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Abstract  

Polymer micelles can be used in pharmaceuticals, detergents, cosmetics and have a potential 

for drug delivery systems. In many applications of polymeric micelles, there are also 

surfactant molecules present. Still, it is an open question of how these affect the polymer 

micelles, and the present master thesis focuses on the interaction between polymeric micellar 

systems and surfactants. For example, the kinetic processes involved in mixtures of 

surfactants and block copolymer micelles are not well understood. It is commonly known that 

surfactants exhibit rather fast equilibration kinetics, in the order of micro- to milliseconds, 

while polymers are much slower, in the order of minutes to months. This master thesis is a 

study of the stability and solubilisation kinetics of block copolymers micelles upon addition 

of surfactant sodium dodecyl sulphate (SDS) using small-angle X-ray scattering (SAXS) and 

time-resolved small-angle neutron scattering (TR-SANS). The ability of the surfactant to 

dissolve polymer micelles or form mixed micelles has been investigated by using two types of 

amphiphilic polymers, poly(ethylene propylene)-poly(ethylene oxide) (PEP-PEO) and alkyl-

functionalized PEO (C28-PEO5 and C21PEO5 ). The exchange kinetics of C21PEO5 micelles 

occurs over a few seconds, while for C28PEO5 micelles the chains exchange on time scales in 

the order of hours. Finally, PEP1-PEO20 micelles are known to be frozen on any practical 

time scales. In this work, we show that the addition of SDS to PEP1-PEO20 shows virtually 

no change, even after an extended period. However, using time-resolved SAXS, we observe 

micellar dissolution and formation of mixed micelles within hours, when adding SDS to 

C28PEO5. Noteworthy, upon the addition of SDS to C21PEO5, these processes occur within 

seconds. In addition, we found that the kinetics of formation of mixed micelles is accelerated 

with the amount of added surfactant for both C28PEO5 and C21PEO5. The measured scattering 

curves have been analyzed with a newly developed three-shell model consisting of an alkane 

core, an SDS head group shell, and a PEO corona, which was tested for the first time on this 

system. The polymer micelles are found to break down by two processes, one fast 

fragmentation reaction and one slow re-organisation step by unimer exchange, and, thus, is 

highly dependent on the length of the hydrophobic block.  
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Abbreviations Used in this Thesis 

1D - 1 dimensional  

2D - 2 dimensional 

A block – Hydrophilic part of a diblock copolymer  

Alkyl-PEO – n-alkyl-poly(ethylene oxide) 

B block – Hydrophobic part of a diblock copolymer  

CA – Calculated average  

CAC – Critical aggregation concentration 

CnPEO – n-alkyl-poly(ethylene oxide)  

CMC – Critical Micelle concentration  

Coll. – Collimation   

CS – Core Shell  

CTAB – Cetrimonium bromide 

Det. – Detector  

𝐷 – Corona radius  

DNA – Deoxyribonucleic acid 

DSC – Differential scanning calorimetry 

DTAB – Dodecyltrimethylammonium bromide  

Ellip. – Ellipsoidal  

ESRF – European Synchrotron Radiation Facility  

𝑓𝑆𝐷𝑆𝑚 – Fraction of SDS in the mixed micelles  

GM2 – Ganglioside type GM2 

GT1b – Ganglioside type GT1b 

IFE – Institute for energy technology  

KZAC – Kinetic zero average contrast  

MM – Mixed micelle   

𝑁𝑎𝑔𝑔 – Aggregation number  

𝑀𝑤 – Weight average molecular weight 

𝑀𝑁– Number average molecular weight  

NMR – Nuclear magnetic resonance  

PEO – poly(ethylene-oxide)   

PEO-PPS – poly(ethylene-oxide)-poly(propylene sulfide) 

PEP – poly(ethylene-alt-propylene) 

RECX – Norwegian Centre for X-ray Diffraction, Scattering and Imaging 

𝑅𝑐 – Radius of the core  

𝑅𝑚 – Radius of micelle  

SAS – Small angle scattering  

SDS – Sodium dodecyl sulphate 

SF – Stopped flow  

SAXS – Small-angle X-ray scattering  

SANS – Small-angle neutron scattering 

TR – Time-resolved  

U – Unimer   

ZAC – Zero average contrast  
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1 Introduction  

The understanding of polymeric micelles and their interactions with surfactants are crucial for 

billion-dollar industries producing detergents and cosmetic products and designing intelligent 

drug delivery systems [1-3]. The overall objective of the present master project is to gain 

insight into the solubilisation mechanism of polymeric micelles composed of amphiphilic 

block copolymers upon the addition of a surfactant, by performing kinetic experiments using 

small-angle scattering techniques. This chapter provides the fundamental background for the 

study and begins with an introduction to the general field of soft matter, followed by a 

description of the research field with concerning both static and dynamic aspects of polymer-

surfactant interactions. Next, the advantages of small-angle scattering techniques which will 

be used in this study are shown through selected examples, before the models used to 

investigate the solubilisation process will be presented. Finally, the overall aims for the 

present master project will be explained in more detail.  

 

1.1 Motivation 

Soft matter, as a scientific field, combines the classical fields of polymers, colloids, and 

biology, and, therefore, represents an important field of interdisciplinary research. Examples 

of materials characterised as soft matter are, e.g. biological materials, foams, gels, colloids, 

micelles, polymers, and liquid crystals [4]. These materials are found everywhere around us in 

daily life. Within the field of soft matter, similar questions are investigated related to self-

assembly, mechanisms, and the kinetics of transformations.  
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Figure 1.1: The triangle of soft matter showing the classical fields of colloid, polymer, and 

biological science. Figure is taken from [5]. 

The size of the materials studied in the field of soft matter cover a range from 1 nm to 1 𝜇m, 

from small nanoparticles to large hierarchical structures such as DNA, see Figure 1.1. It is 

common that the properties of soft matter materials cannot be determined from the chemical 

structure alone, because the molecules self-assemble into flexible superstructures [5]. These 

structures are easily affected by perturbations such as mechanical stress, temperature, and 

pressure. Self-assembled structures are not necessarily a thermodynamic product but can be 

kinetically limited and controlled by the kinetics and dynamics of the system. The exploration 

of the kinetic pathways of self-assembled structures is, therefore, of fundamental interest, 

because knowledge and manipulation of these materials are essential for the fabrication of 

defined nano self-assemblies. 

 

As mentioned, polymer science is a subgroup of soft matter, and polymeric micelles formed 

by amphiphilic block copolymers are a promising candidate for designing intelligent drug 

delivery systems [1]. The properties that make this possible are their usually narrow size 

distributions and low, critical micelle concentrations (CMC), which implies the micelles 

remain stable even at very low concentrations. Amphiphilic block copolymers and surfactants 

Biological

Colloid

Biological

Polymer
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exhibit many similar properties in terms of self-assembly behaviour in solutions, based on the 

minimisation of surface energy, which generates similar types of nanoscale structures [6]. 

However, the kinetics between the two micellar systems are tremendously different, where 

polymer micelles have much slower dynamics. Because of this fact, polymer micelles are 

more promising than surfactants for drug delivery systems because they exhibit slower 

exchange with the environment,  which means that polymer micelles will have longer 

circulation times and are more stable over time [1]. Many drugs are oil-soluble, and polymer 

micelles have a high capacity for drug loading in the micellar core because the core consists 

of hydrophobic chains. Polymer micelles can, therefore, be used as a nano-carrier of the drugs 

into diseased areas in the human body. Deceased cells, e.g. cancer cells, usually have larger 

pores than healthy cells, and micelles loaded with drugs can, therefore, be targeted directly to 

the infected area in the human body by structural restrictions of the pore size, i.e. the micelles 

can only penetrate deceased cells and will accumulate in these [1]. Another possible targeting 

mechanism is pH activation of the polymer micelle solubility, where the fact that a small 

difference exists in the inherent pH of healthy and cancerous cells is exploited [1].  

 

In order to design intelligent drug delivery systems, it is vital to have detailed knowledge of 

polymeric micelles and their stability and degradation processes. In many applications of 

amphiphilic diblock copolymer micelles, surfactants will be present, and the mixed system 

may have properties which are different than the pure polymer micelle system [7]. 

Applications for polymer-surfactant mixtures can be found, e.g. in pharmaceutical products, 

detergents, paint, coatings and cosmetic products [1, 3, 5, 8-10]. Surfactants are amphiphilic 

molecules which solubilise the oil-water interface. Molecules resembling surfactants are also 

present in the human body, such as fatty acids, lipids, and bile salts. Fundamental knowledge 

about surfactant-polymer interactions could also be used to create more efficient detergents by 

enabling better control of the system and understanding of the mechanisms of side reactions. 

In addition, surfactants are a tool to change the structure of micelles, and the kinetic pathways 

are, therefore, important to identify. In order to understand the stability of polymeric micelles, 

e.g. to produce drug delivery systems, a fundamental question is; What is the physical 

mechanism when polymer micelles break down? And what causes polymeric micelles to 

break down over different timescales from milliseconds, hours, or not at all, in presence of a 

solubiliser?  
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1.2 Previous Work on Amphiphilic Block Copolymer-Surfactant Interactions 

With the mentioned applications and fundamental research areas in mind, an interesting 

question arises; when polymer micelles and surfactants mix, what are the emerging properties 

of the mixed system, and which properties are inherited? This topic has previously been 

investigated, and this section contains the background development of the research field 

relevant to this study. A review on the field is authored by Sastry et al. [3]. Previous research 

on polymer-surfactant interactions have been mostly dedicated to finding the final 

aggregation state of the mixed micelles, using static and dynamic light scattering [8, 11-14], 

calorimetry [7, 8, 12, 15], electromotive force [15], static and dynamical NMR [14, 16], 

sedimentation rates [17], fluorescence spectroscopy [16], small angle neutron scattering [12] 

and small-angle X-ray scattering [14] where the latter has proven to give the most structural 

information. It is generally reported that mixed micelles of amphiphilic block copolymer and 

surfactants are smaller than the polymeric micelles and progressively smaller with increasing 

the amounts of surfactant [7, 8, 13-15]. It has been shown that the surfactant can completely 

suppress the micelle formation at high concentrations [11, 12], or in some cases are the mixed 

micelle similar size as the surfactant micelles [16]. Furthermore, in some cases, lager mixed 

micelles found especially at low surfactant concentrations [13, 14, 17-19], or no structural 

change is observed [20]. Extensive studies on Pluronic tri-block copolymers mixed with 

sodium dodecyl sulphate (SDS) and hexadecyltrimethylammonium bromide (CTAB) has 

been reported [7, 8, 14], and three concentration regimes are found i) low surfactant 

concentration regime, where there is little structural change, only a change in the interparticle 

interactions, and the surfactant is inserted into the polymer micelles without them breaking 

down ii) intermediate surfactant concentration regime, where the polymer micelles start to 

break down and two different structures exist; small single unimers surrounded by surfactant 

and larger more polymer-like micelles iii) high surfactant concentration regime where only 

unimers surrounded by surfactant exist. It is important to note here that Pluronics are not well-

defined polymers, which means they have both impurities and are polydisperse, which may 

influence the final structure of the mixed micelles, especially for long hydrophobic blocks 

where the exchange kinetics is slow.  

 

It has now been shown that the surfactant alters the structure of the polymer micelles, but how 

is the exchange kinetics in such systems, and how can it be affected? Does the surfactant only 

reduce the surface tension of the core-corona interface or does it alter additional properties of 
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the polymer micelles? Surfactants are known to have dynamics, i.e. chain exchange, on a 

timescale of sub-microseconds [21-23], while amphiphilic block copolymers with long 

hydrophobic blocks have much slower chain exchange. The timescale for these dynamics can 

vary from seconds for short-chain polymers to days or even years, and the latter can, thereby, 

be kinetically trapped [24-26] because the chain exchange has a double exponential 

dependence of the surface tension and hydrophobic block length. It is well known that co-

solvents which lower the interfacial tension between the hydrophobic block and the solvent 

speed up the process of unimer exchange in micellar systems [25, 26]. A study using 

fluorescence spectroscopy to probe the exchange kinetics of polymer-surfactant mixtures by 

van Stam et al. [27] found that the rate of unimer exchange is accelerated by surfactants by 

the same extent as with co-solvents. Hecht et al. [28] studied the relaxation rate by light 

scattering in a system of Pluronic micelles and SDS and DTAB (Dodecyltrimethylammonium 

bromide) and found that the fast relaxation constant ascribed to the unimer exchange is 

increased with increasing surfactant concentration. However, this topic is highly debated [24, 

25] and several studies and the theory of chain exchange, i.e. Aniansson and Wall theory and 

Halperin and Alexander theory [23, 29] show that the chain exchange is solely dependent on 

the interfacial tension between the hydrophobic block and the solvent. König et al. [30] 

investigated the cooperativity of mixed micelles formed by a mixture of two polymers with 

different core block lengths and reported the chain exchange to be a non-cooperative process. 

Further, the individual properties of the different polymers determined the rate of the chain 

exchange, even though they were in mixed micelles. The key elements of the study and the 

key properties of polymer and surfactant are summarised in Figure 1.2.  

 

Figure 1.2: Illustration of the key elements of an amphiphilic block copolymer and 

surfactant system.  

 

Understanding the solubilisation kinetics of polymeric micelles may improve the 

understanding of the stability of polymeric micelles and why some micelles grow into larger 
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micelles upon addition of surfactant, while some break down into smaller mixed micelles. 

Understanding the solubilisation process may also give fundamental insight into the reaction 

mechanism of polymeric systems. Only two studies have explored the solubilisation kinetics 

of amphiphilic polymeric micelles through the addition of a surfactant. Cerritelli et al. [31] 

used fluorescence spectroscopy and turbidity measurements to investigate di- and tri- block 

copolymers of the type poly(ethylene oxide)-bl-poly(propylene sulfide) (PEO-PPS) upon 

addition of a non-ionic surfactant, Triton X-100, in a phosphate buffer at 25C. The polymer 

system investigated by Cerritelli et al. does not make star-like micelles as the polymers used 

in this study do, moreover, consist of a mixture of micelles and rods. The authors interpreted 

the breakdown kinetics of the polymer system based on first-order kinetics regarding the 

surfactant. They report that only monomers of surfactant, not micelles interact with the 

polymer structures because the rate of breakdown levels off at the CMC. They also found that 

the rate of breakdown is faster for more hydrophobic cores, which could be explained by the 

driving force of the insertion of the surfactant into the polymeric core which is enhanced 

when the core is more hydrophobic.  

 

Cantú et al. [13] investigated the formation of mixed micelles by continuous light scattering 

measurements. They investigated the effect of Triton X-100 and sodium cholate on the 

diblock copolymer ganglioside (GT1b and GM2) and found the obtained intensity correlated 

to a size in between the original polymer micelle and surfactant micelle. The intensity did not 

change with time, which means that the formation of mixed micelles had already occurred 

before the first measurements or is extremely slow. They did not discuss the possible 

mechanism for a decrease in size with time. The authors also investigated the formation of 

mixed micelles by a mixture of two polymer micelles, GT1b and GM2, and they could 

interpret the reported increase in intensity with time by a chain exchange mechanism of the 

unimers from the two different polymer micelles which created mixed micelles which scatter 

more than the original individual polymer micelles. Cantú et al. reported that unimer 

exchange is the only mechanism in the formation of mixed micelles and found this fact to 

correlate well for the polymer system. 

 

The formation of mixed micelles of different block copolymers polymers of the type of 

polystyrene-poly(methacrylic acid) with different chain lengths have been systematically 

investigated by Tian et al. [20] using sedimentation velocity, measuring the micellar size at 

increasing timesteps after mixing. The first measurements are performed 30 minutes after 
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mixing, and every mixture is measured four times during a time span of 12 hours to 60 days. 

They found that the rate of formation of hybridisation had a strong dependence on the lengths 

of the polymers. Additionally, they found that the rate of hybridisation is increased when the 

size of either block of either of the copolymers are decreased. The rate-controlling step is the 

unimer escape from the larger micelle and the transfer from the large micelle to the smaller 

micelle. For mixtures of very dissimilar sized polymer chains, a nucleation mechanism was 

proposed, based on the supersaturation of the unimers in the solution because the unimers 

could not fit into the other micelle. They found that some mixtures of similar sized polymer 

micelles may not reach equilibrium because no new micelles are formed and only unimer 

exchange occurs and could be, therefore, kinetically trapped. Furthermore, mixtures with very 

dissimilar polymers when nucleation forming new mixed micelles occurs, equilibrium may be 

reached.  

 

The common result in these scientific papers is that mixtures of similar sized polymer 

micelles hybridise into mixed micelles by the chain exchange mechanism. The formation 

kinetics of polymers and surfactants appear to be more difficult to study where little 

mechanistic insight is gained, however, Cerritelli et al. [31] indicate that the solubilisation rate 

is directly dependent on the surfactant concentration. However, their model system had some 

complicating factors with a mixture of micelles and rods, in addition to no structural 

information about the degradation process.  

 

1.3 The Advantage of Small Angle Scattering  

Most of the experimental techniques used to study the polymer-surfactant interactions, i.e. 

calorimetry, fluorescence spectroscopy, light scattering, sedimentation velocity, turbidity, 

give very little to no structural information about the process. The two studies mentioned 

which have explored the kinetics of solubilisation/formation of mixed micelles of diblock 

copolymers and surfactants [13, 31] uses turbidity and sedimentation velocity, which actually 

gives no structural information. Experimental observation of the kinetic processes in self-

assembly systems is generally a challenging task because of the wide range of both the 

temporal and the spatial scales involved. Nucleation processes occur typically in micro-

milliseconds, which are much faster than the subsequent diffusion and re-organisation steps. 

In kinetically controlled structures, the fate of the final structure is already determined in the 

nucleation process. Small angle scattering (SAS) techniques allow for high structural 
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information between 1-100 nm [32] and a time resolution down to milliseconds [33], making 

it a very powerful tool to investigate soft matter systems and their equilibrium and non-

equilibrium kinetics. In contrast to fluorescence spectroscopy, where a dye is needed, the 

structural changes can be observed in situ when using SAS, without any additives or 

perturbations. However, in order to reach millisecond temporal resolution, a high flux of 

photons is necessary which can only be provided by large scale synchrotron facilities.  

 

Time-resolved, small angle X-ray scattering (TR-SAXS) using a synchrotron X-ray source 

and coupled to a stopped flow apparatus for rapid and reproducible mixing has been used to 

observe the formation kinetics of some specific soft-matter systems. One example is the 

formation mechanism of dodecyl maltoside in dimethylformamide under non-isothermal 

conditions performed by Jensen et al. [34], where they report that the micelles were formed 

by a nucleation and growth mechanism accompanied by the insertion/expulsion of single 

surfactant molecules. The formation of polymeric micelles has been investigated in the same 

way by TR-SAXS by Lund et al. [35], and they found that the formation mechanism of the 

polymeric micelles is also through the nucleation and growth mechanism, with unimer 

insertion/expulsion after the initial micellar seeds are formed.  

 

TR-SAXS has also been used to observe morphological transitions, for instance from single 

globular SDS micelles to long cylinders upon salt addition [36]. Based on the evolution of the 

structural parameters obtained by SAXS measurement it was possible to find that the 

mechanism for SDS cylinder formation is analogous to polymer step-growth polymerisation 

kinetics. Morphological changes in polymer systems have also been investigated by TR-

SAXS by Lund et al. [37]. They applied a combination of TR-SAXS and time-resolved small 

angle neutron scattering (TR-SANS). It was found that the cylindrical micelles decomposed 

into smaller micelles by fluctuation-induced Rayleigh instability, where the micelles re-

organise into the equilibrium size by the unimer insertion/expulsion mechanism. Kinetic zero 

average contrast TR-SANS uses the fact that the contrast in neutron scattering is different 

from X-rays, and some parts of the system can be made invisible. Tracking changes in the 

contrast over time can give information about the exchange kinetics of polymer systems. 

Lund et al. [25] and Zinn et al. [24] have, by using this method, been able to determine that 

single unimer exchange is the equilibrium mechanisms in polymeric systems, and that the rate 

of unimer exchange is dependent on the length of the hydrophobic core block and the surface 
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tension in a double exponential. The evolution of the theories and experiments relevant to this 

study is shown in Figure 1.3.  
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Figure 1.3: Overview of the evolution in the theories and experiments relevant for this study. References are 1[38]2[39] 
3[40]4[23]5[41]6[42]7[29]8[43]9[21]10[33].  
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1.4 The Model System 

This study investigates the kinetics and mechanisms of solubilisation by the surfactant sodium 

dodecyl sulfate (SDS) on different polymeric micelles, quantify the controlling parameters for 

fast and slow solubilisation and what are the mechanistic steps of the process. This model 

system consists of SDS and three polymers with different lengths of the blocks which all 

make star-like micelles; two alkyl-poly(ethylene oxide) polymers C28PEO5 and C21PEO5 and 

poly(ethylene-alt-propylene)–poly(ethylene oxide) PEP1PEO20, see Figure 1.4.  

 

SDS will be used as the solubilising agent as it probably the most classical surfactant and a lot 

of research has been performed on this surfactant with different polymers [3, 7, 8, 11, 12, 15-

18, 27]. This anionic surfactant is commercially available and is a strong solubiliser [3]. SDS 

form ellipsoidal micelles [36] at a critical micelle concentration of 8.0 mM at 20C [44] and 

have very fast exchange kinetics in the order of sub-microseconds [21, 22].  

 

In order to investigate the solubilisation process of a classical polymer where a large amount 

of previous research has been performed [25, 26, 35, 37, 45] PEP1PEO20 is studied. The 

hydrophobic part, i.e. PEP, has a branched structure, and the core is, therefore, amorphous. 

PEP1PEO20 has been found to have frozen exchange kinetics and is, therefore, called a 

kinetically frozen micelle [26]. PEP1PEO20 does not have a completely monodisperse 

hydrophobic core block, (Mw/Mn = 1.06), and a polydispersity effect on the unimer exchange 

kinetics is, therefore, present [25]. The tuning of the exchange kinetics of PEP1PEO20 has 

previously been shown to be possible by varying the solvent from 100% water, to different 

fractions with DMF [26]. Can the addition of a surfactant give the same effect?  

Alkyl-PEO with C21 and C28,
 as the hydrophobic alkyl block are also used as a model system 

in this thesis. These two polymers are hybrids between surfactants and block copolymers due 

to the small size of the hydrophobic block which has more surfactant-like properties, while 

C12H25CxH2x+1
O

S

O O

O-
nOnOm

PEP1-PEO20 Alkyl-PEO SDS

Na+

Figure 1.4: Overview of the compounds used as a model system in this study. 
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the corona has more polymer-like properties and follow predicted scaling laws for star-like 

polymers [46]. The alkyl-PEO polymers are synthesised with living anionic ring opening 

polymerisation encapped with the alkyl chain and are very well defined polymers which have 

completely monodisperse hydrophobic core blocks [46]. This fact is important because the 

rate of unimer exchange is proportional to the length of the hydrophobic block in a double 

exponential, and polydispersity effects will, therefore, affect the kinetic data to a large extent. 

C28PEO5 and C21PEO5 have active chain exchange and are so-called living micelles [24]. 

Furthermore, the difference in the chain exchange kinetics between the two polymers is large, 

as the rate is proportional to the length of the core block in a double exponential. C21PEO5 

has exchange kinetics in the order of seconds C28PEO5 in the order of several hours [47]. 

Because the hydrophobic core consists of a straight alkane chain, the conformation in the core 

can be semi-crystalline, which is illustrated in Figure 1.5.  

 

Crystallinity in the micellar core has been reported to drive the self-assembly process [48, 49]. 

Normally the surface layer in a micelle with a semi-crystalline core is amorphous because it is 

difficult for the grafted chains to pack densely in this region [50]. The extra enthalpy term due 

to the crystallisation arising from more pronounced interatomic Van der Waals forces favours 

the formation of micelles, due to stronger interactions between the chains. Furthermore, the 

extra entropy term disfavors micellar structures, due to the high degree of trans configuration 

and entropy of fusion [51]. The extra enthalpy and entropy contribution due to crystallinity 

explain experimental data showing that the exchange kinetics is slower when the core is 

crystallised [51]. The stronger bonds in the core make the total activation barrier for expulsion 

higher, by adding a term for corresponding to the enthalpy of fusion, which decreases the rate 

Amorphous

Crystalline

Figure 1.5: Illustration of a star-like block copolymer micelle with partly crystallised core. 
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of exchange of the unimers [51]. The enthalpy contribution from crystallinity in the core gives 

a contribution to the activation energy for expulsion precisely as the enthalpy of fusion, as the 

chain must be melted before it can be expelled from the core [30].         

 

1.5 Aims of this thesis 

The motivation of the current master project is to answer the question: We know that mixtures 

of surfactants and polymeric micelles form mixed micelles, but how are they formed? This 

study aims to investigate the following objectives: 

 Perform an initial screening to see if SDS solubilises the different polymer micelles 

with different chain exchange kinetics. 

 Develop analytical models that can describe the structure of mixed micelles over time. 

 Obtain kinetic data for solubilisation of polymeric micelles upon SDS addition. 

 Interpret the kinetic data on solubilisation of polymeric micelles by an appropriate 

kinetic model and discuss possible mechanistic steps of solubilisation.  
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2 Theoretical Background   

This chapter briefly summarises the basic concepts of block copolymer- and surfactant self-

assembly of micellar structures including the equilibrium structure, as well as dynamic 

processes occurring under equilibrium such as exchange kinetics, i.e. unimer exchange of 

amphiphiles between micelles and fusion-fission kinetics in living micelles. The last part of 

this chapter contains the theoretical background for the main characterisation method used in 

this thesis; small angle scattering, including modelling.    

 

2.1 Self-assembly of Micelles  

The driving force for micelle formation of amphiphilic molecules is the hydrophobic effect, 

i.e. disruption of hydrogen bonding in water by the non-polar block, which is counterbalanced 

by repulsion between the hydrophilic chains. Surfactants and block copolymers with a 

hydrophilic part A and a hydrophobic part B self-assemble as illustrated in Figure 2.1. They 

self-assemble into micellar structures when dispersed in a selective solvent, e.g. water, which 

is a good solvent for one block and a bad solvent for the other [52, p. 714]. The collapsed B 

block forms the core, while the A block forms a swollen corona. The micellization process 

resembles a mesoscopic demixing, where the hydrophobic tails segregate when the 

concentration exceeds a critical micelle concentration (CMC) [52, p. 717]. The shape and size 

B block = Hydrophobic group

A block = Hydrophilic group

Free polymer chains in solution

Free surfactant molecules in solution Surfactant micelle 

Polymer micelle 

Figure 2.1: Illustration of the micellization self-assembly process of amphiphilic surfactants 

and polymers. The micelles are shown from a cross section point of view. 
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of the micelles are determined by the block ratio 𝑁𝐴/𝑁𝐵 as illustrated in Figure 2.2. The size 

of micelles can be quantified with an aggregation number 𝑁𝑎𝑔𝑔, which is the number of 

unimer chains composing the micelle.  

 

Next, the driving force for micelle formation will be further elaborated, before constricting 

factors for micellar existence and growth will be discussed, i.e. that micelles can only be 

formed above a critical micelle concentration, and that there are limiting factors to the growth.  

 

2.1.1 Driving Force for Micelle Formation  

To get a comprehensive understanding of the changes that occur in a micellar system, 

knowledge of why and how they are formed is important. The driving force for the formation 

of micelles from neutral surfactants and block copolymers is a decrease in the interfacial 

energy, shown by equation 2.1.    

𝑑𝐹 = 𝛾𝑑𝐴            2. 1 

Where 𝑑𝐹 is the energy difference, 𝛾 is the interfacial tension and 𝑑𝐴 is the change in area 

[53, p. 252]. The minimization of the free energy is done by a decrease in the area between 

the insoluble and the soluble blocks, and the force of the interfacial tension drives the growth 

of the micelle. If there were no other factors limiting the growth of the micelle, a macroscopic 

phase separation will occur in order to minimise the contact between the hydrophobic block 

Longer hydrophobic block Longer hydrophilic block

Figure 2.2 Illustration of a "crew-cut" micelle on the left, and a "star-like" micelle on the right. 
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and hydrophilic solvent. The expression for the energy of the interface 𝐹𝑖𝑛𝑡 per chain is given 

in equation 2.2.  

 𝐹𝑖𝑛𝑡 =
4𝜋𝑅𝑐

2𝛾

𝑁𝑎𝑔𝑔
           2. 2 

Where 𝑅𝑐 is the radius of the core and 𝑁𝑎𝑔𝑔 is the aggregation number.  

 

The free energy of the interface is only one term in the total system, and there are opposing 

forces to the micellization. The total free energy of micellization per lattice sites, N, is given 

by equation 2.3 and is a sum of three contributions: the free energy of a micelle 𝐹𝑚𝑖𝑐, the 

mixing term between the block copolymer and the solvent 𝐹𝑚𝑖𝑥, and an entropic term for the 

translational entropy of the micelles and block copolymers 𝑇𝑆𝑚 [54, p. 59-60].  

𝐹𝑡𝑜𝑡𝑎𝑙 =
𝜙0𝜁

𝑁𝑎𝑔𝑔∙𝑁
∙ 𝐹𝑚𝑖𝑐 + 𝐹𝑚𝑖𝑥 − 𝑇𝑆𝑚        2. 3 

Here 𝜙0 is the total volume fraction of block copolymers and 휁 the fraction of block 

copolymers in the micellar state. 𝐹𝑚𝑖𝑥 is approximated to be negligible with respect to the 

practical work performed in this thesis, because dilute (10 mg/mL solutions are used, and, 

therefore, the translational entropy is the main balancing factor for the micelle formation. The 

translational entropy of the micelles and unaggregated block copolymers can be written 

according to equation 2.4 [54, p. 59-60].  

𝑆𝑚

𝑘𝐵𝑇
= −(

𝜙0𝜁

𝑁𝑎𝑔𝑔∙𝑁
𝑙𝑛(𝜉𝜙0휁) +

1−𝜉𝜙0𝜁

𝜉∙𝑁𝑎𝑔𝑔∙𝑁
𝑙𝑛(1 − 𝜉𝜙0휁) )      2. 4 

Where 𝜉 is the correlation length.  

 

The term, 𝐹𝑚𝑖𝑐 , determines the equilibrium structure of the micelle and is a balance between 

the stretching of the core forming blocks, the swelling of the corona, and the minimization of 

the interfacial energy. The total free energy of a micelle, 𝐹𝑚𝑖𝑐 , is derived from the 

minimisation of the individual terms in equation 2.5. The energy can be approximated to 

consist of three terms (equation 2.5), where 𝐹𝑐𝑜𝑟𝑒 is the free energy of the core, 𝐹𝑐𝑜𝑟𝑜𝑛𝑎 is the 

free energy of the corona, and are limiting factors to the micellar growth. 𝐹𝑐𝑜𝑟𝑒 and 𝐹𝑐𝑜𝑟𝑜𝑛𝑎 

are entropic terms, while 𝐹𝑖𝑛𝑡 gives an enthalpic contribution to the free energy [54, p. 60].  

𝐹𝑚𝑖𝑐 = 𝐹𝑐𝑜𝑟𝑒 + 𝐹𝑐𝑜𝑟𝑜𝑛𝑎 + 𝐹𝑖𝑛𝑡         2. 5 

The factors that govern 𝐹𝑐𝑜𝑟𝑒 and 𝐹𝑐𝑜𝑟𝑜𝑛𝑎 will be further elaborated on in section 2.1.3.  
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2.1.2 Critical Micelle Concentration - CMC 

Micelles are only formed above a CMC, and the surfactant solutions behave quite differently 

above and below this critical concentration.   

 

The micellization process is a minimisation of the translational entropy versus the free energy 

of the hydrophobic-water interface. Above the CMC, the energy gain for micellization is 

more favourable than the loss in translational entropy [55, Vol. 1, p. 253]. The CMC can be 

detected by noticing an abrupt change in physical properties, e.g. change in structure as seen 

by small-angle scattering, the change in chemical shift detectable by NMR and/or decrease in 

surface tension seen by drop weight methods. The CMC is dependent on the composition and 

molecular structure of the amphiphile, as well as temperature, pH, and ionic composition [55, 

Vol. 1, p. 253].  

 

For large aggregation numbers, the micellization process can be described as a phase 

separation (pseudo-phase approximation) [56]. The CMC in the pseudo-phase approximation 

is calculated by equation 2.6.  

𝜙𝐶𝑀𝐶 =
1

𝑒
𝑒𝑥𝑝 (

𝐹𝑚𝑖𝑐

𝑁𝑎𝑔𝑔
− 𝐹𝑓)         2. 6 

Equation 2.1 describes the free energy difference for when singly dispersed amphiphilic 

molecules are transferred to a micelle with an aggregation number 𝑁𝑎𝑔𝑔 and is valid for 

micelles in an equilibrium state [56]. 𝜙𝐶𝑀𝐶  is the volume fraction of the amphiphile at CMC, 

𝐹𝑓 is the free energy of a singly dispersed molecule in the solution, and  𝐹𝑚𝑖𝑐 is the free 

energy of a micelle with aggregation number 𝑁𝑎𝑔𝑔. Because 𝐹𝑓 is very low for block 

copolymers with long hydrophobic blocks, micellation occurs immediately, and that is why 

the pseudo-phase approximation is only valid for polymer micelles. The evolution of the 

micellar number density is illustrated in Figure 2.3.  
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2.1.3 Thermodynamic Models for Micelles  

The work performed in this thesis is looking at changes from one micellar structure to another 

one. Therefore, knowledge about which factors influence the final size and shape is important. 

The following section will explain the factors influencing the equilibrium shape and size of 

micelles. Micelle formation occurs as a result of two forces: 

i) The attractive force that leads to the association of molecules as described in 2.1.1 ii) the 

repulsive force which prevents unlimited growth of the micelles into a distinct macroscopic 

phase [57].   

 

There are mainly two models which predict the equilibrium micelle properties, such as the 

aggregation number and the radius, which are mean field theories and scaling theories. 

Equation 2.5 is not dependent on which on these models are used, but the expression for 

limiting forces  𝐹𝑐𝑜𝑟𝑒 and 𝐹𝑐𝑜𝑟𝑜𝑛𝑎 are. The different theories will be explained in the following 

sections, and predictions for the aggregation number will be given for the two approaches.  

 

Concentration
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CMC

Concentration of unimers without CMC 

Concentration of micelles

Concentration of unimers with CMC 

Figure 2.3: The evolution of the number density when the total concentration increased. If the 

unimers exhibit a CMC, the concentration of unimers will be approximately constant, while the 

number density of the micelles will increase as the concentration of unimers increases. 
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Mean field Theories 

The classical theory of the thermodynamics of micelles is a mean-field theory proposed by 

Leibler, Orland and Wheeler [42], and further developed by Balsara and Lund [54, p. 59], and 

applies well polymer micelles which do not exhibit excluded volume effects. The mean field 

theory predicts the equilibrium size of the micelles, based on the block lengths, and the 

interaction with the solvent. The mean field theory is based on the minimisation of Gibbs free 

energy of the total concentration of block copolymers. The Gibbs free energy is assumed to be 

dependent on the free energy associated with the interface, the translational entropy of the 

chains, the free energy of mixing of the chains and the solvent, and two terms for the 

stretching of the core and corona chains when the micelles are formed [56].  

 

The mean field theory gives a prediction of the aggregation number in equation 2.7 [56].  

𝑁𝑎𝑔𝑔 = 
[4𝜋𝑚𝐵(

𝛾𝑙2

𝑘𝑇
)+(

4𝜋

3
)𝑚𝐵

1
2+ (

4𝜋

3
)𝑚𝐴

1
2 (

𝑅

𝐷
)]

[1+𝑚𝐴

−
1
3+(

𝑚𝐵
𝑚𝐴

)(
𝐷

𝑅
)
2
] 

        2. 7 

Where 𝑚𝐵 and 𝑚𝐴 is the ratio of molecular volumes of the core block and corona block in a 

copolymer molecule towards the solvent. 𝐷/𝑅 is a dimensionless shell thickness and is given 

by equation 2.8.  

𝐷

𝑅
= 0.867 [

1

2
+

𝑚𝐵
2𝑚𝐴

(𝑚𝐵+𝑚𝐴)3
− 𝜈]

1

5
𝑚𝐵

−
8

11𝑚𝐴

6

7         2. 8 

Where 𝜈 is the Flory-Huggins interaction parameter between the solvent and the corona 

block. The mean field theories do not take spatial correlations into account; however, scaling 

theories do.  

 

Scaling Theories 

For systems with strong excluded volume interactions, e.g. between the coronal chains, the 

mean field approach is not realistic. Strong excluded volume interactions occur for star-like 

micelles which have long hydrophilic blocks and result from repulsive forces present between 

the hydrophilic blocks. This interaction is causing them to minimise contact with each other, 

which stretches the polymer block out. A mean field approach fails to explain such systems 

because spatial correlations must be considered [54, p. 62].  
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Excluded volume effects have a significant effect in determining the overall conformation of 

the polymer chains and lead to large deviations from Gaussian chain models as the chains 

avoid each other. The self-avoidance problem is a very difficult mathematical and physical 

challenge that has led to the development of analytical methods, such as the perturbation 

theory or the self-consistent-field theory. Scaling theories are simpler approaches that are 

used, for instance, to describe strong excluded volume interactions in star-like micelles [58]. 

The essence in scaling theories is that the polymer chains are self-similar (fractals), and the 

statistical properties of the polymer chain are constant for a change in size [59, p. 16-17]. 

Secondly, the chains are described as a necklace of so-called “blobs” (illustrated in Figure 

2.4), defined by the size, ξ, given in equation 2.9 within the excluded volume interactions are 

screened [41].  

𝜉 ~ 𝑔𝜈            2. 9 

Where 𝑔 is the number of monomers inside the blob, and 𝜈 is the Flory-Huggins interaction 

parameter. 𝜈=0.5 for an ideal gaussian chain with no solvent-polymer interactions. For a 

linear chain, if  𝜈 <  0.5, the solvent is a bad solvent for the polymer, and the polymer-

polymer interactions are more favourable than the solvent-polymer. For 𝜈 > 0.5, the solvent-

polymer interactions are more favourable than the polymer-polymer interactions, and the 

solvent is said to be a good solvent.   

 

Figure 2.4: Illustration of the necklace of blobs on the polymer chains and the “blob” model 

for star-like micelles by Daoud and Cotton [60]. 𝑅𝑐𝑜𝑟𝑒, 𝑅𝑐𝑜𝑟𝑜𝑛𝑎 , 𝑟 and 𝜉 are the radius of the 

core, corona from the center of the micelle, and the blob size, respectively. 



 21 

The free energy associated with the core 𝑭𝒄𝒐𝒓𝒆 arises from the stretching of the core 

forming chains when the radius is increasing. The polymer chains are grafted to the interface, 

where the hydrophilic and hydrophobic blocks are coupled. Hence, the core forming blocks 

must stretch in order to follow the growth in size. The expression for the free energy from the 

core is given in equation 2.10 [54, p. 60-63].  

𝐹𝑐𝑜𝑟𝑒  ~
𝑅𝑐
2

𝑁𝐵𝑙𝐵
2  ~ 𝑁𝐵

−1/3
          2. 10 

Here 𝑙𝐵 is the length of a hydrophobic monomer segment [54, p. 63]. Estimates for certain 

parameters like the aggregation number and the radius can be calculated based on these 

assumptions and methods. The contribution 𝐹𝑐𝑜𝑟𝑒 is normally the limiting force for crew cut 

micelles. In that case, the free energy is expected to follow equation 2.11.  

𝐹𝑐𝑜𝑟𝑒  ~ 𝑁𝑎𝑔𝑔
2 3⁄

           2. 11 

 

When the size increases, the head blocks of the polymer get closer as the curvature of the 

micelle gets smaller, and a repulsion between the heads of the polymer will limit the growth 

of the micelle [42]. For star-like and intermediate micelles, the contribution from the corona is 

the dominating balancing force to the free energy [54, p. 63-64]. The free energy for the 

corona 𝑭𝒄𝒐𝒓𝒐𝒏𝒂 is given in equation 2.12. The contribution to the free energy is different for 

star-like and intermediate micelles in the scaling theory since larger the hydrophilic block, 

gives stronger the repulsion between the chains, and thus higher contribution to the free 

energy [54, p. 61-63].   

𝐹𝑐𝑜𝑟𝑜𝑛𝑎 𝑘𝑏𝑇⁄ ~ {
𝑁𝑎𝑔𝑔
1 2⁄ 𝑙𝑛 (𝑁𝐴

3 5⁄ 𝑁𝑎𝑔𝑔
−2 15⁄

𝑁𝐵
−1 3⁄ )       𝑆𝑡𝑎𝑟 − 𝑙𝑖𝑘𝑒 

𝑁𝑎𝑔𝑔
5 18⁄

𝑁𝐵
−5 9⁄ 𝑁𝐴                          𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 

    2. 12 

Where 𝑁𝐴 is the number repeating units of the soluble corona block and 𝑁𝐵 is the number of 

repeating units of the insoluble core block. The minimization of the free energy of the 

micelle, when the corona contribution is the main balancing force to the association, gives a 

scaling of the aggregation number as in equation 2.13. For these structures, the free energy of 

the core is negligible 𝐹𝑐𝑜𝑟𝑒 ≈ 0 [45].  

𝑁𝑎𝑔𝑔~ {
𝛾6/5𝑁𝐵

4/5
                        𝑆𝑡𝑎𝑟 − 𝑙𝑖𝑘𝑒 

𝛾18/11𝑁𝐵
2𝑁𝐴

18/11
      𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 

      2. 13 

 

The scaling of the radius of the micelle for a star-like micelle, 𝑅𝑚, is given by equation 2.14. 

𝑅𝑚~ 𝑁𝑎𝑔𝑔

1

5 𝑁𝐴
(
3

5
)
𝑎           2. 14 
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Where 𝑎 is a typical monomer size [58].  

 

 

2.2 Dynamics of Micellar Systems  

This thesis studies the mechanism of solubilisation, and thus, the dynamics of equilibrium and 

non-equilibrium micellar systems is vital to know. The main kinetic pathway in the micellar 

equilibrium is the exchange of unimers as illustrated in Figure 2.5 [24, 25]. High activation 

energies hinder the chain exchange in kinetically frozen micelles, and the equilibrium 

structures are usually not reached while living micellar systems have lower activation 

energies, and the chain exchange is the mechanism in equilibrium. The theory of equilibrium 

kinetics is derived by performing small perturbations to the micellar systems, while non-

equilibrium kinetics is found examining at the mechanisms when larger perturbations are 

imposed on the system. The following section will describe the established mechanisms for 

equilibrium- and nonequilibrium kinetics, as well as the factors affecting the rate of the chain 

exchange.  

 

 

2.2.1 Dynamics of Surfactant systems: Aniansson and Wall theory  

The theory of surfactant micellar equilibrium kinetics is based on the Aniansson and Wall 

theory [54, p. 67]. This theory applies to neutral, low molecular weight molecules and near 

equilibrium relaxation kinetics, which means that the micelles have been subjected to a small 

perturbation such as a small change in temperature or pressure. The theory is then derived 

based on the system's response to the small perturbation. The theory assumes that the 

equilibrium aggregation number is independent of concentration and has a Gaussian 

+

Figure 2.5: Illustration of the mechanism for unimer chain exchange which is the dominant 

mechanism in both surfactant and polymer micelle systems. The figure shows one unimer being 

expelled from the micelle to the left. 
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distribution. Aniansson and Wall showed that the relaxation back to equilibrium after the 

small perturbation is determined by one fast, 𝜏1, related to the unimer exchange, and one slow 

relaxation time constant, 𝜏2, related to a subsequent re-organization process [54, p. 68].  

 

The relaxation mechanism to the equilibrium structure after the perturbation is found by 

changing, for instance, the temperature slightly. When the system is subjected to a small 

temperature jump, the CMC will be slightly changed, and the surfactant molecules will 

readjust as a response to the new CMC. It is assumed that the changes in association and 

dissociation of the initial response occur by the exchange of one individual surfactant 

molecule at a time, which is illustrated in Figure 2.5. This process is fast and does not change 

the number of micelles in the system, only the distribution of surfactant molecules in the 

existing micelles. Because of this fact, it is assumed that the fast process is the same 

mechanism which occurs in equilibrium. The fast relaxation is shown to follow equation 2.15.                                                                                                                                                                                                                                                                                                                                                                                                                           

1

𝜏1
=

𝑘−

𝜎2
+

𝑘−

〈𝑁𝑎𝑔𝑔〉
∙ 𝛸          2. 15 

where 𝑘− is the expulsion rate constant for micelles at their equilibrium size, 𝑁𝑎𝑔𝑔 is the 

aggregation number, 𝜎 is the width of the of the distribution of aggregation number, 𝛸 is the 

fraction of unimers in the system. The fast process is diffusion limited, and thus dependent on 

the concentration of micelles. The rate of the first process is expected to increase linearly with 

micelle density, as the distance between the micelles and surfactant decreases with higher 

concentration [54, p. 69-70].  

 

The first process leads to an inhomogeneous distribution of the size of the micelles. The 

second (slow) process with relaxation time 𝜏2 is related to a change in the number of micelles 

from the “excited” micelles towards the new equilibrium structure. Since the second process 

contains a change in the number of micelles, it cannot be the equilibrium mechanism. 

 

The rate of unimer exchange is found by exploring the three steps in the mechanism of 

exchange, see Figure 2.6; i) expulsion of the surfactant from one micelle ii) diffusion of the 

unimer between the micelles and iii) insertion of the surfactant into another micelle [54, p. 

70]. Assuming that the concentration of unimer-micelle complex is low and constant (steady 

state) and knowing that the diffusion of single surfactants in a low molecular solvent is 

generally fast, 𝐷 ≈ 10−11 𝑚2/𝑠 [54, p. 70], results in a rate of unimer exchange according to 

equation 2.16.  
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𝑑[𝑈]

𝑑𝑡
≈ 𝑘− [𝑀𝑁𝑎𝑔𝑔+1]           2. 16 

Equation 2.16 gives the rate of unimer exchange is proportional to the concentration of the 

perturbed micelles and the rate constant for expulsion, and the parameters on which this 

process is dependent will, therefore, be further elaborated [54, p. 70-71].  

 

Aniansson and Wall based the calculations of the rate constant on a model with general 

diffusion in an external potential, which will be briefly explained here. The flux of the 

surfactants is dependent on the diffusion and a potential, 𝑉(𝑟), where both are dependent on 

the position from the centre of the micelle. The motion of the surfactants is purely diffusive 

and affected by the interfacial energy. The calculations are based on spherical micelles 

without coronas and is illustrated in Figure 2.7.  

 

 

+

Micelle and unimer Micelle-unimer complex Final micelle

Figure 2.6: Illustration of the mechanism including diffusion and formation of the micelle-

unimer complex. 
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These assumptions give that the rate constant for expulsion for a surfactant system can be 

written in an Arrhenius equation form as equation 2.17.    

𝑘− = 𝑁𝑎𝑔𝑔  
𝐷𝑚

𝑙𝑟
2 𝑒𝑥𝑝 (−

𝐸𝑎

𝑘𝐵𝑇
)          2. 17 

Here 𝐷𝑚 is the diffusion constant for the free surfactant, 𝑙𝑟 is a characteristic parameter 

related to the shape of the potential, 𝐸𝑎 is the activation energy, 𝑘𝐵 is Boltzmann’s constant 

and 𝑇 is the temperature. The activation energy is linearly dependent on the length of the 

hydrophobic block, 𝑙𝑡𝑎𝑖𝑙, as seen in equation 2.18.  

𝐸𝑎 ~ 𝑙𝑡𝑎𝑖𝑙 = 𝑁 ∙ 𝑙0           2. 18 

The length of the hydrophobic block can also be written as the number of repeating units, 𝑁, 

times the length of one monomer unit 𝑙0. It is apparent from equation 2.18 that the activation 

energy depends strongly on the hydrophobic part.  

 

 

 Figure 2.7: Illustration of the model used to determine the rate constant for expulsion in the 

Aniansson and Wall mechanism surfactant micelles. The surfactant is treated as a straight rod 

moving diffusive along its own axis and normal to the surface. The rate of diffusion of the 

unimers only depends on the distance from the centre of the micelle. The potential increases 

linearly with the distance from the centre, until a maximum value at the length of the tail 𝑙𝑡𝑎𝑖𝑙, 
which is the activation barrier for expulsion 𝐸𝑎. The potential then drops to 0 at this distance, 

as the whole surfactant has escaped the micelle. 
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2.2.2 Dynamics of Polymeric Systems: Halperin and Alexander model 

Amphiphilic block copolymers are larger molecules than surfactants, and, therefore, have 

higher interfacial tensions and more move slowly than surfactants. A different model is, 

therefore, used to explain the equilibrium dynamics of polymeric micelles; the Halperin and 

Alexander model [29]. The theory is based on the structural scaling laws which are described 

in 2.1.3, and diffusion in a non-linear external field (Kramers rate theory). Halperin and 

Alexander proposed different equilibrium mechanisms [29], but conclude that the chain 

exchange of unimers is the dominant mechanism. This finding is also in agreement within the 

Aniansson and Wall mechanism; however, there are some differences between the two 

theories. The Aniansson and Wall mechanism is dependent on concentration, while the 

Halperin and Alexander mechanism will be shown to be independent of concentration. The 

theory is explicit for both crew-cut and star-like micelles but is expected to hold up for 

intermediate structures as well [29]. The rate-limiting step in the Halperin and Alexander 

model is the release of a single unimer from the polymeric micelle, and it is expected to go 

through two stages [54, p. 72-73]:  

1. Ejection of the solvophobic part (the hydrophobic part in a water solvent system) of the 

block copolymer to the interface of the micellar core. It is here expected to form a 

globular structure and an extra area dependent on the length of a core-block monomer, 𝑙𝐵, 

and the number of repeating units 𝑁𝐵, with size ≈ 𝑙𝐵
2𝑁𝐵

2/3
 exposed to the solvent. 

2. Diffusion of the whole block copolymer through the corona of the micelle  
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Figure 2.8: Illustration of the free energy profile in a chain exchange process from a star-like 

micelle. Rc is the core radius, D is the corona radius. This Figure is taken from [3, p. 73] with 

only modifications in colours.  

 

Step 1 is as seen in Figure 2.8, the main rate-determining step of the expulsion. The 

magnitude of the activation barrier 𝐸𝑎  is determined by the interfacial energy penalty, arising 

from the formation of an extra surface area between the insoluble core block with the 

disadvantageous solvent. The scaling of the activation barrier is given in equation 2.19. 

𝐸𝑎 ~ 𝑟𝐵−𝑏𝑙𝑜𝑐𝑘
2 𝛾 ~𝑁𝐵

2/3
𝑙𝐵𝛾          2. 19 

Where 𝑟𝐵−𝑏𝑙𝑜𝑐𝑘 is the radius of the expelled core forming block in the solution. It is clear 

from equation 2.19 that the energy of activation is strongly dependent on the interfacial 

tension and the length of the core-forming block.  

 

The expulsion rate constant for the different structures is given by equation 2.20.  

𝑘−~ {
𝑒𝑥𝑝 (−

𝐸𝑎

𝑘𝐵𝑇
)𝑁𝐵

−2/25
𝑁𝐴
−9/5

       𝑆𝑡𝑎𝑟 − 𝑙𝑖𝑘𝑒  

𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
)𝑁𝐵

−4/3
                  𝐶𝑟𝑒𝑤 − 𝑐𝑢𝑡 

      2. 20 
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Where 𝐸𝑎 is given in equation 2.19. It is evident from equation 2.20 that the expulsion 

activation energy has the same proportionality of the size of the core-forming block, and the 

interfacial tension, in both structural cases. This fact can be seen because both equations can 

be rewritten into a prefactor 𝛼, which includes the dependency of the degree of 

polymerisation of block A and B, and an expression in the form of an Arrhenius equation 

𝑘− = 𝛼 exp (
𝐸𝑎

𝑘𝐵𝑇
). 

 

Equation 2.20 is the one given in the original Halperin and Alexander paper. It has later been 

shown that the form of the scaling behaviour of the activation energy depends on the 

conformation of the core-forming block during the expulsion. In order to take into account the 

different conformations that the core-forming block can have during expulsion, e.g. linear vs 

spherical, the rate can be written as 2.21 [54, p. 74-75].  

𝑘−(𝑁𝐵) =
1

𝜏0
∙  
𝑒𝑥𝑝 (−𝛼∙𝛾(36𝜋)

1
3(𝑉0)

2
3𝑁𝐵

𝛽
)

𝑘𝐵𝑇
        2. 21 

Where 𝛽 is a scaling exponent that is 2/3 for spherical globules and 1 for linear chains, and, 

therefore, has a validity range of 2/3 ≤ 𝛽 ≤ 1. Equation 2.21 shows that the pre-factor in the 

rate of expulsion depends on the conformation of the expelled insoluble block.  

 

The rate of the chain expulsion has been found to follow a first-order kinetic process, which 

has a single exponential behaviour [54, p. 74], as seen by equation 2.22.  

𝑅(𝑡) = 𝑒𝑥𝑝(−𝑘−𝑡)          2. 22 

Here 𝑘− is shown in equation 2.20. The rate of expulsion is only dependent on the rate 

constant for expulsion, which is only dependent on the interfacial tension and the size of the 

insoluble core-forming block. In fact, the rate, 𝑅(𝑡), is dependent on the size of the core- 

forming block in a double exponential, as the rate is an exponential of the rate constant, where 

the rate constant has an exponential dependency of the degree of the length of the core- 

forming block [24, 25, 61]. The rate of exchange, and, thereby, also the rate of reaching an 

equilibrium, is dramatically reduced when increasing the length of the insoluble core-forming 

block. This fact means that for chains with high interfacial tensions (long hydrophobic block), 

the activation energy for exchange can be too high for the system to overcome. The system 

will be, thereby, kinetically frozen, because the path to equilibrium is kinetically hindered. 
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In the case of star-like micelles, the rate of expulsion is also dependent on the length of the 

corona by 𝑁𝐴
−5/9

. This dependency is rationalised by the fact that the diffusion is slower 

through a thick corona, and, thereby, the residence time in the corona is longer, which 

increases the probability for the reinsertion of the chain into the core [62].   

 

Role of Fusion and Fission Mechanisms in Equilibrium 

The following section will assess if fusion and fission of micelles is an equilibrium 

mechanism, and why it is not the dominating mechanism in equilibrium systems [54, p. 76-

77]. The mechanism is illustrated in Figure 2.9.   

Fusion and fission of micelles can be described as equation 2.23.  

𝑀𝑖 +𝑀𝑗 ⇌ 𝑀𝑖+𝑗           2. 23  

Where 𝑀𝑖 and 𝑀𝑗 are micelles with aggregation number i and j, respectively, and 𝑀𝑖+𝑗 is the 

fused micelle. The following calculations are performed by Halperin and Alexander [29], 

where they assumed that the corona free energy is the dominating size-limiting term for the 

equilibrium size of star-like micelles [54, p. 76]. For the fusion of two star-like micelles, they 

found the relations shown in equation 2.24.  

𝐸𝑎
𝑓𝑢𝑠𝑖𝑜𝑛

𝑘𝐵𝑇
 ~ {

𝑁𝑎𝑔𝑔
3/2                      𝑓𝑜𝑟 𝑁𝑎𝑔𝑔𝑖

≈ 𝑁𝑎𝑔𝑔𝑗
≈ 𝑁𝑎𝑔𝑔

𝑁𝑎𝑔𝑔𝑖
∙ 𝑁𝑎𝑔𝑔𝑗

1/2        𝑓𝑜𝑟 𝑁𝑎𝑔𝑔𝑖
≪ 𝑁𝑎𝑔𝑔𝑗

≈ 𝑁𝑎𝑔𝑔
     2. 24 

Where 𝑁𝑎𝑔𝑔𝑖
 and 𝑁𝑎𝑔𝑔𝑗

 are micelles with size i and j. For micelles with thin coronas, they 

obtained the relations shown in equation 2.25.  

+
Fusion

Fission

Figure 2.9: Illustration of fusion (in the right direction) and fission (in the left direction) of 

micelles. 
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𝐸𝑎
𝑓𝑢𝑠𝑖𝑜𝑛

𝑘𝐵𝑇
 ~ {

𝑁𝑎𝑔𝑔
2                    𝑓𝑜𝑟 𝑁𝑎𝑔𝑔𝑖

≈ 𝑁𝑎𝑔𝑔𝑗
≈ 𝑁𝑎𝑔𝑔

𝑁𝑎𝑔𝑔𝑗
2/9        𝑓𝑜𝑟 𝑁𝑎𝑔𝑔𝑖

= 1 ≪ 𝑁𝑎𝑔𝑔𝑗
≈ 𝑁𝑎𝑔𝑔

      2. 25 

What can be seen in equations 2.24 and 2.25 is that the activation energy for fusion increases 

with increasing size, 𝑁𝑎𝑔𝑔. Because the two micelles must get close to each other to be able to 

fuse, which causes large entropic repulsions due to a concentration increase in between them. 

The lowest activation energy and, thereby, the most favourable and probable fusion is when 

𝑁𝑎𝑔𝑔 = 1. This fact corresponds to an insertion of a unimer into a micelle. The full equation 

for 𝐸𝑎
𝑓𝑢𝑠𝑖𝑜𝑛

 can be found here [54, p. 76-77] .  

 

The activation energy for the fission of a large micelle (𝑁𝑎𝑔𝑔) into two smaller micelles 

(𝑁𝑎𝑔𝑔𝑖
, 𝑁𝑎𝑔𝑔𝑗

) is given in equation 2.26.  

𝐸𝑎 = 𝐹 (𝑁𝑎𝑔𝑔𝑖
) + 𝐹 (𝑁𝑎𝑔𝑔𝑗

) − 𝐹(𝑁𝑎𝑔𝑔)        2. 26 

The activation energy for the fission is quite high, especially for large micelles, see reference 

[54, p. 77] for the full expression of the activation energy. For small micelles, one can 

approximate the total equation to 𝐸𝑎
𝑓𝑖𝑠𝑠𝑖𝑜𝑛

 (Nagg) ~ Nagg
2/3𝑁𝐵

2/3 𝑁𝑎𝑔𝑔𝑖
〈𝑁𝑎𝑔𝑔〉

2/3

. The activation 

energy of the fission decreases with the size, and reaches a minimum when 𝑁𝑎𝑔𝑔𝑖 is 1, which 

is only a single unimer [54, p. 77].  

 

Based on the relations shown above, it is clear that the fusion and fission mechanisms are 

unfavourable in equilibrium unless there is fusion and fission of a single unimer. The 

activation energies become unfavourably large in comparison to the unimer exchange 

mechanism. Therefore, the latter is the favourable mechanism in equilibrium.  

 

2.2.3 Non-Equilibrium Kinetics  

Out-of-equilibrium kinetics may proceed through other mechanisms than the chain exchange, 

because these may lead to faster equilibration of the system. Less literature exists for non-

equilibrium kinetics than equilibrium kinetics. However, this section will outline a proposed 

mechanism for out of equilibrium micellar systems.  
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Dormidontova has proposed a model for the equilibration of micellar systems based on 

scaling relations and Kramers’ rate theory for calculations of the association/dissociation rate 

constants [43]. Although fusion and fission are not the main mechanisms in equilibrium, 

Dormidontova showed that it plays an important role in the formation kinetics of micelles, 

especially in the initial stages of micellation and out of equilibrium when the micelles are less 

compact and more unstable [54, p. 77]. Fusion become dominant after the initial coupling of 

free unimers, because unimer exchange is effectively frozen due to the high activation energy 

required for unimer release when the micelles are small. Fusion is the most important 

mechanism until the micelles reach a size of 𝑁𝑎𝑔𝑔𝑒𝑞
5/9, when the fusion mechanism is slowed 

down, and exchange of unimers become more favourable. Dormidontova found that a such a 

joint fusion and unimer exchange mechanism leads to faster equilibration when compared to  

only fusion or only unimer exchange, as demonstrated in Figure 2.10.  

  

Dormidontova showed that the fission mechanism becomes important in the re-equilibration 

stages for micelles exposed to an external disruption, such as a temperature jump and that the 

thermodynamically favourable fission reaction is where symmetrical products are created. 

Furthermore, the fission reaction is faster if it produces micelles of unequal size, meaning that 

 

Figure 2.10: Average aggregation number of micelles 〈𝑄〉 as a function of time for only 

unimer exchange (dashed line) and with a combination of fusion/fission and unimer exchange 

mechanism (solid line). The evolution is calculated for a 100 % unimer solution with a free 

unimer association constant of 0.5 and with equilibrium 𝑁𝑎𝑔𝑔= 30. The graph is copied from 

[43].  
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symmetrical products can be kinetically hindered. It is then believed that the smaller micelles 

can fuse with other smaller micelles [43]. The rate constant for the fission mechanism,  𝑘𝑓𝑢𝑠, 

is given by equation 2.27. 

𝑘𝑓𝑢𝑠 ≅ 𝑒𝑥𝑝
[−𝑁𝑎𝑔𝑔𝑒𝑞

5
6 (𝑁𝑎𝑔𝑔1

2
3+𝑁𝑎𝑔𝑔2

2
3−𝑁𝑎𝑔𝑔

2
3 )]

𝜏𝑚𝑖𝑐
       2. 27 

Where 𝑁𝑎𝑔𝑔𝑒𝑞
 is the equilibrium aggregation number, 𝑁𝑎𝑔𝑔𝑖

 and 𝑁𝑎𝑔𝑔𝑗
 the fission products, 

where 𝑁𝑎𝑔𝑔𝑖
≤ 𝑁𝑎𝑔𝑔𝑗

, and 𝑁𝑎𝑔𝑔 is the fission reactant. 𝜏𝑚𝑖𝑐 is the time spent to reach the 

activated state for the fission mechanism and is given by equation 2.28. 

𝜏𝑚𝑖𝑐,𝑓𝑖𝑠 = (
𝜂𝑠𝑣

𝑘𝑇
)𝑁𝐵

17

5 𝑁𝑎𝑔𝑔2

9

5(𝑐𝑣)2(1 − 𝛸)        2. 28 

Where 휂𝑠 is the viscosity of the solvent, 𝑣 is the average volume per monomer unit, 𝑐 is the 

average concentration of polymer and 𝛸 = 𝑅𝑚/𝑅𝑐𝑜𝑟𝑜𝑛𝑎. This equation is valid for micelles 

where 𝑁𝑎𝑔𝑔𝑗
< (𝑐𝑣)

5

2𝑁𝐵
2.  

While the exchange kinetic is independent of concentration, the fusion and fission 

mechanisms are not. It is found that the relaxation rate for the fusion and fission mechanisms 

are faster with higher concentrations [63], as seen in equation 2.28 because the probability for 

collisions of particles are higher for higher concentrations.  

 

2.3 Small angle scattering 

Micelles are small structures, with a diameter in the order of 10-30 nm, advanced 

instrumentation is, therefore, needed to detect the structure. In this thesis, we use small-angle 

scattering, which probes structures in the order of 1-100 nm and can have a time resolution of 

milliseconds. A brief description of general scattering theory will be presented, before the  

theory of small-angle scattering will be described. At the end of the section, the modelling for 

small-angle scattering will be explained.  

 

The following theory applies to light, X-rays and neutron scattering, although the interactions 

between the probes and the sample are different. Light interacts by a difference in the 

refractive index or dielectric properties. X-rays interact with the electrons and neutrons 

interact with the nucleus´ in the sample [64, p. 4]. Scattering using X-rays and neutrons will 

be the focus because these are the scattering probes used in this thesis, and a rough sketch of 

the instrumental setup is shown in Figure 2.11.  
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2.3.1 Theory of Elastic Small-Angle Scattering  

Textbooks [64-66] are used as background information for the following section. The concept 

of elastic scattering will initially be explained, followed by a description of the theory of 

scattering of one atom before the theory is extended into systems consisting of an ensemble of 

atoms.  

 

X-rays interact with the electrons in the sample and neutrons interact with the nucleus´ in the 

sample. The strength of the interaction between the X-ray or neutron and particle 𝑖 in the 

sample is characterised with the scattering length 𝑏𝑖. 𝑏𝑖 is a measure of the scattering power, 

which determines the amplitude of the scattered waves. The total scattering cross section, 

meaning the probability that in an incoming X-ray//neutron is scattered, regardless of the 

angle, is 𝜎 = 4𝜋𝑏2. Meaning that the ratio of scattered waves versus incoming waves is 

proportional to the squared of the scattering length. The scattering length has a linear 

dependency of the number of electrons for X-ray scattering, because the interactions are with 

electrons, and more electrons in the sample means it will scatter more. Moreover, the 

scattering lengths vary irregularly between elements and isotopes for neutrons, as it interacts 

with the nucleus and, thus, is more complex interaction as seen in Figure 2.12, which depends 

on the number of both protons and neutrons.   

 

Figure 2.11: Illustration of a small angle X-ray scattering setup with an X-ray source, pinholes 

for beam collimation, the sample position and the 2D detector. 
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Figure 2.12: Illustration of the relative scattering length 𝑏𝑖 of neutrons and X-rays. 𝑏𝑖 is 

increasing linearly with the electrons for X-rays and is directly proportional to the number 

of electrons times the Thomas radius (“classical electron radius”). 𝑏𝑖is random throughout 

the periodic table for neutrons. Hydrogen is marked in another color in the figure, because 

𝑏𝑖 has a negative value for hydrogen, and positive for the rest of the listed atoms and 

isotopes. Figure is modified from [67]. 

 

Elastic scattering is when the energy of the incoming wave is equal to the energy of the 

scattered wave, as written in equation 2.29, and the scattering event is illustrated in Figure 

2.13.  

𝐸𝑖 = 𝐸𝑠            2. 29 

 

Figure 2.13: Illustration of the key elements in a scattering experiment. The cone 

symbolises the solid angle with area dΩ. The illustration is taken and modified from[65, p. 

24]. 
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For a scattering experiment with X-rays, the elastic scattering can be explained as the 

following: When the X-rays are approaching the sample, the electric field caused by the 

incoming wave of photons makes the electrons in the electron shell in the sample oscillate. 

When electrons oscillate, they emit photons, as they are going back and forth between an 

excited state and their ground state. If the emitted photons have the same energy as the 

incoming photons which caused the oscillation, the scattering process is said to be elastic, 

because there is no change in the energy of the wave before and after the interaction [64].  

 

It is most practical to describe the scattering event in terms of waves and not particles. It is, 

therefore, necessary to describe all the scattering events in terms of amplitudes. Both the 

incoming and the scattered waves are characterised by wave vectors, 𝑘𝑖, 𝑘𝑠 , respectively, 

which is defined as equation 2.30. 

𝑘𝑖 ≡ |𝑘𝑖⃗⃗  ⃗| =
2𝜋

𝜆
           2. 30 

The incoming wave from the source, meaning the X-rays or neutrons, can be treated as plane 

waves. A general expression for the amplitude 𝐴𝑖(𝑥) for a plane wave at a point in space �⃗�  is 

given by equation 2.31.     

𝐴𝑖(�⃗� ) = 𝑎0𝑒
𝑖𝑘𝑖⃗⃗  ⃗�⃗�            2. 31 

Here 𝑎0 is the amplitude of the wave giving the peak magnitude of oscillation. The scattered 

waves are spherical and the amplitude of the scattered wave at the position �⃗�  is given by 

equation 2.32. Because the detector is far away from the sample in small-angle scattering, the 

waves are assumed to be plane when hitting the detector. 

𝐴𝑠(�⃗� ) = 𝑎0𝑒
𝑖𝑘𝑖⃗⃗  ⃗�⃗� ∙

𝑏

�⃗� 
           2. 32 

 

The scattering vector, Q, defines the momentum change during the interaction between the 

probe and the sample. The scattering vector is illustrated in Figure 2.14 and is given by 

equation 2.33.  

�⃗� ≡ �⃗� 𝑖 − 𝑘𝑠⃗⃗  ⃗           2. 33

  

Inserting for the value of 𝑘𝑖, which is given in equation 2.30, and basic geometry where Q is 

the opposing side to the angle, gives an expression for the magnitude of 𝑄 as given in 

equation 2.34.  

𝑄 ≡ |�⃗� | =
4𝜋

𝜆
𝑠𝑖𝑛 (휃)          2. 34 
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𝑄 is directly related to the angle, as seen by equation 2.34, and inversely proportional to the 

wavelength, thus gives the structural scale observed. The distance in real space, 𝑑,  is related 

to Q by 𝑑 =
2𝜋

𝑄
. Using the “Born approximation” one can assume that only single scattering 

processes occur, and that the incoming field is not perturbed by the sample such that the 

scattered field can be assumed equal to the incoming field. Then the scattering event can be 

considered to be a superposition of the individual scattering amplitudes written as equation 

2.35.  

𝐴(�⃗� ) =  ∑ 𝑏𝑖𝑖 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑟𝑖)          2. 35 

The macroscopic differential scattering cross-section is given by equation 2.36 and describes 

the probability that an incoming X-ray/neutron is being scattered out into a solid angle, 𝑑Ω.  

𝑑𝛴

𝑑𝛺
(�⃗� ) =  〈|𝐴(�⃗� )|

2
〉 =

1

𝑉𝑠
∑ 〈|𝑏𝑖 ∙ 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑟𝑖⃗⃗ )|

2
〉𝑁

𝑖,𝑗=1       2. 36 

Here 𝑉𝑠 is the volume of the sample,  𝑏𝑖 is the scattering length of atom 𝑖 and 𝑟𝑖 its position.  

 

 In an ensemble of 𝑁𝑚 particles, e.g. colloids or micelles, a vector to the geometrical centre of 

particle 𝑗 can be defined, 𝑅𝑗⃗⃗  ⃗.  In order to describe the amplitude, and, thereby, the scattering 

intensity which originates from all the scatterers in solution, with the contribution from the 

internal structure of the particles. Each scatterer contains 𝑁𝑖 scattering elements. In order to 

relate the scattering element to an arbitrary origin, we can define the vector 𝑥𝑖⃗⃗  ⃗ from the centre 

of the particle and to the scattering element 𝑖. We then have a vector which expresses the 

position of the scatterer, and the position of the scattering elements inside the particle; 𝑟𝑖𝑗⃗⃗  ⃗ =

 𝑅𝑗⃗⃗  ⃗ +  𝑥𝑖⃗⃗  ⃗, which is illustrated in Figure 2.15. The macroscopic differential scattering cross 

section then takes the form as equation 2.37.  

Figure 2.14: Illustration of the scattering vector Q, which is the momentum transfer in the 

scattering event. The scattering particle is symbolised with the black dot, and the sample 

volume is the grey area. 
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𝑑𝛴

𝑑𝛺
(�⃗� ) =  

1

𝑉𝑠
〈|∑ 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑅𝑗⃗⃗  ⃗) ∑ 𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑥𝑖⃗⃗  ⃗)

𝑁𝑖
𝑖=1 

𝑁𝑚
𝑗=1 |

2
〉      2. 37 

Where the first summation in equation 2.37 is the contribution from the particles in solution, 

and the second summation is the intraparticle contribution.  

 

Defining the scattering amplitude for particle 𝑗 as equation 2.38  

𝐴𝑗(�⃗� ) =  ∑ 𝑏𝑖𝑗  𝑒𝑥𝑝(𝑖�⃗� ∙ 𝑥𝑖⃗⃗  ⃗)
𝑁𝑗
𝑗=1 

         2. 38 

where 𝑏𝑖𝑗 weights the scattering amplitude by the scattering length density and is the 

difference in scattering length between 𝑖 and 𝑗.  

 

For an ensemble of particles, par wise interactions between particle 𝑗 and 𝑗´ will occur (by the 

interference of the scattered waves). This fact is accounted for by inserting equation 2.38 into 

equation 2.37.     

𝑑𝛴

𝑑𝛺
(�⃗� ) =  

1

𝑉𝑠
〈∑ ∑ 𝐴𝑗

∗(�⃗� )𝐴𝑗´(�⃗� )𝑒𝑥𝑝 (𝑖�⃗� ∙ (�⃗� 𝑗 − �⃗� 𝑗´)
𝑁𝑚
𝑗´=1 

𝑁𝑚
𝑗=𝑖 〉     2. 39 

Assuming that the particle shape is uncorrelated with the relative positions of the particles, an 

average can be taken inside each particle independently, and equation 2.39 can be written as 

equation 2.40.  

𝑑𝛴

𝑑𝛺
(�⃗� ) =  

1

𝑉𝑠
〈∑ ∑ 〈𝐴𝑗

∗(�⃗� )𝐴𝑗´(�⃗� )〉𝑒𝑥𝑝 (𝑖�⃗� ∙ (�⃗� 𝑗 − �⃗� 𝑗´)
𝑁𝑚
𝑗´=1 

𝑁𝑚
𝑗=𝑖 〉     2. 40 

We can write 〈𝐴𝑗
∗(Q⃗⃗ )𝐴𝑗´(Q⃗⃗ )〉 as equation 2.41.  

Figure 2.15: Vectors defining the position of the scattering particle, and the scattering 

elements.  
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〈𝐴𝑗
∗(�⃗� )𝐴𝑗´(�⃗� )〉 =  〈|𝐴(�⃗� )|

2
〉 − 〈|𝐴(�⃗� )|〉𝛿𝑗𝑗´ + 〈|𝐴(�⃗� )|

2
〉     2. 41 

Where 𝛿𝑗𝑗´  is the Kronecker delta function (0 when 𝑗 = 𝑗´, 1 when 𝑗 ≠ 𝑗´). This inserted into 

equation 2.39 we obtain equation 2.42.  

𝑑𝛴

𝑑𝛺
(�⃗� ) =  

𝑁𝑚

𝑉𝑠
((〈|𝐴(�⃗� )|

2
〉 − 〈|𝐴(�⃗� )|〉2) + 〈|𝐴(�⃗� )|

2
〉 𝑆(�⃗� ))      2. 42 

Where 𝑆(Q⃗⃗ ) is the structure factor which gives the scattering from interparticle 

interactions, according to equation 2.43. 

𝑆(�⃗� ) =  
1

𝑉𝑠
∑ ∑ 𝑒𝑥𝑝 (𝑖�⃗� ∙ (�⃗� 𝑗 − �⃗� 𝑗´)

𝑁𝑚
𝑖´=1

𝑁𝑚
𝑖=1         2. 43 

The form factor 𝑃(Q⃗⃗ ) relates to intraparticle correlations and give information about the 

internal structure of a single particle, meaning the size and shape of the particle. The form 

factor can be defined by equation 2.44.  

𝑃(�⃗� ) =  〈|𝐴(�⃗� )|
2
〉          2. 44 

For a monodisperse case: 〈|𝐴(Q⃗⃗ )|
2
〉 =  |〈𝐴(Q⃗⃗ )

2
〉| the total intensity can finally be written as 

equation 2.45.  

𝑑𝛴

𝑑𝛺
(�⃗� ) =

𝑁𝑚

𝑉𝑠
𝑃(�⃗� )𝑆(�⃗� )          2. 45 

𝑆(Q⃗⃗ ) is 1 when there are no interparticle correlation, that is at low concentrations/dilute 

regime, and the intensity is then only dependent on the form factor.  

 

Figure 2.16: This figure illustrates that the exact scattering length density in each point is not 

important, because the particle volume is much larger than the resolution volume. The figure 

is taken from [65, p. 179] and modified.  
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Small-angle scattering explores longer length scales than atomic dimensions, and, therefore, 

the scattering particle can be considered homogenous and continuous. The scattering of 

individual atoms can be summarised in a mean scattering length density over the particle 

volume 𝑉𝑗, as illustrated by Figure 2.16. The summation in equation 2.38 can then be replaced 

by an integral. The average scattering length density of particle 𝑗 is given by 𝜌�̅� (equation 

2.46): 

𝜌�̅� = 
∑ 𝑏𝑖𝑗𝑖=1 

𝑉𝑗
           2. 46 

 

The Form Factor  

First, the inverse scattering problem will be explained which clarifies the need for modelling 

of the system, before different form factors will be illustrated.  

 

The real space structure cannot straightforwardly be obtained in a scattering experiment. The 

real- and inverse spaces are Fourier transformations of each other, and in scattering 

experiments, the position in the inverse space is obtained. An inverse Fourier transformation 

to get the real space coordinates are, however, not possible, because some information is lost 

during the scattering experiments, known as the inverse scattering problem. Modelling to get 

the real space structure is, therefore, needed. The main factor of the inverse scattering 

problem in small-angle scattering is the loss of information of the relative phase of the 

incoming waves to the detector. The different phases are caused by the different positions of 

the scattering objects in the solution which causes the different origins of the spherical waves 

[64, p. 73]. The fact that only the intensity, not the amplitudes can be measured is caused by 

the high frequency of the experiments [64, p. 74]. The phase information is lost in the 

intensity, and if the phases, meaning the relative positions of the waves are unknown, one 

cannot use Fourier transformations to regain the real-space scattering length distribution. This 

fact means that modelling of the systems is needed to find the structural parameters. The form 

factor describes the influence of the shape and the size of the scattering objects on the 

scattering curve [65, p. 180]. The scattering pattern originates from the inference of the 

spherical waves created by the scattering incident. Thus, the interference pattern depends on 

the particle shape [65, p. 15-16]. Usually, the shape and the size are the goals of the 

investigation, and, thus, the form factor is what we are aiming for. Therefore, low 

concentrations are used, where 𝑆(𝑄) = 1. To determine the form factor, "educated guesses” 

about the sample shape, or experimental data from other techniques must be applied together 
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with justified assumptions to find or create a structural model. The model can, in turn, be 

fitted to the experimental data. The analytical expression for the form factor for many 

possible shapes exists, and Figure 2.17 and Table 2. 1 shows some of them.   

 

Table 2. 1: Examples of analytical expressions for different shapes 

The shape of the particle Form factor P(Q) 

Ideal polymer chain 2(exp(−𝑦)−1+𝑦)

𝑦2
, 𝑦 = (𝑞𝑅𝑔)

2
  

 

Sphere (𝐴𝑠(𝑄, 𝑅))
2
, 𝐴𝑠(𝑄, 𝑅) =

3sin(𝑄𝑅)−𝑄𝑅𝑐𝑜𝑠(𝑄𝑅)

𝑄𝑅3
  

 

Shell/vesicle (hollow sphere) 
(
𝑅2𝐴𝑠(𝑄,𝑅2)−𝑅1

3𝐴𝑠(𝑄,𝑅1)

𝑅2
3−𝑅1

3 )
2

  

 

Cylinder 
∫ (

(𝑠𝑖𝑛(𝑄∙𝐿𝑐𝑜𝑠(𝛼)/2)

𝑄∙𝐿𝑐𝑜𝑠(𝛼)/2

2𝐽1(𝑄∙𝑅𝑠𝑖𝑛(𝛼))

𝑄∙𝑅𝑠𝑖𝑛(𝛼)
)
2

sin(𝛼) 𝑑𝛼 
𝜋

2
0

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 41 

 

 

2.3.2 Modelling of Core-Shell Micellar Systems  

The scattering from particles composed of two or more components usually cannot be 

described by a simple sphere as shown in Figure 2.17, and more sophisticated modelling is 

necessary. This fact is the case for micelles, which have a hydrophilic corona with extents 

into the solution, and a hydrophobic core. The two different parts must be considered to find 

the correct structural parameters. The polymer micelles used in this thesis are spherical [45, 

46], while SDS is ellipsoidal [36], and, therefore, a model for spherical and a model for 

ellipsoidal core-shell particles will be explained in this section.    

 

 

Figure 2.17: Illustration of the different analytical expressions for structures, taken from 

[54, p. 88]. The intensity reaches a plateau (called a Guinier plateau) in the low Q regime, 

which is defined by the overall size of the particle. Notice that the sphere has distinct 

minimums in the intermediate Q range, which arises from the radius of the particle. A well-

defined radius gives more pronounced minimums. A sharp interface of the particles gives a 

Q dependence of Q-4 (Porods Law) in the high Q regime. 
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The Form Factor of a Micelle - Spherical Core-Shell model 

The scattering from block copolymer micelles can be described by a core-shell model which 

sums up the individual amplitudes from the compact core and the surrounding corona (or 

shell). An approach to calculate the form factor for core-shell micellar systems was proposed 

by Pedersen and Svaneborg [68]. The scattering amplitude is shown in equation 2.47 and 

illustrated in Figure 2.18.  

𝐴𝑐𝑠(𝑄) = (𝜌𝑐 − 𝜌0)𝑉𝑐 ∙ 𝐴𝑐(𝑄) + (𝜌𝑠ℎ − 𝜌0)𝑉𝑠ℎ ∙ 𝐴𝑠ℎ(𝑄)      2. 47 

𝜌𝑐 , 𝜌𝑠ℎ and 𝜌0 are the mean scattering length density of the core, the shell and the solvent, and 

𝐴𝑐 and 𝐴𝑠ℎ are the scattering amplitudes from the core and the shell respectively given in 

equation 2.48. [54, p. 90-93].  

 

 

𝐴𝑖(𝑄) =  {
𝐴(𝑄, 𝑅)                         𝑐𝑜𝑟𝑒 
𝑅𝑚
3 𝐴(𝑄,𝑅)−𝑅𝑐

3𝐴(𝑄,𝑅)

(𝑅𝑚
3 −𝑅𝑐

3)
        𝑠ℎ𝑒𝑙𝑙 

       2. 48 

Here, 𝐴𝑖(𝑄, 𝑅)  is given by 𝐴𝑖(𝑄, 𝑅) = 3 (𝑠𝑖𝑛𝑄 ∙ 𝑅𝑖) − 𝑄 ∙ 𝑅𝑖  𝑐𝑜𝑠 (𝑄 ∙ 𝑅𝑖)/(𝑄 ∙ 𝑅𝑖)
3.  

 

The scattering from a purely monodisperse system is given by equation 2.49, where the 

contributions are weighted by amplitude from the core-shell structure and the blob scattering 

𝑑Σ/𝑑Ω𝑏𝑙𝑜𝑏(𝑄).  

𝑑𝛴

𝑑𝛺𝐶𝑆
(𝑄) =

𝑁

𝑉𝑠
〈|𝐴𝐶𝑆(𝑄)|

2〉 +
𝑑𝛴

𝑑𝛺𝑏𝑙𝑜𝑏
(𝑄)        2. 49 

Figure 2.18: Illustration of splitting up the amplitudes from the core-shell micelle into its 

individual parts. 
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The blob scattering arises from the internal structure of the individual polymer chains in the 

corona.  

 

In real star-like micellar systems, a homogenous radial density distribution is unrealistic. Both 

the segmental density distribution of the micelle and the excluded volume interactions of the 

internal structure of the polymer chains over long distances must be considered to describe the 

experimental form factor. A sharp core-shell interface can be smeared out by effects like 

chemical differences in the core-corona interface and packing restrictions of the polymer 

chains or thermal fluctuations. The effect of these facts and the calculated density profile of a 

core-shell star-like micelle are shown in Figure 2.19.  

 

To account for possible smearing, the ideal density profiles of the core, 𝑛𝑐(𝑟), and the shell, 

𝑛𝑠ℎ(𝑟), are convoluted with a Gaussian distribution. This modification generates a factor, 

analogous to the Debye-Waller factor, which accounts for the scattering at high Q, as shown 

in equation 2.50.  

𝐷𝑊(𝑄, 𝜎𝑖𝑛𝑡) = 𝑒𝑥𝑝 (−
𝑄2𝜎𝑖𝑛𝑡

2

2
)        2. 50 

Where the width of the smearing is given by 𝜎𝑖𝑛𝑡.  

Figure 2.19: The calculated density profile of a star-like micelle, which shows the impact of 

core-shell smearing. The structural parameters used in the calculations are 𝑁𝑎𝑔𝑔 45, 𝑅𝑚 90 Å, 

𝜎 0.1,𝜎𝑖𝑛𝑡 5Å, and the molecular weights and volumes as outlined for C28PEO5 in 

Experimental  section 3.1.    
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For the system used in this thesis, which has high interfacial tensions between the core block 

and the solvent, a compact core density profile without solvent can be assumed  

𝑛𝑐(𝑟) = 1. The density profile of the shell is given in equation 2.51, which accounts for the 

exponential decay of the density with the radius where the scaling factor for star-like micelles 

is 4/3 [54, p. 92-93].  

𝑛𝑠ℎ (𝑟) =
𝑟−𝑥

1+𝑒𝑥𝑝(
𝑟−𝑅𝑚
𝜎𝑅𝑚

)
          2. 51 

The exponential term in equation 2.51 cuts off the profile because of the finite length of the 

polymer chains, and 𝜎 gives the width of the outer smearing of the shell. This modification 

can be justified with the fluffiness of the hydrophilic part of the polymer chains and thermal 

fluctuations of the chains. The density profile for a star-like micelle is roughly illustrated in 

Figure 2.19. 

 

The scattering amplitudes are obtained by the Fourier convolution theorem as equation 2.52 

[54, p. 93-94].   

𝐴𝑖(𝑄) =  {

1

𝐶

3 (sinQ∙Rc)−Q∙Rc cos(Q∙𝑅𝑐)

(Q∙Ri)
3 ∙ exp (−

𝑄2𝜎𝑖𝑛𝑡
2

2
)                                     𝑐𝑜𝑟𝑒 

1

𝐶
 ∫ 4𝜋𝑟2𝑛(𝑟)𝑠ℎ

sin(𝑄𝑟)

𝑄𝑟
𝑑𝑟 ∙ exp (−

𝑄2𝜎𝑖𝑛𝑡
2

2
)

∞

0
                             𝑠ℎ𝑒𝑙𝑙 

  2. 52 

 

Where C is a normalisation constant obtained from integrating the density profile over the 

volume, given by 𝐶 =  ∫ 𝑛𝑐 , 𝑠ℎ (𝑟)4𝜋𝑟
2𝑑𝑟

𝑅𝑐/∞

0
. The final expression for the form factor for a  

core-shell particle including the density profile and the excluded volume interactions which 

exist in micellar systems is given in equation 2.53.  

 

𝑃(𝑄) = 𝛥𝜌𝑐
2 ∙ 𝑁𝑎𝑔𝑔

2 ∙ 𝑉𝐵
2 ∙ 𝐴𝑐

2(𝑄) +  𝛥𝜌𝑠ℎ
2 ∙ 𝑁𝑎𝑔𝑔

2 ∙ (𝑁𝑎𝑔𝑔 − 𝐵(0)) ∙  𝑉𝐴
2 ∙ 𝐴𝑠ℎ

2 (𝑄) + 

2 ∙ 𝛥𝜌𝑐 ∙ 𝛥𝜌𝑠ℎ ∙ 𝑁𝑎𝑔𝑔
2 ∙ 𝑉𝐴 ∙ 𝑉𝐵 ∙ 𝐴𝑐(𝑄) ∙ 𝐴𝑠ℎ(𝑄) + 𝑉𝐴 ∙ 𝛥𝜌𝑠ℎ

2 ∙ 𝐵(𝑄)    2. 53 

 

Where Δ𝜌𝑐,𝑠ℎ = 𝜌𝑐,𝑠ℎ − 𝜌0 and 𝑉𝑖 is the molecular volumes of the A and B blocks (shell and 

core-block respectively). The first two terms in equation 2.53 are the scattering from the 

individual core and  shell, the third term arises from interference between the core and the 

shell, and the last term is the volume- and- contrast- weighted, short-range, local correlations 
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of polymer segments in the corona (blob scattering). The blob scattering is considered by 

using an expression for free swollen polymer chains in solution, according to equation 2.54.  

𝐵(𝑄) =
𝑃𝑐ℎ𝑎𝑖𝑛(𝑄)

1+𝜈∙𝑃𝑐ℎ𝑎𝑖𝑛(𝑄)
          2. 54 

Here 𝜈 is a parameter which scales with the effective polymer concentration and acts as a 

parameter for the interactions between the chains. 𝑃(𝑄) is the form factor for a polymer 

chain, and is modelled by an empirical relationship for self-avoiding chains, given in equation 

2.55 [54, p. 94-95] 

𝑃𝑐ℎ𝑎𝑖𝑛(𝑄) = 𝑒
−
𝑄2𝑅𝑔

2

3 +
𝑑𝑓

𝑅𝑔
𝑑𝑓
∙ 𝛤 (

𝑑𝑓

2
) ∙ (

𝑒𝑟𝑓(
𝑘𝑄𝑅𝑔

√6
)

𝑄
)

𝑑𝑓

      2. 55 

Where 𝑑𝑓 is the fractal dimension, which is 1.7 for a polymer in good solvent conditions, and 

𝑘 = 1.06, which is an empirical constant.  

 

Ellipsoidal Core Shell Model 

An ellipsoid consisting of a core and a shell is schematically drawn as in Figure 2.20. The 

radius of the shell thickness can be calculated to be the difference between the overall radius, 

and the radius of the core, as Figure 2.20 shows. In a solution consisting of surfactants, some 

of the surfactant molecules will be in a micellar state, and some will be free chains. This 

situation must be accounted for in the scattering model, which can be done by having a 

fraction as micelles, and the rest of the input molecules as free chains. An oblate micelle is 

shown in Figure 2.20.  

 

Figure 2.20: Illustration of the ellipsoidal core-shell model, where the amplitude arising 

from the core and the shell can be added together into the total amplitude from the 

micelles. Singly dissolved surfactants also contribute to the final amplitude for the system. 

The figure is modified from [34]. 𝜙 stands for fraction of micelles, 휀 is the aspect ratio, 𝑅𝑐 
is the core radius and 𝐷 is the thickness of the head group shell.  
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The parameter, 휀, is fitted to the experimental data, and indicates whether the micelle is oblate 

(휀 < 1), spherical (휀 = 1) or prolate (휀 > 1). The analytical expression for the form factor 

for an the ellipsoidal core shell model, 𝑃𝑠𝑐−𝑒𝑙𝑙 (𝑄), is given in equation 2.56 [34], where it is  

modified with an aspect ratio for the scattering form factor of a sphere.  

 

𝑃𝑠𝑐−𝑒𝑙𝑙 (𝑄) =  ∫ [
𝛥𝜌𝑐𝑜𝑟𝑜𝑛𝑎𝑉𝑡𝑜𝑡𝐴𝑠𝑝ℎ(𝑄, 𝑅𝑡𝑜𝑡) +

(𝛥𝜌𝑐𝑜𝑟𝑒 − 𝛥𝜌𝑐𝑜𝑟𝑜𝑛𝑎)𝑉𝑐𝑜𝑟𝑒𝐴𝑠𝑝ℎ(𝑄, 𝑅𝑐𝑜𝑟𝑒)
]

2

𝑠𝑖𝑛 𝛼 𝑑𝛼
𝜋

2
0

     2. 56 

 

Here Asph(Q, Ri) is the spherical form factor given in Table 2. 1, and 𝑅𝑖 = 𝑟𝑖(𝑠𝑖𝑛
2 𝛼 +

 휀𝑖
2 𝑐𝑜𝑠2 𝛼)1/2. The amplitudes of the core and the corona are weighted by the contrast and the 

volume they occupy, which is given by  𝑉𝑖 =
4

3
휀𝑖𝑅𝑖

3, where 𝑖 is either the core or the total 

micelle. To account for the fact that the sulphate head groups have the same thickness, no 

matter the curvature is the 휀𝑡𝑜𝑡 written as total 휀𝑡𝑜𝑡 = (휀𝑅𝑐 + 𝐷)/(𝑅𝑐 + 𝐷).  

 

The model includes the Hayter Penfold structure factor (which will be described in the next 

section) which accounts for the electrostatic repulsions between the negatively charged 

micelles.  

 

The Structure Factor  

If there are interparticle interactions of any sort, it will be seen in the experimental data and is 

called structure factor, 𝑆(𝑄). The spatial correlations can be seen by an increase or decrease 

in intensity at the very low Q, depending on whether the interactions are repulsive or 

attractive, respectively. The spatial correlations in a liquid is usually described by the radial 

distribution function, 𝑔(𝑅). The radial distribution function describes the probability of 

finding an atom in a range, 𝑑𝑟, at a distance, 𝑟, away from the origin. The liquid structure 

factor is given in equation 2.57 [64, p. 14].  

𝑆(𝑄) = 1 +
4𝜋𝑁

𝑄
∫ 𝑟[𝑔(𝑟) − 1] 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑟
∞

0
      2. 57 
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The liquid structure factor and the radial distribution function are Fourier transformations of 

each other, which is illustrated in Figure 2.21. Although, it is not possible to carry out the 

Fourier transformation from a liquid structure factor to achieve the radial distribution 

function, because the limits of the integral in equation 2.57 are unknown. The intensity at 𝑄 =

0 is not known due to the beam stop, and the intensity at infinity is not known either [65, p. 

182]. To find the radial distribution function, modelling is necessary, and the expression for 

the structure factor has been calculated. Among these models are the hard-sphere, and the 

second virial coefficient [64, p. 44, 65, p. 182]. A hard sphere potential is a model where the 

particles interact with a hard sphere radius and have a hard sphere volume fraction. In the 

hard-sphere approximation, it assumed that the potential energy suddenly rises to infinity as 

soon as the particles come within a separation, 𝑑, [52, p. 677], as shown in equation 2.58. 

𝑉(𝑟) =  {
∞  𝑓𝑜𝑟 𝑟 ≤ 𝑑
0   𝑓𝑜𝑟 𝑟 > 𝑑

}          2. 58 

The reader is referred to [64, p. 410] for the full equation for the hard sphere structure factor.  

Star-like micelles interact with soft potentials. This situation can be modelled by including the 

second virial coefficient as shown in equation 2.59.  

𝑑𝛴

𝑑𝛺
(𝑄) =

𝑛𝑧∙𝑃(𝑄)

1+𝐴2∙𝑃(𝑄)∙𝐶
           2. 59 

Where 𝑛𝑧 is the number density of scatterers, 𝑃(𝑄) is the form factor, 𝐴2 is the second virial 

coefficient, and 𝐶 is the concentration. To find the second virial coefficient, a dilution series 

must be performed, and the results must be extrapolated to the concentration being 0 [64, p. 

43-44].  

 

Figure 2.21: On the left-hand side is the radial distribution function which gives the most 

probable distance between the particles in real space, an on the right-hand side is the 

structure factor which are the correlations in reciprocal space. The illustration is taken from 

[64, p. 15].   
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2.4 Time-Resolved Small-Angle Neutron Scattering  

A time-resolved, small-angle neutron scattering technique (TR-SANS) is employed in a 

kinetic zero average contrast (XZAC) method to investigate the dynamics, e.g. unimer 

exchange in solutions. Fully protonated and deuterated micelles are mixed in a solvent which 

has the same contrast as the fully mixed polymers, and the decrease in intensity over time is 

proportional to the decrease in contrast. This experiment gives information about how fast the 

chains exchange [54, p. 102-104], and the principle is shown in Figure 2.22.  

 

Information about the exchange kinetics can be extracted by relating the detector integral to 

the intensity of the start and end state of the mixing. The intensity is proportional to the square 

of the difference in contrast. 𝐼(𝑡) ≈ (𝜌𝑚 − 𝜌0)
2 where 𝜌𝑚 is the effective scattering length 

density (SLD) of the micelles, which is given by the volume fractions of the protonated and 

deuterated chains. This quantity can be expressed as a fraction, 𝑓, and 1 − 𝑓 respectively. The 

SLD of the micelles can then be written as 𝜌𝑚 = 𝑓𝜌𝐻 + (1 − 𝑓)𝜌𝐷 where 𝜌𝐻 and 𝜌𝐷 are the 

SLD of the protonated and deuterated micelles, respectively. The solvent must be made such 

Figure 2.22: The principle of the TR-SANS method experiment. Micelles made of protonated 

(red) and deuterated (blue) polymers are mixed in a solvent which is the average of the 

contrast of the two polymers. When the chains exchange, the difference in contrast to the 

solvent decreases and vanishes. 

Proteated Deuterated

Chain exchange

Chains are partly mixed –

decrease in contrast

Chains are fully mixed –

No contrast



 49 

that it has the same contrast as the average of the protonated and deuterated chains and can be 

written as 𝜌0 = (𝜌𝐻 + 𝜌𝐷) 2⁄ . Inserting the expressions for the SLD of the micelles and the 

solvent, the initial equation for the intensity can be written as √𝐼(𝑡) ~ Δ𝜌(𝑡) = (𝑓(𝑡) −

1/2)(𝜌𝐻 − 𝜌𝐷). This equation can further be expressed as a relaxation function of the 

intensity as equation 2.60.  

𝑅(𝑡) = (
𝐼(𝑡)−𝐼∞

𝐼𝑡=0−𝐼∞
)

1

2
           2. 60 

Where 𝐼(𝑡) is the total intensity under the scattering curve (𝐼(𝑡) =  ∫ 𝐼(𝑄, 𝑡)𝑑𝑄 ), 𝐼∞ is the 

intensity for the 50:50 blend of protonated and deuterated polymer solution, and 𝐼𝑡=0 is the 

intensity at time 0 [54, p. 102-104].  
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3 Experimental Procedures and Methods 

All the experimental procedures and methods that have been used in this thesis are presented 

in this section.  

 

3.1  Chemicals Used in the Experimental Work of this Thesis  

An overview of all the chemicals that were used in the current work is shown in Table 3. 1 

and Table 3. 2. The polymers were synthesised and provided by Lutz Willner at 

Forschungszentrum Jülich GmbH and used as received. The alkyl-PEO polymers were 

synthesised by living anionic ring opening polymerisation, and the PEP-PEO polymers were 

synthesised by living anionic polymerisation. The polymers were characterised by size 

exclusion chromatography and 1H-NMR [25, 45, 46, 50]. SDS and D2O were bought from 

Sigma Aldrich and used as received.   

 

Table 3. 1: Overview of the properties of the alkyl-PEO polymers used in this thesis. The 

polydispersity of the alkyl block is 1. MN stands for number average molecular weight  

d stands for density and is given at 20C and Mw stands for weight average molecular weight.  

Polymer Mw g/mol dPEO g/cm3 
dalkyl g/cm3 

20 
Mw/MN PEO 

C21PEO5  4396.4 1.20 0.918 1.04 

C28PEO5  4994.8 1.20 0.907 1.04 

 

 

Table 3. 2: Overview of the properties of the PEP1PEO20 polymers used in this thesis. The 

given densities are at 20C.    

Polymer 
Mn PEP 

g/mol 
NPEP 

dPEP 

g/cm3 

Mw/MN 

PEP 

Mn PEO 

g/mol 
NPEO 

dPEO 

g/cm3 

Mw/MN 

PEO 

hPEP1-hPEO20 1100 15 0.840 1.06 21900 497 1.20 1.04 

dPEP1-dPEO20 1400 16 0.971 1.06 23900 497 1.31 1.04 

bPEP1-bPEO20 1250 16 0.906 1.06 22900 497 1.26 1.04 
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3.1.1 Calculation of the Scattering Length Density  

The scattering length density for the polymers, surfactants, and solvents used in this thesis has 

been calculated by 1) finding the scattering length for X-rays. The scattering length for X-rays 

is found by adding the number of electrons in the monomer unit and multiplying by the radius 

of electrons, which is 2,818 × 10−13 𝑐𝑚. The volume of the polymer unit was calculated by 

the density of the block 𝑑, as described in section 3.3. 2) The scattering length density was 

then calculated by dividing the scattering length by the volume of the monomer unit. The 

obtained scattering length densities are shown in Table 3. 3.  

 

Table 3. 3: Overview of the calculated scattering length densities used in experiments in this 

thesis. 

Polymer 

block 
Repeat Unit 

Number of 

electrons 

d 

g/cm3 

Mm 

g/mol 

V 

cm3 

b cm 

(Xray) 

𝜌 cm-2 

(Xray) 

PEP C5H10 40 0.840 70.13 1.39E-22 1.13E-11 8.13E+10 

PEO C2H4O 24 1.20 44.04 6.09E-23 6.76E-12 1.11E+11 

C28 C28H57 225 0.907 394.8 7.23E-22 6.34E-11 8.77E+10 

C21 C21H43 167 0.918 296.6 5.37E-22 4.71E-11 8.77E+10 

C12 C12H25 97 0.794 169.3 3.54E-22 2.73E-11 7.72E+10 

SO4
3- SO4

3- 51 3.37 96.06 4.74E-23 1.44E-11 3.03E+11 

 

 

3.2 Sample Preparation  

The various polymers used in this thesis were prepared following the previous work 

performed by Zinn et al. [24] and Lund et al. [45]. Stock solutions with polymer and 

surfactant of 20.0 mg/mL and 10.0 mg/mL were made with Millipure Q water, and then 

diluted into the desired concentrations. The water was boiled and sonicated before preparing 

the polymer and surfactant solutions for density, Nano-Differential Scanning Calorimetry 

(Nano-DSC), and stopped-flow measurements. The polymers and surfactants were weighed 

out by using an analytical balance, type Sartorius CP224S. The polymer solution was set to 

swell for 15 minutes before it was placed in a water bath with a magnet stirrer at 60C for 1 

hour to equilibrate. The container was completely closed with a lid and parafilm to avoid 

water evaporating from the sample. The solutions were slowly cooled to room temperature 

and set to rest overnight. Surfactants equilibrate fast and were, therefore, not heated. Mixed 

micellar solutions were prepared by adding the polymer solution into the surfactant solution. 
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The solutions were not shaken but only swirled around to prevent the formation of air 

bubbles.   

 

3.3 Density Measurements  

The density of the polymer, surfactant, and background solvent solutions were measured from 

5C to 75C using an Anton Parr DMA 5000 density meter. This density meter measures the 

density with a U-shaped tube which is electronically excited to oscillate at a characteristic 

frequency, where the resonant frequency of the sample is used to precisely determine the 

density of the solution [69]. 10.0 mg/mL polymer and surfactant solutions were prepared 

according to the procedure given in section 3.2. The solutions were set to reach 

equilibrium/end-state before starting the measurements.  

 

The specific density of the core and the corona in the micelles was calculated following the 

procedure of Sommer et al. [70]. The density of the water background was recorded for the 

calculation of the specific volumes of the polymers. From the measured density of the 

solution, 𝑑𝑚, and water background, 𝑑𝐻2𝑂, in the units, g/cm3 was the apparent specific 

volume in the units cm3/g of the dissolved polymer, 𝜐𝑠𝑜𝑙𝑢𝑡𝑒 calculated by equation 3.1.  

1

𝑑𝑠𝑜𝑙𝑢𝑡𝑒
=  𝜐𝑠𝑜𝑙𝑢𝑡𝑒 = (

1

𝑐𝑠𝑜𝑙𝑢𝑡𝑒
) (

1

𝜌𝑚
) − (

1−𝑐𝑠𝑜𝑙𝑢𝑡𝑒

𝑐𝑠𝑜𝑙𝑢𝑡𝑒
) (

1

𝜌𝐻2𝑂
)     3. 1 

Here, 𝑐𝑠𝑜𝑙𝑢𝑡𝑒 is the weight fraction of the dissolved polymer in the solution. For the block 

copolymer, the individual apparent specific volumes of the two blocks were found by 

assuming additivity of the volume contributions to the total apparent specific volume. The 

specific volume of each block in the amphiphilic block copolymer 𝜐i was found by equation 

3.2 which relates these parameters to the total apparent specific volume 𝜐𝑝𝑜𝑙𝑦𝑚𝑒𝑟.  

𝜐𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝑚𝐴𝜐𝐴 + 𝑚𝐵𝜐𝐵          3. 2 

𝑚𝐴 and 𝑚𝐵 are here the mass fractions of the two blocks. The density of a PEO homopolymer 

was measured and assumed to be the same as the density of the PEO in the corona. Together 

with the measured density of the whole polymer, the apparent specific volume of the 

hydrophobic B block was found by using equation 3.2.  
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3.4 Small Angle Scattering Experiments 

Small-angle X-ray scattering (SAXS) experiments have been performed at three different 

instruments; at our in-house Bruker SAXS at the Norwegian Centre for X-ray Diffraction; 

Scattering and Imaging REsource Centre X-rays (RECX) lab, and BM29 and ID02 at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble. Small-angle neutron scattering 

(SANS) experiments were performed at the Insititute for Energy Technology (IFE) JEEP II 

reactor at Kjeller. Technical details concerning the instruments and the sample loading are 

described in this section.  

 

The different technical details concerning the instrument set-up are outlined in Table 3. 4.  

 

Table 3. 4: Overview of the technical details concerning the SAXS and SANS instruments 

used in this thesis. 

 Bruker SAXS 

RECX lab 

SAXS BM29 

ESRF [71] 

SAXS ID02 

ESRF [33] 

SANS IFE  

𝝀 Å 1.54 0.993 0.951 5.1 and 10.2  

𝚫𝝀/𝝀 % 0.10 ~0 ~0 10 

Flux neutron or photon/s 1∙107 1∙1013 6∙1013 8∙105 

Det. Dist. m 107.00 2.867  2.511  1.0 and 3.4 

Coll. Dist. m* 0.479 N/A N/A 2.3 

Q-range Å-1 0.009-0.290 0.003-0.493 0.003-0.304 0.006-0.300 

Sample aperture mm2 0.24 N/A N/A 11.0 

Coll. Aperture mm2 0.44 N/A N/A 12.6 and 28.9 

Pixel size cm 0.0100 172∙10-4 44.2∙10-4 0.45 

*N/A: The instruments at the ESRF synchrotron has a more advanced setup, with more than two slits. 

However, there are two guard slits in front of the sample position with size i) collimation aperture ii) sample 

aperture ID02: i) 0.09 mm2 ii) 0.25 mm2 BM29: i) 0.25 mm2 ii) 0.49 mm2.  

 

3.4.1 Small Angle X-ray Scattering  

The different instrumental details of sample loading and handling at the three different SAXS 

instruments used; X-ray lab at the University of Oslo, BM29 at ESRF, Grenoble, and ID02 at 

ESRF, Grenoble will be explained in this section.  

 



 54 

X-ray lab University of Oslo   

The in-house SAXS (see Figure 3.1) has been used for both static measurements on C28PEO5 

and SDS and time-resolved measurements on the solubilisation of C28PEO5 by SDS. Pure 

C28PEO5 and SDS solutions, as well as mixture solutions, were prepared according to the 

procedure outlined in Section 3.2. The solutions and the background, i.e. water, were 

measured using a flow-through borosilicate cell with a thickness of 1.5 mm. The samples 

containing mixed micelles were mixed 15 minutes before the start of the measurement. The 

samples were measured at 20C and was equilibrated in the sample cell for 3-5 minutes 

before the start of the measurement.  

 

Static Synchrotron Measurements 

Static measurements on PEP1PEO2 and C21PEO5 were performed on the BM29 (bending 

magnet) beamline at ESRF in Grenoble, see Figure 3.2. Stock solutions, solvent, and pre-

mixed aged samples were prepared several days, i.e. 5 days, before the measurements and 

brought to the facilities. The samples were measured using an automatic quartz capillary 

flow-through cell with a diameter of 1 mm using a robotic sample holder. 10 frames of 0.02 s 

were performed for each sample in a continuous flow. The background was measured before 

Figure 3.1: Picture of the inhouse Bruker SAXS at RECX lab UiO. The box closest to the 

camera is the detector, the tube it is to connected is the flight tube and the box furthest away 

from the camera is the sample chamber.  
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and after each sample. Radiation damage in the 10 obtained frames was tested and detected by 

changes in the scattering pattern which exceeds a calibrated threshold, relative to the first 

frame. All frames with radiation damage were neglected for further analysis. In case of strong 

radiation damage, which occurred for PEP1PEO20, exposure time, flow speed and attenuation 

were changed accordingly. To measure as close to the start state as possible, the reservoirs 

were mixed directly in the robotic sample holder, and the scattering patterns were measured 

for each sample individually, giving a dead time of 3 minutes between the mixing of the 

reservoirs and the detection of the scattering pattern. 

 

Time-Resolved Synchrotron Measurements 

Time-resolved SAXS measurements were performed at the ID02 (undulator) beamline at 

ESRF in Grenoble. To get rapid and reproducible mixing on a millisecond time scale, a 

BioLogic SFM-400 stopped flow (SF) device, see Figure 3.3, was used to obtain the data, 

with a home-built flow-through cell with a diameter 1.6 mm [73]. Static measurements on 

aged samples were performed to obtain the end state of the polymer-surfactant mixed micelle 

and to detect potential radiation damage of the sample. 100 L volumes of the reservoirs were 

mixed with a flow rate of 6 mL/s, giving the smallest dead time possible at 27.5 milliseconds. 

The measurements were repeated 5-10 times to ensure reproducible data. Different time 

sequences after mixing were measured, depending on how fast equilibration occurred, e.g. if 

solubilisation is over during the first 10 seconds or 60 seconds. The limiting and variable 

factors are displayed in Table 3. 5.  

 

Figure 3.2: A depiction of the BM29 instrument at the ESRF with a description of the different 

parts. The figure is taken from the ESRF website [72]. 
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Table 3. 5: Overview of the different time-steps used in the acquisition of time-resolved 

SAXS data using a stopped-flow device at ID02.  

Experimental mixing step Time ms 

Acquisition time per frame, 𝑡𝑎𝑞𝑢 5.0 

Time for the solution to reach mixing cell, 𝑡𝑚𝑖𝑥 2.5 

Time until the mixing cell is fully loaded 30 

The readout time for the detector, 𝑡𝑑𝑒𝑙𝑎𝑦 22 

The first possible frame (in a continuous flow) 25 

 

The time until the solution reaches the mixing cell is determined by the flow rate and the 

volume. The first frame was obtained after 25 milliseconds in a continuous flow to get the 

smallest deadtime possible. The minimum time between each frame 𝑡𝑑𝑒𝑙𝑎𝑦  is limited by the 

detector. Binning of the data points of 8 × 8 was used, giving a readout time of 22 

milliseconds. To measure more frames at the beginning of the equilibration process, an 

expansion factor was added 𝑡𝑤𝑎𝑖𝑡,𝑖, such that the waiting time between each frame increased. 

The time 𝑡 measured at frame 𝑖 is given by equation 3.3, and the stopped flow apparatus is 

illustrated in Figure 3.3.  

𝑡𝑖 = 𝑡𝑚𝑖𝑥 + 𝑡𝑑𝑒𝑙𝑎𝑦 + (𝑖 −
1

2
) 𝑡𝑎𝑞𝑢 + ∑ 𝑡𝑤𝑎𝑖𝑡,𝑖 

𝑖−1
1       3. 3 

 

Figure 3.3: To the left, a picture of the stopped-flow device at ID02 taken from the ESRF 

website [73], where the incoming X-rays are indicated with the red arrow. The scattered 

photons go through the cone, and into the detector vacuum tube where the detector is 

located.  To the right, an illustration of the mixing of reservoirs in the stopped-flow device. 
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3.4.2 Data Reduction for Small Angle X-Ray Scattering Experiments 

The scattering data must be reduced in order to get the macroscopic differential scattering 

cross section, so that data obtained at different instruments can be compared. Data reduction 

is a correction for background and specific instrumental characteristics.  

 

All SAXS experiments initially yield primary scattering results on a 2D detector. The first 

step in processing the raw scattering data to a 1D scattering curve is to scale each pixel by the 

transmitted intensity and data collection time [74]. This approach means that the obtained 

intensity is divided by the incoming flux and measuring time. Intermodulus gaps, hot pixels, 

and beam stop shadows were removed from the scattering pattern by using a mask. The next 

step in the data reduction is the radial averaging (azimuthal integration) of the 2D-detector. 

To perform the radial averaging, calibrated values for the energy, the wavelength, and the 

beam position are needed. This step is done by obtaining the scattering curve on an absolute 

scale by a normalisation to a known internal standard, where the scattering from water at 

20C was used [74, 75] at all the different instruments. Water has a known differential 

scattering cross section which was used to scale the obtained intensity. Within this water-

normalisation lies the normalisation of all the instrumental parameters such as the collimation, 

the sample-to-detector distance, the pixel size, the sample aperture, and the beam size.  

𝑑𝛴

𝑑𝛺𝑠𝑡
 (𝑄 = 0) = 1.632 × 10−2𝑐𝑚−1        3. 4     

Both the empty cell and the solvent in the sample contribute to the overall obtained scattering 

intensity. The scattering contribution from these components must be subtracted to obtain the 

scattering solely from the particles in solution. The final differential scattering cross section of 

the particles in the solution 𝑑Σ/𝑑Ωs is found by equation 3.5.   

 

𝑑Σ

𝑑Ωs
(𝑄) =  [

𝑑Σ

𝑑Ωst
 (𝑄 = 0)/ (

𝐼𝑠𝑡(𝑄→0)−𝐵𝐺𝑠𝑡

𝑑𝑠𝑡𝑇𝑠𝑡+𝑐𝑒𝑙𝑙
) ]  ×

𝐼𝑠(𝑄)−𝐵𝐺𝑠

𝑑𝑠𝑇𝑠+𝑐𝑒𝑙𝑙
     3. 5 

 

Where 𝐼𝑠𝑡 is the intensity for water corrected for the empty cell, 𝑑𝑠𝑡 is the thickness of the 

capillary used as the standard and 𝑇𝑠𝑡 is the transmission in the sample used as a standard. 𝐼𝑠 

and 𝐵𝐺𝑠 is the intensity from, respectively, the overall sample and from the background. 

𝑇𝑠+𝑐𝑒𝑙𝑙 and 𝑑𝑠 is respectively the transmission and the is the thickness of the capillary holding 

the sample. 𝐵𝑠𝑡 is a signal from the external background, such as radiation from the room, 
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electronic nose, the tails of the direct beam, scattering from the sample container and from the 

solvent [75]. When performing these corrections, the same instrumental configurations, e.g. 

measurement time, were used. External radiation from the room and electronic noise were 

corrected for by measuring an absorber in the sample position. 

 

3.4.3 Resolution Function for Small Angle X-ray Scattering Experiments  

To reliably compare experimental data with theoretical models, the instrumental resolution 

needs to be considered in the data modelling. The instrument geometry, the detector pixel 

size, and the wavelength distribution are important aspects that influence the instrumental 

resolution. These factors result in a distribution of the scattering vector, 𝑄, around its mean 

value which leads to a smearing of the features in the resulting scattering curve. According to 

Pedersen et al. [76], a correction for the smearing can be achieved by convolution of the 

differential scattering cross section used in the model with a normalised gaussian resolution 

function 𝑅(𝑄, 〈𝑄〉) which is given in equation 3.6. 

𝑅(𝑄, 〈𝑄〉) =
𝑄

𝜎2
𝑒𝑥𝑝 [−

1

2
(𝑄2 +

〈𝑄〉2

𝜎2
)] 𝐼0  (

𝑄〈𝑄〉

𝜎
)        3. 6 

Where 𝐼0 is the modified Bessel function of the first kind and zeroth order, and 𝜎 is the 

smearing coefficient defined as the half width at half maximum defined as equation 3.7.  

𝜎2 = 𝜎𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛
2 + 𝜎𝛥𝜆/𝜆

2 + 𝜎𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
2        3. 7 

𝜎 has its origin from smearing given by the collimation, wavelength distribution, and pixel 

size, which is given by equations 3.8, 3.9, and 3.10, respectively.  

𝜎𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛
2 =

2𝜋

𝜆

𝑎𝑃

𝐿
 

1

2(2 𝑙𝑛 2)1/2
         3. 8 

𝜎𝛥𝜆/𝜆
2 =

2𝜋

𝜆

𝛥𝜆

𝜆

1

2(2 𝑙𝑛 2)1/2
         3. 9 

𝜎𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒
2 =

2𝜋

𝜆
𝛥𝛩

1

2(2 𝑙𝑛 2)1/2
         3. 10 

Here, 𝑎𝑃 is the area of the detector pixel, L is the sample-to-detector distance and 𝛥𝛩 is the 

sharpness of the scattering angle defined by the collimation/detector distances and the 

defining apertures.   

The correction for resolution was done for the data obtained in Oslo using the QtiKWS10 

software developed by Vitaliy Pipich [77] by inputting the parameters: collimation and 

detector distance, pixel size, aperture size, wavelength, and distribution of wavelength. This 

step was not necessary to do for the scattering data obtained at ESRF because the wavelength 
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spread and the extremely low divergence of the beam significantly improve the total 

resolution.   

 

3.4.4 Time-Resolved Small-Angle Neutron Scattering  

The kinetic zero average contrast method has been used to examine the exchange kinetics in 

some of the micellar systems. Small-angle neutron scattering experiments were carried out at 

the SANS installation at the JEEP-II reactor at Kjeller, Norway, see Figure 3.4.  

 

 

Figure 3.4: Picture taken from [78] of the SANS instrument at the JEEP II research reaction 

at IFE, Kjeller.  

Solutions of 10.0 mg/mL of protonated and deuterated micelles were made in the same way as 

discussed in section 3.2, except that the solvent, in this case, is not pure H2O, but a mixture of 

H2O and D2O. To exactly match the contrast for the fully-mixed protonated and deuterated 

micelles, the solvent was made in a composition of 63% D2O and 37% H2O, called zero 

average contrast (ZAC). In addition, a solution was made of a blend-polymer which was 

50:50 protonated and deuterated, to compare the kinetics data with the intensity for a fully- 

mixed solution. Mixed micelles were formed by mixing the polymer solutions with a 4.66 

mg/mL SDS solution which was also prepared in ZAC, but otherwise following the same 

protocol as section 3.2 described. The SDS solution does not need to be isotopically labelled 

because the intensity contribution from this molecule will be cancelled out since it is in both 
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the protonated and the deuterated solutions.  The 10.0 mg/mL solution of hydrogenated, 

deuterated and blend PEP1PEO20 were mixed 50:50 with the 4.66 mg/mL SDS solutions, 

leaving the final concentration at 5.00 mg/mL polymer and 2.33 mg/mL SDS. The mixed 

micellar solutions were set to age for 5 days at room temperature before the start of the 

measurements, to make sure the mixed micelles had reached the final state.  

 

The protonated and deuterated solutions were mixed 50:50 and inserted into the neutron beam 

within the first 3 minutes after mixing. The solutions were filled in 2 mm Starna quartz 

cuvettes. The cells were placed onto a copper-base for good thermal contact and mounted 

onto the sample stage in the sample chamber. The temperature of the samples was controlled 

by a water circulator, maintaining the temperature set value to within 20.0  0.1 C.  

The intensity of the scattered neutrons was measured over the next 5 days by Dr Kenneth 

Dahl Knudsen at IFE, where the sample was untouched in the sample chamber during the 

whole time period. The data recorded was the total intensity over time.  

 

The standard reductions of the scattering data were performed by Kenneth Dahl Knudsen, 

including transmission corrections, were conducted by incorporating the data collected from 

the empty cell, and the blocked-beam background, according to the formula given in equation 

3.11. 

𝐼𝑠
𝑐𝑜𝑟 = (

𝐼𝑠

𝑀𝑠
−

𝐼𝐵𝐺

𝑀𝐵𝐺
) −

𝑇𝑠

𝑇𝐸𝐶
(
𝐼𝐸𝐶

𝑀𝐸𝐶
−

𝐼𝐵𝐺

𝑀𝐵𝐺
)       3. 11 

Where 𝐼𝑠 is the intensity measured from the sample inside the quartz cell, 𝐼𝐵𝐺  is the intensity 

of the blocked beam background, and 𝐼𝐸𝐶  is the intensity from the empty quartz cell. 𝑇𝑠 and 

𝑇𝐸𝐶 is the transmission from the sample and the empty cell, respectively. The latter factors are 

measured by registering the intensity of the direct beam spot with the beam stop moved aside 

and with an attenuator in the beam to avoid the saturation of the detector. All the 

measurements were normalised to the beam monitor counts (Mi) to compensate for any 

possible variations in the incoming beam flux. The data correction shown in equation 3.11 

was done in each pixel of the detector matrix. Finally, all data were transformed to an 

absolute scale (coherent differential cross section (dΣ/dΩ)), making use of the intensity value 

registered in open beam measurements (no sample or cell), with a calibrated attenuator (Cd-

mask with holes) in the beam [79], before averaging radially to produce an I(q) vs. q pattern. 

For the time-dependent study, the integrated detector intensity at the actual q-setting was 

normalised to the incoming monitor counts and plotted as a function of time. 



 61 

3.5 Differential Scanning Calorimetry   

Differential scanning calorimetry (DSC) measures the amount of heat that needs to be 

transferred to/from the sample to change the temperature of the sample by a certain amount 

compared to a reference. The sample and the reference are simultaneously heated and cooled 

at a constant rate, and the DSC measures the differential heat flow between them over the 

scanned temperature range. The “Nano-DSC” used in this thesis utilised a method called the 

power compensation method. In power compensation, the temperature is actively varied in 

independent heating/cooling elements, and the instrument measures the additional power that 

must be added or subtracted to maintain the temperature differential [80, p. 452–459]. In 

Nano-DSC heat flows, in the range 𝜇 J/s can be detected [50], and can, therefore, be applied 

to micellar systems as the signal from structures in the nanosized range systems are much 

lower than in bulk systems. When a phase transition occurs in the sample, the extra energy 

needed to heat the sample, relative to the reference, corresponds to the enthalpy of fusion.  

 

All DSC measurements for this thesis were performed by Bente Amalie Breiby at the School 

of Pharmacy, UiO at a Nano DSC instrument. The solutions were prepared according to the 

description in section 3.2 and scanned against a reference of pure Millipure Q water. The 

program for the Nano-DSC measurements were following Zinn et al. [50], where samples 

were heated from 5C to 75C degrees with a rate of 2 K/min. The samples were heated and 

cooled three times. The mixed micellar samples were not preheated before the DSC 

measurements. The data were analysed using the NanoAnalyze software from TA 

Instruments. The analysis involved subtracting the reference, followed by converting the heat- 

flow data to molar heat capacity 𝑐𝑝 according to equation 3.12.  

 

𝑐𝑝 =
ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤

[𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒] × [𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑝𝑜𝑙𝑦𝑚𝑒𝑟/𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡]
     3. 12 

 

The excess specific heat was found through the establishment of the integration baseline with 

a first-degree polynomial.  
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4  Results and Discussion  

The results are organised by initially presenting the characterisation of the pure surfactant and 

polymer solutions and discussing reproducibility. Secondly, an in-depth characterisation of 

C28PEO5 mixed with SDS will be presented in section 4.2, as well as the small-angle 

scattering structural model for fitting the scattering pattern from the mixed micelles, before 

characterisation of the mixed micelles formed by C21PEO5 mixed with SDS will be presented. 

In the end, the data showing the kinetics of the formation of the mixed micelles will be 

presented for the frozen- and living- polymer micelles. The formation kinetics with a 

kinetically frozen polymer will be presented first, in section 4.3, before the two living 

micelles with progressively faster dynamics will be presented in section 4.4. A summarizing 

discussion of the solubilisation mechanism based on the kinetic data obtained in between the 

different polymer systems compared with previously reported work and concepts is given in 

section 4.5.     

 

4.1 Characterisation of Pure Polymer and Surfactants Solutions  

The aim of this section is to perform a systematic study by the structural models explained in 

section 2.3.2 and the experimental procedure explained in section 3.2 to document 

reproducibility towards previously reported structural parameters [24, 26, 36, 45, 46, 50, 51, 

62] before the mixing of polymer (PEP1PEO20, C28PEO5 and C21PEO5) and surfactant 

(SDS) solutions. Control of the pure systems is important to gain to be able to quantify the 

changes which occur upon mixing. The pure systems will be referred to as the initial state in 

the sections describing the mixed micelles.  

 

4.1.1 Pure Polymer Systems 

A series of small-angle X-ray scattering experiments were performed on 10.0 mg/mL 

solutions of PEP1PEO20, C28PEO5 and C21PEO5. The scattering curves are shown in Figure 

4.1 where the inset sketch indicates which structural features of the micelles contribute to 

which features of the scattering curve. The scattering curves are consistent with typical star-

like micellar scattering with a Guinier plateau in the low Q region, a steep decrease giving the 

radius of the micelle and core scattering in the intermediate Q region, and blob scattering with 

the Q dependence of Q-1.7 the high Q region. All scattering curves shown in the results of this 
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thesis are reduced and normalised scattering data, and all experiments have been performed at 

20C, unless other temperatures are specifically stated.  

 

The scattering curves in Figure 4.1 show a difference in both overall intensity in the low Q-

region and where the scattering abruptly decreases in the intermediate Q-range. This result 

stems from differences in size of the polymeric micelles. All the curves show a similar 

behaviour in the high Q regime which is due to the blob scattering arising from the corona in 

the star-like micelles.  
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Figure 4.1: The Scattering curves of the polymers a) PEP1PEO20 with an inset sketch which 

indicates which structural features of the micelles contribute to which features of the scattering 

curve b) C28PEO5 c) C21PEO5 were all is measured at 20C and displayed with core-shell 

model fits.  
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There is a difference in the statistics of scattering data for the C28PEO5 micelles (b), as 

compared to C21PEO5 (c) and PEP1PEO20 micelles (a). Data for C28PEO5 is obtained at the 

in-house Bruker SAXS instrument, while data for C21PEO5 and PEP1PEO20 were obtained at 

BM29 at ESRF.  

 

A fitting with the spherical core-shell model, described in section 2.3.2, has been performed 

to get the structural parameters of the micelles. The model is composed of a number of 

parameters, which can quantitatively describe the scattering curve, and an overview is given 

in Table 4. 1.  

 

Table 4. 1: Overview of the parameters in the core-shell model, and the fitting procedure.  

Parameter In the fitting procedure Comment  

𝑃, 𝑅𝑚, 𝜎, 𝜎𝑖𝑛𝑡, 𝜈, 𝐴2/𝑠𝑐  Fitted values Explained in the next section. 

𝑀𝑤, 𝑑, 𝑉  Measured and fixed values  Given in section 3.1. 

𝑆𝐿𝐷  Calculated and fixed values Given in section 3.1.1. 

Fraction of polymer in the 

core  
Fixed at 1  

Due to high interfacial 

tension [46, 51]. 

Characteristic blob 

scattering 

Fixed giving a 

𝑄−1.7dependency in high Q 
Explained in section 2.3.2. 

 

Analysis of the Scattering Curves over the Complete Q-Range Using the Core-
Shell Model 

In the low Q-regime, the aggregation number (as given in Table 4.2) and the structure factor 

are the main contributors to the scattering, and, therefore, the main fitting parameters. 

PEP1PEO20 in Figure 4.1 (a) has been fitted with a second virial coefficient, 𝐴2, as there are 

soft interparticle interactions while (b) C28PEO5 and (c) C21PEO5 have been fitted with a 

hard-sphere structure factor, 𝑠𝑐. The second virial coefficient could not be used to fit the 

alkyl-PEO micelles because these polymers and the micelles which are formed are smaller 

than (a) PEP1PEO20. Therefore, the average distance between each micelle is shorter at the 

same concentration. Polydispersity in the size of the micelles can potentially affect the 

scattering, but this contribution is here neglected, as this is a valid assumption for micelles 

with large interfacial tension of the core block (≈ 50 𝑚 𝑁𝑚−1) and low cmc (i.e. ≤ 0.100 

mg/mL for C28PEO5) [81].  In addition, polydispersity in the micellar size hardly affects the 

scattering curve for star-like micelles because the overall size depends weakly on 𝑁𝑎𝑔𝑔 

(𝑅~𝑁𝑎𝑔𝑔
1/5

), and the core is small. 
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The radius, 𝑅𝑚, (as given in Table 4.2) and the interaction parameter for the polymer chains, 

𝜈, have been fitted to the experimental data in the intermediate Q range. More repulsion 

between the chains results in a lower the minima. This is because a structure factor arising 

from the repulsions between the chains will emerge in this region, which lowers the intensity. 

𝜈 was found to be between 0.5 and 4 for the polymers. The smearing of the core-corona 

interface also contributes to this regime and was found to be 5 Å for (a) PEP1PEO20 and (c) 

C21PEO5, while 12 Å for (b) C28PEO5. The smearing of the interface, 𝜎𝑖𝑛𝑡, is previously 

reported at 5 Å for the alkyl-PEO micelles [46]. The high value for 𝜎𝑖𝑛𝑡 for C28PEO5 is could 

account for the few points in this region obtained by the inhouse Bruker SAXS. It may also be 

a sign that the micelles are ellipsoidal [46], which is more likely for micelles with semi-

crystalline cores [48].  

 

In the high Q regime, the exponent of the known Q dependency of the blob scattering, Q-1.7, 

describe the data. Furthermore, the radius of gyration, 𝑅𝑔, for the coronal chains can affect the 

scattering curve in this region of Q. 𝑅𝑔 was roughly estimated according to the equation given 

by Devanand and Selser [82] 𝑅𝑔 = 0.215 ∙ 𝑀𝑤
0.583 , which gives 27.5, 29.4 and 72.9 Å for 

C21PEO5, C28PEO5 and PEP1PEO20 respectively. These values were used as starting points 

in the fitting procedure. The resultant 𝑅𝑔 were 33Å, 48 Å and 101 Å for C21PEO5, C28PEO5 

and PEP1PEO20, respectively.  

 

Obtained Structural Parameters of the Polymer Micelles  

The parameters 𝑁𝑎𝑔𝑔, 𝑅𝑚, 𝑅𝑔, 𝜎𝑖𝑛𝑡, 𝜎 and 𝐴2/𝑠𝑐 have been adjusted by the fitting algorithm 

until an optimal fit was found. Throughout this thesis, model fits were performed using the 

least squares fit method implemented by the QtiKWS software [77]. PEP1PEO20, C28PEO5 

and C21PEO5 micelles have been previously investigated by Lund et al. [26, 45], and Zinn et 

al. [24, 46, 50, 51, 62]. The structural parameters found in previous studies are included in 

Table 4.2. 
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Table 4.2: Obtained structural parameters for the different polymer micelles, and lit. 

stands for literature values. The references are 1[45] and 2[46]. However these polymers 

have been investigated in several papers, and the values reported in these studies are 

more or less the same. The uncertainty was established by varying one parameter at a 

time, keeping the rest constant, aiming for the optimal fit.    

Polymer Nagg
1

  Nagg
2 Rm Å1 Rm Å2 Rc Å1 Rc Å2 D Å1 D Å2 

PEP1PEO20[45] 122 67 ± 5 299 269 ± 6 39 33 ± 2 260 236 ± 6 

C28PEO5 [46] 92 95 ± 3 119 120 ± 5 27 26 ± 1 92 94 ± 5 

C21PEO5[46] 48 49 ± 5 101 100 ± 6 19 18 ± 2 82 81 ± 6 

1Litterature values, as indicated in the chemical formula of the polymer 

2Obtained in this study 

 

The fitting obtained for PEP1PEO20 in this study shown in Table 4.2 shows smaller micelles 

than what was obtained by Lund et al. This deviation is most apparent from the difference in 

aggregation number, which is found to be 67 in this thesis and reported at 122 by Lund et al. 

[26, 45]. The reason for this difference could be due to the frozen exchange kinetics of the 

PEP1PEO20 micelles [26], which means that the structure of the micelles are highly 

dependent on the exact preparation of the micellar solution, and small differences in the 

preparation may lead to large structural deviations. The scattering curves of C28PEO5 

obtained in this thesis together with the scattering curves obtained by Zinn et al. [50] are 

presented in the Appendix section 8.1. These data show a complete overlap, which means that 

the observed micelles are identical. A comparison of the structural parameters obtained in this 

thesis with those obtained in previous studies (Table 4.2) shows that the fitting has been 

reproduced in this work for the living alkyl-PEO micelles. Accordingly, both the data and the 

fitting of the polymer micelles have been reproduced for these alkyl-PEO micelles. 

 

4.1.2 Pure SDS System 

A small-angle X-ray scattering experiment was performed on 10.0 mg/mL solutions of SDS. 

Figure 4.2 shows the scattering curve from SDS, which shows the characteristics of a sharp 

core-shell interface with a Q-4 dependency in the high Q region. The shape of the scattering 

curve is highly different from the star-like micelles in the low and intermediate Q range as 

well. The deviation seen in the intermediate Q is because the SDS micelles has an ellipsoidal 

shape. SDS forms smaller micelles than the polymer micelles which scatter less X-rays and, 

hence, result lower intensity in the low Q region. The difference in shape in the low Q region 

seen in the scattering from SDS compared with the polymer micelles seen in Figure 4.1 is due 
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to the fact that SDS is a charged molecule, and, therefore, has a more pronounced structure 

factor. The scattering curve has been fitted with the ellipsoidal core-shell model as described 

in section 2.3.2 in order to get the structural parameters of the micelle.  

 

The total size of the micelle given by 𝑁𝑎𝑔𝑔 and in this model fitted by the radius, 

𝑅, determines the intensity in the low Q regime. The shape of the scattering in the low Q 

regime is determined by the structure factor, which, in this model, is dependent on the number 

of charges at the surface of the micelle, the hard sphere radius, 𝑅𝐻𝑆, and the effective volume 

fraction of micelles. The region of the maximum in intensity to the abrupt decrease in 

intensity is in the intermediate Q range. The main contributor is, 휀 (see Section 2.3.2) which 

describes the deviation from a spherical shape. The second maximum is in the high Q region 

and is influenced by the micelle radius and shell thickness, 𝑑𝑅. The parameters described in 

the present section have been adjusted in the same way as the pure polymer samples. An ionic 

dissociation degree of 73% [83], and a CMC of 8.0 at 20C [44] have been found 

experimentally in other studies and were assumed in the fitting procedure. The structural 

parameters obtained are presented in Table 4. 3.  

 

 

 

Figure 4.2: 10.0 mg/mL SDS with ellipsoidal core shell model fit, measured at 20C.  

SDS 10.0 mg/mL 
Ellipsoidal CS model fit 
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Table 4. 3: Overview of the parameters obtained in this thesis2 at 20C and by Jensen et al. [36]1 at 

25C by the same structural model.  

Surfactant Nagg
1 Nagg

2 R Å1 R Å2 dR Å1 dR Å2 휀1 휀2 RHS Å1 RHS Å2 

SDS 46 43 13.8±0.3 13.4±0.5 8.0±0.3 8±0.6 1.46±0.04 1.49±0.08 40±2 24±2 

 

SDS is widely studied, among them are Jensen et al. [36], who has studied SDS by SAXS and 

the same ellipsoidal core-shell model. The values found by Jensen et al. [36] and what has 

been obtained in this study are given in Table 4. 3, and are coherent except for the radius of 

the hard sphere (RHS). The deviation seen in this parameter is most likely because the data 

are collected at instruments which provide different statistics for the scattering curves, as well 

as difference in the concentration and, thereby the ordering in space. The data obtained in this 

work is obtained at the Bruker inhouse SAXS, and the data obtained by Jensen et al. are 

collected at ID02 at ESRF. The ID02 beamline at ESRF has high flux and an extremely low 

beam divergence which gives excellent statistics. Because the data collection in this thesis 

was done at our in-house lab, the statistics are of a lower quality. Further, this fact implies that 

the fit in the low Q region can then vary much more.   

 

The results displayed in this section show that the methodology and procedures outlined in the 

Experimental Procedures and Methods and Modelling of Core-Shell Micellar Systems can 

reproduce previous studies, and that control over the initial state before mixing has been 

acquired.  

 

4.2 Characterisation of Mixed Micelles from Semi-Crystalline Living 

Micelles 

This section aims to explore the interaction between SDS and the alkyl-PEO polymer 

micelles, as a foundation to eventually explore the solubilisation kinetics. The interaction 

between the two components are studied by investigating structure which is created after days 

of equilibration, referred to as the final- or end state. The section will start with an in-depth 

study of C28PEO5 micelles mixed with SDS in section 4.2.1. Section 4.2.2 describes the 

model developed to obtain structural parameters of the mixed micelles from the SAXS 

scattering curves. At the end the interaction between C21PEO5 micelles mixed with SDS will 

be assessed. Overall, this section will establish if new mixed micelles are formed by alkyl-
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PEO polymer micelles and SDS and describes the small-angle scattering structural model to 

interpret the scattering curves of the mixed micelles.  

 

4.2.1 In-depth Study of C28PEO5 Micelles Mixed with SDS 

The study of exploring if an interaction occurs between the polymer micelles used in this 

thesis and SDS, was initiated through studying the interaction between C28PEO5 and SDS. 

Solutions of C28PEO5 in water form micelles with semi-crystalline cores which have a 

melting point of 56C [50]. Nano-Differential Scanning Calorimetry (DSC) measurements 

were used as an initial tool to assess if there is an interaction between C28PEO5 and SDS, by 

investigating if various concentrations of SDS change the conformation of the core of 

C28PEO5 micelles.   

 

Nano-DSC measurements were performed with 2.50 mg/mL polymer solution mixed with 5 

different concentrations of SDS, where the molar ratios are coherent with the rest of the study 

in this thesis1. The mixed micelle solutions were heated 3 times, and the different runs for the 

mixtures exhibiting a phase transition is shown in the Appendix section 8.2. Figure 4.3 shows 

the results from the calorimetric measurements performed on the different mixtures between 

C28PEO5 and SDS. It is clear that the melting point gradually decreases with the amount of 

SDS, and that there is no crystallinity in the core in the temperature range investigated for 

higher amounts of SDS. This is clear evidence that SDS and C28PEO5 micelles are interacting 

and forming mixed micelles. In addition to the shift in the melting point, the peaks are 

broadening with increasing amounts of SDS. This result indicates that the fraction of 

crystallinity in the core is lower when there is more SDS present.  

 

                                                 

 
1 These samples were diluted to half the concentration with respect to all other samples in this thesis due to the 

day before the measurement in order to get enough sample to perform the experiment (all concentrations given 

are the final ones).  
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Figure 4.3 shows that the core is completely molten when the SDS concentration is above 

1.25 mg/mL. The samples are diluted, and the molar ratio is used to determine which sample 

contains micelles with a completely molten core, and which still are crystalline. For the 

sample 0.835 mg/mL SDS constitute 1.67 mg/mL SDS for the non-diluted, and 

concentrations lower than this level will, thereby, have crystallinity in the core in further 

work.   

 

Qualitative Evaluation of the C28PEO5-SDS Mixed Micelle Structure from Small-
angle X-ray Scattering Measurements    

The DSC results proved that there is an interaction between C28PEO5 and SDS and that 

mixed micelles are formed. However, it does not inform us about the structure of the mixed 

micelles, and how much they deviate from the structure of the initial polymer micelles. Nano-

DSC cannot be used to observe changes over time, because it is performed by heating and 

cooling the sample. Studying the structural change of the micelles can be explored by small-
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angle X-ray scattering, and this characterisation was performed on a series of C28PEO5 

micelles mixed with different concentrations of SDS. An initial qualitative analysis was 

performed to judge if the mixed micelles undergo significant structural changes, or if the SDS 

is inserted into the core only to disrupt crystallinity. The analysis was made by comparing the 

scattering curve from the measured mixtures with the sum of the scattering from the 

individual components in the mixtures, called calculated average. If there is a deviation 

between the calculated average and the obtained scattering pattern, it is a sign of an 

interaction leading to a structural change between the components. If the scattering curves 

overlap, it means that the structure of the two components is the same as their pure state and 

is not changed by mixing. The calculated average gives the theoretical scattering if no 

interactions take place. As an example, the measured scattering pattern for a mixture 

containing 5.00 mg/mL of SDS and C28PEO5 each, is compared with the sum of the 

individual scattering curves for 5.00 mg/mL of SDS and C28PEO5.  

 

There is a large deviation between the calculated average and the aged mixtures of C28PEO5 

micelles mixed with SDS shown in Figure 4.4. Additional concentrations are measured, see 

Appendix section 8.2. The difference between the calculated average and the experimentally 

measured scattering is large, indicating that an interaction occurs which leads to a large 

structural change between the two components. All the scattering curves show a decrease in 

intensity from the calculated average, which indicates that mixed micelles are formed which 

are smaller than the polymer micelles. 

Figure 4.4: Graphs of calculated average and the obtained scattering patterns for the highest 

and lowest measured SDS concentrations mixed with 5.00 mg/mL C28PEO5 at 20C. MM 

stands for Mixed Micelle.  

Calculated average 
1.67 mg/mL SDS 3 days 
MM model fit 
 

Calculated average 
5.00 mg/mL SDS 3 days 
MM model fit 
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An analysis with a structural model was performed to get quantitative information from the 

scattering curves and Figure 4.4 displays the fitting. However, a SAXS model for mixed 

micelles, did not exist. Therefore, a three-shell model had to be developed consisting of an 

alkane core, an SDS head group shell, and a PEO corona.  

 

4.2.2 Mixed Micelle Structural Model 

It is clear from the peak in the high Q-regime, as seen for the high concentrations of SDS 

(Figure 4.4), that the scattering model used for spherical star-like core shell micelles cannot 

be utilised to describe the scattering from the mixed micelles. A new model (MM) for the 

mixed micelles was, therefore, developed.2 It consists of a combination of the core-shell 

model used for the polymer micelles and the ellipsoidal core-shell model applied to SDS 

micelles (see section 2.3.2).  

 

The total intensity in the scattering curve is assumed to consist of intensity contributions from 

the mixed micelles (MM), the surfactant micelles (SM), and the free surfactant chains (Sfree) 

and are given in equation 4.1: 

 

𝑑𝛴

𝑑𝛺𝑡𝑜𝑡𝑎𝑙
(𝑄) =

𝜙(1−𝑓𝑆𝑀−𝑓𝑆𝑓𝑟𝑒𝑒)

𝑉𝑀𝑀
𝑃𝑀𝑀(𝑄) +

𝜙∙𝑓𝑆𝑀

𝑉𝑆𝑀
 𝑃𝑆𝑀(𝑄) +

𝜙∙𝑓𝑆𝑓𝑟𝑒𝑒

𝑉𝑠𝑓𝑟𝑒𝑒
𝑃𝑆𝑓𝑟𝑒𝑒(𝑄)  4. 1 

 

where 𝜙 is the total polymer and surfactant volume fraction, 𝑓𝑆𝑀 is the volume fraction of 

surfactant micelles and 𝑓𝑆𝑓𝑟𝑒𝑒 is the volume fraction of free surfactant chains. 𝑉𝑖 is the volume 

of the mixed micelles, the surfactant micelles, and the free chains. 𝑃𝑀𝑀(𝑄) is the form factor 

of the mixed micelles and will be initially presented.  𝑃𝑆𝑀(𝑄) and 𝑃𝑆𝑓𝑟𝑒𝑒(𝑄) are the form 

factor of surfactant micelles and the free surfactant chains, respectively. These contributions 

will be described secondly, after the new form factor for the mixed micelles.   

 

The form factor for the mixed micelles is based on the form factor for spherical core shell 

micelles. That means that if there are pure polymer micelles in the solution, the form factor of 

the mixed micelles will the same as the form factor for the polymer micelles. The scattering 

                                                 

 
2 The model is developed with help from Associate Professor Reidar Lund and Dr. Matthias Amann, where my 

contribution is testing the model.  
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from the mixed micelles can be divided up into the scattered amplitudes, 𝐴𝑖, from the core, 

the headgroup of SDS, and the PEO corona, see Figure 4.5. To get the correct intensity, each 

term must be weighted with the volume and the contrast for that block of the micelle. The dry 

volumes, i.e. without the water contribution, are used such that the volume of the micelle can 

be written according to equation 4.2.  

𝑉𝑚𝑖𝑐 = 𝑁𝑎𝑔𝑔,𝑝𝑉𝑐𝑜𝑟𝑒,𝑝 + 𝑁𝑎𝑔𝑔,𝑠𝑉𝑡𝑎𝑖𝑙,𝑠 + 𝑁𝑎𝑔𝑔,𝑠𝑉ℎ𝑒𝑎𝑑,𝑠 + 𝑁𝑎𝑔𝑔,𝑝𝑉𝑃𝐸𝑂    4. 2 

In addition to the interference which occurs from the scattered waves from one part of the 

micelle, e.g. the core, there is also the interference from waves scattered from different parts 

of the micelle, e.g. between the core and the corona. Therefore, three terms arising from 

interference between the core-corona, the core-shell, and the shell-corona weighted by the 

volume and the contrast, is added to the intensity from the mixed micelle, and the full 

expression is given in equation 4.3.  

 

𝑃𝑀𝑀(𝑄) = 𝑉𝑐
2𝛥𝜌𝑐

2𝐴𝑐(𝑄)
2 + 𝑉𝑠ℎ

2 𝛥𝜌𝑠ℎ
2 𝐴𝑠ℎ(𝑄)

2 +  𝑉𝑃𝐸𝑂
2 𝛥𝜌𝑃𝐸𝑂

2 𝐴𝑃𝐸𝑂(𝑄)
2 +

2𝑉𝑐𝑉𝑠ℎ𝛥𝜌𝑐𝛥𝜌𝑠ℎ𝐴𝑐(𝑄)𝐴𝑠ℎ(𝑄) + 2𝑉𝑐𝑉𝑃𝐸𝑂𝛥𝜌𝑐𝛥𝜌𝑃𝐸𝑂𝐴𝑐(𝑄)𝐴𝑃𝐸𝑂(𝑄) +
 2𝑉𝑠ℎ𝑉𝑃𝐸𝑂𝛥𝜌𝑠ℎ𝛥𝜌𝑃𝐸𝑂𝐴𝑠ℎ(𝑄)𝐴𝑃𝐸𝑂(𝑄)        4. 3 

 

Where 𝑉𝑖 is the volume and i: the core (c), the shell (sh) and the PEO corona (PEO). 𝛥𝜌 is the 

contrast between i and the solvent. The amplitudes , 𝐴𝑖, of core and the PEO corona is given 

Mixed micelle 

+ +

Homogenous core
SDS tail
Alkane core block

Shell
SDS head group

PEO corona

Figure 4.5: The mixed micelles can be divided up into the contribution from the core, 

consisting of the hydrophobic block of the polymer and the alkane chain of SDS, the shell 

which consists of the SDS head group and a PEO corona. 

Homogeneous core  
SDS tail 
Alkane core block 
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by equation 4.4, which are the same as for the spherical core-shell model described in section 

2.3.2.  

 

𝐴𝑖(𝑄) =  

{
 
 

 
 
3 𝑠𝑖𝑛(𝑄∙𝑅𝑐)−(𝑄𝑅𝑐 𝑐𝑜𝑠(𝑄∙𝑅𝑐))

(𝑄𝑅𝑐)3
∙ 𝑒𝑥𝑝 (−

𝜎𝑖𝑛𝑡
2 𝑄2

2
)                      𝑐𝑜𝑟𝑒

1

𝐶
∫ 𝑑𝑟 

4𝜋𝑟2𝑟
−
4
3

1+𝑒𝑥𝑝(
𝑟−𝑅𝑚
𝜎𝑅𝑚

)

∞

𝑅𝑐
∙
𝑠𝑖𝑛(𝑄𝑟)  

𝑄𝑟
∙ 𝑒𝑥𝑝 (−

𝜎𝑖𝑛𝑡
2 𝑄2

2
)           𝑠ℎ𝑒𝑙𝑙

   

   4. 4 

 

Where 𝑟 is the radius from the centre of the micelle, 𝑅𝑐 the core radius, 𝑅𝑚 the micelle radius, 

𝜎𝑖𝑛𝑡 the core-corona smearing and 𝐶 a normalization constant which is given by equation 4.5.  

𝐶 = ∫
4𝜋𝑟2𝑟

−
4
3

1+𝑒𝑥𝑝(
𝑟−𝑅𝑚
𝜎𝑅𝑚

)
 𝑑𝑟 

∞

𝑅𝑐
          4. 5 

The SDS head group shell is a hollow sphere, as seen in Figure 4.5. The amplitude from a 

hollow sphere can be calculated by initially finding the amplitude to the outer radius (equation 

4.6) of the sphere, before subtracting the amplitude from the inner hollow part.  

𝐴𝑠ℎ−𝑜𝑢𝑡𝑒𝑟(𝑄) =  
3 𝑠𝑖𝑛(𝑄∙(𝑅𝑐+𝑑𝑅𝑀𝑀))−(𝑄𝑅𝑐 𝑐𝑜𝑠(𝑄∙(𝑅𝑐+𝑑𝑅𝑀𝑀)))

(𝑄(𝑅𝑐+𝑑𝑅𝑀𝑀))3
      4. 6 

Where 𝑑𝑅𝑀𝑀 is the thickness of the SDS head group shell. A modification to the model was 

performed and is included in equation 4.7, as the initial model failed to describe the data at 

intermediate-high Q-regime. Only one smearing of the interface was introduced in the initial 

model, which was the smearing between the core and PEO corona. There could also be a 

smearing of the SDS head group shell, analogous to the core smearing shown in equation 4.4. 

To account for this circumstance, a smearing of the shell was introduced, with a fitting 

parameter 𝜎𝑖𝑛𝑡𝑜. The amplitude from the shell is given by equation 4.7, where the weighted 

amplitude from the core is subtracted from the outer radius of the shell.  

𝐴𝑠ℎ(𝑄) =  
𝑉𝑆ℎ−𝑜𝑢𝑡𝑒𝑟∙𝐴𝑠ℎ−𝑜𝑢𝑡𝑒𝑟(𝑄)∙ 𝑒𝑥𝑝(−

𝜎𝑖𝑛𝑡𝑜
2 𝑄2

2
)−𝑉𝑐∙𝐴𝑐(𝑄)∙𝑒𝑥𝑝(−

𝜎𝑖𝑛𝑡𝑜
2 𝑄2

2
)

𝑉𝑠ℎ
   4. 7 

 

Where 𝑉𝑆ℎ−𝑜𝑢𝑡𝑒𝑟 is the volume to the outer radius of the shell, and 𝑉𝑠ℎ = 𝑉𝑆ℎ−𝑜𝑢𝑡𝑒𝑟 − 𝑉𝑐.  

 

This model yields fit parameters of aggregation number 𝑁𝑎𝑔𝑔, radius of the micelle 𝑅𝑚, 

radius of gyration 𝑅𝑔 of the polymer chains in the corona, smearing of the core-corona 

interface 𝜎𝑖𝑛𝑡 and core-shell interface 𝜎𝑖𝑛𝑡𝑜, shell thickness 𝑑𝑅𝑀𝑀, interaction parameter 

between the chains in the corona 𝜈, and cut-off parameter of the corona 𝜎. The model 
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calculates the radius of the core 𝑅𝑐 based on 𝑅𝑐 = (
3𝑉𝑐∙𝑁𝑎𝑔𝑔

4𝜋
)

1

3
, where 𝑉𝑐 is the volume of the 

core consisting of both polymer and SDS.  

 

To fit the amount of SDS in the mixed micelles, a fit parameter with the fraction of SDS in 

the mixed micelles, called 𝑓𝑆𝐷𝑆𝑚, was introduced. 𝑓𝑆𝐷𝑆𝑚 quantifies how much SDS is in 

the mixed micelles, relative to the macroscopic volume fraction of SDS in the solution. The 

model calculates, further, how much free surfactants and surfactant micelles are present, 

based on the amount consumed in the mixed micelles. Based on the fraction of SDS in the 

mixed micelles, the model calculates the aggregation number of the polymer and the SDS in 

the mixed micelles. The aggregation number of the polymer is calculated according to 

equation 4.8.  

𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟
= 𝑁𝑎𝑔𝑔 ∙ ((1 − 𝑓𝑆𝐷𝑆𝑚) ∙ 𝑓𝑆𝐷𝑆𝑛)        4. 8 

Where 𝑓𝑆𝐷𝑆𝑛 is the macroscopic mole fraction of SDS in the system.  

 

Examples of the effect of the added parameters compared to the original spherical core-shell 

model are provided in the Appendix section 8.2.1. The initial model failed to describe the 

experiment data in the low Q-region of the scattering curves. To account for higher 

interparticle interactions which are emerging in this region, a hard sphere structure factor was 

added to properly describe the experimental data, and a fitting parameter was introduced 

which scales the effective volume of the particles, 𝑠𝑐. The initial model did not describe the 

scattering at low Q, because the model originally only contained the second virial coefficient. 

There are two factors in the new mixed micelle system that results in larger inter-micellar 

interactions; i) SDS is a charged molecule, and the mixed micelles will, thereby, be charged 

as well ii) smaller micelles are formed, therefore, the number of the micelles in the system 

must increase, which reduces the average distance between the micelles in solution.  

 

The resulting density profile of the mixed micelle model is calculated and displayed in Figure 

4.6.   
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The form factor of the surfactant micelles, Psc−ell (Q), are the exact same as outlined in 

Theoretical Background section 2.3.2 for surfactant micelles, normalised by the aggregation 

number of the surfactant micelles which is calculated by 𝑁𝑎𝑔𝑔 𝑆𝐷𝑆 =
4

3

𝑅3𝜀

𝑉𝑡𝑎𝑖𝑙
. 

𝑃𝑆𝑀(𝑄) =
1

𝑁𝑎𝑔𝑔𝑆𝐷𝑆
∙ 𝑃𝑠𝑐−𝑒𝑙𝑙 (𝑄)         4. 9 

The form factor of free surfactant chains, 𝑃𝑆𝑓𝑟𝑒𝑒(𝑄), are modelled as a constant intensity, as 

SAS does not have the spatial resolution to extract the exact structural configuration of a 

single molecule. The fraction of this contribution is based on the CMC of SDS, which is well 

known (8.0 mM at 20C) [44]. The contrast difference to the solvent is initially calculated by 

equation 4.10.   

𝛥𝜌 =
𝑉𝑡𝑎𝑖𝑙
2 (𝜌𝑡𝑎𝑖𝑙−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

2+𝑉ℎ𝑒𝑎𝑑
2 (𝜌ℎ𝑒𝑎𝑑−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

2

(𝑉𝑡𝑎𝑖𝑙+𝑉ℎ𝑒𝑎𝑑)
2        4. 10 

Before the form factor is modelled by equation 4.11.  

𝑃𝑆𝑓𝑟𝑒𝑒(𝑄) =
𝑉𝑡𝑎𝑖𝑙
2 𝑉ℎ𝑒𝑎𝑑

2 𝛥𝜌𝑃𝑐ℎ𝑎𝑖𝑛

(𝑉𝑡𝑎𝑖𝑙+𝑉ℎ𝑒𝑎𝑑)
         4. 11 

Figure 4.6: The calculated density profile in the MM model. The density profile of the polymer 

micelle is the same as shown in Figure 2.19 (section 2.3.2), but the difference is that here the 

density and the smearing of the SDS shell is accounted for. The structural parameters used in 

the calculations are 𝑁𝑎𝑔𝑔 45, 𝑅𝑚 90 Å, 𝜎 0.1,𝜎𝑖𝑛𝑡 5Å, 𝑓𝑆𝐷𝑆𝑚 1, 𝑑𝑅𝑀𝑀 8 Å, 𝜎𝑖𝑛𝑡𝑜3 Å and the 

molecular weights and volumes as outlined for C28PEO5 and SDS in Experimental Procedures 

and Methods section 3.1.     

0 20 40 60 80 100

0,0

0,2

0,4

0,6

0,8

1,0  Core un-smeared

 Core smeared

 SDS head group shell smeared

 SDS head group shell smeared

 Corona un-smeared

 Corona smeared
d

(r
)

r [Å]



 78 

Where 𝑃𝑐ℎ𝑎𝑖𝑛 is the form factor of the chain which is given by the radius of gyration, and the 

fractal dimension. The radius of gyration of the SDS molecule is estimated by 𝑅𝑔 of a straight 

rod based on the single carbon-carbon bond length.   

 

4.2.3 The Characterisation of the End-State by Small-Angle X-ray Scattering 

The graph on the left panel in Figure 4.7 on page 80 shows the fitted end states of the 

mixtures of C28PEO5 and various concentrations of SDS. Initially which parameters that 

contribute in the different Q regions in the MM model will be explained, before the results of 

the structural parameters for i) C28PEO5 ii) C21PEO5 will be presented.  

 

Analysis of the Scattering Curves over the Complete Q-Range Using the Mixed 
Micelle Model 

The aggregation number, 𝑁𝑎𝑔𝑔, and the fraction of the SDS in the mixed micelles, 𝑓𝑆𝐷𝑆𝑚, 

determine the intensity in the low Q region. The higher aggregation number, the higher is the 

intensity. Higher fractions of SDS in the mixed micelles lowers the intensity of the fitted 

curve, as this means the amount of polymer in the mixed micelles is low: the polymers are 

larger molecules than SDS, they scatter more X-rays, and the overall intensity decreases. The 

structure factor, fitted by 𝑠𝑐, determines the shape of the scattering in the low Q-region. 

Higher effective concentration creates a decrease in intensity in this region due to higher 

interparticle correlations.  

 

The parameters influencing the scattering in the intermediate Q region, 𝑅𝑚 (shown in Table 4. 

4 p. 80) and 𝜈, are the same as for the pure polymer systems, as outlined in section 4.1.1. In 

the mixed micelles, 𝜈 is fitted unsystematically between values 2-3. The core-corona interface 

smearing 𝜎𝑖𝑛𝑡 (5 Å) gives a contribution in this region, as well as 𝑅𝑔 (29.3 Å). In addition, the 

increase in intensity at intermediate-high Q-region is determined by the amount of SDS in the 

mixed micelles, 𝑓𝑆𝐷𝑆𝑚, and the total amount of SDS in the system. Higher amounts of SDS 

and a larger shell thickness, 𝑑𝑅𝑀𝑀, result in a more pronounced peak. The smearing core-

shell interface 𝜎𝑖𝑛𝑡𝑜 also has an impact in this region and are found to be between 2-4 Å. Less 

smearing gives a higher and more pronounced peak, because the interface is sharper. Because 

this region gives information about the core region of the micelle, the density in the core will 

also make an impact here. Lower density in the core (given that the density is below the 
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density of water, which is used for all the polymers and surfactants) will cause a higher 

intensity in this region, as the contrast to the solvent increase.  

 

The decrease in the highest range of Q is determined by the blob scattering arising from the 

corona, which has the distinct Q dependency of 𝑄−1.7. However, this feature is less 

pronounced when the total SDS amount in the system is higher.  

 

Structural parameters of the Equilibrated C 28PEO5-SDS mixed micelles 

The fitting of the final state of mixed micelles composed of C28PEO5 and various 

concentrations of SDS is presented in Figure 4.7, which together with the obtained 

aggregation numbers have been plotted against the concentration of SDS on the right-hand 

side. The rest of the fitting parameters are displayed in Table 4. 4. The scattering curves have 

been scaled with a random scaling factor in order to show all data in the same graph, to 

emphasise on the common features. An apparent trend is that the local maximum in intensity 

in the intermediate Q-region becomes larger with increasing amounts of SDS. This result is 

because more SDS present in the core. There is in addition a clear shift in the drop of intensity 

in intermediate-low Q-range to higher Q values for increasing amounts of SDS, which means 

the micelles are smaller with more SDS present in the system. This result can also be seen in 

the Appendix section 8.2.2 where all the scattering curves have been plotted on top of each 

other, and the decrease in aggregation number is easily visible. Polydispersity in the size of 

the mixed micelles was not included in the analysis for the same reasons as the pure polymer 

system. The structural parameters have clearly shown that size of the final mixed micelles is 

highly dependent on the concentration of surfactant. It is well known from many previous 

studies that the size of mixed micelles composed of polymers and surfactant is dependent on 

the amount of surfactant present in the system [7, 8, 14, 16, 31], and the obtained results in 

the current work are, therefore, in agreement with the literature.   
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Table 4. 4 shows the surfactant is completely incorporated into the mixed micelles, with only 

a very few free chains for the lowest concentrations of SDS which is not inserted in the mixed 

micelles. This result could be explained by the critical aggregation concentration, CAC, 

which implies that the polymer micelles and surfactant interact at a much lower concentration 

than the CMC of the surfactant. The surfactant may participate in micelle formation well 

below the concentration at which it forms micelles in a pure surfactant solution. Further, there 

may still be free surfactant chains in solution, analogous to the CMC. The CAC cannot be 

seen in the higher concentration because the fraction of the total SDS as free chains is, then, 

much lower.  

 

Table 4. 4: Overview of the experimentally obtained structural parameters from 

fitting with the MM model. 

Concentration 

SDS 

mg/mL 

Nagg 

total 

Nagg 

polymer  

Rm 

Å 

Rc  

Å 

D  

Å 
fSDSm sc 

1.67 66±3 12.8±0.6 92±4 19±1 73±4 0.96±0.02 16±3 

2.50 45±3 7.1±0.5 84±4 17±1 67±4 0.96±0.02 15±3 

3.75 42±3 3.1±0.2 71±4 16±1 55±4 1.00±0.02 16±3 

4.50 38±3 2.3±0.2 66±4 15±1 51±4 1.00±0.02 15±3 

5.00 28±3 1.6±0.2 62±4 14±1 48±4 1.00±0.02 15±3 

Figure 4.7: (Left) Scattering data with MM model fits. The curves are scaled with a random 

scaling factor to show the trends with higher concentrations. The scaling factor is from low to 

high concentration of SDS: 1, 3, 8, 20, 50. (Right) Obtained aggregation numbers with the MM 

model. The final concentration of C28PEO5 is 5.00 mg/mL.    
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The uncertainty in the experimentally obtained values was determined using the same 

procedure as the pure polymer and surfactant solutions.  

 

An interesting question arises if the mixed micelles containing the negatively charged 

surfactant do follow the behavior expected from theories for star-like-micelles. Directly using 

the scaling laws for star-like micelles which were outlined in Theoretical Background section 

2.1.3 should the plot of PEO corona thickness, 𝐷, against 𝑁𝑎𝑔𝑔 give a slope of 0.2. The 

structural parameters shown in Table 4. 4 of the final state of C28PEO5-SDS mixed micelles 

are plotted, and a fit gives a scaling of 0.21, as seen in Figure 4.8 This result is in agreement 

with the expected scaling for star-like micelles, and it means that the change in aggregation 

number for the different SDS concentrations can be explained by Halperin's  thermodynamic 

model for star-like micelles [58]. The corona free energy is the dominating term for star-like 

micelles and when SDS is inserted into the core, the distance between each polymer chain 

increase. The decrease in aggregation number with increasing SDS concentration can be 

described by the change in 𝐹𝑐𝑜𝑟𝑜𝑛𝑎, due to less stretching of the PEO chains as SDS creates 

more space for each chain. As the free energy of the corona scales with the aggregation 

number will a change in this parameter occur when the free energy of the corona changes. 

The scaling of the corona is only indirectly dependent on the surface tension through 𝑁𝑎𝑔𝑔, 

which means that the change in surface tension has no impact on the corona. SDS is only 

inserted into a local part of the corona and does not disturb the conformation of the chains. 

Therefore, the change in the interface by SDS is not affecting significantly the free energy of 

the corona, and the micelles still behave as star-like micelles. To conclude: the change in 

aggregation number with SDS can be described by a change in the free energy of the corona. 
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Structural parameters of the Equilibrated C 21PEO5-SDS mixed micelles 

C21PEO5 has been studied with the purpose of investigating if the same trends and processes 

of solubilisation occur in a system which are known to have faster exchange kinetics [24]. 

C21PEO5 micelles have semi-crystalline cores in the same way as C28PEO5 has, however 

because the alkane chain is shorter the melting point is lower, at 24C [50]. DSC 

Figure 4.9: Graphs of calculated average and end state of 5.00 mg/mL C21PEO5 micellar 

solution mixed with various concentrations of SDS at 20C. 

Figure 4.8: The aggregation number of the C28PEO5 and SDS polymer for the different 

mixtures plotted towards the PEO corona thickness, and fitted with 𝑦 = 𝑎 ∙ 𝑥𝑐. The fit gave a 

scaling of 0.21, which coincides with the predicted 0.20 behavior.   
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measurements were not performed at this system, because it is a valid assumption that SDS 

will melt the core of C21PEO5 analogous as found for C28PEO5. The study of C21PEO5 was 

initiated by comparing aged samples the end-state (equilibrated over days) of to the calculated 

average, analogous to what is described for C28PEO5. The comparison is shown in Figure 4.9 

and shows that the obtained scattering curves for C21PEO5 micelles mixed with SDS have a 

large deviation to CA both in the low and in the intermediate Q regime. A broader range of 

concentrations are measured and can be found in the Appendix section 8.2.2. This result 

indicates that smaller mixed micelles are formed for C21PEO5 mixed with SDS as well.  

 

All the scattering curves for the mixture of C21PEO5 and SDS show an upturn in the low Q 

regime, which means there are larger aggregates present in the solution. This result was seen 

for many different prepared solutions of C21PEO5 mixed with SDS and at different 

instruments with different mixing protocols (both by hand and with a stopped flow device). 

The aggregates have been analysed by adding a slope of Q-4, which could be explained by the 

existence of bubbles. However, the slope is lower than Q-4, and varies systematically from 

low, i.e. around Q-2, to high, i.e. around Q-3.2, with higher amounts of SDS. Larger micellar 

aggregates have been reported in other systems as well, for instance Bronstein et al. [17] 

found the presence of large supramolecular aggregates in a system of SDS and polystyrene-

block-poly(ethylene oxide) micelles in Aqueous Solution. It is also a well-known problem in 

Pluronic systems, and Shih et al. [84] systematically investigated the aggregation of larger 

aggregates in these micellar systems. An important note about Pluronic systems, is that these 

polymers are polydisperse, and contain impurities such as a mixture of homo-, di- and tri-

block polymers which can alter the final structure in these systems [85]. However, Shih et al. 

found that the aggregation is not caused by air bubbles or impurities, rather is an inherent 

property of the short size of the hydrophobic block. For longer hydrophobic blocks, the 

aggregation is less pronounced as these polymers have stronger driving force for micelle 

formation. C21PEO5 has a rather short hydrophobic block, and mixed with surfactant which 

can solubilise this part, larger aggregates may form. Shih et al. found the aggregates in 

Pluronic polymer systems to be stable. Both low and high pH supress the formation of 

aggregates, although the aggregates re-appear after time, because it is an inherent 

characteristic property of these polymers. The larger aggregates found in this study are also 

found to be stable. They are still present after 2 weeks of aging and was found in every 

measurement, independent of batch and instrument. The mixed micelles of C28PEO5 and SDS 

have only been measured by the Bruker SAXS at UiO which does not have the spatial 
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resolution to show if larger aggregates also are present in this system. However, there has 

been little to no sign of it, as there is no sign of upturn for any of the concentrations in the low 

Q-regime.    

 

To account for the large aggregates in the C21PEO5 and SDS system, a cluster factor was 

added to the MM model, and is shown in equation 4.12.  

𝑑𝛴

𝑑𝛺
(𝑄)𝑐𝑙𝑢𝑠𝑡𝑒𝑟 =  𝐶 ∙

1

(1+(𝑄∗𝜉)2)𝑥 
          4. 12 

Where 𝐶 is a pre-factor which accounts for the effective concentrations of the aggregates, 𝜉 is 

the size of the aggregates, and 𝑥 is an exponent which gives the slope, and thus accounts for 

the sharpness of the interface of the aggregates. The effective concentration is found to 

fluctuate in between the different concentrations, however, the slope seems to systematically 

increase with increasing SDS concentration. The fitting of final state of the mixed micelles 

composed of C21PEO5 and SDS is presented in Figure 4.10.3 It is clear from the graph 

showing the aggregation number of the final state towards the concentration that there is a 

consistency between the final size and concentration. Furthermore, it seems that the total 

aggregation number reaches a plateau within the concentration range measured, in which the 

final size does not further decrease, only the aggregation number of the polymer, as seen in 

                                                 

 
3 4.00 mg/mL SDS and 5.00 mg/mL C21PEO5 displays a different behavior in the low Q-regime, as it was 

measured at a later beamtime. Due to problems with bubbles in the mixing steps in the SF, this solution was 

sonicated, which altered the interparticle correlation and the larger aggregates.  

Figure 4.10: (Left panel) Scattering data with MM model fits. The curves are scaled with a 

random scaling factor in order to show the trends with higher concentration. The scaling 

factor is from low to high concentration of SDS: 1, 3.5, 20, 40, 100. (Right panel) obtained 

aggregation number with the MM model. The final concentration of C21PEO5 is 5.00 mg/mL.    
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Table 4. 5. The main fitting parameters has been 𝑁𝑎𝑔𝑔, 𝑅𝑚, 𝑓𝑆𝐷𝑆𝑚, 𝑠𝑐 and 𝐶 which scales 

the effective concentration of the larger aggregates, and are shown in Table 4. 5. The 

parameter for the effective concentration of the larger aggregates, 𝐶, is highly dependent on 

the size of the aggregates and the slope of the increase (dependent on the sharpness of the 

interface). As the size and shape of the larger aggregates is unknown, C has been fitted 

unsystematically, and is, therefore, not included in the table. The interaction parameter 

between the corona chains, 𝜈, has been found to be unsystematically between 2 and 5. 𝑅𝑔 has 

been held at the theoretical value of 27.4 Å, and 𝜎𝑖𝑛𝑡𝑜 was fitted to a value between 4-5 Å.  

 

     

 

The results presented in this section show that the developed three-shell model can describe 

the end states of the mixed micelles of polymer and SDS. Fitting of the mixed micelles from 

the living alkyl-PEO micelles have been performed and show progressively smaller mixed 

micelles with increasing SDS concentration. 

 

4.3 Characterisation of Mixed Micelles from Kinetically Frozen Polymer 

Micelles 

SDS mixed with PEP1PEO20 was studied to investigate the solubilisation process on a 

classical polymer, i.e. not a hybrid. PEP1PEO20 micelles are known to have frozen exchange 

kinetics in 100% water, which can be tuned with addition of DMF [25, 26], because this 

molecule reduces the interfacial tension between the hydrophobic block and the solvent. 

Surfactants insert into the hydrophilic-hydrophobic interface and lower the interfacial tension. 

It is, therefore, a question if addition of SDS lowers the interfacial tension in the same way as 

DMF, and result in active chain exchange?  

Table 4. 5: Obtained fitting parameters of the mixed micelles composed of C21PEO5 and 

SDS.  

Concentration 

SDS 

mg/mL 

Nagg 

total  

Nagg 

polymer 

(calc) 

Rm 

Å 

Rc (calc) 

Å 

D (calc) 

Å 

fSDSm  sc 

1.25 39±3 11.7±0.9 88±4 16±1 72±12 0.88±0.02 18±3 

1.67 31±3 9.0±0.8 84±4 15±1 70±11 0.85±0.02 19±3 

2.50 22±3 3.5±0.5 68±4 13±1 55±9 0.95±0.02 15±3 

4.00 22±3 1.7±0.2 54±4 13±1 41±8 1.00±0.02 25±3 

5.00 26±3 1.6±0.2 72±4 13±1 59±9 1.00±0.02 25±3 
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The molecular weight of PEP1PEO20 is much higher than of the alkyl-PEO5 micelles, which 

means that the same concentrations give a much lower number density of micelles. To have 

comparable results with the alkyl-PEO systems the SDS concentrations used was based on the 

molar ratios of the experiments done on C28PEO5 and SDS.  The concentrations used for 

C28PEO5 and C21PEO5 are the same, as the corona chain length dominates the weight, 

therefore the molar ratios are approximately the same. However, PEP1PEO20 is a much 

larger polymer and different concentrations must, therefore, be used to have comparable 

systems. The concentrations selected to study for PEP1PEO20 was based on the molar ratios 

of the mixtures that was studied for C28PEO5 and SDS.  

 

Table 4. 6: Overview of the comparable SDS concentrations used in the study of the 

C28PEO5 and PEP1PEO20 systems, together with the molar ratio of SDS/polymer.   

C28PEO5 mg(SDS)/mL 
𝑛𝑆𝐷𝑆

𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 PEP1PEO20 mg(SDS)/mL 

5.00 18.6 2.33 

2.50 9.30 0.830 

1.67 6.17 0.295 

 

 

Investigation of Structural Changes after 3 Minutes versus 5 Days  

The effect of SDS on PEP1PEO20 micelles was studied by investigating two different mixed 

micelle solutions; aged samples prepared 5 days in advance, and freshly mixed solutions of 

PEP1PEO20 and SDS at 20C. The two different mixtures were compared with the calculated 

average to see the structural effect of SDS on the polymeric micelles. Figure 4.11 shows there 

is a slight difference between the calculated average and the obtained scattering patterns for 

PEP1PEO20 and SDS mixed micelles for both the aged and the freshly mixed sample. The 

differences are especially seen in the low and intermediate Q-region for the highest SDS 

concentration, by an increase in intensity and a more pronounced core scattering, respectively. 

Other concentrations are measured and shown in the Appendix section 8.3. A change in the 

low Q-regime indicates a change in the size of the micelles or a change in inter-micellar 

interactions. A change in the peak in the intermediate Q-range indicates a change in the core 

of the micelle, i.e. SDS is inserted into the core-corona interface. The change is small for low  

concentrations of SDS, while larger for higher concentrations of SDS. The conclusion is that 

the SDS and polymer micelles are interacting, although no major change to the structure is 

occurring. 
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Figure 4.11: 5.00 mg/mL PEP1PEO20 mixed with various concentrations of SDS, with the 

expected scattering in case of no interactions (blue), the final state(red) and the initial 

structure (green). 

Calculated average 
0.145 mg/mL SDS 5 days 
0.145 mg/mL SDS 3 min 
MM model fit 
 

Calculated average 
0.295 mg/mL SDS 5 days 
0.295 mg/mL SDS 3 min 
MM model fit 
 

Calculated average 
0.385 mg/mL SDS 5 days 
0.385 mg/mL SDS 3 min 
MM model fit 
 

Calculated average 
0.830 mg/mL SDS 5 days 
0.830 mg/mL SDS 3 min 
MM model fit 
 

Calculated average 
1.17 mg/mL SDS 5 days 
1.17 mg/mL SDS 3 min 
MM model fit 
 

Calculated average 
2.33 mg/mL SDS 5 days 
2.33 mg/mL SDS 3 min 
MM model fit 
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The Effect of SDS on the Chain Exchange in PEP1PEO20 Micelles at Final State 

The exchange kinetics of PEP1PEO20 is known to be frozen [25, 26]. A time-resolved small-

angle neutron scattering (TR-SANS) experiment was performed to investigate if the 

difference seen in the obtained SAXS curves over time is due to a change in the polymer 

aggregation number. If the polymer chains are exchanging, this result will be seen as a 

decrease in the total detector count over time, and the method is described in detail in 

Theoretical Background section 2.4. Accordingly, fully protonated, fully deuterated, a 50:50 

blend of protonated and deuterated PEP1PEO20, and fully protonated SDS was prepared in a 

zero-average contrast (ZAC) solvent. The highest SDS concentration measured by SAXS was 

chosen, because this measurement shows the greatest change between the calculated average 

and the final state, and a change in the exchange kinetics would therefore be easiest to detect. 

The ratio of SDS/PEP1PEO20 was 38 in this case. The blend solution was prepared for 

reference of a final state, meaning what the intensity would be if all the chains were mixed. 

Right before the start of the measurement, the protonated and deuterated solutions were mixed 

50:50 and put in front of the neutron beam. The mixed solution was measured continuously 

over 5 days at 20C to see if there was exchange of polymers between the micelles.    

 

No change in intensity over time is observed, as Figure 4.12 a) shows. This result means there 

is no exchange of polymer unimers in between the micelles, and that SDS does not unlock the 

frozen exchange kinetics of PEP1PEO20 micelles. The small variation in intensity seen in 

Figure 4.12 a) is because of the variation in flux of incoming neutrons. The full scattering 

curves after 48 hours are displayed in Figure 4.12 b), where it is clear that the calculated 

average from the protonated and deuterated solutions exactly match the measured scattering 

after 48 hours, which means that the protonated and deuterated micelles do not exchange.   
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Figure 4.12: (Left panel) The obtained total detector count rate of a mixture of SDS together 

with protonated and deuterated PEP1PEO20. The inset is intending to show the mechanism 

under investigation. (Right panel) the full scattering curves after 48 hours, where CA stands 

for calculated average. 

 

Modified Mixed Micelle Model to Investigate the Structural Parameters after 3 
Minutes versus 5 Days   

The small-angle X-ray scattering curves shown in Figure 4.11 was analysed to get the 

structural parameters of the PEP1PEO20 and SDS mixed micelles. The scattering curves 

shown in Figure 4.11 can be fitted with the MM model where the change in intensity from 3 

minutes to 5 days can be attributed to a change in the polymer aggregation number (displayed 

in the Appendix section 8.3). Furthermore, as there is no exchange of polymer unimers, the 

polymer aggregation number must be constant over time. The difference in intensity seen, 

therefore, cannot be caused by a change in the polymer aggregation number. A few cases 

were tested to see if the difference in intensity between the initial and final state could be 

explained. One reason could be a difference in polydispersity in 𝑁𝑎𝑔𝑔 or 𝑓𝑆𝐷𝑆𝑚  in the 

mixed micelles with time. In a polydisperse system, some micelles are larger, and would 

therefore scatter more X-rays and resulting in an increase in intensity, as seen in Figure 4.11. 

However no proper/or satisfactory fit was possible based on this factor alone. This result is 

not surprising, because the effect of polydispersity in star-like micelles are hardly visible due 

to the extended corona and the small core, and low dependence of the aggregation number on 

the overall size. Therefore, the obtained polydispersity values were unrealistically high (see 

Appendix section 8.3). A modified MM model was therefore developed, where the polymer 

aggregation number could be kept constant, while the SDS aggregation number could be a 

fitting parameter. This model was able to describe the obtained scattering data well at high 
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concentrations of SDS, and after 5 days as Figure 4.13 b) shows. The main fitting parameters 

were 𝑁𝑎𝑔𝑔, 𝑅𝑚, 𝑓𝑆𝐷𝑆𝑚, and 𝑠𝑐. Additionally, 𝜈 has been fitted and varied unsystematically 

between 0 and 2, 𝜎𝑖𝑛𝑡𝑜 of 4-5 Å, and 𝑅𝑔 91-100 Å. 𝜎𝑖𝑛𝑡 was found to increase from 5 Å for 

low amount of SDS to 6-7 Å for the three highest concentrations of SDS. This could indicate 

that the core-corona interface was smeared out, or that the micelles are becoming more 

ellipsoidal [46]. A detailed inspection of the fitting in Figure 4.13 a) shows that the fittings do 

not explain the measured scattering data well in the low Q-region at low concentrations of 

SDS after 3 minutes. However, as initially stated, the modified MM model describes all the 

data well after 5 days, shown in Figure 4.13 b). This could be explained by an inhomogeneous 

environment at the initial state in the mixtures with low amounts of SDS. Since larger 

Figure 4.13: Obtained scattering curves of 5.00 mg/mL PEP1PEO20 and various 

concentrations of SDS fitted with modified MM model, panel a) 3 minutes after mixing and 

panel b) 5 days after mixing. The curves have been scaled with an arbitrary scaling factor 

(from low concentration of SDS: 1, 2,5, 5, 12, 24, 42) in order to show all graphs in the same 

plot. 

3 min 

5 days 

a) 

b) 

0.145 mg/mL SDS 
0.295 mg/mL SDS 
0.385 mg/mL SDS 
0.830 mg/mL SDS 
1.17 mg/mL SDS 
2.33 mg/mL SDS 
MM model fits 
 

0.145 mg/mL SDS 
0.295 mg/mL SDS 
0.385 mg/mL SDS 
0.830 mg/mL SDS 
1.17 mg/mL SDS 
2.33 mg/mL SDS 
MM model fits 
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micelles scatter more X-rays, this effect will influence the obtained scattering curve in this 

region. Because the scattering model assumes monodisperse and symmetrical micelles it 

would not be able to describe the data. For high amounts of SDS, the distribution may be less 

uneven as there is more SDS to distribute, while with low amounts of SDS, all may have been 

consumed in some of the micelles.  

 

The obtained structural parameters obtained from the analysis of the scattering data by the 

modified MM model are given in Figure 4.14 which shows an increase in the total 

aggregation number with increasing concentration of SDS. This result has also been seen in a 

few other studies [19, 20]. Our results show that large amounts of SDS is going into the 

PEP1PEO20 micelles initially but equilibrate over time with lower amounts inserted into the 

mixed micelles. It may seem like a constant amount of SDS is inserting into the polymeric 

micelles initially, moreover that this is not the preferred state. This can for instance be due to 

crowding in the interface. In that case, it would seem that the CAC at 𝑡0 is lower than the 

CAC at the final state. One possible explanation for this could be an entropic driving force; 

the system is less ordered if some of the SDS molecules are in the solution, and not ordered in 

the micellar structure.  
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Figure 4.14: Structural parameters with uncertainty obtained with the modified MM model. 

The total 𝑁𝑎𝑔𝑔(left panel) includes the polymer aggregation number which is constant at 67. 

The changes seen in 𝑁𝑎𝑔𝑔 are attributed to a change in the SDS aggregation number. The 

uncertainty was found by the same procedure as described earlier.  
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The change between the initial state and the final state seen in Figure 4.14 is lower for larger 

amounts of SDS. This could be due to the inhomogeneous environment and that a lower 

quality of the fit at the initial state gives the impression of higher amounts of SDS inserted 

into the mixed micelles.  

 

A test to investigate the rate of which the SDS molecules re-distribute themselves was 

performed on one concentration, which is shown in Figure 4.15. It seems that the SDS 

distribute quite fast because the scattering curves after 1 hour and after 5 days overlap.  

 

 

The results presented in this section shows that the kinetically frozen PEP1PEO20 micelles 

are not solubilised by SDS, even at high molar ratios. These data clearly show that the chain 

exchange of PEP1PEO20 is not activated and that the increased size of the mixed micelles 

can be attributed to a change in the SDS aggregation number. In addition, it has been 

indicated that the CAC at 𝑡0 is smaller than the CAC at the final state, and that small amounts 

of SDS might be in distributed inhomogeneously in the mixed micelles.  

 

 

 

1.17 mg/mL SDS 5 days 
1.17 mg/mL SDS 3 min 
1.17 mg/mL SDS 1 h 
MM model fit 
 

Figure 4.15: 5.00 mg/mL PEP1PEO20 mixed with 1.17 mg/mL SDS with an additional time-

step after 1 hour. It seems that the re-organization from higher to lower aggregation number of 

SDS is quite fast. 
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4.4 Solubilisation Kinetics of Polymeric Micelles 

This section will present the results for the solubilisation kinetics between SDS and the alkyl-

PEO polymers C28PEO5 and C21PEO5. The work presented has so far has shown that the 

mixed micelles are smaller than the initial structures, but it has yet to be shown how they are 

forming. What are the kinetic mechanisms when mixed micelles are formed? The alkyl-PEO 

polymer systems are known to have active chain exchange [24]. As the PEP1PEO20 micelles 

were not solubilised by SDS, these will be used as the model system to study the 

solubilisation kinetics. The results obtained for C28PEO5 and SDS will be presented first, 

before the results obtained for the smaller C21PEO5 polymer with more rapid chain exchange.  

 

C28PEO5 and SDS 

The solubilisation kinetics were initially investigated by mixing a constant amount of 

C28PEO5 solution (concentration of 5.00 mg/mL) and increasing concentrations SDS 1.67 

mg/mL, 2.50 mg/mL, 3.75 mg/mL and 4.50 mg/mL and 5.00 mg/mL. The mixed micelle 

solution was placed in front of the X-ray beam and measured continuously for 69 hours at 

20C with a time resolution of 1 hour. Accordingly, each frame was measured for 1 hour at 

the in-house SAXS instrument. The X-ray exposure time was a balance between satisfactory 

conditions for statistics (long exposure time) and adequate temporal resolution (short 

exposure time). All samples were measured with the same time-steps for comparison.   

 

Figure 4.16 shows a decreasing intensity in the low Q-regime over time. This finding suggests 

that solubilisation of the C28PEO5 micelles by SDS is taking place. It is apparent that the 

solubilisation process can be resolved by a timeframe of hours, as the intensity is gradually 

decreasing over a timespan of around 10-15 hours. In addition, the scattering curves in Figure 

4.16 shows that the solubilisation process is faster for higher concentrations of SDS. This fact 

is particularly visible in Figure 4.16 e), i.e. 5.00 mg/mL SDS, where the first frame is much 

lower than the initial state (t0, calculated average) and all the scattering curves have the same 

intensity in the low Q after 5 hours. This result indicates that the final structure has been 

reached. The scattering curve for 1.67 mg/mL SDS shows a much more gradual decrease for a 

longer time period in the intensity in the low Q-region. This result means that the whole 

solubilisation process cannot fully be resolved for higher concentrations by this method and 

exposure times. Furthermore, we can see that the initial state is almost captured for the lowest 

concentration because the first frame (1h) is almost as high in intensity as the calculated 
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average. All the SAXS scattering curves have been fitted with the MM model, and the results 

are presented in Figure 4.16.  
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f) 

Figure 4.16: Scattering curves with MM model fits of the solubilisation of C28PEO5 micelles 

by SDS. The final concentrations of SDS are a) 1.67 mg/mL b) 2.50 mg/mL c) 3.75 mg/mL d) 

4.50 mg/mL and e) 5.00 mg/mL. f) A plot with only 3 time-steps to enhance visualization of the 

gradual transition (2.50 mg/mL SDS). The final concentration of C28PEO5 is 5.00 mg/mL. CA 

stands for Calculated Average.  

a) b) 

c) d) 

e) 

Time 

Time 
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Analysis of the Scattering Curves Over Time for the Complete Q-range Using the 
Mixed Micelle Model 

The decrease in intensity in the low Q-region can be used to gain information about the 

decrease in the 𝑁𝑎𝑔𝑔 and increase in 𝑓𝑆𝐷𝑆𝑚 with time by fitting with the MM model. It is 

also a shift in Q-value where the intensity drops in the intermediate Q-region. From a visual 

inspection of the scattering curves one can see that the drop occurs at a lower Q-value for the 

initial timeframes, and at a higher Q-value for the final frames. This indicates a decrease in 

the micellar size with time. It is also a shift in the intensity and shape in the intermediate-high 

Q-region over time. This is because the SDS is inserting into the core of the mixed micelles. 

Fitting with the MM model can provide information about the change in these parameters 

over time. The fitting parameters used for the batch fitting of the solubilisation process were 

therefore 𝑁𝑎𝑔𝑔, 𝑓𝑆𝐷𝑆𝑚, 𝑅𝑚 and 𝑠𝑐. In order to reduce the number of simultaneous fitting 

parameters, an initial screening of the structural parameters 𝜈, 𝑅𝑔, 𝜎𝑖𝑛𝑡 and 𝜎𝑖𝑛𝑡𝑜 were 

performed on the scattering curves. An average value for these parameters were chosen which 

can reproduce all the data satisfactory. 𝜈 typically varied between 1 and 4 and 𝑅𝑔 was set at 

the theoretical value based on the molecular weight of the hydrophilic block, 29.3 Å. 

However, for the lower concentrations of SDS where the solubilisation process is slower, the 

theoretical value did not fit the data at the initial frames but was closer to the pure C28PEO5 

value. 𝑅𝑔 was in that case fitted for the initial frames. 𝜎𝑖𝑛𝑡 was mostly held constant at 5 Å, 

except for the initial frames a higher value was found to fit better. 𝜎𝑖𝑛𝑡 was in that case 

between 5-7 Å. This could mean that the interface is less defined in the beginning of the 

solubilisation process or can indicate more ellipsoidal micelles [46]. 𝜎𝑖𝑛𝑡𝑜 was found to be 

around 4 Å and was, therefore, held constant at this value.  

 

To reduce the number of free fit parameters, an attempt was made to measure the density of 

the sample components independently from the scattering experiments, because DSC 

measurements on the end-state showed that the core of the end state is molten. This result 

poses a challenge because it is difficult to measure the time of the transition from a semi-

crystalline, to a molten core. The sample is heated up during the DSC measurements, 

accordingly this measurement cannot be used to monitor the configuration of the core during 

the equilibration process. Hence, and the transition from a semi-crystalline core to a molten 

core is therefore unknown. To measure when the crystallinity in the core dissolved, density 

measurements could be used to monitor the density changes over time, as this measurement 



 97 

does not heat or disrupt the sample. This measurement was performed; however, because the 

samples are in dilute solutions the change in the signal was too low to draw conclusions and 

be of further use. According to account for the melting of the core, the density of the alkyl 

core block was fitted. Many other parameters depend on the density of the core. Hence, this 

can result in an increase the uncertainty in the obtained parameters. To counteract the 

uncertainty in the melting point with respect to time, a trial-fit using both the density of a 

crystalline core and a molten core was used to determine which had the highest quality fit. 

Based on this method, the transition from a semi-crystalline core to a molten core was found 

to be faster with an increasing amount of SDS. For 5.00 mg/mL SDS it was found to be 

before the first frame, while for the lowest amounts of SDS where the core is completely 

molten (2.50 mg/mL SDS) approximately after 10 hours.  

 

The PEO corona thickness and aggregation number of the polymer have been plotted for each 

mixture, to see if the evolution of these parameters follows the same scaling law as discussed 

in section 4.2.3. However, it does not follow the structural scaling of the corona. This result is 

probably because the scaling assumes equilibrium micelles, which is not the case for the 

micelles during the solubilisation process.   

 

Development of a Suitable Kinetical Model for Interpretation of the Str uctural 
Parameters in Alkyl-PEO - SDS Mixed Micelles  

In order to get quantitative information about the kinetics of the solubilisation, a kinetic 

model had to be fitted to the structural data from the MM model results. Many kinetic 

processes in nature are first-order reactions which have an exponential decay with a single 

rate constant [52, p. 827-828]. In the development of the kinetic model used to describe the 

structural parameters of C28PEO5-SDS mixed micelles, a single exponential function was 

initially assumed. At first glance, this function seemed to reproduce the experimental data. 

Initially a single stretched exponential function 𝑦 (𝑡) = 𝑁∞ + (𝑁0 − 𝑁∞) 𝑒𝑥𝑝 (−
1

𝜏
𝑡)
𝛽

 was 

used to fit the data, where N∞ is the value of the final mixed micelle structure which can be 

𝑁𝑎𝑔𝑔, 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 or 𝑅𝑚, and N0 is the value of the pure components before mixing, which 

constitute the initial state. τ is the decay constant, and 𝛽 is a stretching of this parameter. A 

close inspection of the fitting showed that the single exponential fit fails to describe the very 

steep decrease in polymer aggregation number at initial stages of the solubilisation, see Figure 

4.17. The fit of the stretched single exponential cannot be extrapolated to the known initial 
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value of the aggregation number of the polymer (𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 95). It is important that the 

kinetic model can describe the value of the known starting point, because data are missing 

from this region because of the lack of temporal resolution of the method. However, a sum of 

two exponential functions can explain this very fast decay, as seen in Figure 4.17. (Note that 

the whole extrapolation to the stating value at 95 is not shown in Figure 4.17 in order to 

demonstrate the difference in the fitting for the first data points.) 

 

It is clear from Figure 4.17 that the stretched single exponential fit cannot account for the fast 

decay. In addition, the fitting from the stretching of the exponential (𝛽) generally gave values 

below 0.5, which indicates that there is not a distribution in decay constants, but rather two 

distinct processes occurring. These factors were the bases for the conclusion that that there 

must be two processes occurring: one fast and one slow process. In order to account for the 

very rapid decrease in structural parameters in a short time scale, the sum of exponential 

functions as shown in equation 4.13 and Figure 4.17 was fitted to all the kinetic data for the 

solubilisation of the polymers. A stretching of the decay constant for the slow process was 

introduced, to see if there is a distribution in the rate of this process.  

 

𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟(𝑡) = 𝑁∞ + (𝑁0 −𝑁∞) (𝑓𝑓𝑎𝑠𝑡 𝑒𝑥𝑝 (−
1

𝜏1
𝑡) + (1 − 𝑓𝑓𝑎𝑠𝑡)𝑒𝑥𝑝 (−

1

𝜏2
𝑡)
𝛽

)  4. 13 

Figure 4.17: The difference between the single stretched exponential fit and the double 

exponential fit. The double exponential fit is extrapolated to the initial value of the polymer 

micelle (95) but is not shown in the figure in order to emphasise the differences in the fit before 

the first point.   
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N∞, and 𝑁0 are the polymer aggregation number at the final and initial state, respectively. 

These were held constant in the fitting procedure because they are known from the obtained 

values the structural parameters. This also reduces the number of simultaneous fitting 

parameters. 𝜏1and 𝜏2 are the fast and slow decay constants, respectively. 𝑓𝑓𝑎𝑠𝑡 is the fraction 

of the fast process. If there is a stretching of the slow decay constant, it must be normalised to 

get a mean value, 𝜏𝑚𝑒𝑎𝑛, where the normalised decay constant is the area under the curve, and 

the equation is given by equation 4.14.  

𝜏𝑚𝑒𝑎𝑛 =
𝜏2

𝛽
𝛤 (

1

𝛽
)           4. 14 

The decay constant is related to the rate constant according to equation 4.15.  

𝑘 =
1

𝜏𝑚𝑒𝑎𝑛
           4. 15 

An analogous kinetic model was used to fit the increasing fraction of SDS in the mixed 

micelles with time, given in equation 4.16.  

 

𝑓𝑆𝐷𝑆𝑚(𝑡) = 𝑁∞ [(1 − 𝑓𝑓𝑎𝑠𝑡 ∙ 𝑒𝑥𝑝 (
𝑡

𝜏1
)) + (1 − 𝑓𝑓𝑎𝑠𝑡) ∙ 𝑒𝑥𝑝 (

𝑡

𝜏1
)
𝛽

]    4. 16 

 

Where 𝑁∞ scales the final value to the fraction of SDS in the mixed micelles in the final state. 

This variable was held constant during the fitting procedure as it is known from the MM 

model fitting and to reduce the number of fitting parameters and, thereby, improve the fit. The 

fast process could not be resolved for either 𝑓𝑆𝐷𝑆𝑚 or 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 using the available 

laboratory source and was, therefore, held constant at 1 s-1 for all concentrations when fitting 

of the kinetic model to the C28PEO5 and SDS mixtures.   

 

The obtained structural parameters 𝑁𝑎𝑔𝑔, 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟, 𝑅𝑚, 𝑓𝑆𝐷𝑆𝑚 are shown with the 

standard deviation in Figure 4.18 (sc can be found in the Appendix section 8.4.1). The 

standard deviation of the parameters is estimated by measuring the scattering curves over 69 

hours for three separately prepared mixtures of 8.00 mg/mL C28PEO5 and 4.00 mg/mL SDS. 

The scattering curves have been fitted independently by first the MM model and the obtained 

structural parameters have in turn been fitted with the kinetic model. The standard deviation 

in the obtained parameters have been used to obtain an estimate for the standard deviation in 

both the structural parameters and the parameters for the kinetic model. The structural 

parameters are fitted by the kinetic model, and it is evident from Figure 4.18 that the model 
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fits the data within the experimental uncertainty. Figure 4.18 also shows that the standard 

deviation and the noise for the parameters 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and for 𝑓𝑆𝐷𝑆𝑚 are smaller than 

𝑁𝑎𝑔𝑔 and 𝑅𝑚. 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 shows an outstandingly small standard deviation between the 

three runs, which is because of the fact that it is a combination of fSDSm and 𝑁𝑎𝑔𝑔. These two 

parameters are opposing forces to the intensity in the low Q, which means that the product of 

the two will be close to constant. Because 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝑓𝑆𝐷𝑆𝑚 shows the smallest 

standard deviation, these results are the are the parameters which will be used for the further 

analysis of the solubilisation kinetics.  

 

Based on the three replicates of the mixture of 8.00 mg/mL C28PEO5 and 4.00 mg/mL SDS 

the standard deviation has been calculated for the obtained rate constant and the fraction of 

the fast process, and the results are shown in Table 4. 7.  
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Figure 4.18: Obtained structural parameters from fitting the SAXS data with the MM model to 

three different batches of 8.00 mg/mL C28PEO5 and 4.00 mg/mL SDS which are fitted with the 

kinetic model. 
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Table 4. 7: Overview of the obtained relative standard deviations in slow rate constant, 𝜏2, 

and the fraction of the fast process, 𝑓𝑓𝑎𝑠𝑡 for the solubilisation of C28PEO5 micelles by 

SDS. 

Parameter Obtained relative standard deviation [%] 
𝜏2 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 6 

𝜏2 𝑓𝑆𝐷𝑆𝑚 6 

𝑓𝑓𝑎𝑠𝑡 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 5 

𝑓𝑓𝑎𝑠𝑡 𝑓𝑆𝐷𝑆𝑚 6 

 

The relative standard deviation obtained for this mixture has been used to give an estimate of 

the standard deviations for the other mixtures in the analysis of the solubilisation kinetics.  

 

Rate of Solubilisation for C28PEO5-SDS Mixed Micelles  

All the obtained results of 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝑓𝑆𝐷𝑆𝑚 from the scattering data, were fitted 

with the kinetic model to retrieve information about the solubilisation rate and the results are 

displayed in Figure 4.19. When fitting 𝑁𝑎𝑔𝑔 polymer 𝑁0 was kept constant at 95, because the 

aggregation number of the polymer must have the same structural features as the initial 

surfactant-free solution. When fitting 𝑓𝑆𝐷𝑆𝑚 it was controlled such that the curve 

extrapolated to 0, as the initial fraction of SDS in the mixed micelles must start at 0. Figure 

4.19 shows a clear concentration dependence for both parameters as the shape of the curves 

changes with higher amounts of SDS. 𝛽 is fitted and found to be systematically increasing 

from 0.61 for 1.67 mg/mL SDS, 0.82 for 2.50 mg/mL and 1 for all the higher concentrations. 

Figure 4.19: Obtained structural parameters from fitting the scattering curves with the MM 

model, left 𝑁𝑎𝑔𝑔 polymer and right fSDSm. The data has been fitted with the kinetic model to 

get information about the rate of the solubilisation.  
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𝛽 was found to be 1.0 in the fitting of 𝑓𝑆𝐷𝑆𝑚 for all the concentrations of SDS. A value for 𝛽 

of 1.0 means that there is only one distinct rate constant for the slow process, and a 

distribution in the rate of slow process cannot be detected.    

 

The resulting rate constant for the slow process, and the fraction of the fast process are shown 

in Figure 4.20, and shows that the solubilisation process has a clear concentration 

dependence, especially for the fast process. The fraction of the fast process increases almost 

linearly with the concentration and is probably the reason for the visible difference in the 

change in the structural parameters seen in Figure 4.19. 

 

The fraction of the fast process is 0 for 5.00 mg/mL of SDS as the structural parameters could 

be fitted with a single stretched rate constant (where 𝛽 = 0.70). The differences between the 

two fits are shown in Figure 4.21. The single rate constant was determined to be the best fit 

for two reasons: i) Because the data can be explained with fewer parameters, and this result is 

a more probable fit. ii) For this case, it is clear from a visual inspection that a single 

exponential describes the data to a higher extent, see Figure 4.21. What this result means is 

that the two processes might merge into one fast process when the amount of SDS is high 

enough, or that we cannot separate the two processes by this method when the overall 

solubilisation process is this fast.  
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Figure 4.20: (Left) The slow rate constant in the equilibration mechanism of C28PEO5 and 

SDS. (Right) the obtained fractions of the fast equilibration mechanism. The fast process 

cannot be fitted and is set to 1 for all concentrations. The added line shows the trend with the 

concentration.   
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In a system in which only unimer exchange occurs, the concentration dependencies will not 

be seen because it is limited by the expulsion step from the micelle. To understand more 

about the concentration dependence, and, thereby, the mechanism, the total concentration 

with a fixed ratio of SDS/C28PEO5 was varied. If the reaction is limited by either the diffusion 

or the collision of the species, we expect an increase in the solubilisation rate when the total 

concentration is increased because the distance between the SDS and the polymer micelles 

decreases.  

 

To get adequate temporal resolution and statistics for all the samples, a molar ratio 

(SDS/C28PEO5) of 9.4 (5.00 mg/mL C28PEO5 and 2.50 mg/mL SDS) was chosen based on 

the results presented above. To avoid missing data if the rate is faster for a doubling of the 

concentration, a low molar ratio must be selected. However, if the molar ratio is too low, the 

statistics for each frame will be of lower quality. A molar ratio of 9,4 is a balancing act based 

on these factors. Two different total concentrations were measured below (i) and above (ii) 

2.50 mg/mL SDS and 5.00 mg/mL C28PEO5: (i) 1.25 mg/mL SDS and 2.50 mg/mL C28PEO5, 

1.88 mg/mL SDS and 3.75 mg/mL C28PEO5; (ii) 4.00 mg/mL SDS and 8.00 mg/mL 

C28PEO5, 5.00 mg/mL SDS and 10.0 mg/mL C28PEO5. 

 

Figure 4.21: Difference between a stretched exponential fit and a double exponential fit for 5.0 

mg/mL SDS and 5.0 mg/mL C28PEO5. 
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Figure 4.22 shows the solubilisation of C28PEO5 when the total concentration is varied, 

occurs over the same timeframe as when only the concentration of SDS is changed. It appears 

that there is a concentration dependence because the highest concentrations seem to reach a 

final state faster than the other concentrations. This result can be seen from the fact that these 

scattering curves overlap after a shorter time than the others.  

 

 

 

Figure 4.22: Scattering curves with MM model fits of the solubilisation of C28PEO5 micelles by 

SDS. The final concentrations of SDS and C28PEO5 are a) 1.25 mg/mL SDS and 2.50 mg/mL 

C28PEO5 b) 1.88 mg/mL SDS and 3.75 mg/mL C28PEO5, c) 4.00 mg/mL SDS and 8.00 mg/mL 

C28PEO5, d) 5.00 mg/mL SDS and 10.0 mg/mL C28PEO5. CA stands for Calculated Average.  

a) b) 

c) d) 



 105 

Figure 4.23 shows the change in the structural parameters, 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝑓𝑆𝐷𝑆𝑚 over 

time, as obtained with the MM model fitting of the scattering data. All the data has been 

subsequently fitted with the kinetic model. An analysis of the higher concentrations was 

performed, analogous to the procedure described above. However, very low values for 𝛽 were 

obtained, if there was only one rate constant, which means that the fit is not realistic.    

The obtained rate constants and fractions from the fitting shown in Figure 4.23 are shown in 

Figure 4.24, which shows that the fraction of the fast process is highly dependent on the 

concentration. The slow process reaches a “saturation point”. Beyond that, the rate accelerates 

between the highest and second highest concentrations measured. This result means that the 

same features are observed as when solely the amount of SDS was varied.  

  

 

 

 

 

Figure 4.23: Obtained structural parameters from fitting the scattering curves with the MM 

model, left 𝑁𝑎𝑔𝑔 polymer and right fSDSm. The data has been fitted with the kinetic model to 

get information about the rate of the solubilisation. 
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The acceleration point of the slow process occurs at the same concentration of SDS in both 

experiments (Figure 4.20 and Figure 4.24). That is, at 5.00 mg/mL, and ~2 times the CMC. 

However, it seems that the relative increase in the rate constant of the slow processes is much 

larger when only SDS is varied than when the total concentrations are varied. 

 

The results shown in this section demonstrate that the solubilisation of C28PEO5 polymeric 

micelles can be described by a sum of two processes. The occurrence of the fast process is 

highly dependent on the concentrations of the two components, which indicates that it is a 

fusion/fission or fragmentation process. However, the rate constant of the fast process cannot 

be determined because of the lack of temporal resolution in the equipment. The slow process, 

on the other hand, does not depend on the concentration unless the concentration is very high. 

This result implies that reorganisation by mainly chain exchange at low concentrations is 

occurring in the slow process. However, because the rate constant is increased for very high 

concentrations this exchange cannot be the sole mechanism, especially for the high 

concentrations.  

 

C21PEO5 and SDS 

In order to understand the importance of the rate of chain exchange for the solubilisation 

process, experiments have been performed on mixtures of C21PEO5 and SDS. Because 

3 4 5 6 7 8 9 10 11 12 13 14 15 16

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

 N
agg 

polymer

 fSDSm

F
ra

c
ti
o
n

 f
a
s
t 

p
ro

c
e

s
s

Total concentration SDS and C28PEO5 [mg/mL]

Figure 4.24: (Left panel) The slow rate constant in the equilibration mechanism of C28PEO5 

and SDS. (Right panel) the obtained fractions of the fast equilibration mechanism. The fast 

process cannot be fitted and is set to 1 for all concentrations. The added line shows the trend. 
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C21PEO5 has a shorter hydrophobic chain length, the exchange kinetics are much faster than 

for C28PEO5. All the chains in C21PEO5 micelles have exchange during 5 seconds at 20.5C 

while C28PEO5 exhibits exchange kinetics in the order of several hours [24, 47].  

 

An initial screening of the rate of the solubilisation process was performed in BM29, with a 

dead-time between the mixing of the C21PEO5 and SDS solutions and the first frame of 

approximately 3 minutes. A comparison with a premixed solution providing the end state and 

the calculated average showing the initial state showed that the solubilisation process was 

completed before the first frame because there was no change between the scattering curves at 

the first frame to the premixed solution.  

 

To capture the solubilisation process experiments they were performed on the ID02 beamline 

at ESRF, which is equipped with a stopped-flow mixing device to produce millisecond 

resolution and get reproducible mixing. The acquisition time of each frame was the smallest 

possible of 0.005 s and the dead-time until the first frame is 0.0025 s. Figure 4.25 shows the 

solubilisation of C21PEO5 micelles by SDS which is most apparent by the gradual decrease in 

intensity in the low Q-region, as well as the shift in the decrease in intensity in the 

intermediate Q-region. The solubilisation occurs over a time-span of 10-60 seconds, 

depending on the SDS concentration. 
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Figure 4.25: Scattering curves with MM model fits of the solubilisation of C21PEO5 micelles 

by SDS. The final concentrations of SDS are a) 1.25 mg/mL, b) 1.67 mg/mL, c) 2.50 mg/mL d) 

4.00 mg/mL and e) 5.00 mg/mL. The final concentration of C21PEO5 is 5.00 mg/mL.  CA 

stands for Calculated Average.  

 

a) b) 

d) c) 

e) 
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The same fitting procedure was performed on the C21PEO5 system as the C28PEO5 system, 

with an initial screening of the parameters 𝜈, 𝜎𝑖𝑛𝑡 and 𝜎𝑖𝑛𝑡𝑜. These parameters were kept at 

values between 1-4, 2-5 Å and 2-5 Å respectively for the different mixtures. 𝑅𝑔 was kept 

constant at 27.4 Å, except in some cases for the lower concentrations and the initial frames, 

where it was between 30-35Å. The core of C21PEO5 is semi-crystalline, and at some time in 

the solubilisation process, the density will shift from the density of a semi-crystalline core, to 

the density of the melt. An analysis of this shift was made when fitting all the concentrations, 

and it seems that the core is already melted at the first measured time-step. 𝑁𝑎𝑔𝑔, 𝑅𝑚, 𝑓𝑆𝐷𝑆𝑚 

and 𝑠𝑐 was the main fitting parameters. In addition, to account for the larger aggregates in the 

system, as discussed in section 4.2.3, a pre-factor which accounts for the effective 

concentration of the larger aggregates, 𝐶, was a fitting parameter. C is found to be 

approximately constant, with relatively large fluctuations throughout the solubilisation 

process. However, the exponent and the size of the clusters were input parameters, and are 

both found to be stable throughout the process giving a value to the slope of around 𝑄−3 and 

to the size of the clusters of around 400 Å.  

 

Solubilisation of C21PEO5-SDS Mixed Micelles  

An analogous analysis was performed on whether the structural parameters should be fitted 

with one or two decay constants in the kinetic model. The analysis showed that a fast process 

occurs in this system as well, which can only be described by a separate decay constant. 

Hence, the same kinetic model used for the C28PEO5 and SDS system was used to fit the 

obtained structural parameters for the C21PEO5 and SDS system.  

 

The uncertainty has been estimated by three separate mixtures of 5.00 mg/mL C21PEO5 and 

1.25 mg/mL SDS which has initially been independently fitted with the MM model and, 

subsequently, by the kinetic model. The method is analogous, as explained, to the C28PEO5 

system. The obtained structural parameters with standard deviations are shown in the 

Appendix section 8.4.2. The rate constant for the fast process cannot be retrieved from the 

fitted data and the decay constant 𝜏1was, therefore, set to 0.01 s-1 for all concentrations. Trial-

fits gave values in this order of magnitude. Variations in the rate constants gave no 

modifications to the fit, however, the fraction of the process was vastly changed. In order to 

minimise errors in the fitting of the fast process, 𝜏1 was set constant to 0.01. The standard 
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deviations in the parameters of the kinetic model have been found by fitting the obtained 

structural parameters independently with the kinetic model and is displayed in Table 4. 8.  

 

The reason for the higher values in the uncertainties obtained for this system compared with 

the C28PEO5 system could be the larger aggregates which complicate the analysis, and the 

time scale of the solubilisation process. Because the solubilisation occurs on a millisecond 

time-scale, the acquisition time is pushed to the lowest possible option, i.e. only 0.005 

seconds, which results in lower quality of the obtained statistics in the scattering curves.    

 

Results on the solubilisation of C21PEO5 micelles by SDS 

Figure 4.26 shows the decrease in the 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 in the mixed micelles and the increase 

in the fraction of SDS in the mixed micelles over time, which shows systematic behavior with 

the concentration, and can be described by the kinetic model.  

Table 4. 8: Overview of the obtained relative standard deviations in slow rate constant, 𝜏2, 

and the fraction of the fast process, 𝑓𝑓𝑎𝑠𝑡 for solubilisation of C21PEO5 by SDS.   

Parameter Obtained relative standard deviation [%] 
𝜏2 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 14 

𝜏2 𝑓𝑆𝐷𝑆𝑚 12 

𝑓𝑓𝑎𝑠𝑡 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 17 

𝑓𝑓𝑎𝑠𝑡 𝑓𝑆𝐷𝑆𝑚 7 
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The obtained rate constant and the fractions of the fast process are shown in Figure 4.27.  

The results show faster solubilisation with increasing amounts of SDS, both by an 

acceleration of the slow rate process with high amounts of SDS and by the increase in the fast 

process with the amount of SDS.  
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Figure 4.27: (Left) The slow rate constant in the equilibration mechanism of C21PEO5 and 

SDS. (Right) the obtained fractions of the fast equilibration mechanism. The added line shows 

the trend with concentration.  

Figure 4.26: Obtained structural parameters from fitting the scattering curves with the MM 

model, left 𝑁𝑎𝑔𝑔 polymer and right fSDSm. The data has been fitted with the kinetic model to 

get information about the rate of the solubilisation. 
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Both C28PEO5 and C21PEO5 have semi-crystalline cores [50]. Crystallinity has showed to 

have an effect on the chain exchange, and stabilise the micelles towards chain exchange by 

higher enthalpic contribution between the alkane chains in the core [30, 51]. Furthermore, the 

size of the micelles is expected to be independent on whether the core is crystallised or not 

[86]. To see if crystallinity has an effect on how fast polymeric micelles break down, 

measurements were performed on two concentrations of SDS mixed with C21PEO5 above the 

melting point. This experiment could not be performed on the C28PEO5 system because the 

measurements are practically challenging to perform, because C28PEO5 has a melting point of 

56C, which would also change the exchange rate in the system. The measurement is much 

easier to perform for C21PEO5 which has a melting point of 24C, and the measurements 

performed on C21PEO5 used a stopped-flow with a thermostat. To avoid accelerating other 

properties in the system, e.g. exchange rates, diffusion rates, measurements were performed 

right above the melting point at 26C. Based on the results shown so far, it is known that the 

rate of solubilisation is faster with the amount of SDS in the system. It is also known that 

higher amounts of SDS completely destroy the crystallinity in the core rapidly. Based on this 

knowledge, the measurements were performed on mixtures with the smallest amount of SDS, 

i.e. 1.25 mg/mL and 1.67 mg/mL, to see the effect of the crystallinity on the solubilisation 

kinetics most clearly. Figure 4.28 shows the solubilisation of C21PEO5 micelles by SDS, by 

the same gradual decrease in the low Q region, and the shift Q in the steep decrease in 

intermediate Q.             
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Figure 4.28 shows that the initial state is almost captured for the lowest concentration, as the 

calculated average is almost at the same intensity as the first frame.  

 

The fitting by the MM model gave the structural parameters shown in Figure 4.28. The fitting 

procedure for the kinetic model was the same as described above.  

 

 

 

Figure 4.28: Scattering curves with MM model fits of the solubilisation of C21PEO5 micelles 

by SDS. The concentrations of SDS in the mixtures are a) 1.25 mg/mL and b) 1.67 mg/mL. The 

final of C21PEO5 in the mixture is 5.00 mg/mL. CA stands for Calculated Average.  

a) b) 
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The obtained rate constant and the fraction of the fast process has been included in the same 

graph as the rates at 20C in order to see if there is a change in the solubilisation rate, see 

Figure 4.30.  
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Figure 4.30: (Left panel) The slow rate constant in the equilibration mechanism of C21PEO5 

and SDS. (Right panel) the obtained fractions of the fast equilibration mechanism for both 20 

and 26C. The added lines show the trend with concentration.  

  

Figure 4.29: Obtained structural parameters from fitting the scattering curves with the MM 

model, left 𝑁𝑎𝑔𝑔 polymer and right fSDSm. The data has been fitted with the kinetic model to 

extract information about the rate of which the change occur.  
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Figure 4.30 shows that it is a small effect on the solubilisation rate, especially on the fast 

process for 𝑁𝑎𝑔𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and the lowest concentration of SDS when the core is melted. 

However, it is difficult to distinguish such a small effect from the inherent effect of the 

increased temperature. The effect on the slow process could be because of the faster unimer 

exchange of the polymers, both because of increased temperature itself, but also because the 

enthalpy contribution to the unimer exchange is not present. The effect is small/negligible, 

hence, crystallinity in the core does not have a large impact on the solubilisation rate.  

 

A final investigation of the C21PEO5 and SDS system was performed where the ratio was 

held constant, and the total concentration changed, analogous to what is performed for 

C28PEO5. This experiment was used to gain more insight into the possible diffusion and 

collision mechanism.  

 

The same molar ratios as used for the C28PEO5 system, were set as a starting point with the 

concentration of 2.50 mg/mL SDS and 5.00 mg/mL C21PEO5, and two concentrations were 

measured, where one is halved, and one is doubled, i.e. 1.25 mg/mL SDS and 2.50 mg/mL 

C21PEO5 and 5.00 mg/mL SDS and 10.0 mg/mL C21PEO5. The fitting procedure performed 

on the scattering data was equivalent to the results shown above, and the scattering curves 

with MM model fits are shown in Figure 4.31.  

 

Figure 4.31: Scattering curves with MM model fits of the solubilisation of C21PEO5 micelles 

by SDS. The final concentrations of SDS and C21PEO5 are (left panel) 1.25 mg/mL SDS and 

2.05 mg/mL C21PEO5 and (right panel)5.00 mg/mL SDS and 10.0 mg/mL C21PEO5. CA stands 

for Calculated Average. 

a) b) 
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Figure 4.31 shows that both the low and high concentrations have reached the equilibrium 

mixed micellar state after less than 15 seconds. Figure 4.31 a) shows that the cluster is not 

fitted for this concentration. This result is because low concentration in the combination of the 

low acquisition time gives low statistics in the low Q region, which causes large fluctuations 

in the scattered points in this region. The obtained structural parameters from the MM model 

fitting are shown in Figure 4.32 and shows that the kinetic model fits the data and that it 

seems that the rate of solubilisation is increasing with the total concentration.  

 

Figure 4.32: Obtained structural parameters from fitting the scattering curves with the MM 

model, left 𝑁𝑎𝑔𝑔 polymer and right fSDSm. The data has been fitted with the kinetic model to 

get information about the rate of the solubilisation. 
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The obtained rate constants for the slow process and fractions of the fast process are shown in 

Figure 4.33, where both show a change with the total concentration.  

 

The change in the fraction of the fast process is almost linear for C21PEO5, and the difference 

between the various concentrations is significant. In this case, it would seem that the rate of 

the slow process is slower around the CMC of SDS. Just around the CMC of SDS, there could 

be opposing forces to form pure SDS micelles, which could restrict the number of free 

surfactants available for mixed micelle formation. However, the difference in the rate constant 

of the slow process is much smaller than the change in the rate when only SDS is varied. This 

experiment also has fewer concentrations measured, so it is hard to tell if the decrease in rate 

is justified. The differences between the two lowest concentrations are especially small, and 

one can argue that the rate of the slow process has the same low dependence on the 

concentration for low concentrations as shown when only SDS is varied.                                                                                                                     

 

The solubilisation results of C21PEO5 by SDS show there is one fast process which becomes 

linearly more dominant with the increasing concentration of SDS, and one slow process 

which is independent of concentration until a saturation point.   
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Figure 4.33: (Left panel) The slow rate constant in the equilibration mechanism of C21PEO5 

and SDS. (Right panel) the obtained fractions of the fast equilibration mechanism. The added 

line shows the trend with concentration.  
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4.5 Discussion: The Kinetic Mechanism for Solubilisation 

Section 4.1 and 4.2 provided the foundation for the study on the solubilisation kinetics 

performed in this work and showed that this system could be used to investigate this topic. 

Based on the work performed on solubilisation kinetics of polymer micelles shown in sections 

4.3 and 4.4, it is clear that the rate of the solubilisation process is highly dependent on the 

length of the core-forming block of the polymer, because C21PEO5 micelles are solubilised 

over 10-45 seconds, C28POE5 over 5-15 hours, and PEP1PEO20 cannot be solubilised at all. 

The solubilisation mechanism and the possible steps in each of the two processes will be 

discussed in this section.   

 

For the samples with long hydrophobic block, as studied with PEP1PEO20 and SDS, 

solubilisation does not occur, and the frozen exchange kinetics of PEP1PEO20 are not 

activated. This result indicates that SDS does not lower the interfacial tension of the surface to 

a high enough degree and/or is not able to promote the chain expulsion. The SDS molecules 

are instead inserted into the core, with a lower CAC at the initial state than the final state.   

 

Cerritelli et al. [31] reported first order kinetics of the solubilisation of poly(ethylene glycol-

bl-propylene sulfide) di- and triblock copolymers with Triton X-100 by performing turbidity 

measurements and interpreting the results by a first-order exponential decay model. However, 

no fits of the experimental data are shown in that paper, and the system consists of rod-like 

micelles, in addition to spherical micelles, which would dominate the signal obtained by 

turbidity measurements. The work performed in this thesis shows that the solubilisation 

process of living micelles was found to be a combination of two processes for both the 

C28PEO5 and C21PEO5; i) one fast process in which occurrence increases linearly with 

increasing amounts of SDS ii) one slow process where the rate constant is independent of the 

concentration of SDS until high amounts of SDS. The reason for the different results 

compared to Cerritelli et al. [31] could be that turbidity measurements do not give exact 

structural development over time. The contribution from rods will dominate because these are 

larger structures. In addition, a mixture could disguise the individual processes of micelle and 

rod solubilisation. Because the solubilisation process found in this thesis consists of two steps 

for both C28PEO5 and C21PEO5, it indicates that the solubilisation process is a cooperative 

process because it is highly dependent on the concentrations of the components. The slow 

process had a stretching of the decay constant which decreases (approaches unity) with the 
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amount of SDS for both systems, which indicates that there is a distribution in rate constants 

for the lower concentrations, as opposed to the higher concentrations. The acceleration of the 

slow process occurs at a lower concentration for C21PEO5 than for C28PEO5, which is 

probably due to the micelles of C21PEO5 being smaller and, hence, are saturated with SDS at 

a lower concentration. The size of the C21PEO5 core is 19 Å, while 27 Å for C28PEO5 (see 

section 4.1.1), which means there is a large difference in the hydrophobic volume of the core. 

A lower amount of SDS might then saturate the hydrophobic volume.  

 

The fast process occurrence increases linearly with higher amounts of SDS. It must be pointed 

out, here, that the fast rate constant could not be resolved by either of the instruments used, 

and there is, therefore, no way of knowing if it is the same for both C28PEO5 and C21PEO5, 

and/or if it is concentration dependent. Nonetheless, that fact that it becomes linearly more 

important with increasing amounts of SDS indicates that it is some insertion and 

fragmentation or fusion and fission process, because these mechanisms are dependent on the 

concentrations, and, thereby, will be more dominant with more SDS. This result is because 

the probability of collision is higher when the number density of micelles/free surfactants is 

higher. Cerritelli et al. [31] do not discuss the mechanism of breakdown in detail. Cantu et al. 

[13] conclude that chain exchange is the mechanism of formation of mixed micelles in their 

system. However, this mechanism cannot be the only one in the present system, because of 

the high concentration dependence observed. The possible scenarios for solubilisation are 

shown in Figure 4.34 and will now be discussed.  

 

Possible Mechanisms for Solubilisation by a Two-Step Process  

The mechanism illustrated in Figure 4.33 a) is a unimer which has escaped the polymer 

micelles, which becomes surrounded by SDS molecules and becomes a seed for new mixed 

micelles. However, this mechanism is deemed unlikely because of two factors. Firstly, it does 

not account for the extremely rapid decrease in the aggregation number before the first time-

step, as chain exchange is limited by expulsion. Secondly, it does not correlate to the observed 

concentration dependence. This possibility is, therefore, discarded.  

 

Figure 4.34 c) shows a possible fusion-fission mechanism. Dormidontova et al. [43] showed 

that the free energy of fission is negative when 𝑁𝑎𝑔𝑔𝑖𝑛𝑖𝑡𝑎𝑙
> 2𝑁𝑎𝑔𝑔𝑒𝑞

 as the initial micelle 

can split into symmetrical micelles in order to get to the equilibrium structure. 𝑁𝑎𝑔𝑔 of the 
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initial structures of C28PEO5 and C21PEO5 are 120 and 49 respectively, and 𝑁𝑎𝑔𝑔 more than 

halved for the final state when the amount of SDS is above CMC. This result can be seen in 

Figure 4.7 and Figure 4.10 on pages 80 and 84, and it means the initial micelles can, in 

theory, be split up into two micelles. Based on this result, fission could be a possible 

mechanism for the solubilisation. The rate of the fission mechanism is increased for smaller 

micelles, which is outlined in section 2.2.3, and should, thereby, be more probable for the 

mixed micelles than the initial pure polymer micelles. In the case of a fusion-fission 

mechanism, there could be more than two steps, as shown in Figure 4.34. One fusion step, 

one fission step, and one re-organization step. Nevertheless, the kinetics of two steps can be 

observed, if one of the steps are very fast. However, a problem with a fusion-fission 

mechanism is that even if the fraction of the fast process is small below the CMC, it is still 

occurring. The problem with this fact is that below CMC there are only free surfactants, not 

micelles, and fusion between SDS micelles and polymer micelles cannot occur. It is, 

therefore, more likely that it is an insertion and fragmentation mechanism, shown in Figure 

4.34  b), which is accelerated with more SDS as the reservoir of SDS molecules increases.  

 

The reason mechanism c) is not discarded is that was shown in section 4.4 that the 

solubilisation of 5.00 mg/mL of C28PEO5 mixed with 5.00 mg/mL SDS only has one decay 

constant. This finding implies that either the two processes occur so fast they cannot be 

separated, or that another mechanism dominates. The aggregation number of polymer in 

equilibrium for this concentration is found to 1.6. There are 19 times more SDS molecules 

than polymer chains present for that concentration. This circumstance could make it possible 

for the polymer micelles to be completely fragmented into almost equal sized micelles, which 

excludes the need for a re-organisation step. It is also possible that fusion of the SDS micelles 

and polymer micelles occurs at this concentration, forming highly unstable mixed micelles 

which immediately fission/fragment into many smaller micelles. However, based on the 

results shown in this thesis (section 4.4) these two scenarios cannot be separated for this 

sample. Even though this mechanism is not discarded, the insertion and fragmentation 

reaction is more probable, because this mechanism can explain the breakdown both below and 

above the CMC.  
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Discussion of possible driving forces for the insertion and fragmentation 
mechanism 

From the discussion above, the insertion/fragmentation mechanism is the probable one. The 

next section aims to discuss why this probably is so in light of the possible driving forces for 

such a mechanism. The driving force for insertion is most likely because an entropic force for 

mixing in the system, as well as to decrease the interfacial tension between the hydrophobic 

block and the solvent. To find other possible mechanistic steps in the fragmentation process 

of the solubilisation mechanism, information can be extracted from simulations and known 

degradation processes reported for other nano-scale objects. Two different possible driving 

Figure 4.34: Possible scenarios for the solubilisation. a) illustrates a polymer unimer 

surrounded by SDS molecules which can subsequently be used as seeds for new micelles. b) 

shows a possible insertion and fragmentation reaction, and c) depicts the possible fusion-

fission mechanism. The last step in a), b) and c) is chain exchange into monodisperse micelles. 

The red cross indicates that it does not occur, the dashed red cross means it cannot be ruled 

out.    

Unimer used as
seed for new micelle

+

Chain exchange into
monodisperse micelles

Insertion-
fragmentation 

a)

b)

Fusion-fission

c)

+

Chain exchange
into monodisperse 
micelles
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forces for fragmentation are illustrated in Figure 4.35 and are based on the experiments and 

concepts outlined in the next paragraph.  

 

 

 

Figure 4.35: Illustration of two possible mechanisms for the fragmentation reaction a) driven 

by Rayleigh instability, which causes fluctuations and negative curvature can occur, at which 

the micelle breaks up b) driven by crowding and electrostatic repulsions of the SDS head 

groups, which causes parts of the micelle to swell, negative curvature occur and breaks up 

the micelle.  
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Pool et al. [88] performed a simulation of surfactant formation around the CMC and reported 

that growing micelles could become unstable and split into two similar sized micelles. They 

report that this phenomenon has a significant contribution to the formation mechanism of 

surfactant micelles in addition to the well-known nucleation and growth mechanism. A 

possible mechanism for the fast solubilisation step found in this study could resemble this: 

mixed micelles grow because SDS has inserted into the core very rapidly, the micelle become 

unstable and fragment into smaller mixed micelles.  

 

More information about the possible driving forces for solubilisation in this system can be 

extracted from known mechanisms of solubilisation in lipid bilayers. Pizzirusso et al. [87] 

have studied the solubilisation process of lipid bilayers by a coarse-grained model simulation 

on liposomes with Triton X-100 (neutral) surfactant. Even though this work is performed on a 

quite different system, some insight can be transferred to our system. The breakup of the 

liposomes can occur by either a fast or a slow process, and the proposed three-stage-model for 

liposome solubilisation is shown in Figure 4.36. The fast process occurs for systems with so-

 

Figure 4.36: (A) Illustration of the three-stage-model. The detergent molecules approach 

the lipid bilayer in stage 1. Stage 2 is the formation of mixed lipid/detergent aggregates, 

and in stage 3 the whole lipid bilayer is converted into mixed micelles. The slow 

solubilisation process is shown in (B), which is driven by the unfavourable curvature due to 

the extra demanded space of the surfactant. The figure is taken from [87]. 
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called rapid flip-flop of the lipid chains. As flip-flop does not occur in micellar systems, it is 

more reasonable to examine the driving force for the slow process of solubilisation for lipids. 

When surfactants are inserted into the bilayer, they demand space, and an unfavourable 

curvature emerges, which causes the bilayers to break down. It is probable that a similar 

process may occur in polymer systems as well. We know from the work performed on 

PEP1PEO20 and SDS that the CAC is lower in the initial state than the final state, which 

means that the vast majority of surfactant is inserting into the core very rapidly. Large 

electrostatic repulsion between the surfactant heads could then occur due to crowding in the 

core-shell interface of the micelles, as illustrated in Figure 4.35 b). Depending on the amount 

of surfactant, this process may occur on parts of the micelle (for low concentrations of 

surfactant) if the surfactant is not inserted homogenously. It may also occur for the entire 

micelles, in the case of large amounts of SDS, which would significantly speed up the 

process. The repulsion between the surfactant heads can then drive the micelle to initially 

swell and then break up and fragment into smaller micelles. In the case of low amounts of 

SDS, the unbalance of the curvature may only occur in parts of the micelle, and a smaller 

micelle consisting of polymer chains and surfactants may be ejected, leaving more space for 

each surfactant head group. As shown for the PEP1PEO20 system, the SDS molecules are 

probably inserted heterogeneously at low concentrations. Given that the first step is the same 

for all polymer-surfactant interactions it is possible that the same is true for the living polymer 

micelles too.  

 

Another possible driving force for the fragmentation reaction could be Rayleigh instability 

because of the decreased surface tension by SDS in the interface, which would cause more 

fluctuations in the core-shell interface. Rayleigh instability can occur if fluctuations are 

greater than the radius, which cause the structure to break down [89], and is illustrated in 

Figure 4.37. Rayleigh instability is known to break up macroscopic water-streams [89], and 

more relevantly, cause the breakup of nanoscale polymer cylinders into spherical polymer 

micelles [37, 90, 91]. Rayleigh instability generally applies to cylindrical objects, however, a 

similar phenomenon could occur here. If the increased fluctuations in the interface create a 

negative curvature, and if SDS head groups are located here, the electrostatic repulsions of the 

head group could help drive the fragmentation reaction, see Figure 4.35 a). However, based 

on the results and experiments performed in this study, these two possible driving forces 

mentioned in this paragraph cannot be distinguished. However, both could occur, and both 

could be contributing.  



 125 

 

From the results shown in section 4.4, it is apparent that the slow process is independent of 

concentration up to a certain point. This result indicates that chain exchange is the main 

mechanism in this step, and that the slow process is a re-organisation step to form a solution 

of homogenous and monodisperse micelles. The probability of fusion as a possible 

mechanism in this step is further decreased for the pure polymer systems, as SDS increases 

the electrostatic repulsion between the micelles. There is a large difference between the rate 

constants obtained for C28PEO5 and C21PEO5 in the slow process. Tian et al. [20] reported 

that the rate-determining step in a mixture of small and large polymers is the movement of the 

large unimers from the larger polymer micelles to the smaller polymer micelles, as the smaller 

unimers (in this case, surfactants) can distribute themselves much faster. This finding would 

explain the vast difference between the rates of the slow process between C28PEO5 and 

C21PEO5, namely that the rate-determining step of the re-organisation is the movement of the 

polymer unimers.  

 

An interesting question arises if the rate of the chain exchange is the same in the mixed 

micellar system as in the pure polymer systems. C21PEO5 has been found to have a complete 

chain exchange where all the chains are mixed during 5 seconds at 20.5C [47]. C28PEO5, on 

the other hand, has a complete homogenization of the chains by chain exchange over several 

hours [47]. The calculated ratio between the rate of the chain exchange of C28PEO5 and 

 

Figure 4.37: Taken from [91] which shows the breakup of cylinders into spherical micelles 

by Rayleigh instability. 
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C21PEO5 [51] is approximately 4000 (9500s for C28PEO5 and 2,2 s for C21PEO5). Comparing 

the rate constants for the slow process with the same amount of SDS (1.67 mg/mL where this 

process dominates the solubilisation process) obtained in this thesis, where C21PEO5 is found 

to have a rate constant of 0.15 s.1 and C28PEO5 of 2.0∙10-4 s-1 gives a ratio of approximately 

800. The ratio is smaller than the ratio for the pure polymer systems. However, it is roughly in 

the same order within the statistical uncertainty of the methods. Because the rate of unimer 

exchange is an exponential function, small deviations can give large manifestations. 

Nevertheless, the fact that the rate constants are in the same order of magnitude gives 

confidence to the statement that the second process is a re-organisation step by a unimer chain 

exchange. van Stam et al. [27] report that the rate of unimer exchange in a mixture of polymer 

micelles and surfactant is accelerated with increasing amount of the latter. They suggest that 

the presence of surfactants speed up the rate of unimer exchange equivalently as co-solvents 

do. This result could explain the reason for the increasing rate of the slow process with high 

concentrations of SDS and for both the C21PEO5 and C28PEO5 systems. Although there is a 

lot of debate about precisely which factors influence the chain exchange, and a recent paper 

by König et al. [30] reports that the chain exchange is a non-cooperative process, independent 

of the other components in the mixed micelle, but is still dictated by the melting point. 

However, in order to systematically investigate the exact effect of SDS on the chain exchange 

in this system, a time-resolved small-angle neutron experiment should be performed.  

 

The discussion above poses a problem for the investigative method because there is a re-

distribution step. That fact means that the solution of micelles is heterogeneous and that there 

is a polydispersity in the size of the micelles. The SAXS structural model assumes 

monodisperse micelles and does not consider this uneven distribution, but rather gives an 

average of the size of the micelles. Moreover, polydispersity in the size of star-like micelles is 

hard to determine because the corona dominates the scattering and the corona is less sensitive 

to 𝑁𝑎𝑔𝑔.  

 

Finally, a short discussion of whether the different mixed micelles are likely to be equilibrium 

structures or kinetically trapped structures will be presented. The mixed micelles formed by 

PEP1PEO20 and SDS are conclusively kinetically trapped because they are hindered by the 

high energy barrier for the expulsion of the PEP block of the polymer. There is no chain 

exchange in the system, and the system can, therefore, not be in equilibrium. There is a 

possibility that the initial step in the solubilisation process could be the same for all the 
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micellar systems investigated, with the insertion of SDS into the core, but the solubilisation 

on the PEP1PEO20 micelles are kinetically trapped after the initial stage by high activation 

energies associated with the PEP core block.  

 

Tian et al. discussed [20] whether mixed polymer systems, which exhibit chain exchange as 

the only mechanism of re-organisation, might not be in equilibrium, but systems which go 

through a step which form new micelles are more likely to be so. In the context of this study 

this means, the mixed micelles formed by the alkyl-PEO polymers and the surfactant SDS 

goes through a fragmentation step where new mixed micelles are formed. This finding 

increases the likelihood of the end-state being equilibrium micelles. The re-distribution step 

would, in that case, create the final mixed micelles. In addition, the discussion about the 

scaling of shell thickness versus the aggregation number of polymer in section 4.2.3 gives a 

strong argument for the C28PEO5, and SDS mixed micelles being equilibrium micelles 

because the thermodynamic model assumes equilibrium micelles. Hence, the micelles should 

be equilibrium micelles.  
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5 Conclusion 

The goal of the present master project was to answer the question of how mixed micelles are 

formed. Small-angle X-ray scattering has been used to show that SDS solubilises the living 

alkyl-PEO micelles, while a combination SAXS and TR-SANS was needed to show that SDS 

is only inserted into the core of PEP1PEO20 micelles without the polymer micelles breaking 

down. An initial question was if SDS could activate the chain exchange of the kinetically 

frozen PEP1PEO20 micelles, and TR-SANS showed that it could not. Time-resolved SAXS 

was used to monitor the solubilisation process with millisecond time-resolution for C21PEO5 

and hourly time resolution for C28PEO5. A three-shell model composed of an alkane core, an 

SDS head group shell and a PEO corona was developed and could successfully describe the 

mixed micelle over time.  

 

A kinetic model consisting of two processes; one fast process and one slow process could 

describe the evolution of the structural parameters of the mixed micelles of both C21PEO5 and 

C28PEO5 mixed with SDS over time. The rate constants for the fast process could not be 

resolved experimentally. Moreover, the occurrence of the fast process was found to increase 

linearly with the concentration of SDS and the total concentration, indicating it involves an 

insertion/fragmentation mechanism. The slow process was independent of concentration until 

a saturation point, where it was accelerated, indicating a re-organisation step through unimer 

exchange. The steps of solubilisation of polymeric micelles are illustrated in Figure 5.1, 

where the three concentration regimes indicated are based on the increasing fraction of the 

fast process. 
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Figure 5.1: Illustration of the proposed insertion-fragmentation mechanism of solubilisation at different concentrations of  

the fast process contributes less at low concentrations than at high concentrations.    
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6 Outlook 

The solubilisation study on the previously known living micelles of alkyl-PEO was shown to 

be a success. However, these are hybrid polymers, with short hydrophobic block lengths. It 

would be interesting to perform the same measurements on a classical living polymer, where 

the chain exchange could be tuned with DMF/THF/an alcohol to speed up the slow dynamics 

in 100% water. That series of measurements could give insight into whether or not the 

mechanism observed in this thesis is a general mechanism for the solubilisation process of 

polymeric micelles. It would also be interesting to study the effects of different surfactants, 

and whether non-ionic and cationic surfactants act in the same ways and equally as rapid as 

SDS. Van Stam et al. [27] show that the unimer exchange rate is increased upon the addition 

of SDS, while the theory concerning unimer exchange says that it should not have an impact. 

A kinetic average zero average contrast method experiment could, therefore, be very 

interesting to perform on the mixed micelles of C21PEO5 and C28PEO5 mixed with SDS. As 

the exchange kinetics of C21PEO5 are very fast [47] data could, therefore, be hard to obtain, 

should the experiment initially be concerned with obtaining data for the mixed micelles of 

C28PEO5 and SDS.  

 

The mixed micelles of C21PEO5 and SDS show that larger aggregates are formed in addition 

to the mixed micelles. Performing SAXS experiments with a lower Q range in order to 

quantify these larger aggerates would, therefore, be of interest to investigate whether these 

larger aggregates are present in the in C28PEO5 and SDS mixed micelles as well. In addition, 

doing time-resolved experiments on C28PEO5-SDS mixed micelles with high temporal 

resolution could answer the question if the fast process is independent of the length of the 

hydrophobic block.      

 

A simulation of the solubilisation process combined with the experimental data obtained and 

showed in this thesis could give final answers on the mechanism of solubilisation for 

polymeric micelles and if the driving force for fragmentation is Rayleigh instability or 

electrostatic repulsion or if it results from the crowding of SDS in at the core-corona interface.  
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8 Appendix 

The results that did not fit into the main text of the thesis are given in this appendix. Initially, 

the calculations for the error propagation of preparing solutions will be shown. Otherwise, the 

appendix is organised by the same titles and numbering as the results are presented in chapter 

4. The last section in this appendix shows experiments on C28PEO20 which were performed 

in order to see if the PEO block was the reason for the deviation between PEP1PEO20 and the 

alkyl-PEO5 micelles.  

 

Initially, the standard deviation in the concentrations prepared will be estimated by error 

propagation, to find the number of significant digits in the given concentrations. Similar 

calculations are also performed for the significant digits on density measurements. The 

calculations shown are done on examples preparing 1 ml of 10 mg/mL stock solution.  

 

A conversion between the measured mass to the volume of the water must be considered. The 

temperature interval at the lab is assumed to be 20-24C, which gives a difference in the 

density at 0.0009 g/cm3 from the experimentally measured density. 

 

Table 8. 1: Measured density of water in the assumed temperature interval. 

Temperature C Density 

20 0.998216 

21 0.998005 

22 0.997782 

23 0.997552 

24 0.997310 

 

The general equation for error propagation of 𝑓(𝑥, 𝑦) is the root mean square of the 

uncertainty 𝑠 in each variable, , 𝑦 : 

𝑠𝑓 = √(
𝑑𝑓

𝑑𝑥
)
2

𝑠𝑥2 + (
𝑑𝑓

𝑑𝑦
)
2

𝑠𝑦2 +⋯ 

 

Here, the relative standard deviation in the volume of the water %𝛿𝑉−𝐻2𝑂 is calculated by the 

relative standard deviation in the density, 𝛿𝑑%, and the mass 𝛿𝑚%: 
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%𝛿𝑉−𝐻2𝑂 = √(𝛿𝑑%)2 + (𝛿𝑚%)2 

 

The uncertainty in the mass is given by the analytical balance which has an uncertainty of 0.1 

mg, and the average density is used in the calculation of 𝛿𝑑% . 

%𝛿𝑉−𝐻2𝑂 = √(
0.0009 𝑔/𝑐𝑚3

 0.99776 𝑔/𝑐𝑚3
∙ 100%)

2

+ (
0.1 𝑔

1000 𝑔 
∙ 100%)

2

= 0.09% 

Which gives the volume to be 1.00000.0009 mL. This term will, thereby, be negligible in the 

final uncertainty. However, it is included in the next equation for clarification. The total 

uncertainty in the concentration, %𝛿𝑐 1, is then given by the uncertainty in the volume (as 

found above) and in the mass. 𝛿𝑚%:  

%𝛿𝑐1 = √(𝛿𝑚%)2 + (𝛿𝑉%)2 = √(
0.1 𝑔

10 𝑔
∙ 100%)

2

+ (0.09%)2 = 1.0 % 

Which means that the concentration should be given as 10.00.1 mg/mL, i.e. with 3 

significant digits.  

 

The stock solutions have been further diluted, e.g. into 5 mg/mL of solution, where the stock 

solution was weighed into a new container. The amount of 0.5 mL of the stock solution and 

the solvent was typically used to prepare the 5 mg/mL solution. The uncertainty of the 

volume-mass conversion is negligible, because all the solutions are diluted, and because the 

uncertainty in the weight is higher. The uncertainty in the diluted solutions are found in the 

same way, and by using the equation of mass conservation 𝑐1𝑉1 = 𝑐2𝑉2. The analytical 

balance has been used to measure the weights, and the uncertainty embedded in each is still 

0.1 mg, and the uncertainty in 𝑐1 is 1%.  That gives a further error propagation to the final 

concentration 𝑐2 of: 

𝛿𝑐2% = √(𝛿𝑐1%)2 + (𝛿𝑉1%)2 + (𝛿𝑉2%)2  
 

𝛿𝑐2% = √(1%)2 + (
0.1 𝑔

500 𝑔
∙ 100%)

2

+ +(
0.1 𝑔

500 𝑔
∙ 100%)

2

= 1% 

 
Which means the concentrations should still be written with three significant digits 5.000.05 

mg/mL.  
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For the samples prepared at BM29, smaller amounts of solution are needed, typically 50-100 

𝜇𝐿. The dilution step has been performed with a 100 𝜇𝐿 micropipette. The uncertainty in these 

pipettes are typically 0.8 % at 50 𝜇𝐿, which means 0.4 𝜇𝐿 [92]. A typical dilution is to dilute 

the 10 mg/mL sample into 50 𝜇𝐿 of, for example, 0.3 mg/mL or 1.2 mg/mL. The uncertainty 

of the final concentration, 𝑐2, in that case, will be:  

𝛿𝑐2% = √(𝛿𝐶1%)2 + (𝛿𝑉1%)2 + (𝛿𝑉2%)2 

 

𝛿𝑐2% = √(1%)2 + (
0.4 𝑔

50 𝑔
∙ 100%)

2

+ (
0.4 𝑔

50 𝑔
∙ 100%)

2

= 1.5% 

 

Which means the given concentration should be written with three significant digits as 

0.3000.003 mg/mL and 1.200.01 mg/mL.  At BM29 dilutions series of typically, 7 steps 

were performed. By adding the additional uncertainty in each dilution step, the relative 

standard error in the final dilution is 2.6%. The lowest concentration of SDS is 0.145 mg/mL, 

and this fact means that this calculation shows that the concentration should be given with 

three significant digits as well.  
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8.1 Characterisation of Pure polymer and Surfactants Solutions  

 

 

 

 

Figure 8.2: A comparison of the scattering data obtained by Zinn et al. [50] for 10.0 

mg/mL C28PEO5 solution acquired at the same instrument. The data show complete 

overlap, which means that the observed micelles are identical in his work and this work. 

The difference in Q range is due to an upgrade of the detector between 2014 and now.  

Figure 8.1: The three concentrations of C28PEO5 with model fits in order to determine the 

correct second virial coefficient to get accurate structural fits. The scaling factor from 2.50 

mg/mL and up: 1, 3, 6.  

10.0 mg/mL 
5.00 mg/mL  
2.50 mg/mL 
CS model fit   
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8.2 Characterisation of Mixed Micelles from Semi-Crystalline Living 

Micelles 

Additional data is added in this section for the characterisation of mixed micelles of C28PEO5 

and C21PEO5 and SDS.  

 

In the DSC experiments,  the samples were diluted to halve the concentrations the day before 

the measurement in order to get enough sample to experiment. All the given concentrations 

are final concentrations.  
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Figure 8.3: Equilibrated mixtures of a) 0.313, b) 0.625 and c) 0.835 mg/mL SDS and 2.50 

mg/mL C28PEO5. It is a higher transition temperature in the first round of heating than the 

next two rounds. It is probably due to a more homogenous mixing of the SDS tail and the 

alkane chains in the two latter mixing steps, which lowers the transition temperature.  

a) b) c) 
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Calculated average 
2.50 mg/mL SDS 3 days 
MM model fit 

Calculated average 
3.75 mg/mL SDS 3 days 
MM model fit 

Calculated average 
4.50 mg/mL SDS 3 days 
MM model fit 

Figure 8.4: Graphs of calculated average and obtained scattering curves with MM model fits from 5.00 

mg/mL C28PEO5 and various concentrations of SDS. 
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8.2.1 Mixed Micelle Structural Model 

In this section, the improvements to the structural model are shown by the fitting of the end 

state of 5.00 mg/mL SDS mixed with 5.00 mg/mL C28PEO5. Figure 8.5 shows the fitting of 

the end state of the mixed micelles with the final version of the MM model.  

 

The effect of the improvements in one parameter is shown by turning solely on this 

parameter, keeping rest constant when fitting and exemplifying the deviation from the optimal 

fit as shown in Figure 8.5.  

 

Initially, the improvements in the low Q region will be shown by examples. The need for a 

hard sphere structure factor is seen in Figure 8.6 where the graph on the left-hand side shows 

when there is no structure factor and, and on the right-hand side the fit when the second virial 

coefficient is attempted to fit the experimental scattering data. It is clear from Figure 8.6 that 

the shape of the fit in the low Q region is wrong in comparison to the experimental data, 

which is because of the soft potential of the second virial coefficient cannot explain the 

electrostatic repulsions which occur when a charged molecule is added to the micelles.  

Figure 8.5: Fitting of the final MM model of the end state of 5.00 mg/mL SDS mixed with 5.00 

mg/mL C28PEO5.  

5.00 mg/mL SDS end-state 
MM model fit 
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The improvement in the scattering model in the high Q region is shown in Figure 8.7 where 

the need for the smearing of the shell layer (𝜎𝑖𝑛𝑡𝑜) is exemplified on the left hand side of the 

figure, and the need for the variation in the shell thickness (𝑑𝑅𝑀𝑀) is shown to the right. 𝜎𝑖𝑛𝑡𝑜 

affects the position of the peak, and this variable is, therefore, vital  to get the correct 

structural parameters from the fitting. 𝜎𝑖𝑛𝑡𝑜 is 0 in Figure 8.7, while it is 3.6 in Figure 8.5. 

𝑑𝑅𝑀𝑀 gives the thickness of the SDS head group shell, and the effect is shown in Figure 8.7. 

In Figure 8.7 𝑑𝑅𝑀𝑀 is 8, because it is in pure SDS micelles. However in the final fit shown in 

Figure 8.5 it is 𝑑𝑅𝑀𝑀 9.4.  

  

Figure 8.6: The left hand side shows the fitting when there is no structure factor, and on the 

right hand side is the fitting with the second virial coefficient.  

5.00 mg/mL SDS end-state 
Without structure factor 

5.00 mg/mL SDS end-state 
With second virial coefficient 

5.00 mg/mL SDS end-state 

Without 𝜎𝑖𝑛𝑡𝑜 

5.00 mg/mL SDS end-state 

Change in 𝑑𝑅𝑀𝑀 (= 6) 

Figure 8.7: The effect of 𝜎𝑖𝑛𝑡𝑜 is shown to thew right, and the effect of the shell thickness 

𝑑𝑅𝑀𝑀 is shown to the left of the figure. 𝑑𝑅𝑀𝑀 is 8 in the optimal fit.  
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8.2.2 Characterisation of the End-State by Small Angle X-ray Scattering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another comparison with the known theory of micelles was performed by plotting the final 

𝑁𝑎𝑔𝑔 towards the surface tension 𝛾. According to the mean-field theory 𝑁𝑎𝑔𝑔 should scale 

with 𝛾 [56], and according to the Halperin scaling model for star-like micelles, 𝑁𝑎𝑔𝑔 should 

scale with 𝛾6/5 [58]. A plot of 𝑁𝑎𝑔𝑔 towards the surface tension of a water-hexane interface 

with increasing SDS concentration at room temperature 22C [93] was therefore made, and is 

displayed in Figure 8.9. The points are falling on the same value at the X-axis as the CMC of 

SDS is reached, and 𝛾 does not change significantly above this value. However, the fact that 

the aggregation number further decreases after CMC is reached, gives information that a 

simple lowering of the interfacial tension cannot describe the mixed micelles. However, 𝑁𝑎𝑔𝑔 

polymer shown in Table 4. 4 is very low for the high amounts of SDS. In a system with 5.00 

mg/mL SDS and 5.00 mg/mL there are 19 times more, SDS molecules present, so it is not 

surprising that the micelles deviate from the structural scaling laws for polymers. To extract 

information about the structure of the corona chains, the shell thickness has been plotted 

towards the area per polymer chain, and compared with the end-to-end distance, 𝑅𝐸𝐸 = √6 ∙

𝑅𝑔, and the radius of gyration, given by Devanand end Selser [82], of an ideal gaussian chain.  

C28PEO5 5.00 mg/mL 

Figure 8.8: All the scattering curves on top of each other where C28PEO5 is 5.00 mg/mL and 

SDS varies. A clear decrease in size between them is seen in the low Q, and a c clear upturn in 

the high Q due to more SDS is also apparent. 
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Figure 8.9: (Left panel) Plot showing the increasing area per chain at the interface with 

increasing amounts of SDS: The shell thickness is compared with the radius of gyration and 

end-to-end distance for a polymer of the same size with gaussian statistical properties. (Right 

panel) The total aggregation number as a function of surface tension. As the CMC is reached, 

the data points are on top of each other.  
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Figure 8.10: Scattering curves from 5.00 mg/mL C21PEO5 and various concentrations of SDS 

with MM model fits, compared with the calculated average. 
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8.3 Characterisation of Mixed Micelles from Kinetically Frozen Polymer 

Micelles 

Additional data in the characterisation of mixed micelles of PEP1PEO20 and SDS is added in 

this section.  

 

 

  

Calculated average 
0.245 mg/mL SDS 5 days 
0.245 mg/mL SDS 3 min  
MM model fit 
 

Figure 8.11: Scattering curves from 5.0 mg/mL PEP1PEO20 and various concentrations of 

SDS, compared with the calculated average and the initial state after 3 minutes. 
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Figure 8.12: Structural parameters of 5.00 mg/mL PEP1PEO20 and various concentrations of 

SDS obtained with the modified MM model. 
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Table 8. 2: (Left panel) The obtained total detector count rate of a mixture of SDS 

together with protonated and deuterated PEP1PEO20. The inset is intending to show 

the mechanism under investigation. (Right panel) the full scattering curves after 48 

hours, where CA stands for calculated average. 

Concentration 

mg/mL 

Nagg 

surfactant 

(calc) 

fSDSM Rm Å Rc  

Å 

D 

Å 

sc 𝜎𝑖𝑛𝑡𝑜 

Å 

0.145 0±10 0±0.2 279±9 34±3 245±29 13±2 5±2 

0.245 0±10 0±0.2 282±6 34±3 248±29 15±2 5±2 

0.385 13±25 0.2±0.2 276±6 34±8 242±29 13±2 5±2 

0.830 31±15 0.3±0.2 277±6 35±10 242±29 13±2 5±2 

1.17 47±18 0.4±0.2 280±6 35±6 245±29 14±2 5±2 

2.33 60±20 0.5±0.2 281±6 35±6 246±29 17±2 5±2 

 

Figure 8.13: Fitting of 5.00 mg/mL PEP1PEO20 and various concentrations of SDS with the 

unmodified MM model, where results 3 minutes after mixing are on the left-hand side, and 

results 5 days after mixing are on the right-hand side. 
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8.4 Solubilisation Kinetics of Polymeric Micelles 

 

8.4.1 C28PEO5 and SDS 

 

Additional data is added in this section for the solubilisation kinetics of C28PEO5 and SDS.  

 

 

 

 

 

 

 

 

2.33 mg/mL SDS 3 min 
Polydispersity in fSDSm 20 %  
Polydispersity in fSDSm 50 %   

  

Figure 8.14: 2.33 mg/mL SDS and 5.00 mg/mL PEP1OEO20 3 minutes after mixing with MM 

model fit with 20% and 50% polydispersity in fSDSm (keeping 𝑁𝑎𝑔𝑔𝑝𝑜𝑙𝑦𝑚𝑒𝑟 constant). The 

two curves completely overlap, demonstrating the low effect of polydispersity in star-like 

micelles. An additional effect is that SDS is a much smaller molecule than PEP1PEO20 and 

,thereby, has a lower impact on the scattering curve obtained.  
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The Estimation of Uncertainty 
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Figure 8.15: The three replicates of the structural parameters obtained from the analysis of 

8.00 mg/mL C28PEO5 and 4.00 mg/mL with kinetic model fits. 
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Figure 8.16: Uncertainty in sc as obtained from the standard deviation of thee independent 

mixtures of 8.00 mg/mL C28PEO5 and 4.00 mg/mL SDS. 
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8.4.2 C21PEO5 and SDS 

 

Poor fits of the micelles and the larger aggregates were obtained when the two structures were 

fitted simultaneously. To correct for this problem, the micelle scattering was fitted first (down 

to a Q value of 0.01 Å-1), before holding to the structural parameters describing the micelles 

constant and only fitting the prefactor for the effective concentration of the larger aggregates. 
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Figure 8.17: The structural parameters from fitting the three replicates of 1.25 mg/mL SDS 

and 5.00 mg/mL C21PEO5 at 20C.  
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8.5 Effect of Corona Chain Length 

The results shown in  Results and Discussion section 4.3 show that the interaction between 

PEP1PEO20 and SDS is small. To see whether this result is due to the frozen chain exchange 

of PEP1PEO20 or the corona chain length,  mixtures of C28PEO20 and SDS were made, and 

the scattering was recorded and analysed.  

 

Table 8. 3: Overview of the properties of the C28-PEO20 polymer used in this study. The 

polydispersity of the alkyl block is 1. MN stands for number average molecular weight, d 

stands for density and is given at 20C and Mw stands for weight average molecular 

weight. 

Polymer Mw g/mol dPEO g/cm3 dalkyl g/cm3 

 

Mw/MN PEO 

C28PEO20 22 194 1.18 0.940 1.04 
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Figure 8.18: The fit results with kinetic model fit of the three replicates of 1.25 mg/mL SDS 

mixed with 5.00 mg/mL C21PEO5 at 20C.  
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Table 8. 4: Obtained structural parameters for C28PEO20 micelles. 

Polymer Nagg Rm Å Rc Å D Å 

C28PEO20 31 ± 5 220 ± 6 18 ± 6 202 ± 8 

 

 

The characterisation of C28PEO20 has not previously been reported. Furthermore, the effect 

of corona chain length dependence has been investigated by Zinn et al. They showed that as 

the corona chain length increased, the aggregation number decreased [62]. Accordingly, it is a 

reasonable result that the aggregation number for C28PEO20 is lower than for C28PEO5 as 

shown in the Results and Discussion section 4.1.1.  

 

 

Figure 8.19: The core-shell model fit of 10.0 mg/mL C28PEO20 micelles. 

C28PEO20 10.0 mg/mL  
CS model fit 
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Figure 8.21 shows the fit results from the MM model of the mixtures of C28PEO20 and SDS. 

The higher concentrations that were measured and is shown in Figure 8.20 could not be fitted, 

because the polymer chain is completely solubilised by the SDS. This result can be seen in 

Figure 8.20 as the change in form factor from the typical micellar shape, to the scattering 

from a polymer chain. Figure 8.22 shows some of the obtained fitting parameters. The total 

aggregation number does not seem to vary with the concentrations measured. Furthermore, 

the aggregation of the polymer in the mixed micelles is highly dependent on the amount of 

SDS. C28PEO20, accordingly, seems to behave in the same way as C28PEO5 and C21PEO5.  

Calculated average 
0.145 mg/mL SDS 5 days 

Calculated average 
0.295 mg/mL SDS 5 days 

Calculated average 

0.830 mg/mL SDS 5 days 

Calculated average 
2.33 mg/mL SDS 5 days 

Calculated average 
4.66 mg/mL SDS 5 days 

Figure 8.20: Graphs of calculated average and end state of 5.0 mg/mL C28PEO20 micellar 

solution mixed with various concentrations of SDS at 20C. 
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It is clear the C28PEO20 micelles are solubilised over the same time period as have been 

investigated with for PEP1PEO20. Hence the corona chain length is not the reason for the 

difference in kinetics between PEP1PEO20 and C28PEO5.  

 

 

 

 

 

0,00 0,25 0,50 0,75 1,00 1,25 1,50

15

20

25

30

35

40

45 3 min

5 days

N
a

g
g
 p

o
ly

m
e
r

Concentration SDS mg/mL

0,00 0,25 0,50 0,75 1,00 1,25 1,50

0,45

0,50

0,55

0,60

0,65

0,70

0,75

0,80  3 min 

 5 days

fS
D

S
m

Concentration SDS mg/mL

Figure 8.22: Structural parameters over time of C28PEO20 mixed with SDS. 

C28PEO20 and 0.145 mg/mL SDS 
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C28PEO20 and 1.17 mg/mL SDS 
MM model fit 
 

5 days 
 

3 min 
 

Figure 8.21: The fit of the unmodified MM model from 5 days aged samples and 3 minutes of 

5.0 mg/mL C28PEO20 and various concentrations of SDS. 


