas the metachromatic peak height increases with decreasing 
ionic strength. The pre-micellar region for all SLES-TBO is located at the same S/D range 
but the maximum metachromatic peak height follows the trend: EO2 > EO4 > SDS > EO12 ≈ 
EO30. The onset of the micellar range, in which TBO is again present in monomeric form, is 
shown to coincide with the CMC. These findings could proof helpful in either formulation or 
analysis of SLES. Likewise, understanding the dyes’ interactions may facilitate formulation of 
dyeing solutions for optimal performance, or alternatively, as part of the textile plant effluent 
treatment to remove, and possibly recycle, dyes. 

 

This work has been published as: Vleugels, L.F.W., Féat, A, Voets, I.K. & Tuinier, R., Dyes Pigm. 
2017, 141, pp. 420-427.
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4.1 INTRODUCTION 

Ortho-Toluidine blue (TBO), a cationic phenothiazinium dye (CI 52040)1, discovered by 
William Henry Perkin in 1856, was the first synthetic organic dye. Next to being a dyeing agent, 
nowadays, it is widely used for a variety of other practical applications, including specific 
staining in histology2, clinical use3,4 and as a reagent in analytical chemistry5-8. TBO owes its use 
in clinical and analytical applications, as an indicator for the presence of polyanions, to a visible 
colour change when interacting with these species; this phenomenon is called metachromasy9. 
Metachromasy, in the case of TBO the appearance of a typical hypsochromic, or blue shifted, 
change in its absorbance spectrum, is the result of self-organization of TBO via stacking. To 
allow for such stacked organization, TBO needs to electrostatically bind to a suitable template 
which has multiple anionic charges at regularly spaced positions in order to fit the stacked TBO 
assemblies. The stacking of dye molecules, which involves bringing the charged groups into close 
proximity, is driven by both hydrophobic interactions as well as the overlap of the conjugated 
double bond π-orbitals of adjacent dye molecules. Polyanions, either synthetic5,7,8,10,11 or natural12, 
offer such a template and this is employed both in specific staining of cell organelles (rich in 
polyanions like e.g. heparin13) and in chemical analysis. Metachromasy is not unique for TBO 
but is observed for many other cationic azo dyes. Similarly, anionic dyes such as methyl orange 
show metachromasy in the presence of polycations14. Most dyes, or their degradation products, 
are toxic16 and their presence in effluents from textile dyeing plants is therefore a major concern. 
Understanding the interactions of a dye may help applying these compounds more effectively 
in the textile dyeing process, e.g. by tuning their optical properties, or alternatively, as part of 
the textile plant effluent treatment to remove, and possibly recycle, them. 

TBO also forms complexes with anionic surfactants, this has been studied for SDS15, but 
the resulting absorption characteristics depend on surfactant concentration and molar 
surfactant-to-dye ratio and seem to reflect more complicated structures formed than those 
of polyanion-TBO complexes. At low surfactant concentration, TBO molecules form 1:1 ion-
pairs with oppositely charged surfactants and no metachromasy is observed. When the ion-
pairs exceed their solubility limit they may precipitate. Upon further increase of the surfactant 
concentration, but still below the critical micelle concentration of the surfactant, the ion-
pair precipitates transform into an organized structure. In such structures surfactants can 
provide a suitable template for the binding of stacked formations of adjacent TBO ions, which 
show metachromasy. This organization of the surfactant has been denoted as pre-micellar 
aggregation15. Upon further increase of the surfactant concentration, the critical micelle 
concentration (CMC) is attained, and the dye molecules distribute themselves as monomers 
over these micelles15. In the scarce literature on TBO interactions with surfactants15, the solution 
conditions were rarely controlled by use of a buffer; most work was done in ultrapure water. 
In such aqueous solutions minor quantities of salts, acids and bases, present as impurities in 
either of the reagents, may cause substantial differences in observed pH and ionic strength.  
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The goal of this paper is to gain understanding in the effect of the presence, and size, of an 
EO-block adjacent to the charged head group on the complexation and self-organization of 
TBO onto Sodium Lauryl Ether Sulphate (SLES) surfactants. Sodium Lauryl Ether Sulphate (SLES) 
surfactants can be found in a number of important applications. SLES with a small EO-block, 
commonly 1-3 EO groups, are mostly used in shampoo or other personal care products17. SLES 
with larger EO-blocks, typically containing 3-12 EO units, are used for instance as emulsifiers 
in emulsion polymerization18. The SLES with even larger EO-blocks are used as stabilizers for 
emulsions and dispersions due to their combined action of the electrostatic charge of the head 
group and the extended and hydrated EO-chain.  

The approach we took in this work is to study complexation under well controlled solution 
conditions of pH, ionic strength and dye concentration. To this end, and for comparison to earlier 
research, we initially investigate the complexation of TBO with a high purity surfactant, Sodium 
Dodecyl Sulphate (SDS), using visible light spectrophotometry to monitor changes in the state of 
TBO as a function of buffer strength and dye concentration. Next, TBO complexation is investigated 
with a set of industrial grade SLES surfactants, with varying EO-block size, under previously 
determined solution conditions. To relate spectral changes to the presence of micelles, the CMC 
of all tested surfactants is determined under identical solvent conditions both in the absence and 
presence of TBO. This knowledge may be further used in formulation of dye solutions, analytical 
method development for SLES and in understanding the effect of the presence of SLES in dye solu-
tions in coloration/dyeing and in environmental remediation of textile dyeing process effluents.  

4.2 EXPERIMENTAL 

4.2.1 Chemicals 

In our experimental studies, Ortho-toluidine blue, (7-amino-8-methyl- phenothiazin-3-ylidene)-
dimethyl-ammonium chloride, analytical grade, further referred to as TBO, was obtained from 
Fluka Analytical (India). The homologous series of sodium lauryl ether sulphates (SLES) used were 
commercial samples of industrial grade products, kindly supplied by BASF, of Disponil® series 
surfactants: (1) Disponil FES 27; Sodium lauryl (EO)2 sulphate, (2) Disponil FES 32; Sodium lauryl 
(EO)4 sulphate (3) Disponil FES 993; Sodium lauryl (EO)12 sulphate and (4) FES 77; Sodium lauryl 
(EO)30 sulphate. Sodium Lauryl Sulphate (SLS), of highest purity (99.6%) available, was purchased 
from Merck (Germany). Scheme 1 shows the molecular structures of TBO and SLES. Auxiliary 

Scheme 1 Molecular structures 

of TBO and SLES.
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materials used were: TEGO®trant A100: 1,3-didecyl-2-methylimidazolium chloride (DDMICl) 
purchased from Metrohm (Switzerland). All other chemicals were of highest purity available and 
were used without further purification. Ultrapure water, used throughout the investigation, was 
obtained using a Milli-Q Advantage A10 purification system from Millipore SA Molsheim, France. 

4.2.2 Methods  

Reagent preparation. All reagents were prepared as stock solutions in ultrapure water. The 
stock solutions of surfactants were freshly prepared at a suitable concentration of at least 10 mM 
(the experimental verification thereof is described in the next sub-section) and stored in the dark 
for the duration of the study. To maintain constant pH and ionic strength, all experiments, except 
those in which the effect of ionic strength was investigated, were performed in a phosphate 
buffer at c(buffer) = 1 mM and pH = 7.0.

Determination and definition of surfactant concentration (S). The surfactants used in this 
study were, apart from SDS, industrial grade commercial SLES samples. It is known for these 
products that the proposed molecular formula represents an average composition, as there 
is both distribution in the alkyl-chain length and in the number of EO-groups per molecule. 
There are also species present that do not carry a sulphate group. The SLES surfactants were 
supplied as an aqueous solution with an indicated range of active matter, expressed as 
weight fraction (wt%). For our study we envisaged to study the effect of, mainly, electrostatic 
interactions between oppositely charged species, thereby necessitating the definition of 
surfactant concentration in moles per litre of charged surfactant species, regardless of 
the actual chemical structure. We used monotonous turbidimetric titration employing a 
Metrohm 907 Titrando titrator fitted with a Metrohm SpectroSense photometric detector 
(610 nm) and a freshly prepared, and standardized, 10.0 mM TEGO®trant A100: 1,3-didecyl-
2-methylimidazolium chloride (DDMICl) titrant solution19 to determine this concentration. 
In chapter 2, published as20, it was shown that this is feasible by direct aqueous one-phase 
titration21 using the cationic titrant Hyamine© 1622 only for the SLES with EO-block sizes 
up to 12. In the current study, where Hyamine© 1622 was replaced by TEGO®trant A10021,22, 
titration curves of all SLES, including (EO)12 and (EO)30, gave identifiable endpoints. Diluted 
solutions of all SLES were prepared and analysed in triplicate, yielding the average SLES 
content in the original samples. Based on the SLES content thus found (given in the appendix 
to this chapter), stock solutions were made and the SLES concentration S was defined as the 
amount that followed from titration using TEGO®trant A100. Verification of the actual SLES 
concentration S in the final stock solutions, using the same titration method, showed that 
all were at their targeted value (within 2%, the accuracy of the applied method). 

Critical micelle concentration (CMC) determination by tensiometry. Surface tension 
measurements were carried out at 296 K by the Wilhelmy plate method using an Attension 
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Sigma 70 tensiometer under atmospheric pressure. The plate was thoroughly rinsed with 
ultrapure water and heated to orange-red in a Bunsen burner flame before each measurement 
series. To measure the surface tension, the vertically suspended plate was dipped 1 mm into 
the liquid and subsequently slowly pulled out. The maximum force required to pull the plate 
from the liquid-air interface divided by the circumference of the plate yields the surface 
tension, γ, expressed in mN/m. Measurement of the surface tension of pure water was used 
to calibrate the tensiometer and check the cleanliness of the measurement vessel.  

For every composition tested, four successive measurements were carried out, and 
the standard deviation did not exceed 0.2 mN/m. At the start of each experiment, the 
measurement vessel was rinsed and filled with an exactly known weight of buffer solution; 
in a second series also TBO was added to this buffer solution. Next, surfactant stock solution 
was stepwise added using calibrated micropipettes. After each surfactant addition, a clean 
glass pipette was used to stir the new composition, after which stirring of the sample was 
discontinued for 3 min and the surface tension was measured. To avoid liquid losses, the 
Wilhelmy plate was cleaned only at the end of each CMC determination. CMC values were 
determined from a plot of γ versus log(S), either from the intercept of two lines fitted to 
the linear sections prior and after the minimum surface tension was observed or, in case of 
insufficient data points, the concentration at which the lowest value of the surface tension 
observed was used. 

Spectral studies on TBO and TBO-SLES interactions. Visible light absorbance of solutions 
containing TBO or TBO plus SLES was determined by UV-VIS spectrophotometry, employing 
a Shimadzu UV-2450 double beam spectrophotometer using disposable, 10 mm path length, 
PMMA cuvettes. The instrumental baseline was recorded using two cuvettes with ultrapure 
water. For all subsequent analyses, a cuvette with ultrapure water was placed in the reference 
position of the spectrophotometer. To establish the applicable concentration range for the 
experiments performed, absorbance spectra were recorded for TBO concentrations up to 
56 µM. All spectra show a maximum absorbance at 632 nm, which corresponds to TBO in 
its monomeric form23. The molar extinction coefficient, derived from the slope of a plot 
of absorbance (A) versus TBO concentration D, was 38.500 L.mol-1.cm-1, which is in close 
agreement with results from previous studies23.  

For the study of the TBO-SLES interactions various compositions were made by titration, 
also known as the method of continuous variation. A 50 mL solution of TBO at a fixed and 
defined concentration was prepared in buffer solution and an absorbance spectrum was 
recorded (wavelength λ scan from 800 to 340 nm). Next, the selected SLES stock solution was 
added stepwise using calibrated micropipettes. After each addition, the newly established 
composition was mixed and equilibrated for 2 minutes prior to taking an aliquot on which 
the absorption spectrum was recorded. The composition of solutions was expressed as S/D, 
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the dimensionless ratio of surfactant concentration S over the TBO concentration D (both 
expressed in moles/litre). The quantity S/D is used throughout this chapter. All absorbance 
spectra were corrected for changes in reagent concentration caused by volume increase due 
to the volumetric addition of reagents.  

Selected experimental series were duplicated and confirmed the observed trends with 
minor differences in individual data points. 

4.3 RESULTS AND DISCUSSION

4.3.1 Determination of the Critical Micelle Concentration (CMC).

To verify whether the organization of TBO with SLES can be correlated to the presence and/
or formation of micelles, the CMC values of the SLES surfactants were determined in buffer 
and in the presence of TBO; these values were compared to either literature or supplier data 
obtained in ultrapure water. Tensiometry, using the Wilhelmy-plate method, was employed 
to determine the CMC of the SLES surfactants in this study. The derived CMC values are given 
in Table 4.1. The actual γ-log(S) plots, indicating the location of the CMC, are provided in the 
appendix to this chapter.

4.3.2 Spectral changes in SDS-TBO mixtures.  

The complexation of the anionic surfactant SDS with TBO in a buffered aqueous solution can 
be studied by Visible light spectroscopy (VIS). The variation in the spectra of TBO (D = 28 µM), 
upon successive addition of SDS, is presented in Fig. 4.1.

a Literature value, 
b value stated by supplier. 

Table 4.1 Critical micelle concentrations of SLES surfactants, resp. in ultrapure water, in phosphate buffer (pH = 

7.0 Cbuffer = 1 mM) and in buffer with TBO (CTBO = 28 µM).
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Figure 4.1 Visible light absorption spectra 

of TBO-SDS, Absorbance (A), as a function 

of SDS over Dye ratio S/D. A, B and C resp. 

indicate the location of the monomeric, 

dimeric and metachromatic peak. (solvent 

conditions: D = 28 µM, phosphate buffer pH 

=7.0, Cbuffer = 1 mM). 

For TBO in buffer (S/D = 0) two peaks can be identified: the monomeric peak A at λ = 632 nm, 
and a superimposed peak B around λ = 595 nm, seen here as a shoulder on the monomeric 
peak, which is consistent with TBO in dimeric organization. When SDS is added to a certain 
S/D value, next to a decrease of peaks A and B, a third, metachromatic, peak C appears (in Fig. 
4.1 for S/D values 32 and 71) at λ = 505 nm. Once S/D exceeds a critical value (shown in Fig. 4.1 
for data series S/D = 502 and 609) peak C disappears with a simultaneous increase of peaks A 
and B. To better visualize the influence of composition on spectral changes, A632 (peak A) and 
A505 (peak C) are plotted as a function of S/D in Fig. 4.2. Three complexation regimes can be 
distinguished: I Ion-pair region, II Premicellar region and III Micellar region15. The transitions 
between these regimes are delimited resp. by the Critical Aggregation Concentration (CAC) and 
the CMC, as indicated.

Figure 4.2 Local absorption maxima, A632 

and A505, of SDS-TBO mixtures; (identified 

as the monomeric and metachromatic peak 

height, respectively) versus S/D, indicating 

three distinct regimes: I, II and III. (Solvent 

conditions as for Fig. 4.1). 
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In region I, the ion-pair-region, the initial addition of SDS to the buffered TBO solution, 
causes a very gradual decrease of the monomeric absorbance peak height A632. From S/D ≈ 
1 onwards, A632 shows a stronger linear decrease which is accompanied by the formation of 
larger, non-soluble, ion-pair clusters, which are clearly evident as precipitated particles in the 
test solution. The absorbance at the location of the metachromatic peak, A505, shows a similar 
trend. Region II, is associated to the premicellar regime15,25,26, starting at S/D ≈ 4. In region II, 
A632 further decreases. Simultaneously, a metachromatic, hypsochromic peak appears at λ ≈ 
505 nm. With increasing S/D (4 < S/D < 200), A505 soon approaches a maximum value, while 
A632 decreases gradually. When S/D is further increased to S/D > 200, the micellar regime, 
region III, is indicated by an apparent minimum in A632 and a simultaneous onset of the 
decrease of A505. The results obtained when reversing the dosing order, i.e. adding TBO to 
SDS at fixed concentrations corresponding with the three main regions, corroborate the above 
findings and obey Lambert-Beer’s law. The recorded spectral data contain no new information, 
but the derived molar extinction coefficients may prove useful for analytical purposes, hence 
they have been presented in the appendix to this chapter. 

4.3.3 Influence of TBO starting concentration and ionic strength on SDS-TBO complexation.  

To verify the influence of the solubility of ion-pairs, the initial TBO concentration ([TBO]0) 
was varied in the previously established range in which TBO follows Lambert-Beer’s law. By 
normalizing A632 in each experiment to the starting value (only TBO, no SDS added), giving a 
value Ans, it is possible to compare the experimental results on a similar ordinate.

in which A632,x and A632,0, are the absorbances at a particular S/D and at the start respectively. 
The results are presented in Fig. 4.3.

Fig. 4.3 shows that with increasing [TBO]0, the S/D for transition from ion-pair to premicellar 
region (indicated in Fig. 4.3 by vertical lines with Roman numerals I and II) decreases.  

Next to that, the decrease in Ans, at this transition, is larger for higher [TBO]0. In the premicellar 
region (region II) the further decrease in Ans seems to proceed via a more gradual decrease in 
case [TBO]0 is lower; eventually for all tested [TBO]0 a similar value of Ans is found. The S/D 
required for the subsequent transition from the premicellar to the micellar region (indicated 
by the second set of vertical lines, marked with Roman numerals II and III) also decreases with 
increasing [TBO]0, however here the trend of Ans seems independent of [TBO]0. The apparent 
shift in the onset of the micellar region, as suggested in Fig. 4.3, is the result of the fact that 
for smaller [TBO]0, the CMC is located at higher S/D values. Comparing the S/D required for this 
final transition, it is observed that this is indeed at the CMC. 

[4.1]
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Figure 4.3 The influence of TBO starting 

concentration; Ans versus S/D for SDS-TBO 

complexes (solvent conditions: [TBO] = 

variable, else as for Fig. 4.1). 

Figure 4.4 The influence of ionic strength 

(Cbuffer ) on SDS-TBO interaction, top panel 

A632 and bottom panel A505 versus S/D, 

(solvent conditions: [TBO] = 28 µM, Cbuffer 

= variable, else as for Fig. 4.1). 

81



Pre-micelle formation is thought to be electrostatically driven and is therefore expected to 
be suppressed by increased ionic strength. As the solubility of sparingly soluble solutes or 
complexes hence is expected to be influenced by the ionic strength, we investigated the effect 
of varying the concentration of the phosphate buffer applied. Fig. 4.4 (top panel) shows, that 
the influence of ionic strength on the observed trend of A632 as a function of S/D is small 
with only a slightly smaller S/D for the onset of the micellar region. The absorbance at A505 
(bottom panel Fig. 4.4) however, shows that increased ionic strength shifts the onset of the 
premicellar region towards higher S/D and results in a lower A505. Also here, the start of the 
micellar region, as observed by the decrease in A505, is shifted to lower S/D for the highest 
ionic strength tested (10 mM). The earlier onset of the micellar region at Cbuffer = 10 mM, may 
very well be explained by a further decrease of SDS’s CMC value.

4.3.4 Complexation behaviour of TBO with SLES.  

To compare the results of SLES-TBO mixtures to the previous experiments on SDS-TBO 
mixtures, the same experimental conditions were maintained for the study of the interaction 
of TBO with SLES: [TBO] = 28 µM and phosphate buffer, pH = 7, Cbuffer = 1 mM. To facilitate a 
comparison at a fixed D, we plot A632 and A505 as a function of S/CMC, as shown in Fig. 4.5. 
The top panel in Fig. 4.5 shows, that when the EO-block size increases, the initial decrease in 
A632, due to the formation of insoluble ion-pair aggregates, shifts to higher S/CMC ratios. 
Furthermore, a larger EO-block size decreases the effect on A632. The spectral data in the ion-
pair region shows no additional peaks, next to the monomeric peak A632. This indicates that 
TBO is primarily in its monomeric form either as solvated ion-pairs or as insoluble ion-pair 
aggregates. Compared to SDS, SLES with 2 or 4 EO groups show a similar, distinct shift in the 
onset of the decrease of A632, whereas for SLES with 12 and 30 EO-groups, the onset of the 
decrease in A632 is further shifted towards higher S/CMC. The premicellar region for SLES with 2 
or 4 EO groups, located around the minimum value of A632, appears to be shifted to higher S/
CMC with a similar minimum value of A632, as observed for SDS. The premicellar region seems 
to get narrower with increasing EO-block size and the observed minimum A632 similarly shifts 
to higher values. The transition to the micellar region, for SDS and all tested SLES, appears at 
the surfactant’s CMC (S/CMC = 1) and can be identified by the onset of an increase of A632. 
For the SLES the increase in A632 is less abrupt than observed for SDS. To assess differences 
in the pre-micellar state, A505 was plotted as a function of S/CMC in the bottom panel of Fig. 
4.5. This figure indicates that the beginning of the pre-micellar zone, and the development of 
the metachromatic peak, appears at the same S/CMC value for SDS and SLES with only 2 and 4 
EO-groups. Confirming the trend observed for A632 (Fig. 4.5, top panel), SLES with 12 and 30 EO-
groups exhibit a shift to higher S/CMC before a metachromatic peak is observed. Interestingly, 
the intensity of the metachromatic peak seems to suggest an optimum value for SLES with 
2 EO-groups. From Fig. 4.5 (bottom panel) it follows that the maximum metachromatic peak 
height can be ranked by EO2 > EO4 > SDS > EO30 ≈ EO12. 
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4.3.5 Investigation of a (co)existing dimeric TBO state prior to the micellar state. 

The spectra obtained just prior to the micellar state show another peak, located at 595 nm. 
This peak has been ascribed to TBO in its dimeric state15,29 and consists of two superimposed 
peaks located resp. at 580 and 610 nm29. The dimeric peak is not always detected as a clear, 
separated peak, but rather superimposed on the more prominent monomeric peak. Similar 
dimerization has been reported for other dyes25,30. To see whether and where an intermediate 
dimeric TBO organization occurs, the dimeric peak height A595 is normalized towards the 
monomeric peak height and the start condition at S = 0, which is assumed to be primarily TBO 
existing in its monomeric state. The result of this normalization of the dimeric peak height, 
expressed as the value AND, is calculated as follows: 

Figure 4.5 Monomeric peak height, A632, 

top panel, and metachromatic peak height 

A505, bottom panel, as a function of S/CMC 

for the tested SLES (solvent conditions: as 

for Fig. 4.1). 
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in which the fractions (A595/A632)obs and (A595/A632)s=0 are the observed and the starting values 
(when S = 0, i.e. TBO solution without SLES) resp. Fig. 4.6 shows AND as a function of S/CMC. 

Fig. 4.6 shows that for all tested SLES AND, over a certain S/CMC range, close to S= CMC, 
exceeds the value of 1, indicating the transient manifestation of a dimeric organization of 
TBO. For SDS the dimeric state is present over a relatively large S/CMC-range and reaches an 
apparent maximum at S/CMC = 1; next the dimeric organization seems to disappear rapidly as 
AND displays a sharp decrease. For SLES with short EO-blocks (EO2 and EO4) the same overall 
behaviour is observed, however, in a narrower S/CMC-range and with a less abrupt decrease in 
AND at the surfactants’ CMC. For the SLES with the largest EO blocks (EO12 and EO30) the dimeric 
organization occurs to very minor extent and at S/CMC > 1. Assuming that the maximum AND 
value can be used as a measure for the relative occurrence of TBO present in the dimeric state, 
this intermediate state follows the order EO4 > EO2 ≈ SDS > EO12 > EO30.  

4.3.6 Estimation of the S/D-range for the different states of SLES-TBO.  

Combining the reported data, allows for an estimation of the compositional range S/D, at 
TBO = 28 µM, for the different organizations of TBO with the investigated SLES. It should be 
noted that, with the compositional variation of the SLES, this can only be an estimation as the 
transitions between states in some cases are a smooth rather than sharp change. Table 4.2 
shows the estimated values.

Figure 4.6 Dimeric peak height normalized 

by monomeric peak height and starting 

conditions, as a function of S/CMC for the 

tested SLES (solvent conditions: as for Fig. 

4.1).  

[4.2]
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4.4 DISCUSSION

To relate the organization of SDS/SLES-TBO complexes to micellization, firstly the CMC values 
of the studied surfactants were analysed. For SDS and the studied SLES the CMC is lower in 
buffer than in ultrapure water as expected, as a higher ionic strength leads to more screening 
of the charged head groups of the surfactant molecules. Addition of TBO to this buffer does not 
seem to further lower the CMC; the CMC values even suggest a small increase in the CMC value 
for all species except for sodium dodecyl sulphate and SLES with two EO groups. 

Investigation of SDS-TBO complexes: Based on a plot of the monomeric and metachromatic 
peak height (Fig. 4.2) for SDS-TBO three regimes of interaction can be distinguished; the ion-
pair regime, the premicellar regime and the micellar regime. The three regimes are delimited 
resp. by the Critical Aggregation Concentration (CAC) and the CMC. This behaviour can be 
explained as follows. At the first addition of SDS, due to the electrostatic interaction with TBO, 
soluble SDS-TBO ion-pairs are formed. Once S > D, the abundance of SDS leads to the formation 
of non-soluble ion-pairs as is evident from the observed precipitate. The subsequent decrease 
in A632 is the result of the fact that the precipitated SDS-TBO ion-pairs to a far lesser amount 
contribute to absorption of light. In region I there is no metachromasy as A505 follows a similar 
trend as A632. When S/D is further increased by the addition of SDS a new, metachromatic peak 
appears which results from the transition from precipitated SDS-TBO ion-pairs into solubilized 
assemblies in which multiple, interacting TBO ions bind to a group of clustered SDS ions. As 
this occurs at concentrations below the CMC of SDS, and this assembly resembles a micelle-like 
structure, these clusters are commonly referred to as ‘pre-micelles’15. Pre-micelles are the result 
of a, most likely cooperative, binding involving long-range electrostatic and non-coulombic 
(SDS-TBO), hydrophobic (SDS-SDS) and π-π interactions (TBO-TBO)27. Upon reaching a maximum 
value for A505, with only minor variation, it is considered that all complexed TBO is present 
in ‘pre-micelles’ and further added SDS ions are incorporated into existing ‘pre-micelles’. The 

Table 4.2 Estimated compositional 

range (S/D), for TBO organization 

with SLES in phosphate buffer (pH = 

7.0 Cbuffer = 1 mM).TBO (CTBO = 28 µM).  
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border to region III is marked by a sharp decrease of A505, and a simultaneous increase of A632 
which signifies that the ‘pre-micelles’ have grown into regular micelles on which TBO is able to 
organize in monomeric form. As this binding is primarily driven by electrostatic interactions, it 
is likely that TBO organizes at the surface or in the Stern-layer of the SDS micelles28. The CMC 
of SDS, under the experimental conditions (phosphate buffer pH = 7.0, Cbuffer = 1 mM, [TBO] = 
28 µM) is equal to 5.0 mM, suggesting the onset of region III at S/D ≈ 180, which is in good 
agreement with S/D ≈ 200 as observed here. The small deviation is most likely due to slight 
dilution of the buffered TBO solution by addition of SDS. 

As solubility of sparingly soluble salts is governed by the concentration of both consisting 
ions, a lowering of [TBO]0 should require a higher S and thus S/D prior to precipitation of the 
SDS-TBO ion pairs, as is observed. This evidently shows that solubility of the SDS-TBO ion-pair 
is the driving parameter for the observed initial decrease in A632. The initial formation of pre-
micelles also seems to be governed by [TBO]0, as can be seen by the observed plateau in Ans at 
the start of region II. Eventually, just before the transition into the micellar regime (region III), 
similar pre-micelles seem to form as can be judged from comparable values of Ans regardless 
of [TBO]0. Variation of the buffer concentration in SDS-TBO complexation shows little effect 
on ion-pair formation or the micellar state, obtaining a similar trend in A632. However A505, 
representing the premicellar state, is shown to be depending on ionic strength, having an 
earlier onset and greater magnitude as the ionic strength is lower. Hence it is confirmed that 
premicellar aggregation is, at least partly, driven by electrostatic interactions, which are more 
screened as the ionic strength increases. 

SLES surfactants, contrary to SDS, have an extended hydrophilic moiety by the presence of 
an EO block adjacent to the charged head group. This mildly hydrophilic EO block, tends to 
be heavily hydrated for low to intermediate ionic strength, making it a relatively bulky group 
which both imparts better solvation in aqueous solution as well as a possible spatial restriction 

Scheme 4.2 

Postulated schematic representation 

of TBO organization with increasing 

surfactant addition (schematic, as no 

additional structural characterization 

was done). 
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with respect to e.g. ions interacting with the neighbouring sulphate group. As the extent of 
precipitation of the ion pairs is the key parameter controlling A632, the differences in the initial 
decrease of A632, in the ion-pair region, for SDS versus SLES, can be explained by a higher 
solubility of the TBO-SLES ion-pairs or the formation of smaller aggregates, both caused by the 
presence and size of the EO block. The similar onset of the premicellar state for SDS, and SLES 
with 2 or 4 EO units, suggests that short EO-blocks do not hamper the formation of pre-micelles. 
For SLES with longer EO blocks, the presence of this larger group, with its inherent possibility 
to bend, could impede the favourable alignment of the TBO-SLES complexes to establish the 
premicellar state. Based on the observed maximum values for A505 (EO2 > EO4 > SDS > EO30 ≈ 
EO12), it seems that pre-micelles consisting of SLES with small EO-blocks offer a more ideally 
spaced binding site for TBO, thus allowing stronger interaction between the bound TBO ions 
resulting in a more pronounced metachromasy. The observed more gradual increase of A632, 
and decrease in A505, at the start of the micellar region, as the EO-block sizes increases, is most 
likely caused by the fact that, contrary to SDS which is a relatively pure compound, the SLES, 
and mainly those with a larger EO-block size, have a certain compositional variation causing a 
range of CMC values. 

Upon closer inspection of the experimental data it is shown that the transition from 
premicellar to the micellar organization proceeds via an intermediate state in which TBO, at 
least partly, organizes in dimers. This dimeric TBO organization, which involves alignment of 
both TBO and SLES, based on the observed maximum AND, seems most favourable for the SLES 
with 4 EO groups. As shown earlier, larger EO blocks are more flexible, allowing bending which 
hampers the proper alignment to establish a dimeric organization. The observation that the 
maximum AND for SLES with EO12 and EO30 is reached at S/CMC > 1 is most likely related to 
the compositional variation in these SLES; probably only species with smaller EO-blocks form 
dimers and these have a higher CMC than the overall composition. Hence this would lead to 
the fact that at S/CMC = 1 for the overall SLES mixture, the CMC for the species with the short 
EO blocks is not yet reached and the dimeric state can still be observed. The organization of 
TBO with SLES is schematically represented in scheme 4.2.  

Based on spectral data it is possible to estimate the compositional ranges for each of the 
four identified SLES-TBO interaction regimes. From table 4.2 it follows that SDS, without EO, 
displays the widest range of composition S/D in which TBO can be organized into stacked 
or dimeric conformations. Partly due to the lower CMC values of the SLES surfactants and 
the better solvability of TBO-SLES ion pairs, the stacked or dimeric complex of TBO with SLES 
appears in a significantly smaller compositional range. SLES with 2 and 4 EO-groups show the 
most pronounced pre-micellar and dimeric states in a rather narrow compositional range. From 
the presented data it appears that the dimeric organization, which precedes the monomeric 
distribution in the micellar region, is a clearly identifiable state that may coincide with other 
larger stacked formations of TBO. 

87



4.5 CONCLUSIONS 

In mixtures of ortho-toluidine blue (TBO) and anionic surfactants, such as Sodium Dodecyl 
Sulphate (SDS), a number of distinct complexes form, which are evident from discrete spectral 
changes. Here we investigated the influence of complex composition by stepwise addition of 
surfactant to a TBO solution in buffer. Depending on the surfactant to dye molar ratio S/D, 
three distinct types of complexes are observed: I. Ion-pairs, II. Pre-micelles and III. Micelles. In 
the ion-pair regime, the decrease of the monomeric peak height of the dye is mainly driven by 
the solubility of the ion-pairs formed, i.e. higher dye concentrations show this decrease at lower 
S/D; the minimum absorbance at λ = 632 nm is however independent of dye concentration. 
In the pre-micellar region, TBO displays its typical metachromatic behaviour, which results 
from dye-stacking. The S/D required for pre-micellar aggregation has a similar dependence on 
[TBO]; at higher [TBO], a lower S/D is required to observe metachromasy. Variation of the buffer 
concentrations (0.1 to 10 mM phosphate buffer at pH = 7) shows that the pre-micellar state is 
suppressed by increased ionic strength. The onset of the micellar range for SDS-TBO coincides 
with the observed CMC value of SDS in the tested system. Upon reversing the order of addition, 
TBO added to SDS, both monomeric and metachromatic peak heights plotted versus [TBO] 
obey Lambert-Beer’s law. 

SLES-TBO complexes are organized similarly as for SDS-TBO. As the EO-block size in SLES 
increases, the relative reduction in monomeric peak height, due to ion-pair formation and 
precipitation, is less pronounced and occurs at higher SLES concentration due to better 
solvability of the ion-pairs.  

TBO and SLES also form premicellar structures. The extent of this premicellar aggregation, 
judged from the observed metachromatic peak height, shows the following trend EO2 > EO4 
> SDS > EO30 ≈ EO12. The compositional range in which pre-micellar aggregation for TBO-SLES 
occurs, when expressed as the fraction S/CMC, shows similar ranges for all SLES, with minor 
variation of the end of the pre-micellar range, most likely due to compositional variation of the 
SLES. Furthermore, spectral data reveal that prior to the transition from premicellar to micellar 
state, TBO is shown to also, partly, organize as dimers. From a homologous series (0, 2, 4, 
12 and 30 EO) it seems that this coexisting, intermediate, dimeric, state is most dominantly 
present for the species with 4 EO-groups which seems related to most optimal spacing 
between the surfactants’ charged head groups for TBO to align. The above findings allow us to 
better understand TBO’s behaviour in the presence of SLES, which may prove beneficial for the 
purpose of formulation, remediation or the development of analytical methods.  
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APPENDIX CHAPTER 4

1. ANALYSIS DATA OF SLES SURFACTANTS: 

Table A4.1 Surfactant tradename, structure and determined content

2. DETERMINATION OF THE CRITICAL MICELLE CONCENTRATIONS 
OF SLES SURFACTANT SPECIES; Γ-LOGS CURVES. 

Variation in composition of SLES molecules leads to less pronounced ‐-log(S) plots compared 
to those observed for surfactants of a single type (uniform in composition and molar mass) as 
shown in Fig. A4.1 and A4.2.

Figure A4.1 γ-logS curve for CMC determination for all SLES in phosphate buffer (pH = 7.0, Cbuffer = 1 mM)
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3. TBO ADDITION TO SDS SHOWS THAT ABSORBANCES 
OBEY LAMBERT-BEER’S LAW FOR THE DIFFERENT STATES.  

The interaction between TBO and SDS was similarly investigated by varying the S/D-ratio 
using reverse addition i.e. TBO to SDS. This approach, however, only allows for studying, 
specific, limited ranges of S/D as D can only be varied over a relatively small range for 
spectral data to obey to Lambert-Beer’s law. At three distinct values of S (corresponding to I. 
Ion-pair region, S = 45 µM; II. Premicellar region S = 2 mM and III. Micellar region S = 7 mM), 
TBO was successively added. The spectra recorded in these experiments corroborate the 
presented results obtained in the direct titration. Additionally, the observed peak heights 
obey Lambert-Beer’s law and allow for determination of the molar extinction coefficients 
of TBO in its various states (monomeric, ion-pair, premicellar and dimeric). Spectra and the 
derived molar extinction coefficients, with a view to the potential usefulness of these values, 
e.g. in analytical tests, are reported here.

Figure A4.2 

γ-logS curve for CMC determination for 

all SLES in phosphate buffer (pH = 7.0, 

Cbuffer = 1 mM) containing 28 µM TBO. 
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Figure A4.3a 

Spectra obtained by addition of TBO to 

SDS (reverse titration) in I. Ion-pair region 

S = 45 µM in phosphate buffer (pH = 7.0, 

Cbuffer = 1 mM). 

Figure A4.3b 

Spectra obtained by addition of TBO to 

SDS (reverse titration) in II. Premicellar 

region S = 2 mM in phosphate buffer (pH 

= 7.0, Cbuffer = 1 mM).

Figure A4.3c 

Spectra obtained by addition of TBO 

to SDS (reverse titration) in III. Micellar 

region S = 7 mM in phosphate buffer (pH 

= 7.0, Cbuffer = 1 mM). 



Table A4.2 Molar extinction coefficients from reverse titration data. 

*Shown as example in Figure A4.4.

Figure A4.4 

Calibration curves obtained by addition of 

TBO to SDS (reverse titration) as shown 

in Table A4.2 for Ion-pair, Pre-micellar and 

Micellar region in phosphate buffer (pH = 

7.0, Cbuffer = 1 mM). 
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CHAPTER 5  
DISPLACEMENT OF TOLUIDINE-BLUE FROM ALGINATE BY 
SURFACTANTS  

 

The colour stability of dyes is crucial in commercial dyeing, whereas their use in scientific 
research often depends on colour changes due to metachromasy. This is the result self-
organization of dye molecules into a stacked organization onto a charged template, such as an 
oppositely charged polyelectrolyte. Literature shows that ‘reversal of metachromasy’, caused by 
the dye’s displacement from its stacked state, can be induced by, amongst others, surfactants. 
This is suggested to be a generic effect. We investigated the reversal of metachromasy using 
the alginate-ortho toluidine blue (TBO) metachromatic complex in a low ionic strength 
buffered system (phosphate 1mM, pH = 7). Under these conditions alginate has an ‘apparent’ 
pKa of 4.6 and the alginate-TBO complex shows to be 1:1 charge stoichiometric. Displacement 
by the cationic surfactant TEGO®trant A100 (1, 3-Didecyl-2-methylimidazolium chloride, TEGO) 
is found to be charge stoichiometric, its pathway depending on initial complex composition. 
TEGO initially binds to free binding sites on alginate prior to its competition with TBO for which 
it arranges into similar stacks allowing cooperative binding. Further, the effect of offering TBO 
alternative binding sites is studied by adding negatively charged surfactants. Binding of TBO to 
anionic surfactants, was found to depend on the ease of these to form premicellar structures 
which offer an alternative binding motive for TBO. Premicellar aggregation depends on the 
surfactant’s structure; i.e. size of the ethylene oxide (EO) block, within a homologous series 
of sodium lauryl ether sulphates (SLES) and from our experiments can be ranked as (EO)2 > 
(EO)4 > (EO)0 > (EO)12 > (EO)30. Reversal of metachromasy by surfactants, although proceeding 
via a similar mechanism, is not generic but depends on surfactant structure and its chemical 
composition. 

This work has been published as: Vleugels, L.F.W., Ricois, S, Voets, I.K., & Tuinier, R., Colloids Surf., 
A, 2017, 529, 454-461.  
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5.1 INTRODUCTION 

Dyes, such as the cationic dye ortho-Toluidine blue (TBO) used in this study, have an increasingly 
wide range of applications which extends beyond their original use as coloration agents1,2. Next 
to the traditional use in histopathology, textiles dyeing and printing inks, they find abundant 
application in chemical research such as analytical chemistry3,4, biochemistry and in sensing 
molecular interactions5,6. Next to these valuable functions of dyes, their abundant industrial 
use and inherent toxicity also poses an environmental risk7,8. In coloration applications a stable 
colour performance is important whilst in chemical research often a colour change, depending 
on the binding or aggregation state of the dye, is desired. Such a distinct spectral shift is called 
metachromasy9 and results from the dye organizing itself in aggregates or stacks, which is 
typical for many dyes including TBO. Metachromasy can be observed when the dye binds 
electrostatically to an oppositely charged template or guiding motive in such manner that 
the dye ions form discrete stacks or aggregates. This motive can be a polyelectrolyte10,11, an 
assembly of surfactants12,13 or a charged surface14. In textiles dyeing, where polyelectrolytes or 
surfactant may be used to promote dye binding to the substrate, metachromasy is undesired. 
In contrast, metachromasy can be crucial in its role to detect molecular interactions.  

An example of a motive is alginate, a hydrophilic, natural copolymer consisting of α-L-
guluronic acid (G) and β-D-mannuronic acid (M) monomeric units organized partly in homo-
polymeric G or M blocks and partly in alternating MG blocks15. Alginate is mostly known for 
its use as thickening agent in the food industry, but next to that has seen application in drug-
delivery systems for pharmaceutical applications, in wound dresses, cell culture applications, 
and as ion exchange material for the removal of heavy metal ions from industrial wastewaters16. 
With pKa values of guluronic and mannuronic acid of 3.65 and 3.38 resp.15, alginate should be 
considered a weak polyanion as its protonation state depends on solution conditions like pH, 
ionic strength and actual concentration. Alginate has been shown to be a suitable template for 
the binding of dyes17,18, whereas literature on its complexation with TBO is sparse.  

Anionic surfactants may compete with alginate as a motive. Sodium lauryl ether sulphate 
(SLES) surfactants are an increasingly important class of surfactants with diverse application 
areas depending on the size of the ethylene oxide (EO) block that is located adjacent to the 
sulphate group.  

SLES with short EO-blocks are mainly used in personal care products, like shampoo, SLES 
with larger EO-blocks serve as effective dispersants for various uses including emulsion 
polymerization. Displacement of cationic dyes from their complexed state with a polyanion 
by surfactants, referred to as ‘reversal of metachromasy’, has been described in a number 
of studies10,18. In these studies the effect of surfactants is suggested to be a generic effect, 
regardless of effective surfactant charge and molecular structure. The amount of data 

CHAPTER 5 - DISPLACEMENT OF TOLUIDINE-BLUE FROM ALGINATE BY SURFACTANTS



reported10,18, is too limited to allow for more precise understanding of the phenomenon of 
surfactant-induced dye displacement.  

The objective of this study is to investigate whether ‘reversal of metachromasy’ or surfactant-
induced dye displacement, actually is a generic effect. If generic, the effect would occur in a 
similar manner, regardless of surfactant charge, structure and composition. As a model system 
we have chosen the alginate-TBO complex for which we firstly evaluate alginate’s suitability 
as a template for TBO complexation under well-defined conditions of pH and ionic strength. 
This includes a determination of the apparent pKa under applied experimental conditions, as 
well as establishing the binding stoichiometry of the alginate-TBO complex. Next, alginate-TBO 
complexes with pre-defined composition are used to study the displacement of TBO by cationic 
and anionic surfactants. As a model cationic surfactant we have chosen TEGO®trant A100: 
1, 3-didecyl-2-methylimidazolium chloride (DDMICl, further abbreviated as TEGO), which is 
presumed to directly compete with TBO for a binding site on alginate. The displacement by anionic 
surfactants will be the result of offering TBO an alternative binding site. As anionic surfactants 
we employ the same homologous series of SLES19 with a variation of the ethylene oxide (EO) 
block size, used in chapter 2. From this we aim at obtaining information on the interaction 
strength between TBO and alginate and/or alternatively the interaction strength between 
TBO and premicellar structures of the SLES surfactants as a function of their EO-block size.   

5.2 EXPERIMENTAL 

5.2.1 Chemicals 

Ortho-toluidine blue (TBO), (7-amino-8-methyl- phenothiazin-3-ylidene)-dimethyl-
ammonium chloride, analytical grade, was obtained from Fluka Analytical (India). Alginate, 
alginic acid sodium salt from brown algae, was purchased from Sigma Aldrich (# 71238). The 
homologous series of sodium lauryl ether sulphates (SLES) used were commercial samples of 
industrial grade products, supplied by BASF, of Disponil® series surfactants: (1) Disponil FES 
27; Sodium lauryl (EO)2 sulphate, (2) Disponil FES 32; Sodium lauryl (EO)4 sulphate (3) Disponil 
FES 993; Sodium lauryl (EO)12 sulphate and (4) FES 77; Sodium lauryl (EO)30 sulphate. Sodium 
Dodecyl Sulphate of highest purity (99.6%) available was purchased from Merck (Germany). 
TEGO®trant A100, or 1, 3-didecyl-2-methylimidazolium chloride (DDMICl) was purchased from 
Metrohm (Switzerland). Poly-di-allyl-dimethyl ammonium hydrochloride (PDADMAC) 1 mM 
standardized titrant solution was purchased from BTG (Switzerland). All other chemicals were 
of highest purity available. All materials were used as received without further purification. 
Ultrapure water, used throughout the investigation, was obtained using a Milli-Q Advantage 
A10 purification system from Millipore SA Molsheim (France). Scheme 5.1 shows the generic 
molecular structures of Alginic acid, TBO, TEGO®trant A100, SDS and SLES.
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5.2.2 Methods  

Reagent preparation. All reagents were prepared as stock solutions, at a suitable concentration, 
in a phosphate buffer at c(buffer) = 1 mM and pH= 7.0. The stock solutions of alginate, SDS and 
SLES were prepared at 10 mM (the experimental verification thereof is described in the next sub 
section) and TBO at 1 mM concentration. In all experiments a constant pH and ionic strength 
was maintained by further diluting the reagents in the same phosphate buffer (c(buffer) = 1 mM 
and pH= 7.0). 

Determination and definition of polymer concentration (P) and surfactant concentration 
(S). The alginate material used in this study is not a pure compound, as can be judged by 
supplier’s indicated range in loss on drying (≤ 15%). As alginate is envisaged as a template 
for the electrostatic binding of TBO, its ‘functional’ concentration P was defined as the 
equivalent charge density (expressed as mM) of ionized groups at pH= 7. The quantity P was 
determined by streaming potential titration20,21, employing a Mütek™ PCD-05 Particle Charge 
Detector fitted with a standardized PDADMAC titrant solution, of the alginate stock solution. 
To ensure a constant pH, titration was performed in phosphate buffer (C(buffer) = 10 mM, pH = 
7) and consisted of quadruple analyses which were averaged to obtain the functional alginate 
concentration P (data shown in the appendix to this chapter).  

The surfactants used in this study were, apart from SDS, industrial grade commercial SLES 
samples. The generic molecular formula for these products represents an average composition, 
as there are both distributions in the alkyl-chain length and in the number of EO-groups per 
molecule. Partial hydrolysis of the sulphate-ether bond, e.g. during synthesis, causes also 
species to be present that do not carry a sulphate group. Furthermore the SLES surfactants 
were supplied as an aqueous solution with only an indicated range of active matter, expressed 

Scheme 5.1 Generic molecular structures of (a) Alginic acid (left block with index ‘m’: (1,4) β – D- mannuronic acid, 

right block with degree of polymerization index ‘n’ (1,4) α – L – guluronic acid), (b) TBO, (c) TEGO®trant A100, (d) SDS, 

(e) SLES. 
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as weight fraction (wt%). Likewise, as we intended to study the effect of, mainly, electrostatic 
interactions between oppositely charged species, we defined surfactant concentration as 
moles per litre of charged surfactant species, regardless of their actual chemical composition 
and structure. In chapter 4, published as22, it was shown that this is feasible by direct aqueous 
one-phase titration23 using the cationic titrant TEGO®trant A10024,25.

To achieve this, we applied monotonous turbidimetric titration employing a Metrohm 907 
Titrando titrator fitted with a Metrohm SpectroSense photometric detector (wavelength λ = 
610 nm) and a freshly prepared, and standardized, 4.0 mM TEGO®trant A100 (DDMICl) titrant 
solution6. The SLES surfactants were analysed in triplicate, yielding the average SLES content 
in the original samples. Based on the SLES content thus found (given in the appendix), stock 
solutions were made in which the SLES concentration S was defined as the amount that followed 
from titration using TEGO®trant A100 (TEGO). Verification of the actual SLES concentration S in 
the final stock solutions, using the same method, showed that all were at their targeted value 
(within 2%, the accuracy of the applied method). 

Determination of the ‘apparent’ pKa of alginate under experimental conditions. To determine 
the ‘apparent’ or effective pKa of alginate, under the experimental conditions used in this study, 
two independent methods were employed: potentiometric titration26 and surface tension 
measurement27. Potentiometric titration was performed with a Metrohm 907 Titrando titrator 
fitted with a calibrated glass electrode. First a 10-fold diluted aliquot (dilution medium: 1 mM 
phosphate buffer pH = 7) of the alginate stock solution was titrated with a standardized 0.01M 
potassium hydroxide (KOH) solution to pH ≈ 9, next this solution was back-titrated using a 
standardized 0.01M nitric acid (HNO3) solution. The equivalence point obtained in the forward 
titration was used to calculate the excess KOH added, which was subsequently subtracted from 
the volumetric addition of HNO3 data in the back-titration. The pKa value was found at the 
pH-value at 1.5 times the equivalence point in the corrected back-titration curve. During the 
titration, calculated from the added titrant volume and the volume of the titration mixture, the 
ionic strength increased in the same order of magnitude as that of the buffer present, which was 
assumed not to a significant effect on the results. Quadruple titrations were performed and the 
resulting pKa values averaged.  

The determination of the ‘apparent’ pKa values of polyelectrolytes, by measuring the 
surface tension at the air-polyelectrolyte solution interface as a function of pH, was recently 
reported27. This methodology was applied, employing an Attension Sigma-70 tensiometer 
using the Wilhelmy-plate method. 40 grams of alginate stock solution (C(alginate) ≈ 10 mM) in 
phosphate buffer (C(buffer) = 1 mM, pH = 7.0) was pipetted into a thoroughly cleaned glass cup.  

After the pH of this solution was measured, using a Knick 761 Calimatic pH-meter fitted with 
a Schott Blueline 16 pH micro pH-electrode, the surface tension was determined in triplicate 
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and the results were averaged. Next, the pH of the solution was stepwise lowered by volumetric 
addition of 0.1 M HNO3 solution using calibrated micropipettes. After each HNO3 addition, 
the solution was briefly mixed until a stable pH-value was attained after which the pH was 
registered and the surface tension measured as described. During the titration, the ionic strength 
increased from 1 mM phosphate buffer to a maximum of 5 mM due to the addition of titrant, 
also this increase was assumed to have negligible effect on the results. The apparent pKa was 
obtained from the inflection point (X0) in a sigmoidal or Boltzmann-fit of surface tension values 
plotted against solution pH. When the analysis was duplicated, the same trend and previously 
established pKa value were found; individual data points displayed minor differences. 

Spectral studies on Alginate-TBO interactions and displacement studies. The study of 
interactions between alginate and TBO, and its displacement by surfactants, was done by 
recording visible light absorbance (wavelength λ scan from 800 to 350 nm) of solutions by UV-
VIS spectrophotometry, employing a Shimadzu UV-2450 double beam spectrophotometer in 
‘spectrum’ mode using disposable, 10 mm path length, PMMA cuvettes. The instrumental baseline 
was recorded using two cuvettes with ultrapure water. For all subsequent analyses, a cuvette 
with ultrapure water was placed in the reference position of the spectrophotometer. Selected 
experiments were duplicated and confirmed the observed trends. Minor differences observed in 
starting conditions, and individual data points, were attributed to minor recipe differences. 

Determination of the TBO applicable concentration range. To establish the applicable 
TBO concentration range for the experiments, absorbance spectra were recorded for TBO 
concentrations up to 73 µM. All spectra show a maximum absorbance at 632 nm, which 
corresponds to TBO in its monomeric form28. The molar extinction coefficient, derived from 
the slope of a plot of absorbance (A) versus TBO concentration, was 40.500 L.mol-1.cm-1, which 
is in agreement with results from recent studies29. Up to a concentration of 40 µM, the TBO 
concentration dependence of the measured absorbance adheres to Lambert-Beer’s law, while 
at higher concentrations deviations are seen due to TBO self-aggregation into dimers (spectral 
data and Lambert-Beer-plot given in the appendix to this chapter). 

Determination of alginate-TBO binding stoichiometry. For the study of the alginate-
TBO binding stoichiometry various compositions were made by a titration approach, also 
known as the method of continuous variation. A 50 ml solution of TBO at a fixed and defined 
concentration was prepared in buffer solution and an absorbance spectrum was recorded. Next, 
the alginate stock solution was added stepwise using calibrated micropipettes. After each 
addition, the newly established composition was mixed and equilibrated for 2 minutes prior to 
taking an aliquot on which the absorption spectrum was recorded. The composition of solutions 
was expressed as P/D, the dimensionless ratio of alginate (polymer) concentration P over the 
TBO concentration D (both expressed in moles/litre). TBO binds cooperatively to alginate and 
forms stacked assemblies leading to the appearance of a new metachromatic peak which is 
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blue-shifted (hypochromic shift). The stoichiometry was determined by plotting the ratio of the 
absorbance of this new metachromatic peak Am over the monomeric TBO peak AM. All absorbance 
spectra were corrected for changes in reagent concentration caused by volume increase due to 
the addition of reagents. To investigate the influence of addition sequence on complexation, a 
reverse titration was done; i.e. TBO was added to a solution, in a stepwise fashion, with a fixed 
alginate concentration. Duplicate experiments confirmed the observed trend. 

Displacement studies on Alginate-TBO complexes with different composition. Alginate-
TBO complexes with a predefined, variable composition P/D, were prepared (again, in a 1 mM 
phosphate buffer, pH 7) and once equilibrated, submitted to a similar titration approach in 
which cationic surfactant (TEGO), anionic surfactants (SDS and SLES) were added to compete 
with either alginate or TBO. The same analytical methodology as described before was used; 
i.e. spectral data were recorded of the initial alginate-TBO complex and after each addition 
of the competing species. Data are presented as the ratio of metachromatic over monomeric 
peak height Am/AM versus ratio of displacing ion over either P or D. Also the displacement 
experiments were duplicated which confirmed the observed trend with minor variation in the 
absolute values of individual data points. Exact complex composition and specific experimental 
details are given in paragraph 5.3 Results and discussion.  

5.3 RESULTS AND DISCUSSION  

5.3.1 Determination of the ‘apparent’ pKa of alginate under experimental conditions. 

Haug30 reported the pKa values of guluronic and mannuronic acid of 3.65 and 3.38 respectively. 
In this publication Haug also notes that the pKa of the polymer alginate species is only slightly 
different from the pKa of the monomeric units. This statement has been adopted in later 
publications15, without mentioning that Haug’s analyses were performed in solutions of high 
ionic strength (aqueous sodium chloride solutions, [NaCl] ≥ 0.1 M). In this study we envisage to 
work under conditions of controlled pH and much lower ionic strength. Weak polyelectrolytes, 
such as alginate, can be characterized by an ‘apparent’ pKa which is, depending on ionic strength, 
shifted to higher values with respect to the pKa of the single monomeric groups31. This pKa shift 
can be explained by the resistance of the carboxylic acid groups to deprotonate. When the 
carboxylic acid groups are close to another and the Debye length exceeds the distance between 
them there is an additional electrostatic penalty for dissociation. In a chapter 4, involving the 
same dye TBO22, we already perceived that a constant pH can be maintained, whilst giving little 
to no interference with complexation, using a phosphate buffer at Cbuffer = 1 mM and pH = 7. 
To verify whether this same buffer system was applicable, we determined the apparent pKa 
of alginate in this buffer. Fig. 5.1 shows the results of the apparent pKa determination using 
potentiometric titration and surface tension measurements.
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From the two analyses reported in Fig. 5.1 it follows that the apparent pKa of alginate, under 
our experimental conditions, is 4.6 (± 0.1), which is more than one pH-unit higher than the 
weighted average of the monomeric groups and in line with values reported by others31. The 
choice of a buffer at pH =7, being 2.4 pH-units above the pKa of alginate, warrants that alginate 
will be fully deprotonated (> 99%) and all anionic binding sites available. 

5.3.2 Determination of alginate-TBO stoichiometry  

To use alginate as a template for binding TBO to perform displacement studies later on, 
the binding stoichiometry was investigated. In chapter 4, we have demonstrated that step-
wise construction of polymer-dye complexes, whilst monitoring the dye’s metachromasy, is 
a facile method to determine stoichiometry32. In Fig. 5.2 absorbance spectra are plotted that 
were obtained during stepwise construction of the alginate-TBO complex. Fig. 5.2 shows the 
development of a metachromatic peak resulting from the stacked organization of TBO whilst 
bound to adjacent binding sites on alginate.

The stoichiometry of complexation is commonly determined by plotting the ratio of the 
metachromatic peak height Am over the monomeric peak height AM

10, as shown in Fig. 5.3. 
From the maximum in the curve ‘P/D high-to-low’, and the apparent discontinuity in the curve 
‘P/D low-to-high’ in Fig. 5.3, it appears that alginate and TBO form a 1:1 stoichiometric complex, 
i.e. each anionic site on alginate (electrostatically) binds a single TBO ion.

Figure 5.1 Two ways of analysing the ‘apparent’ pKa. Left panel: potentiometric titration, volume of added HNO3 

versus measured pH of alginate. Right panel: air-aqueous salt solution surface tension as a function of pH. In both 

cases pH was changed from high to low using 0.1 and 0.01M HNO3. Solution conditions: phosphate buffer 1 mM, pH= 

7, Calginate = 0.64 mM and 8.0 mM for resp. titration and surface tension measurement. 
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Figure 5.2

Absorbance spectra obtained during 

stepwise construction of alginate-

TBO complexes. Top panel: alginate 

is added to TBO (D = 40 µM). Bottom 

panel: TBO is added to alginate (P = 40 

µM). Here AM points out the location 

of the monomeric, Ad the dimeric and 

Am the metachromatic peaks. Solvent 

conditions as in Fig. 5.1.

Figure 5.3

Alginate-TBO stoichiometry determined 

from ratio of metachromatic (Am) and 

monomeric (AM) peak heights Am/

AM. The vertical line at P/D = 1, and the 

dotted lines, marking the breakpoint 

between two of the curve sections for 

P/D low-to-high, have been added to 

guide the eye and do not represent 

further experimental or derived data. 

All data are obtained from Fig. 5.2. 
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Furthermore it can be seen that at P/D ≤ 1, the complexation appears independent of the path 
followed as both experiments give similar results. However, at P/D > 1 the two experiments follow 
a distinctly different path which can be explained as follows. The experiment ‘P/D low to high’, 
essentially starts with only TBO (at [TBO] = 40 µM), to which stepwise alginate is added. Each newly 
added alginate molecule will be surrounded by an excess of TBO ions, leading to the immediate 
filling of the available binding sites on that molecule. The increase of the ratio Am/AM continues 
until an equimolar concentration of alginate monomeric groups have been added (P/D =1).   

Further addition of alginate induces an excess of alginate molecules, which may allow TBO 
redistribution to more favourable locations as is suggested by the continued increase of Am/
AM. Alginate is said to comprise three distinct monomeric distributions; G-blocks, M-blocks 
and alternating MG-blocks15. The inter-charge distance in these three different blocks may vary, 
causing TBO to favour one type over the other two, which would explain redistribution once 
more of these more favourable binding sites are offered. TBO does not fully redistribute into 
a monomeric distribution over alginate when a larger excess of alginate molecules are added, 
as Am/AM only slowly increases up to P/D ≈ 10. This clearly demonstrates the cooperativity in 
TBO binding to alginate. Finally, when P/D > 10, the large excess of alginate binding sites seems 
to cause a further redistribution of TBO, possibly into smaller stacked organizations along the 
newly added alginate binding sites leading to a slow decrease in Am/AM.  

The experiment ‘P/D high to low’ starts with alginate only ([alginate] = 40 µM) to which 
stepwise TBO is added. As can be seen from the initial low values of Am/AM, TBO at first seems 
to randomly distribute itself over the excess of alginate binding sites present. At P/D ≤ 10, and 
judged from the increase of Am/AM, cooperative binding of added TBO takes place until P/D = 1. 
At P/D < 1, newly added TBO added fails to find a binding site, and will remain in solution in its 
monomeric form, thus leading to an increase in AM at a near constant Am, as a result of which 
Am/AM decreases. Thus, next to information on the stoichiometry, Fig. 5.3 contains interesting 
information on the cooperativity of binding of TBO to alginate. 

5.3.3 Displacement of TBO from alginate-TBO complexes by the cationic surfactant TEGO 

When adding the cationic surfactant TEGO to a pre-formed alginate-TBO complex, it will 
compete with TBO for a binding site on the negatively charged alginate chain. Turbidimetric 
titration of alginate with TEGO shows that the binding stoichiometry for TEGO on alginate 
is 0.95 (results in the appendix to this chapter). To understand the influence of alginate-TBO 
complex composition on displacement, experiments were performed in which the fraction of 
binding sites occupied by TBO (Fb) was varied by addition of an increasing concentration of 
alginate to a fixed TBO concentration D = 40 µM. The fraction of binding sites Fb is defined as:

[5.1]
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Next, these pre-formed complexes were submitted to displacement studies in which TEGO 
was (in a step-wise fashion) added and spectral data were obtained on an aliquot of each of the 
compositions. Peak height ratios, Am/AM taken from these experiments were plotted as a function 
of the ratio of the TEGO concentration, S, over the concentration of monomeric binding sites, P, 
present. Fig. 5.4 shows an overlay of the results of five experiments at varying P/D (or Fb).

As can be seen from the decrease of Am/AM, with increasing S/P as shown in Fig. 5.4, TEGO 
displaces TBO from its bound state to alginate. The results obtained at the five different TBO-
loadings (P/D or Fb) condense into a common point, estimated to be at S/P ≈ 0.91, where it is 
considered that TBO is fully displaced from alginate. This is in agreement with the TEGO-alginate 
stoichiometry determined by turbidimetric titration, where S/P = 0.95 (appendix). Comparing 
the curves obtained at different dye loadings reveals that the displacement pathway differs 
depending on the dye loading. 

At the lowest P/Ds (1.01 <P/D < 1.26), which is near stoichiometric complex conditions, TEGO 
immediately competes with bound TBO for a binding site and displaces TBO, which results in an 
instant, gradual decrease of Am/AM. Once fully displaced, Am/AM is constant. For the experiments 
with the lower dye loadings (P/D > 1.26) Am/AM remains constant initially, which demonstrates 
that TEGO first (primarily) binds to free binding sites on alginate. Once these binding sites are 
full, TEGO starts competing with, and displacing, TBO, resulting in a sharp decrease in Am/AM 
until a minimum is reached where again all TBO is assumed to be displaced. This explanation is 
further corroborated by the fact that the S/P value at the onset of the decrease of Am/AM, scales 
with the P/D of the initial alginate-TBO complex. TEGO’s instant and stoichiometric displacement 
of TBO, from its stacked conformation, suggests that TEGO also binds cooperatively. This 
cooperativity in binding for TEGO results from the fact that, next to an electrostatic interaction, 

Figure 5.4

Displacement of TBO from alginate-

TBO by TEGO at variable P/D. Peak ratio 

versus added TEGO (S) over P-ratio. The 

arrow indicates the S/P ratio at which 

the ratio Am/AM for these experiments, 

on average, is lowest and TBO is 

considered to be completely displaced. 

Solvent conditions as for Fig. 5.1. 
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the spacing between alginate’s charged groups seems favourable to allow TEGO’s alkyl chains, 
on neighbouring molecules, to align for hydrophobic or van der Waals interaction.  

5.3.4 Displacement of TBO from alginate-TBO complexes by the anionic surfactant SDS. 

The displacement of TBO from its bound state with a polyanion by oppositely charged 
surfactants, also termed ‘reversal of metachromasy’ was previously reported in literature10,18. 
The fact that anionic surfactants, like SDS, are able to displace TBO from its binding with a 
polyanion is accomplished by competing with alginate as a binding motive10,18. Upon interaction 
with TBO, depending on SDS concentration S, SDS can form ion-pairs or self-organize into 
premicellar or micellar structures33,34. Interestingly, these premicellar structures also lead to 
TBO stacking and the appearance of a metachromatic peak. Fig. 5.5 shows the spectral data 
obtained during the displacement of TBO from a preformed alginate-TBO complex (at P/D = 1, 
P= D = 40 µM) by step-wise addition of SDS.

Figure 5.5

Spectral data obtained during the 

displacement of TBO from alginate-

TBO (P/D = 1) by SDS. The top panel 

shows the absorbance spectra where 

a new metachromatic peak, Am_SDS, 

is observed. The bottom panel shows 

the peak heights taken from the 

spectral data for the four identified 

peaks as a function of added SDS 

expressed as S/D. The vertical line 

in the right panel indicates where 

TBO is assumed to be displaced from 

its binding with alginate. Solvent 

conditions as for Fig. 5.1. 



Fig. 5.5 (top panel) shows that the metachromatic peak, arising from the interaction of 
TBO with SDS, Am_SDS, is shifted further down the visible spectrum, as a clearly identifiable, 
separate peak. When the peak height data from this figure are plotted as a function of S/D, as 
shown in Fig. 5.5 (bottom panel), all four curves show a distinct change in trend at a common 
point, at S/D ≈ 7. At this point AM and Ad show a maximum value, whereas Am_alg approaches 
a minimum value and conversely Am_SDS a maximum value. From these observations it is 
assumed that at S/D ≈ 7, SDS has displaced TBO from its binding with alginate.  

Analogous to the experiments in section 3.3, the influence of alginate-TBO complex 
composition (D = 40 µM, P = variable) on displacement is investigated. Likewise, preformed 
alginate-TBO complexes with different P/D, or dye loading Fb, are submitted to stepwise 
addition of SDS. The results of these experiments are shown in Fig. 5.6 and 5.7.

Figure 5.7

Influence of initial alginate-TBO 

complex composition (P/D or Fb) on 

the displacement by SDS. S/P value 

at the observed minimum Am/AM 

versus P/D. Solvent conditions as for 

Fig. 5.1. 

Figure 5.6

Influence of initial alginate-TBO 

complex composition (P/D or Fb) 

on the displacement by SDS. Peak 

height ratio Am/AM (in which 

AM represents the alginate-TBO 

metachromatic peak height) versus 

added SDS expressed as S/D. 
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Similar to displacement by TEGO, when SDS addition is expressed as S/D, all curves in Fig. 
5.6 converge into a common minimum, indicating full displacement of TBO. For all complex 
compositions full displacement is realized at S/D ≈ 7. A more accurate determination of the S/D 
for displacement is derived by plotting the S/P for the minimum in Am/AM, denoted as (S/P)*, 
versus P/D, as shown in Fig. 5.7. Applying curve fitting to these data gives:

with a0 = 6.962 and a1 = - 0.973. Assuming a1 to be minus unity, which seems a reasonable 
assumption, and multiplying both sides of the equation with P, turns equation [5.2] into:

In chapter 4, studying the interaction and organization of TBO with SDS and SLES surfactants22, 
we established that depending on the SDS to TBO ratio, S/D, four different organizations of 
TBO-SDS can be distinguished; I: Ion-pairs, II: Premicellar aggregates, III: Dimeric distribution 
over (pre-)micelles and IV: Monomeric distribution over micelles. The estimated S/D ranges for 
the different TBO-SDS organizations are given in chapter 4, Table 4.2. The S/D-ratio at which 
SDS manages to displace TBO from its bound state to alginate lies within the region where 
TBO and SDS organize in a premicellar organization. The fact that this premicellar state is able 
to remove TBO from its stacked arrangement on alginate is an indication that the premicellar 
state is energetically more favourable. Also in the experimental results shown in Fig. 5.6, it can 
be seen that there is an effect of TBO loading onto alginate. At P/D < 0.81 an initial rise in the 
ratio Am/AM can be seen prior to a decrease which indicates the transfer of TBO from alginate 
to SDS pre-micelles. The cause of this initial rise is the presence of free TBO which already form 
ion-pairs in which AM is lower due to a lower molar extinction coefficient as a result of the 
presence of larger aggregate ion-pairs. As AM will be far less affected by this, the subsequent 
increase of  Am/AM is caused solely by the decrease in AM. Surprisingly, already from P/D ≥ 0.81 
(or Fb ≤ 1.23), where free TBO is still present, the curves all take up the same shape. Similar to 
the results for TEGO, the onset and steepness of the decrease in Am/AM again seem to scale with 
the P/D. Exceptions, especially the experiment at P/D = 9.33, are caused by slight variations in 
starting conditions caused a different Am/AM at start which is maintained prior to the decrease 
in ratio. Summarizing, the premicellar arrangement of TBO with SDS is the main cause for 
TBO’s displacement from its bound state on alginate. 

[5.2]

[5.3]
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5.3.5 Displacement of TBO from alginate-TBO complexes by SLES surfactants with varying EO-
block size. 

To investigate the influence of the EO-block size in SLES on their ability to displace TBO from 
alginate-TBO complexes, a similar approach is followed as given in section 5.3.4. Given the 
consistency of data obtained at a single P/D, experiments are only performed at P/D ≈ 1 (± 0.02 
except SDS at P/D = 1.077). 

Fig. 5.8 summarizes the results expressed as the S/D ratio required to fully displace TBO from 
its complexed state with alginate (given as (S/D)*) versus the size of the EO-block. Fig. 5.8 
shows that the presence of a small EO-block is favourable for displacement as for (EO)2 and 
(EO)4 less surfactant is needed than for SDS, without an EO-block. Larger EO-blocks on the 
other hand require a higher concentration than SDS, making the ranking (EO)2 > (EO)4 > SDS 
> (EO)12 > (EO)30. This observed order in efficiency of displacement is identical to the extent 
of premicellar aggregation for the same surfactant species with TBO, obtained by a different 
experimental setup as described in chapter 4, and published as such22. Comparison of the S/D 
values for displacement, shown in Fig. 5.8, corresponded well with the estimated S/D-range for 
premicellar aggregation shown in Table 4.2. The only exception is the SLES with 30 EO-groups, 
which requires S/D = 17, which falls outside the estimated premicellar range (S/D = 5 – 11). In 
this last case the premicellar arrangement is far less pronounced and thus more difficult to 
estimate. It may also be that with this surfactant, TBO favours a dimeric organization.  

As Fig. 5.7 shows, the displacement of TBO by SLES, driven by the significance and composition 
of their premicellar aggregates, is governed by the size of the EO-block and an optimum is 
observed for the SLES with an EO-block size of 2 units. The existence of this optimum may 

Figure 5.8

Influence of the number of EO units 

on the S/D-ratio, (S/D)*, required 

to displace TBO from its complexed 

state in alginate-TBO. Alginate-

TBO complexes at P/D = 1 (± 0.02, 

except (EO)0 at P/D = 1.08). Solvent 

conditions as in Fig. 5.1. 
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be explained as follows. When comparing the critical micelle concentration (CMC) of SDS and 
SLES with (EO)1, the addition of the single EO-groups leads to a reduction of almost a factor 
ten (resp. 8.4 mM versus 0.89 mM), which is ascribed to intermolecular ion-dipole interactions 
between the sulphate ions and the O -> CH2 dipole of the EO groups in SLES micelles35. Aoudia 
et al.35 further show that the addition of two more EO-groups does not significantly alter the 
CMC and thus the intermolecular interaction. The decrease of (S/D)* in Fig. 5.8 from SDS to (EO)2 
and (EO)4 may thus be explained by the fact that these SLES assemble at lower concentration 
thereby providing a suitable binding template at lower S/D. Once the EO-block size exceeds 
a certain size, flexing and bending may occur. Binding to a stacked array of TBO will decrease 
the possibility of this movement in the EO-block, which is entropically unfavourable. Therefore 
higher surfactant concentrations, and thereby also higher S/D, are needed to force the SLES 
(EO)12 and (EO)30 to assemble into a suitable binding template. 

From the above results it is clear that, although the most likely mechanism for reversal 
of metachromasy of TBO is similar for different SLES surfactants, the S/D region in which 
premicellar aggregation occurs for a specific surfactant differs making this not a generic but a 
‘surfactant structure’ dependent effect. 

5.4 CONCLUSIONS 

The ‘reversal of metachromasy’ or displacement of TBO from alginate-TBO complexes 
by surfactants was studied by a titration approach using visible light spectrophotometric 
methods. The suitability of the alginate-TBO complex as a model was firstly investigated 
by determining the ‘apparent’ pKa of alginate under the chosen experimental conditions of 
controlled pH and ionic strength (phosphate buffer Cbuffer = 1 mM, pH = 7) and was found to 
be 4.6, while its individual carboxyl groups have pKa values of 3.38 and 3.65. Next, by applying 
similar methods, the alginate-TBO stoichiometry was determined and found to be P/D ≈ 1. It 
was shown that TBO binds cooperatively, caused by dye-stacking, to alginate, leading to the 
appearance of a metachromatic shift in the dye’s absorption spectrum. Having established 
the spectral properties of alginate-TBO complexes, these were used to study the ‘reversal of 
metachromasy’ or dye displacement by the addition of both cationic and anionic surfactants. 
For the cationic surfactant TEGO®trant A100 (DDMICl), which competes directly with TBO for a 
binding site on alginate, the displacement is stoichiometric with respect to available binding 
sites on alginate. The pathway of displacement was found to be depending on dye loading 
(P/D) and revealed that TEGO firstly binds to empty bindings sites prior to its arrangement in 
a similar stacked organization leading to cooperativity in binding. From this observation, it 
is envisaged that intermediate alginate-dye-surfactant complexes consist of blocks in which 
either dye or surfactant are organized in stacked formation.  
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For anionic SLES surfactants, it was found that displacement is governed by their ease 
to form premicellar aggregates with TBO, thus providing an alternative template for TBO 
interaction. In these premicellar aggregates TBO also shows stacking with the appearance of 
a new metachromatic peak. Based on the S/D at which TBO displacement is achieved, the 
ease of premicellar aggregation of SLES can be ranked as follows: (EO)2 > (EO)4 > (EO)0 > (EO)12 
> (EO)30. The ‘reversal of metachromasy’, or displacement of metachromatic dyes from their 
binding to oppositely charged polyelectrolytes, although proceeding by similar mechanism, 
cannot be considered a generic effect but depends on the surfactant’s ease of arranging into 
premicellar organization, which depends on surfactant structure and composition. Further 
spectroscopic studies may shed light on the specific interactions involved in the formation of 
these premicellar structures.
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APPENDIX CHAPTER 5

1. ANALYSIS RESULTS OF REAGENT STOCK SOLUTIONS 

1.1 Determination of alginate functional polymer concentration P 

Alginate stock solution in phosphate buffer (1mM) was prepared by weighing in the amount 
equivalent to 10 mM of monomeric charged groups and assuming it to be a pure substance. 
After dissolution and 24 hours equilibration the solution was analyzed in fourfold by streaming 
potential titration applying a Mütek PCD05 and using a standardized PDADMAC titrant solution. 
Table A5.1 gives the analysis results for alginate.

Table A5.2 

Surfactant tradename, 

structure and deter-

mined content.

Table A5.1. 

Streaming potential 

titration of alginate for 

the determination of 

the monomeric charge 

density.

Based on the exact weight taken, the purity of the alginate sample, expressed as charged 
functional groups, was 80.4 wt%. As the sample was a previously opened container, it is 
considered that moisture uptake accounts for the balance of this sample. 

1.2 Determination of SDS and SLES functional surfactant concentration S.  

All surfactants were sampled and analyzed applying a monotonous turbidimetric titration with 
the oppositely charged surfactant TEGO®trant A100 (TEGO). Table A5.2 gives the determined 
contents for SDS and SLES.
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2. SPECTRAL PROPERTIES AND MOLAR EXTINCTION COEFFICIENT OF TBO 

A selection of absorbance spectra of TBO in phosphate buffer are given in Fig. A5.1.

From the absorbance spectra (partly shown in Fig. A5.1) the TBO monomeric (A632) and dimeric 
(A590) peak height were determined and plotted versus TBO concentration (given in µM); these 
data are shown in Fig. A5.2.

Fig. A5.2 shows that TBO monomeric peak height follows Lambert-Beer’s law up to 40 µM; at 
higher concentrations non-linearity is observed which can, most likely, be attributed to TBO 
self-organization into dimers. The spectra in Fig. A5.1 suggest that the dimeric peak becomes 
more apparent at higher TBO concentrations.

Figure A5.1

TBO spectra in phosphate buffer 

(C(buffer)= 1 mM, pH = 7). 

Figure A5.2

Lambert-Beer plots of TBO in 

phosphate buffer (C(buffer) = 1 mM, 

pH = 7). 
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3. STOICHIOMETRY S/P OF ALGINATE-TEGO COMPLEX DETERMINED BY 
TURBIDIMETRIC TITRATION. 

Alginate stock solution (P) was titrated with a calibrated TEGO solution (S) employing 
turbidimetric titration; from the observed equivalence volume the charge density was 
calculated.

In case the alginate-TEGO complex stoichiometry S/P = 1, the obtained average charge density 
would be identical, within the experimental error. However, titration with TEGO gives lower 
charge densities indicating that the stoichiometry is < 1. The exact alginate-TEGO stoichiometry, 
S/P, was determined by dividing the average value found in table A5.3 by the average value 
given in table A5.1. 

Alginate-TEGO-stoichiometry = (7.67/8.04) = 0.95.

Table A5.3 Alginate-TEGO complexation investigated by turbidimetric titration. 
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CHAPTER 6  
APPARENT pKa OF SELECTED FOOD HYDROCOLLOIDS USING 
ORTHO-TOLUIDINE BLUE

Charged food hydrocolloids provide structure and texture in manufactured foods by 
their organization and electrostatic interactions with other species and small ions. These 
electrostatic interactions depend on their actual charge density which cannot be predicted 
from pKa values of weakly charged monomers. In practice, this is circumvented by the use of 
an ‘apparent pKa’ (pKa (app)) which depends on solution ionic strength and type of counter-
ions. pKa (app) values for food hydrocolloids are poorly documented, especially in low ionic 
strength solvents. Titration of a metachromatic alginate-ortho-toluidine blue complex 
revealed a sigmoidal, pH-dependent, dye metachromasy response with its centre located at 
pH = (pKa (app)) . To test the suitability of this approach for the determination of (pKa (app)) , 
five food hydrocolloids and a synthetic polyanion are analysed and the results are compared to 
classical methods such as potentiometric titration. Metachromasy is shown to occur when the 
polymer inter-charge distance is ≲ 4.5 Å; the complex stoichiometry depending on inter-charge 
distance. pKa (app) of stoichiometric complexes at low ionic strength (1mM phosphate buffer) 
were successfully determined (alginate 4.5, sodium carboxymethylcellulose 4.6, κ-carrageenan 
1.2, polyphosphate 2.1 and polyacrylic acid 5.8) and are comparable to values obtained by 
potentiometric titration. Further, it is shown that pKa (app) determination by metachromatic 
dye titration is feasible for stoichiometric polymer-dye complexes at low concentrations (20-
200 µM) in low ionic strength (< 10 mM) aqueous solutions. Unlike classical methods, the 
metachromatic dye titration approach is suitable for low polymer concentrations in aqueous 
solutions at low ionic strength. 

Submitted to Food Hydrocolloids: Vleugels, L.F.W., Ricois, S, Voets, I.K., & Tuinier, R.  
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6.1 INTRODUCTION 

In formulated food products, hydrocolloids are indispensable components that impart key 
functionalities like thickening, gelling, stabilization and emulsification. These functionalities 
contribute to society’s increasing demands with respect to desired properties of food such 
as ease of preparation, taste and texture1, shelf-life2, satiety3, health benefits4 and fat-
replacement5. Hydrocolloids are hydrophilic polymeric materials mainly consisting of 
(modified) polysaccharides or proteins from botanical, algal, bacterial, or animal origin6. 
In the case of polysaccharides, the hydrophilic nature is derived from the abundance of 
hydroxyl-groups which favourably interact with water, leading to, at least partial, solubility7. 
The richest functionality of polysaccharides is commonly found in species that also contain 
charged or chargeable groups like carboxylate (e.g. alginate, pectin, CMC, gellan) or sulphate 
(e.g. carrageenan) groups. Next to improved hydration and water solubility, the presence of 
charged groups also induces electrostatic interactions with oppositely charged species such 
as small ions, proteins, particles or other polyions, allowing the formation of structure and 
the stabilization of interfaces8. Besides stabilization, adding hydrocolloids may also induce 
destabilization of food dispersions. When the charged state of the polysaccharide is modified, 
its interaction with for instance proteins may change from effectively attractive to repulsive 
which can lead to depletion-driven flocculation or phase separation9. 

Charged polysaccharides are polyelectrolytes, which are known to be able to strongly 
adsorb onto surfaces or interfaces, or complex with oppositely charged species, mainly 
through electrostatic interactions10. Due to the proximity of neighbouring charged groups on 
polyelectrolyte chains their actual charge density depends on solution conditions like pH, ionic 
strength and type of counter ions, especially in case those are weakly charged groups for instance 
carboxylic acid groups. Since charge density governs key factors for hydrocolloid functionality, 
such as solvability, structure and the ability to engage in interactions, it is a crucial parameter 
for the practical performance of hydrocolloids in foods11. Shiratori and Rubner12 illustrated the 
effect of charge density on interactions and resulting structure, describing the pH-dependent 
thickness variation of sequentially adsorbed layers of weak polyelectrolytes. 

As described by Katchalsky, Shavit and Eisenberg13, the charge density of weak 
polyelectrolytes does not follow the classical Henderson & Hasselbalch equation as there is 
an additional thermodynamic penalty for removing a proton from an acidic group adjacent 
to an already deprotonated acidic group. This leads to the addition of a semi-empirical term 
to the Henderson-Hasselbalch equation which accounts for ionic strength, counter ion type 
and intrinsic polymer properties like chain conformation and flexibility. Strong polyelectrolytes 
are less affected by pH but can exhibit counter ion condensation, as described by Manning14, 
causing them not to attain their full charge density. There are currently no analytical theories 
that relate weak polyelectrolyte charge density to solution pH. Instead a pragmatic approach is 
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chosen where an ‘apparent pKa’ is defined which is substituted in the Henderson-Hasselbalch 
equation15,16. ‘Apparent pKa‘ (pKa (app)) values, unlike pKa values of monoprotic acids, are not 
constant but dependent on the ionic strength, polymer concentration and type of counter ions 
in the solution. 

Surprisingly, pKa (app) values are poorly documented. As a consequence, many studies 
base their interpretation of food hydrocolloid behaviour on ‘monomeric’ pKa values. The 
monomeric pKa, i.e. the pKa of the monomer unit, however, is generally determined at high 
ionic strength where the polyelectrolyte-effect is supressed by the shielding of charges 
provided by the added electrolytes17. When this monomeric pKa value is applied to predict the 
behaviour of polyelectrolytes at low ionic strength, substantial deviations can be expected18. 
There are several methods to determine or predict pKa values of mono- or diprotic acids 
and bases19,20, however, most of these methods are, as such, not readily or easily applicable 
to polyelectrolytes. Some of the difficulties encountered in classical methods, for instance 
potentiometric acid/base titration, are that weak polyelectrolytes require a certain minimum 
concentration to be analysed accurately and the addition of acid or base to fully dissolve. At 
higher polymer concentrations, the addition of a significant amount of ions from the titrant 
leads to a discontinuous solution ionic strength, which in turn causes slight shifts in pKa (app). 
The presence of other acids or bases causes the titration curves to become more intricate and 
sometimes difficult to interpret. Table 6.1 shows a selection of documented experimental data 
for pKa (app) values, under controlled solution conditions of, preferably, low ionic strength, 
relevant for the experimental work envisaged here.

Table 6.1 Overview of 

reported experimental 

‘pKa‘ data of selected 

polyelectrolytes.

# Where monomeric 

pKa is indicated, the pKa 

value was determined 

at high ionic strength to 

determine the pKa value 

of the monomer unit in 

the polymer. DS is the 

degree of substitution 

in this case the average 

number of substituted 

or charged groups per 

monomer unit.
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Table 6.1 shows that true pKa (app) values, in low ionic strength media, are scarce and that 
there is little experimental data available in recent publications. The above listing should be 
seen as an example of data published, rather than being a complete list. 

In the previous chapter ‘reversal of metachromasy’ caused by the displacement of a 
metachromatic dye from its complexed state by surfactants was elaborated. For this purpose, 
we studied displacement of the planar dye ortho-toluidine blue (TBO) from its metachromatic, 
complexed state with alginate, by the addition of surfactant ions in solutions of low ionic 
strength. This displacement can be quantified by monitoring discrete changes in the dye’s visible 
light spectrum, i.e., the gradual disappearance of the metachromatic peak. In continuation 
of this work, we used protons and hydroxides as displacing ions and found that the data 
(spectrophotometric peak height ratios versus pH) yields a sigmoidal response with the centre 
located at a pH similar to the pKa (app) of alginate found by potentiometric and liquid-to-air 
surface tension titration. This observation motivated us to further investigate the possibility of 
using metachromatic dye titration as a means of determining pKa (app) of polyelectrolytes at 
low concentrations in dilute aqueous buffer solutions. To make a possible new method widely 
available we continue to use UV-VIS spectrophotometry which is considered a routine method 
in both academic and industrial research laboratories. For this purpose, pKa (app) values of 
sodium CMC, gellan, κ-carrageenan and pectin, and the synthetic polymers poly(acrylic 
acid) and poly(phosphate), are determined in aqueous buffer solutions and compared to 
values obtained by potentiometric and liquid-air surface tension titration methods. Finally, 
the influence of ionic strength and initial polyelectrolyte-TBO complex composition on the  
pKa (app) is investigated. 

6.2 EXPERIMENTAL 

6.2.1 Chemicals 

Ortho-toluidine blue (TBO), (7-amino-8-methyl-phenothiazin-3-ylidene)-dimethyl-ammonium 
chloride, analytical grade, was obtained from Fluka Analytical (India). Alginate, alginic acid 
sodium salt from brown algae, was purchased from Sigma Aldrich (# 71238). Low acyl gellan 
gum, Kelcogel F, was a gift from CP Kelco. κ-carrageenan (Acros cat. nr. # 43159), carboxymethyl 
cellulose sodium salt (NaCMC) (molar mass ≈ 250KDa, DS = 1.2) (Acros cat. nr. # 33263) and 
pectin (degree of esterification 70%) (Acros cat. nr. # 41686) were purchased from Acros 
Organics. Poly(acrylic acid) sodium salt (NaPAA), Sokalan PA110S (molar mass ≈ 250 KDa), was 
obtained from BASF. Polyphosphate, Calgon 322 new, was a gift from BK Guilini (Germany). 
Nitric acid 0.1N and potassium hydroxide 0.1N standardized solutions were purchased from Alfa 
Aesar, diluted ten times to reach 0.01N and standardized. Poly-di-allyl-dimethyl ammonium 
hydrochloride (PDADMAC) 1.0 mM standardized titrant solution was purchased from BTG 
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(Switzerland). All materials were used as received without further purification. Ultrapure water, 
used throughout the investigation, was obtained using a Milli-Q Advantage A10 purification 
system from Millipore SA Molsheim (France). 

Scheme 6.1 shows the generic molecular structures of TBO, the food hydrocolloids and 
polymer studied.

6.2.2 Methods  

Solution preparation, definition and determination of ‘functional’ polyelectrolyte 
concentration (P). The food hydrocolloids investigated in this study are not pure compounds 
and NaPAA is supplied as an aqueous solution (approx. 30 wt%). Therefore, at first, 10 mM 
solutions of all species were prepared in a freshly made 1 mM phosphate buffer, pH = 7.0, 
assuming the compounds to be 100% pure. The solubility, in this medium, for gellan and 
‐-carrageenan, proved insufficient as judged by the presence of insoluble particles. The 10 mM 
pectin solution developed a precipitate after a week. Therefore, these solutions were re-made 
with an estimated concentration of 1.0 mM. After overnight storage of the clear solutions, a 
few mg of sodium azide was added to suppress microbial growth. As the polymers used in this 
study were foreseen as polyelectrolyte templates for the electrostatic binding of TBO, their 
‘functional’ concentration P was defined as the equivalent number density (expressed as mM) 
of ionized groups at pH= 7. For each polyelectrolyte solution the quantity P, was determined by 
streaming potential titration27,28, employing a Mütek™ PCD-05 Particle Charge Detector fitted 

Scheme 6.1 Generic molecular structures of (a) TBO, (b) alginate, (c) gellan, (d) Polyphosphate, (e) κ-carrageenan, 

(f) NaCMC, (g) pectin, (h) NaPAA.
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with a standardized 1.00 mM PDADMAC titrant solution. To ensure a constant pH, titration was 
performed in the same phosphate buffer solution (C(buffer) = 1 mM, pH =7) and consisted of 
triplicate analyses which were averaged to obtain the functional polyelectrolyte P (data shown 
in the appendix to this chapter, from here on referred to as appendix). 

Determination of pKa (app) values by previously reported methods.  

Potentiometric titration. The determination of pKa (app) by potentiometric titration was 
performed using a Metrohm 907 Titrando titrator equipped with a calibrated glass electrode 
(Metrohm Aquatrode Plus) and standardized solutions of respectively 0.01M potassium 
hydroxide (KOH) and 0.01M nitric acid (HNO3) solution. An aliquot of the polyelectrolyte 
solutions was weighed into the titration vessel, containing a measured amount of phosphate 
buffer (C(buffer) = 1 mM, pH = 7), to reach an actual concentration of 0.4 mM. This solution was 
firstly titrated with KOH titrant solution to pH ≈ 9 (forward titration), immediately followed 
by a back-titration of the titration mixture using HNO3 titrant solution. The pKa (app) was 
determined in the following manner. The equivalence volume in the forward titration, stemming 
from residual acid and further neutralization of the phosphate buffer, was subtracted from the 
total volume required to reach pH ≈ 9 giving the excess of KOH added. Next, this excess was 
subtracted from the volumetric addition of HNO3 in the back-titration. pKa (app) was defined 
as the pH-value at 1.5 times the equivalent volume obtained from the ‘volume-corrected’ back-
titration curve. 

To investigate the influence of solution ionic strength, the same experimental approach was 
used in a titration medium in which part of the buffer solution was replaced by a sufficient 
volume of 0.1 M potassium chloride (KCl) solution (in 1 mM phosphate buffer, pH = 7.0) which 
was added to obtain concentrations of 1, 3, 5 and 10 mM added KCl. All titrations were performed 
in triplicate and the resulting pKa values were averaged.  

Liquid-air surface tension titration. A novel titration method, recording surface-to-air 
tension as a function of pH, for the determination of apparent pKa values was recently reported 
by Dickhaus and Priefer25. This methodology was applied, employing an Attension Sigma-70 
tensiometer using the Wilhelmy-plate method. An amount of 40 grams of polyelectrolyte stock 
solution (C(polymer) ≈ 10 mM) in phosphate buffer (C(buffer) = 1 mM, pH = 7.0) was pipetted 
into a thoroughly cleaned glass cup. After the pH of this solution was measured, using a Knick 
761 Calimatic pH-meter fitted with a Schott Blueline 16 pH micro pH-electrode, the surface 
tension was determined in triplicate and the results averaged. Next, the pH of the solution 
was stepwise lowered by volumetric addition of 0.1 M or 0.01M HNO3 solution using calibrated 
micropipettes. After each HNO3 addition, the solution was briefly mixed until a stable pH-value 
was attained after which the pH was registered and the surface tension measured as described. 
The apparent pKa was obtained from the inflection point (pH= X0) in a sigmoidal or Boltzmann-
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fit of surface tension values plotted against solution pH. Selected experiments were duplicated 
and confirmed the observed trends. 

Electrophoretic mobility titration. Only for alginate, a single experiment series for apparent 
pKa determination was performed using Malvern Zetasizer NANO ZS (Worcs, UK) capable 
of performing micro-electrophoresis analysis. A similar titration approach, as described in 
before, was performed. After each HNO3 addition, the solution was allowed to equilibrate 
for 10 minutes, followed by analysis of pH. Subsequently, the ζ-potential of an aliquot was 
determined in triplicate. The ζ–potential values at each pH were averaged and plotted versus pH. 
Extra attention was given to the instrument’s photon count rates during each measurement. 
The pKa was determined as the inflection point in a sigmoidal fit performed on the ζ –potential 
values versus solution pH. 

Determination of apparent pKa of polyelectrolytes using polyelectrolyte-TBO-complex 
metachromasy. 

Determination of polyelectrolyte-TBO complex stoichiometry. Prior to determination of 
the polyelectrolyte apparent pKa, the formation and stoichiometry of metachromatic TBO-
complexes with all the studied polyelectrolytes were investigated in a buffered solution 
(phosphate buffer Cbuffer = 1 mM, pH= 7.0). The methodology for this determination has been 
described in chapter 5. In summary, different complex compositions were prepared in a titration 
approach, in which the polyelectrolyte of interest was step-wise added to a buffered TBO 
solution at CTBO = 40 µM, and analysed for their visible absorbance spectrum (wavelength (λ) 
scan 800 – 350 nm), employing a Shimadzu UV-2450 UV-VIS double beam spectrophotometer. 
When metachromasy occurred, due to stacking of TBO onto the polyelectrolyte template, the 
absorbance spectrum of the polyelectrolyte-TBO complex displayed a new, distinct, absorbance 
peak from here on referred to as the metachromatic peak. From the absorbance spectrum, 
which was corrected for volumetric addition of reagents, the TBO monomer peak height (AM) 
and the metachromatic peak height (Am) were determined. Next, the ratio Am/AM was plotted 
versus the ratio P/D (in which P is the ‘functional’ polyelectrolyte concentration determined as 
described at the start of this section and D is the dye concentration) and overlaid with plots of 
the quantities Am and AM. The complex stoichiometry (P/D) was estimated from the intercept of 
two linear functions that encompass a distinct change in trend in all three curves (an example 
is shown in the appendix). 

Determination of polyelectrolyte pKa (app). Once the existence of a metachromatic complex 
between the studied polyelectrolyte and TBO, and its stoichiometry, was established, the 
displacement of TBO by other ions could be studied by applying a titration approach in 
which the extent of metachromasy (indicated by the ratio Am/AM) was followed as a function 
of the added amount of displacing ion. This approach, successfully used for surfactants and 
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described in chapter 5, was applied to displace TBO by H3O+ and OH-. In practice, a 50 ml 
portion of a stoichiometric complex of TBO and the polyelectrolyte of interest was prepared 
in buffer solution. To obtain comparable spectral data with sufficient sensitivity, the TBO 
concentration was fixed in all experiments at CTBO = 40 µM and the added polyelectrolyte 
concentration was adapted accordingly to meet the previously found stoichiometry. After the 
pH was registered, a visible absorbance spectrum (wavelength scan 800 ≥ λ ≥ 350 nm) was 
recorded on an aliquot of the solution. Next, HNO3 solution (C = 0.10 or 0.01 N) was added, using 
calibrated micropipettes to lower the pH. The solution was allowed to equilibrate for 1 minute, 
during which, in all experiments, a stable pH value was attained. The solution was sampled 
and the absorbance spectrum recorded. This was repeated until the absorbance spectrum 
showed negligible variation upon further lowering of pH. Additionally, and only for alginate, 
an experiment series was performed in which the final solution of the previously described 
approach was back-titrated to neutral pH using KOH. After correction of all spectral data for the 
volumetric addition of HNO3, the absorbance peak heights Am and AM were determined. The 
apparent pKa was obtained from the Boltzmann-fit of Am/AM values plotted against solution 
pH. Selected experiments were duplicated to ensure reproducibility. 

Influence of ionic strength and polyelectrolyte-TBO complex stoichiometry. To investigate 
the influence of solution ionic strength on the apparent pKa, potentiometric and TBO-
polyelectrolyte complex titrations were performed, as described above, with the addition that 
prior to starting the titration, part of the buffer solution was replaced by equal, measured 
amounts of a 1.0 M potassium chloride (KCl) solution to obtain final solution concentrations 
of 1, 3, 5 or 10 mM KCl. The influence of polyelectrolyte-TBO complex stoichiometry was 
investigated by adjusting the amount of added polyelectrolyte to a fixed TBO concentration 
of 40 µM. Potentiometric titrations were performed in triplicate and the results averaged. 
For the metachromatic dye titration every third experiment was duplicated and shown to 
be reproducible. Further experimental details in this case are presented in the next section: 
Results and discussion. 

6.3 RESULTS AND DISCUSSION  

6.3.1 pKa (app) of alginate 

TBO metachromasy tested as a tool for pKa (app) determination. In chapter 5, we analysed the 
apparent pKa (pKa (app)) of alginate to assess its suitability as a template for the binding of the 
cationic, metachromatic dye ortho-toluidine blue (TBO). Potentiometric and surface tension 
titration of alginate in 1 mM phosphate buffer both yielded a value of pKa (app) = 4.6. This 
value is higher than the monomeric pKa values reported for D-guluronic and D-mannuronic 
acid which are respectively 3.65 and 3.38, as determined by Haug17 using a sodium chloride 
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solution ([NaCl] ≥ 0.1 M) as solvent. The difference between monomeric pKa and pKa (app) is a 
direct consequence of the fact that the weakly carboxylic acid groups along the polyelectrolyte 
chain are in closer proximity than the Debye-Hückel length, (λD). As a result the dissociation 
of the acids groups is supressed because it requires an additional energetic (electrostatic) 
contribution.  

The Debye length, λD, decreases with the square root of the inverse ionic strength29. This 
can be understood from screening of the charged carboxylate groups by additional counter 
ions in solution, thus effectively lowering the additional energetic penalty for dissociation 
which in turn leads to a lower effective pKa. At high ionic strength, as was the case in Haug’s17 

experiments at [NaCl] ≥ 0.1 M, the energetic penalty is negligible and the effective pKa values 
are equal to those of the acid groups on the individual monomer units. When submitting a pre-
formed charge-stoichiometric alginate-TBO complex to displace TBO with hydronium (H3O+) 
ions, we observed a decrease of metachromasy (shown in Fig. 6.1) caused by direct competition 
of H3O+ with TBO for a binding site on the alginate chain. Displacement of TBO from alginate 
inherently leads to a reduction of the number of TBO ions present in a stacked metachromatic 
conformation, thus lowering the metachromatic peak height. As the TBO molecules are 
released into the solvent as individual dye ions, conversely an increase in TBO’s monomeric 
peak height is observed.  

When H3O+ displaces TBO it also neutralizes the carboxylic acid group. To investigate the 
relationship between TBO displacement and pH, the extent of metachromasy expressed as 
the ratio between metachromatic and monomeric TBO peak height (Am/AM), is plotted as a 
function of solution pH as shown in Fig. 6.1 (spheres). TBO displacement can be reversed (re-
assembling of the metachromatic complex) as shown in Fig. 6.1 (squares), when the solution 
pH is raised again using hydroxide (OH-) from potassium hydroxide. 

Figure 6.1 Displacement of TBO from al-

ginate-TBO stoichiometric complex by 

H3O+ (dots) and OH- (squares) expressed 

by the ratio Am (absorbance metachro-

matic TBO peak), and AM (absorbance 

monomeric TBO peak), versus solution 

pH (in phosphate buffer c= 1 mM). The 

solid curve represents the fitted sigmoi-

dal functions to both data sets and the 

centre of the sigmoidal (indicated by the 

dashed line), X0, represents pKa (app). 
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Sigmoidal, or Boltzmann, curve fitting was performed using the following expression [6.1] to 
determine pKa:

in which (Am/AM)min and (Am/AM)max are the minimum and maximum observed ratios, resp. at 
low and high pH.  

The pKa (app) values of 4.40 and 4.53 (respectively for high-to-low and low-to-high pH), as 
derived from the sigmoidal fit as shown in Fig. 6.1, are in good agreement with those obtained 
with potentiometric and surface tension titration as shown in chapter 5. Next to that, they are 
close to a previously reported value21 of 4.6.  

The absolute Am/AM values in the reverse titration show that the metachromasy is not fully 
restored, which is most likely due to the fact that when fully neutralized alginate tends to 
aggregate and these aggregates may not fully re-dissolve during the experiment. However, the 
qualitative trend gives a very similar value for X0 from which the pKa (app) is determined. This 
method of determining apparent pKa (app), has, to the best of our knowledge, not yet been 
reported in literature. To test the validity of this approach for determining pKa (app), we selected 
and investigated five additional polyelectrolytes commonly used in food (polyphosphate, 
κ-carrageenan, sodium carboxymethyl cellulose, pectin and gellan) and one synthetic, weak 
polyanion (sodium polyacrylate, NaPAA) and compared their pKa (app) determined by TBO 
metachromasy and conventional methods (potentiometric and surface tension titrations). 
These results are shown in the section 6.3.2. 

Evaluation of micro-electrophoretic titration to determine apparent pKa; the potential risk 
of error. In recent literature the dissociation of polyelectrolytes, as such or as elements of an 
assembled structure, has been determined by measuring the zeta potential (ζ) as a function 
of pH24,30,31. The results of micro-electrophoretic titration of a 10 mM alginate solution in 
phosphate buffer yielding the ζ-potential are shown in Fig. 6.2.

The experimental results (squares) shown in Fig. 6.2 are compared to literature (triangles) 
data31 and follow the same trend, which can be fitted to a sigmoidal function. Surprisingly, the  
pKa (app) value derived from the sigmoidal fit suggests a value of pKa (app) = 2.85 ± 0.06, which is 
significantly lower than obtained by other methods (this section). The explanation the authors 
offer for the observed trend is the continued protonation of carboxylic acid groups on alginate 
which is further motivated by quoting the monomeric pKa of 3.5 (citing Draget, et al32, which in 
turn cite Haug17). Following a further evaluation of our data and the observation that the alginate 
solution becomes slightly turbid when the pH is lowered from 5 to 4, we postulate an alternative 

[6.1]
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explanation for the observed behaviour. To arrive at our insight it is useful to focus on the measured 
scattering count rates as a function of pH, see the insert in Fig. 6.2. At pH > 5, it is assumed that 
alginate is present as individual polymer chains, which scatter little light. The scattering count 
rates, however, show a distinct rise when the pH is lowered from 5 to 4. Once alginate starts 
aggregating and precipitating, the appearance of larger particles leads to a marked increase in 
scattering as the scattered light intensity (I, here expressed as count rate) scales as I ∝ d6 with d 
the particle diameter. Therefore, aggregated and/or precipitated particles, rather than alginate 
molecules, now dominate the determination of the ζ-potential. As these particles are prone to pick 
up indifferent ions, in this study e.g. phosphate from the buffer solution, the observed trend must 
be attributed to particles rather than to individual alginate molecules and therefore is considered 
erroneous. With this insight and the knowledge that the food hydrocolloids investigated here all 
have a tendency to aggregate when becoming uncharged, no further attempts were made to use 
electrophoretic mobility measurements to determine pKa (app).

6.3.2 Apparent pKa of the selected polyelectrolytes  

Metachromasy and polyelectrolyte-TBO stoichiometry. To employ dye metachromasy as 
an indicator of the protonation state of polyelectrolytes in pH-titration, it is firstly required 
to establish whether metachromasy occurs for TBO and the polyelectrolyte of interest. Dye 
metachromasy can be the result of dye self-stacking at higher concentrations, but becomes 
far more pronounced in case there is a template present that binds the dye and guides its 
aggregation or stacking33. Stacking is generally induced when the template allows the dye 
to bind at such short intermolecular distances that the individual dye ions can interact via 
hydrophobic or π-π interactions. Since both these interactions are relatively short-ranged, 4.4 Å 
at most34, if the inter-charge distance is larger, although the dye may still bind electrostatically, 
the TBOs will not display metachromasy. The inter-charge distance of a specific polyelectrolyte 

Figure 6.2 

ζ-potential titration of a 10 mM alginate 

in 1 mM phosphate buffer solution using 

HNO3 (squares), compared to data adap-

ted from Harnsilawat, Pongsawatmanit 

and McClements31, (triangles). pKa (app) 

derived as the X0 value from sigmoidal 

fit. The hatched squares, both in figure 

and insert, indicate the visual appearan-

ce of precipitate. Insert: DLS scattering 

count-rate versus pH. 
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is both governed by molecular structure and conformation as well as by the chosen conditions 
such as polymer concentration, ionic strength and type of ions present. Therefore, experimental 
verification and establishment of metachromatic complex stoichiometry is required.  

As shown in chapter 3, metachromasy and the stoichiometry of a metachromatic 
polyelectrolyte-dye complex can be determined by a step-wise construction of the 
polyelectrolyte-dye complex in a titration-type approach whilst recording visible light absorption 
spectra. In this study the polyelectrolytes are stepwise added to a buffered TBO solution (CDye 
= 40 µM). The applicability of this approach for alginate has been demonstrated in chapter 5. 
The reverse approach is also possible, adding TBO to a buffered polyelectrolyte solution, but as 
the dye concentration varies quite significantly also the spectral data show large differences 
in overall magnitude, which complicates the interpretation of data. For each polyelectrolyte, 
TBO-polyelectrolyte metachromasy and complex stoichiometry are determined. Firstly, the 
determination of complex stoichiometry from spectral data is illustrated as an example for the 
NaCMC-TBO complex as presented in Fig. 6.3.

Figure 6.3 Top: Absorption results for 

the determination of stoichiometry 

of the NaCMC-TBO complex. Spectral 

data as a function of complex 

composition; P/D. Arrows indicate the 

changes with increasing P/D. 

Bottom: Absorbance peak values 

for monomeric dye peak height AM 

(squares), metachromatic dye peak 

height Am (closed circles) and ratio 

Am/AM (triangles) versus complex 

composition P/D. The vertical line 

at P/D = 1.3 does not represent 

experimental data but is added to 

guide the eye to the P/D value at 

which all three curves combined show 

an intercept between two distinctly 

different trends. Solution conditions: 

1 mM phosphate buffer at pH= 7.0. 



The spectra in Fig. 6.3 allow for determination of the TBO monomeric peak height AM, the 
metachromatic peak height Am and the ratio Am/ AM as a function of P/D. At P/D = 0, virtually 
all TBO is present in its monomeric form, and therefore the monomeric TBO spectrum is found. 
Upon increasing P/D, by addition of NaCMC, the monomeric TBO peak, located at λ = 631 
nm, decreases and a metachromatic TBO peak, centred at λ= 547 nm, appears and increases 
in magnitude. Comparing the trends of the data in all three curves allows identification of a 
common point (indicated in Fig. 6.3 by the vertical line at P/D ≈ 1.3) at which all curves show, 
on average, the intercept of fitted lines between two distinct trends and which is assumed to 
represent complex stoichiometry. This same method of approximation was applied to all other 
experiments reported in table 6.2. 

The explanation for the trends observed in Fig. 6.3 is as follows. Upon addition of NaCMC 
to the TBO solution, TBO starts binding to the oppositely charged carboxylic acid groups on 
NaCMC. As the molar extinction coefficient of bound and stacked TBO is lower than that of 
the free dye, the monomeric dye peak decreases with increasing P/D. Subsequently, given the 
fact that at P/D < 1 there is an excess of TBO relative to NaCMC’s carboxylic acid groups, the 
metachromatic TBO peak height increases. This is most clearly visualized by plotting these 
opposing trends as the ratio Am/AM. The trend in Am/AM, after a gradual increase prior to P/D 
≈ 0.6, shows two distinct near-linear sections with different slopes. Complex stoichiometry 
is determined as the P/D at the intercept of two lines fitted through both sections. The fact 
that Am/AM does not level off but continues to rise when P/D is larger than stoichiometry, 
most likely resides in the fact that at higher P/D more and especially more favourable binding 
sites are present for TBO. This suggests TBO redistribution, which is possible as the number of 
polyelectrolyte binding sites now exceeds the amount of TBO ions present. The NaCMC species 
tested here has an averaged degree of substitution of 1.2, however it should be considered that 
the distribution of charged groups is random and locally there may be higher charge distances 
offering a more suitable template for TBO stacking. Following the same approach, the TBO 
complex stoichiometry was determined for the investigated polyelectrolytes, as shown in Table 
6.2.

Table 6.2 reveals an interesting relation between TBO complex stoichiometry, metachromasy, 
and inter-charge distance of the investigated polyelectrolytes, which may be smaller, comparable 
or larger than the postulated ideal distance for TBO stacking (4.4 Å according to Avasthi et al34). 
For inter-charge distances smaller than the postulated ideal distance for TBO, this leads to 
stoichiometry at P/D ≥ 2. This is the case for NaPAA and polyphosphate with charge distances 
of 2.5 – 2.6 Å, and to a lesser extent for κ-carrageenan with an inter-charge distance in helical 
form of 4 Å and an observed stoichiometry at P/D = 2. In case the inter-charge distance is about 
equal to TBO’s ideal stacking distance, stoichiometry is found at P/D ≈ 1, which is the case for 
NaCMC and alginate. When the inter-charge distance exceeds TBO’s ideal stacking distance, no 
metachromasy is observed and hence no stoichiometry can be determined from these results.  
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The explanation for this may reside in three types of structural TBO arrangements. In the first, 
when the inter-charge distance is smaller than the postulated ideal distance for TBO stacking 
(NaPAA, polyphosphate and to lesser extent κ-carrageenan). Here, as a result of this close 
proximity of charged groups, one TBO ion takes up similar space as multiple charged binding 
sites, which thus do not partake in further TBO-binding, leading subsequently to stoichiometry 
at P/D ≥ 2. In the second structural TBO arrangement (observed for alginate and NaCMC), the inter-
charge distance is approx. equal to TBO’s ideal distance for stacking. In this case, stoichiometry 
close to unity is expected and actually alginate and NaCMC show stoichiometry respectively at 
D/P = 1.0 and 1.3. If one compares the reported inter-charge distances for alginate and NaCMC 
(Table 6.2), this inevitably implies that both polyelectrolytes assume a helical conformation to 
bring the inter-charge distance into the desired, ideal, distance of 4.4 Å. It may, however, be 
incorrect to assume TBO metachromasy can be used as an indicator for the formation of helical 
structures in food hydrocolloids as the energy gain from cooperative TBO stacking along the 
polymer chain may be the driving force for the observed helical conformations. In the third 
type of structural TBO arrangement (observed for pectin and gellan) the inter-charge distance 
exceeds the ideal stacking distance of 4.4 Å for TBO. In this case TBO may bind to the binding 
sites but fails to form stacked structures and hence no metachromasy is observed. Based on 
the observations here, under the chosen experimental conditions, gellan and pectin also seem 
unable to accommodate for this by the formation of a helical conformation. The inter-charge 
distance quoted for gellan36 refers to a solid state model, in which the gellan polymers assume 

Table 6.2 Polyelectrolyte conformation and charge distance versus the appearance of metachromasy, TBO complex 

stoichiometry and the location of the metachromatic TBO peak.

Legend to table 2:--- refers to values not determined/mentioned. 

CHAPTER 6 -APPARENT pKa OF SELECTED FOOD HYDROCOLLOIDS USING ORTHO-TOLUIDINE BLUE



a helical conformation amounting to an inter-charge distance of 5.6 Å. However, in solution 
individual gellan molecules can arrange in extended chains where the inter-charge distances 
is closer to the theoretical value listed in table 2. which is based on the size of pyranose rings 
(4.35 Å, Rees and Wight43). For the pectin species investigated here it is stated that the degree of 
esterification is 70%, which means that roughly only one out of three monomeric units bears a 
charged or chargeable group. Similarly, in case pectin forms no helical structures, this leads to 
an actual inter-charge distance of 13.1 Å, which equals three times the monomer size of 4.35 Å.  

When comparing the wavelength positions of the various metachromatic states in Table 6.2, 
little to no variation is seen, suggesting that TBO is present in similar sized stacks44 which are 
separated by non-stacked zones. Finally, as no metachromatic complex was formed between 
TBO and gellan and pectin, pKa (app) values for these compounds cannot be determined by 
the TBO-metachromasy method presented here, conversely only potentiometric and surface 
tension titration data are given in the next section.  

Determination of pKa (app) by TBO metachromasy and comparison to potentiometric and 
surface tension titration. The applicability of the metachromatic dye titration method for the 
determination of pKa (app) is investigated next, by performing regular pH titrations of pre-
assembled, stoichiometric polyelectrolyte-TBO complexes while monitoring their spectral 
properties, i.e. the observed peak height ratio Am/AM. Prior to using TBO in pH-titrations a 
blank experiment involving only TBO ([TBO] = 40 µM, in 1 mM phosphate buffer, initial pH= 
7) is performed. This experiment shows that TBO has the same spectral properties in the 
investigated range of 0.5 < pH < 10; the data are presented in the appendix. The resulting pKa 

(app) values are compared to results obtained by potentiometric and surface tension titration. 
An overview of the results is shown in Table 6.3.

Table 6.3 Polyelectrolyte charge-distance, type of charged group and pKa (app) for the studied polyelectrolytes.

Polyelectrolyte concentration P: # at stoichiometry, variable 0.04-0.16 mM + 0.4 mM *10 mM, n.d.: not determined.

135



Table 6.3 demonstrates that the TBO metachromasy method is capable of determining  
pKa (app) in all cases where metachromasy is observed. This also holds if the charged 
group has a relatively low pKa value as is the case for a sulphuric or phosphoric acid-group. 
Compared to potentiometric and surface tension titration data, it follows that the data from 
the different methods are overall in good agreement. For κ-carrageenan and polyphosphate 
the determination of pKa (app) by potentiometric titration is not possible under the chosen 
conditions; the HNO3 titrant solution is too dilute to reach the required low pH-values, hence 
these values cannot be assessed. Using higher titrant concentration would lead to a higher 
ionic strength in the titration solution which is undesirable in our attempt to establish the 
pKa (app) at a controlled, low ionic strength. For the surface tension titration we also observe 
that in some cases, (i.e. κ-carrageenan, polyphosphate, NaCMC and gellan) the initial surface 
tension results, at high pH, are already lowered (60 to 70 mN/m) when compared to ‘water-like’ 
(72 mN/m) values, reported by Dickhaus and Priefer25. This points at the presence of low molar 
mass surface active species present in the materials used. These low molar mass species may 
show dissimilar pH-dependent surface activity with the inherent risk of masking, or interfering 
with, the polyelectrolyte’s distribution over the liquid-air interface and bulk liquid phase and 
thus obscuring trends. Hence, only the results of the experiments that gave initial ‘water-like’ 
surface tension results and clear trends are listed in Table 6.3. Finally, compared to the other 
test methods, tensiometry titration is performed at 10 mM where P is respectively 25 and 250 
times higher than for potentiometric or metachromatic titration. 

 When examining the observed pKa (app) values for the investigated species, a previously 
unreported value for polyphosphate is found at 2.1 which is close to the monomeric pKa value at 
2.15. Given the short inter-charge distance and the finding that NaPAA, with a similarly low inter-
charge distance has a substantial difference between pKa (app) and monomeric pKa (respectively 
5.8 and 4.3), this is surprising. At present we cannot offer an explanation for this. The value 
obtained for κ-carrageenan, pKa (app) = 1.2, is in good agreement with the value for the sulphate 
group on poly(styrene sulfonate) reported by Dickhaus and Priefer25. For NaCMC, alginate, gellan 
and pectin the pKa (app) values are roughly one pH unit higher as their monomeric pKa values, 
which, given the low polymer concentration and low solution ionic strength, seems sensible.  

6.3.3 The influence of ionic strength on pKa (app) determination 

To assess the influence of the solution ionic strength on pKa (app), and its determination, a 
number of experiments are performed in which the ionic strength is increased by the addition 
of potassium chloride (KCl). This is achieved by replacing part of the phosphate buffer by a 
measured amount of 1.0 M potassium chloride (KCl) solution; the resulting pKa (app) values 
are determined by both potentiometric and TBO metachromasy titration. Polyphosphate 
and κ-carrageenan are not investigated as the pKa (app) values of these compounds are not 
assessable by titration. The results of the experiments are summarized in Table 6.4.
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The results presented in Table 6.4 show that potentiometric titration generates slightly 
higher pKa (app) values, but the observed trends at increasing ionic strength are comparable. 
Overall, as the ionic strength of the solution is increased, the pKa (app) values decrease. The data 
for alginate, gellan and pectin show only a minor decrease in pKa (app) with increasing ionic 
strength up to 10 mM KCl, whereas NaCMC remains virtually constant (within the experimental 
error). NaPAA, shows the strongest decrease in pKa (app) with increased ionic strength, which 
seems sensible as this polymer has the smallest inter-charge distance of those tested, hence 
screening of weakly acid polyelectrolytes groups provided by additional ions would have the 
biggest impact on its protonation state.  

The ionic strength region investigated is limited and seems insufficient to reduce the observed 
pKa (app) values to the monomeric pKa values, hence higher ionic strengths are required  
(> 10 mM). To test this, experiments are performed using the same method of KCl addition for 
the metachromatic dye titration only. However, experiments at further elevated ionic strength 
(> 10 mM KCl added) do not seem feasible using the metachromatic titration method as the 
initial pre-formed complexes no longer exhibit metachromasy. The onset of TBO displacement 
is already apparent in the reported experiments up to 10 mM KCl added, as shown in Fig. 6.4.

Table 6.4 Influence of ionic strength, by addition of KCl, on pKa (app) of polyelectrolytes. 
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As shown in Fig. 6.4, increasing ionic strength suppresses the magnitude of the ratio Am/AM 
causing curves to flatten, making curve fitting more susceptible to inaccuracy at high ionic 
strength. The decrease in the ratio Am/AM is mainly caused by a decrease in the metachromatic 
peak height Am, whereas the monomeric peak height AM shows a slight increase. The explanation 
for these observations is the following. When the ionic strength is raised by the addition of KCl, 
the supplemented potassium ions engage in direct competition with TBO, thus displacing part 
of the dye from its stacked state and lowering the metachromatic absorption peak height45. 
From the data presented here, the highest ionic strength that still allows for sufficient data 
quality for trend analysis, is ≈ 10 mM. So, it is still possible to use TBO metachromasy to detect 
the effective pKa as a function of the ionic strength, but its accuracy drops with increasing salt 
concentration. 

6.3.4 Influence of initial polyelectrolyte-TBO complex composition on the determination of  
pKa (app) 

To shorten the time required determining pKa (app) values of weak polyelectrolytes with 
unknown stoichiometry, it would be beneficial to know if it is possible to skip the determination 
of stoichiometry, in other words does the determined pKa (app) value depend on initial complex 
composition? To answer this question, pre-formed complexes of different composition (P/D) 
were made and titrated following the so far used approach for alginate. The resulting titration 
curves are summarized in Fig. 6.5.

The data listed in the insert of Fig. 6.5 reveal that the determined pKa (app) value of non-
stoichiometric alginate-TBO complexes, significantly deviates from the value established for 

Figure 6.4 TBO-method titration curves 

for alginate at different KCl concentrati-

ons added. The relevant absorption signal 

is the peak ratio Am/AM, versus pH. Over-

all medium conditions: 1 mM phosphate 

buffer at pH= 7.0.

CHAPTER 6 -APPARENT pKa OF SELECTED FOOD HYDROCOLLOIDS USING ORTHO-TOLUIDINE BLUE



a stoichiometric complex (at P/D = 1). Next to the deviation in pKa (app) value it appears that 
the curves take up a different shape at P/D > 1, deviating from the sigmoidal curve obtained at 
P/D ≤ 1. Hence, a stoichiometric alginate-TBO complex is required for pKa (app) determination. 

To explain the deviations observed for non-stoichiometric complexes, two situations need 
to be examined: P/D < 1; with a relatively excess of TBO, and P/D > 1; with a relative excess 
of alginate binding sites. At P/D < 1, unbound TBO may compete with the added protons 
causing a higher concentration of protons required to displace bound TBO, i.e. a lower pH, 
which shifts the titration curve to lower pH values and hence a lower pKa (app) is found. In 
case P/D > 1, the excess of binding sites allows TBO to bind to the most favourable sites. This 
also implies that not all binding sites on alginate are identical, as was already suggested by 
Draget et al46.  

Figure 6.5 TBO-method titration curves for alginate at different initial complex compositions. Peak ratio Am/AM, 

versus pH. (Solvent conditions phosphate buffer 1 mM, pH = 7.0).
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Fig. 6.5 shows that initial Am/AM values at neutral pH are higher at the same TBO 
concentration which corroborates the suggestion of diversity in binding sites. When protons 
are added they will first compete with binding sites that have no bound TBO, but simple 
counter-ions such as sodium. This causes Am/AM  to remain fairly constant at the highest pH 
values. Next, once these sites have bound a proton, displacement of TBO will start, following 
the same trend, as can be seen from the same slope in the curves, as at P/D =1. This trend, 
however, continues towards a lower pH as explained by the competition with an excess of 
TBO, thus leading to a lower pKa (app). Finally, all titration curves at complex stoichiometry 
P/D > 1 show an inflexion point at lower pH. For this we presently have no explanation. 
More work, including other spectroscopic or scattering techniques, could clarify the type of 
organizations involved here.

6.4 CONCLUSIONS 

Apparent pKa (pKa (app)) values of food hydrocolloids are scarcely reported in spite of its 
importance in applications. As a result, researchers often have to resort to the use of the 
pKa values of the monomer units for predicting specific, pH-related behaviour. Here it is 
shown that pH-titration of a metachromatic alginate-ortho-toluidine blue complex yields 
a sigmoidal titration curve with its inflection point at the same pH value as the pKa (app) 
value found by potentiometric and surface tension titration. Methods to determine pKa (app) 
values are abundant, however most methods are not applicable to food hydrocolloids at low 
concentration (< 0.2 mM) and low solution ionic strength (≈ 1mM). It is shown that micro-
electrophoresis, a popular method reported in several publications, may give erroneous 
values if the neutralization of the food hydrocolloid is accompanied by aggregation or 
precipitation. The metachromatic dye titration method is evaluated for its use to determine 
pKa (app) of five food hydrocolloids (alginate, pectin, sodium carboxymethylcellulose (NaCMC), 
κ-carrageenan and polyphosphate) and a common polyanion (sodium polyacrylate (NaPAA)) 
at low concentration (0.04-0.2 mM based on charged groups) and low ionic strength (1mM 
phosphate buffer). 

To apply the TBO metachromatic titration method successfully, TBO has to bind to the weak 
polyelectrolyte at such inter-charge distances that the dye ions can form stacks leading to 
metachromasy. For TBO, the inter-charge distance on the polyelectrolyte should not exceed 4.5 
Å; for pectin and gellan this condition is not met. Alginate shows metachromasy even though 
the inter-charge distance based on molecular structure exceeds this value; it is therefore 
assumed that alginate is present in helical conformation. Next, the pKa (app) values of all 
polymers are determined using metachromatic TBO, potentiometric and/or surface tension 
titration methods. In case multiple methods could be applied the data are in good agreement. 
The metachromatic TBO titration allows the determination of pKa (app) values of sulphate 
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(κ-carrageenan pKa (app) = 1.2), phosphate (poly(phosphate) pKa (app) = 2.1) and carboxylic acid 
groups (alginate pKa (app) = 4.6, NaCMC pKa (app) = 4.6 and NaPAA pKa (app) = 5.8). Experiments 
show that increasing the solution ionic strength by the addition of, up to 10 mM, potassium 
chloride (KCl) lowers the metachromasy intensity by displacement of TBO from its stacked 
binding. The pKa (app) determined by metachromatic TBO and potentiometric titrations, up to 
10 mM added KCl, show a slight decrease upon increasing the ionic strength. Data reported 
here suggest that ionic strength of approximately 10 mM KCl is the upper limit to obtain 
sufficient data quality to determine pKa (app) by the presented method. Finally, for alginate it 
is shown that a stoichiometric alginate-TBO complex is required for pKa (app) determination, 
in case of non-stoichiometric complexes lower values of pKa (app) are obtained. 

The presented metachromatic TBO titration method is a useful tool for the practical 
determination of pKa (app) values of food hydrocolloids and other polymers in aqueous 
solutions, especially at low polyelectrolyte concentrations and in ionic strength up to 10 mM. 
Since food hydrocolloids can interact with other species, both of molecular and particulate 
nature, present in complex matrices, which may hamper the establishment of a metachromatic 
complex, some sample clean up may be required for successful application of the method.
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APPENDIX CHAPTER 6

1. RESULTS OF THE DETERMINATION OF THE FUNCTIONAL POLYMER 
CONCENTRATION P. 
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2. VISIBLE SPECTROPHOTOMETRY DATA FOR ONLY TBO 
(BLANK TITRATION EXPERIMENT)

Figure A6.1

Visible light spectra of TBO in 1 

mM phosphate buffer, absorbance 

versus wavelength, pH lowered from 

7.21 by step-wise addition of 0.1M 

nitric acid. 

Figure A6.2

Peak heights of monomeric AM, 

metachromatic Am and peak ratio 

Am/AM of TBO as a function of pH, 

data taken from fig.A6.1. 

Fig. 1 shows that at pH < 1.8 TBO starts to exhibit changes in its spectrum due to chemical 
changes in the molecule. The consequence on the ratio Am/AM is shown in figure A6.2.
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CHAPTER 7  
SUMMARY AND CONCLUDING REMARKS 

Polyelectrolytes, a diverse class of charged macromolecules, and their self-organized structures, 
are considered a prerequisite for life. Biologists and biochemists suggest the polyelectrolyte 
RNA as one of the main macromolecules in living systems, whereas self-organized structures of 
amphiphilic phospholipids, by themselves or combined with polyelectrolytes, can be considered 
as precursors of the living cell. The structure of simple synthetic homopolymer polyelectrolytes, 
namely a chain of identical repeating units, may have misled many researchers into thinking they 
are a simplified model substance for more complex (bio)molecules. However, polyelectrolytes 
exhibit peculiar, length-scale depending, properties which are not a simple addition of polymer 
properties and electrostatic charge. For instance, the extremely low activity coefficient of 
their associated counter-ions affects the effective charge density by partial counter-ion 
condensation. Furthermore, local proximity of charged segments may lead to chain expansion, 
whereas chain contraction, caused by local counter-ion condensation can be observed on larger 
length scales. If the commonly present counter-ions are replaced by more complex ions, such as 
surfactants and dyes that may self-interact, a plethora of possible organisations reveals itself. 
Alas, the focus of recent scientific work has shifted from understanding the basic structures to 
formulating more complex self-organized systems, studying only their final properties often 
under ill-defined experimental conditions. This thesis was aimed at revisiting selected examples 
for a more in-depth investigation of physicochemical properties involved in self-organization 
of polyelectrolytes and ‘functional’ counter-ion like surfactants and dyes. This summary and 
conclusions chapter, presents a summary of the learnings from the study of selected examples 
of self-organisation of polyelectrolytes and takes a brief look at the implications of these 
learnings for further future development and study. 

Chapter 1, Introduction, begins with a description of the term ‘self-organization’, and shows 
that self-organization is studied in many sciences, ranging from the domains of chemistry 
and biology, to computer science and social studies. Next, self-organization is further detailed 
with respect to supra-molecular chemistry, where complexity is generated by relatively simple 
building blocks engaging in non-covalent interactions rather than constructing complexity 
by the sole use of intricate molecular structures held together by covalent bonds. The main 
buildings blocks: polyelectrolytes, surfactants and dyes are briefly described from a practical 
perspective and in relation to their role in self-organization. Finally, three different classes 
of self-organized structures involving polyelectrolytes are highlighted, namely; binary 
polyelectrolyte, polyelectrolyte-surfactant and polyelectrolyte-dye complexes. 
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In Chapter 2, polyelectrolyte-surfactant complexes, a system commonly used in modern 
dilution-deposition-shampoos, were investigated. A study was done into the complexation of 
two synthetic polyelectrolytes, Poly(di-allyl-dimethyl-ammonium hydrochloride) (PDADMAC) 
and poly(ethyleneimine) (PEI) with a set of five sodium lauryl ether sulphate (SLES) surfactants 
having a variation in ethylene oxide (EO) block length. The method of continuous variation 
(titration approach) was used to prepare complexes with varying composition and the colloid 
chemical characteristics, like hydrodynamic diameter and zeta-potential were determined. 
Complexation was found to be driven by both polycation properties, like backbone rigidity, in 
the case of PDADMAC and EO block length in the case of PEI, which has a more flexible backbone 
and a high degree of branching. The influence of PDADMAC molar mass was investigated and 
was shown to be minor; for instance similar trends for size and zeta-potential were found for 
molar masses between 50 and 1200 kD. Finally, the critical aggregation concentrations (CAC) 
for each polyelectrolyte-surfactant combination were determined, using tensiometry and 
fluorescence spectroscopy. Based on the results, the personal care industries’ preference for 
SLES with small EO-blocks in shampoo was suggested to stem from achieving the lowest CMC/
CAC-ratio. 

Next, in Chapter 3, self-organization of the same polycations (PDADMAC and PEI) in the 
presence of the anionic dye methyl orange (MO) was investigated using the same titration 
approach. Visible light spectral data, i.e. the appearance of metachromasy, were used to explain 
differences in complexation and the dye’s organization on the polyelectrolyte template.  

Spectral data, mainly the exact metachromatic peak locations, suggest that MO organizes 
differently on both polycations and also depending on the construction pathway (order 
of addition) of the complex; stacked arrays, smaller assemblies held together by mainly 
hydrophobic interactions and dimeric organizations were suggested. Subsequently, binding-
affinity and -stoichiometry were established for methyl orange onto both polycations. Also 
here hydrodynamic diameter and zeta potential of complexes with varying composition were 
determined. Next the displacement of methyl orange from pre-formed polycation-methyl 
orange complexes by halides was investigated to understand if displacement is a generic 
effect of ionic strength or that specific ion effects exist. It was shown that PDADMAC involves 
more hydrophobic interactions as displacement by halides showed reversed Hofmeister series 
ordering. For PEI no influence of the type of halide was seen. Finally, methyl orange displacement 
by polyanions was found to be charge stoichiometric. 

As an intermediate step towards polyelectrolyte-surfactant-dye complexes, surfactant-dye 
complexes were studied in Chapter 4. The interaction of the cationic dye ortho-toluidine 
blue (TBO) with SLES (the same homologous series from Chapter 2) was investigated using 
visible light spectrophotometry. In a certain compositional range metachromasy was observed 
and literature suggests this is a generic effect, independent of surfactant composition and 
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structure. The different TBO-SLES organizations, as a function of complex composition, for 
each SLES were determined. Three different structural organizations were found; ion-pairs, pre-
micelles and micelles, the compositional ranges in which they occur were shown to depend 
on the SLES EO block size, indicating that metachromasy is not a generic effect of surfactants. 
Finally, a previously overlooked organization was postulated in which the dye is partially in a 
dimeric conformation. 

Polyelectrolyte-surfactant-dye complexes were investigated in Chapter 5, by studying 
the displacement of TBO from its interaction with sodium alginate using surfactants. The 
displacement of dye by surfactants in literature is termed “Reversal of metachromasy” and 
is also suggested to be a generic effect of surfactants. Pre-formed alginate-TBO complexes, 
with varying composition, were submitted to titration with one cationic surfactant (Tegotrant 
A100, TEGO) and the set of previously used SLES surfactants. Results show that TEGO engages 
in a cooperative binding to alginate thus stoichiometrically displacing TBO, the course of 
displacement depending on TBO loading onto alginate. For the SLES, displacement is shown 
to depend on the ease of the formation of pre-micellar TBO-SLES structures. These results 
corroborate the findings on the TBO-SLES complexes as reported in Chapter 4. 

In continuation of the work described in Chapter 5, it was noted that the apparent pKa  
(pKa (app)) of alginate can be found when monitoring metachromasy (by comparing VIS spectral 
data) as a function of pH, applying common acid-base titration of an alginate-TBO complex. 
In Chapter 6, this finding was further investigated to see if metachromatic dye titration is a 
feasible method for the determination of pKa (app). A set of five weak polyanions, common food 
hydrocolloids, and one synthetic polyanion were investigated. When the inter-charge distances 
on the polyanion are smaller than 4.5Å (possibly by helical conformation of the polyanion) 
metachromasy is observed and the titration of a stoichiometric polyanion-TBO complex yields 
a pKa (app) that compares well to the value obtained by potentiometric and surface tension 
titration. Increased ionic strength (< 10 mM added KCl) only slightly lowers pKa (app) and also 
here the observed trends of metachromatic and potentiometric titration are very similar. At 
higher ionic strength dye metachromasy disappears by completion and displacement of the 
dye by added ions, making these conditions unsuitable for the method. Finally it is shown 
that in case of non-stoichiometric polyanion-TBO complexes the determined pKa (app) deviates 
as well as the shape of the titration curve. We postulate that metachromatic dye titration is 
a suitable method for the determination of pKa (app) of weak polyanions, with inter-charge 
distances not exceeding 4.5Å, at low concentration and in media of low ionic strength. 

In conclusion, the presented results, next to clarifying vague suggestions in literature, open 
opportunities for further product development of, for instance, coloration solutions, dye-based 
sensors and medical products. With respect to coloration, one may think of the replacement 
of synthetic dyes in food products by natural alternatives like for example anthocyanidins. 
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Anthocyanidins are coloured, positively charged ions, with a planar structure similar to MO 
or TBO. The difficulty is that their chemical stability is limited and they may undergo a series 
of hydrolytic reactions yielding non-coloured products. One possible direction of stabilizing 
the colour stability of such molecules in food formulations may lie in complexation with for 
instance a polyelectrolyte. A similar approach may be followed in the design of dye-based 
sensors, where displacement of a dye from a metachromatic state can be used to indicate 
compositional changes in chemical, medical or biological systems of interest. For medical 
products one can envisage the development of advanced drug delivery vehicles which employ 
similar self-organization principles involving for example polyelectrolyte-surfactant complexes 
for the complexation, and subsequently, controlled or targeted release of actives. Another field 
of application lies in the development of analytical tools for the characterization of complex 
polyelectrolytes and their behaviour. For instance continuation of the work described in 
Chapter 6, with the addition of Circular Dichroism (CD), may evidence if the appearance of dye 
metachromasy is indeed a good indicator for helical conformations in solvated polyelectrolytes 
where the structural inter-charge distance exceeds the ideal stacking distance of planar dyes. 
The results presented here can finally be used to serve as validation data for, for example, Self-
Consistent Field (SCF) computations on the behaviour of polyelectrolytes in self-organization. 
For the elucidation of the exact molecular organization of polyelectrolytes in their complexed 
state, this thesis provides adequate experimental approaches to make consistent model 
systems for subsequent study involving, for instance, scattering studies (XRD, SANS). 
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SUMMARY 

Polyelectrolytes are increasingly important materials which are used, next to their traditional 
application as stabilizers or flocculants, in establishing structure and providing a template 
for the construction of advanced functional nano- and mesoscopic structures. The formation 
of structure is through their organization and interactions with, mostly oppositely charged, 
species which may be molecules as well as particulates. The resulting structures are used in a 
wide variety of applications in the materials field such as templates for polymerization, drug 
delivery vehicles, personal care products, advanced sensors, novel food products etc. Next 
to application in materials, polyelectrolytes and their complexes are becoming increasingly 
important in environmental remediation. There is ample literature on polyelectrolytes and their 
behaviour, but little of this is done in a systematic manner i.e. under controlled conditions of 
pH and ionic strength.  

Firstly, polyelectrolyte-surfactant complexes, a system common in modern dilution-
deposition-shampoos, were investigated. A study was done into the complexation of two 
synthetic polyelectrolytes, Poly(di-allyl-dimethyl-ammonium hydrochloride) (PDADMAC) and 
poly(ethyleneimine) (PEI) with a set of five sodium lauryl ether sulphate (SLES) surfactants 
having a variation in ethylene oxide (EO) block length. The method of continuous variation 
(titration approach) was used to prepare complexes with varying composition and the colloid 
chemical characteristics, like hydrodynamic diameter and zeta-potential, were determined. The 
influence of PDADMAC molar mass was investigated and the critical aggregation concentrations 
(CAC) for each polyelectrolyte-surfactant combination were determined, using tensiometry and 
fluorescence spectroscopy. Complexation was found to be driven by both polycation properties 
and EO block length. Based on the results, the personal care industries’ preference for SLES 
with small EO-blocks in shampoo was suggested to stem from achieving the highest CMC/
CAC-ratio. 

Next, self-organization of the same polycations (PDADMAC and PEI) in the presence of 
the anionic dye methyl orange was investigated using the same titration approach. Visible 
light spectral data, i.e. the appearance of metachromasy, were used to explain differences 
in complexation and the dye’s organization on the polyelectrolyte template. Subsequently, 
binding-affinity and -stoichiometry were established for methyl orange onto both polycations. 
Also here hydrodynamic diameter and zeta potential of complexes with varying composition 
were determined. Next the displacement of methyl orange from pre-formed polycation-methyl 
orange complexes by halides was investigated to understand if displacement is a generic 
effect of ionic strength or that specific ion effects exist. It was shown that PDADMAC involves 
more hydrophobic interactions as displacement by halides showed reversed Hofmeister series 
ordering. For PEI no influence of the type of halide was seen. Finally, methyl orange displacement 
by polyanions was found to be charge stoichiometric. 
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As an intermediate step towards polyelectrolyte-surfactant-dye complexes, surfactant-dye 
complexes were studied. The interaction of the cationic dye ortho-toluidine blue (TBO) with 
SLES was investigated using visible light spectrophotometry. In a certain compositional range 
metachromasy was observed and literature suggests this is a generic effect, independent of 
surfactant composition and structure. The different TBO-SLES organizations, as a function of 
complex composition, for each SLES were determined. Three different structural organizations 
were found; ion-pairs, pre-micelles and micelles, the compositional ranges in which they occur 
were shown to depend on the SLES EO block size, indicating that metachromasy is not a generic 
effect of surfactants. Finally, a previously overlooked organization was postulated in which the 
dye is partially in a dimeric conformation. 

Polyelectrolyte-surfactant-dye complexes were investigated by studying the displacement of 
TBO from its interaction with sodium alginate using surfactants. The displacement of dye by 
surfactants in literature is termed “Reversal of metachromasy” and is also suggested to be a 
generic effect of surfactants. Pre-formed alginate-TBO complexes, with varying composition, 
were submitted to titration with one cationic surfactant (Tegotrant A100, TEGO) and the set of 
previously used SLES surfactants. Results show that TEGO engages in a cooperative binding 
to alginate thus stoichiometrically displacing TBO, the course of displacement depending on 
TBO loading onto alginate. For the SLES, displacement is shown to depend on the ease of the 
formation of pre-micellar TBO-SLES structures. These results corroborate the findings on the 
TBO-SLES complexes. 

In previous work it was noted that the apparent pKa (pKa app) of alginate can be found when 
monitoring metachromasy (by comparing VIS spectral data) as a function of pH, applying 
common acid-base titration of an alginate-TBO complex. To see if this yields a feasible method 
for the determination of pKa app a set of five weak polyanions, common food hydrocolloids, 
and one synthetic polyanion were investigated. When the inter-charge distances on the 
polyanion are smaller than or equal to 4.5Å (possibly by helical conformation of the polyanion) 
metachromasy is observed and the titration of a stoichiometric polyanion-TBO complex yields 
a pKa app that compares well to the value obtained by potentiometric and surface tension 
titration. Increased ionic strength (< 10 mM added KCl) slightly lowers pKa app and here the 
observed trends of metachromatic and potentiometric titration are very similar. At higher 
ionic strength metachromasy disappears making these conditions unsuitable for the method. 
Finally it is shown that in case of non-stoichiometric polyanion-TBO complexes the determined 
pKa app deviates as well as the titration curve. We postulate that metachromatic dye titration 
is a suitable method for the determination of pKa app of weak polyanions, with inter-charge 
distances not exceeding 4.5Å, at low concentration and in media of low ionic strength. 

The presented results, next to clarifying vague suggestions in literature, open opportunities 
for further product development of e.g. coloration solutions, dye-based sensors and 
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personal care products. Next to that they can aid the development of analytical tools for the 
characterization of polyelectrolytes and their behaviour. To obtain more information on exact 
molecular organization of polyelectrolytes in their complexed state, further study involving 
scattering studies (XRD, SANS) are highly recommended. 
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