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ABSTRACT 

Improved building insulation is an important part of today´s efforts on energy saving. Here, nano-

insulation materials promise especially low thermal conductivity. Therefore, an easy and cost-efficient 

production of these materials is an aim of present material research. One approach towards these 

materials is the expansion and fixation of polymerisable microemulsions of supercritical blowing 

agents. However, the nano-sized bubbles are found to undergo undesired coarsening processes. In 

order to reduce the increasing interfacial tension emerging during expansion and therewith the 

coarsening it was suggested to add low-molecular hydrophobic substances to the supercritical 

microemulsion. And indeed, the addition of cyclohexane to a microemulsion of the type brine – CO2 – 

fluorinated surfactants was found to reduce the fluorinated surfactant content – a measure for the 

interfacial tension - considerably. In this work a systematic small-angle neutron scattering (SANS) 

contrast variation was performed and the data were analysed by model-independent Fourier analysis. It 

was found that a concentration gradient of cyclohexane inside the CO2/cyclohexane microemulsion 

droplets forms. Interestingly, the analysis reveals a depletion zone close to the amphiphilic film which 

presumably develops due to the known repulsive interactions of cyclohexane and the fluorinated 

surfactant tails. Using a specially designed high pressure SANS cell to perform stroboscopic pressure 

jumps, the influence of cyclohexane on pressure-induced elongation of microemulsion droplets as well 

as the early state of foaming after expansion was studied. Here, the pressure-dependent 

thermodynamic stability of such microemulsions allows for a fast repeatability of the pressure cycles. 

It turned out that cyclohexane systematically slows down the structural changes in all processes. 

Parallel pressure jump experiments with poly-(N-isopropylacrylamide) (PNIPAM) particles revealed 

that hydration and dehydration kinetics can be studied with the same experimental setup. The first 

kinetic experiments which combine a CO2-microemulsion mixed with PNIPAM particles indicate that 

PNIPAM acts as a stabiliser for the microemulsion and further reduces the thermodynamic driving 

force of the demixing process.  

  



 

 

KURZZUSAMMENFASSUNG 

Die Gebäudeisolation stellt einen wichtigen Teil der Bemühungen zur Energieeinsparung dar, wobei 

nano-Isolationsmaterialien besonders niedrige Wärmeleitfähigkeiten versprechen. Eine einfache und 

kosteneffiziente Produktion solcher Materialien steht daher im Fokus aktueller Forschung. Eine 

Möglichkeit zur Herstellung solcher Materialien besteht aus Expansion und Fixierung einer 

polymerisierbaren Mikroemulsion mit überkritischem Treibmittel, wobei bei der Expansion allerdings 

durch Zunahme der Grenzflächenspannung Vergröberungsprozesse der nano-skaligen Tröpfchen 

auftreten können. Ein Ansatz, diese Alterung zu verringern, besteht aus dem Zusatz niedermolekularer 

hydrophober Substanzen zu der überkritischen Mikroemulsion. Durch Zugabe von Cyclohexan zu 

einer Mikroemulsion des Types Salzlösung – CO2 – fluorierte Tenside konnte eine deutliche 

Reduzierung des Tensidgehaltes – ein Maß für die Grenzflächenspannung – erzielt werden. In dieser 

Arbeit wurde eine systematische Kontrastvariation mit Kleinwinkelneutronenstreuung (SANS) 

durchgeführt, wobei die Daten mit einer modelunabhängigen Fourier-Analyse ausgewertet wurden. Es 

stellte sich heraus, dass ein Konzentrationsgradient an Cyclohexan innerhalb der mit CO2 und 

Cyclohexan gefüllten Mizellen gebildet wird. Dies macht deutlich, dass es zu einer Verarmung an 

Cyclohexan in der Nähe des amphiphilen Films kommt, welche auf die bekannten repulsiven 

Wechselwirkungen zwischen Cyclohexan und den fluorierten Tensidschwänzen zurückzuführen ist. 

Unter Verwendung einer speziell entwickelten Hochdruck-SANS-Zelle wurde bei stroboskopischen 

Drucksprüngen beobachtet, dass Cyclohexan die Kinetik von druckinduzierten Elongationen und die 

frühen Stadien des Schäumprozesses deutlich verlangsamt. Parallel dazu durchgeführte 

Drucksprungexperimente mit poly-(N-isopropylacrylamid) (PNIPAM) Partikeln zeigten, dass die 

Hydratations- und Dehydratationskinetiken ebenfalls mit diesem experimentellem Aufbau untersucht 

werden konnten. Erste kinetische Experimente, welche CO2-Mikroemulsionen mit PNIPAM Partikeln 

kombinieren, deuten an, dass PNIPAM als Stabilisator für die Mikroemulsion fungiert und die 

thermodynamische Triebkraft zur Entmischung weiter reduziert.  
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1 Introduction 

Polymer foams are an aspect of modern life. Disposable packaging of fast food, building insulation, 

cushioning of furniture, running shoes and bicycle helmets are a few examples [1]. The properties of 

the foams differ considerably with the polymer and its processing. While polystyrene (PS) is a 

common example for insulation applications, polymethylmethacrylate (PMMA) is often used in 

automotive industry and civil engineering because of its exceptional resistance to weathering [2].  

In recent years the prospect of foams with a pore size in the submicron range has achieved increasing 

attention. These materials exhibit a high application and market potential due to a high-performance 

thermal insulation capacity which can be improved by a factor of at least 3 if the pores are smaller than 

100 nm [3]. A high sound absorption, optical transparency and a uniquely high stability against 

applied forces are further benefits [4, 5]. The reasons for these improved features are based on the 

nanostructure. Optical transparency is achieved because light scattering is negligible if the pore size is 

much smaller than the wavelength of visible light. The Knudsen effect predicts that heat transfer over 

the cell gas collapses if the pore size of the foam pore which encloses the gas is smaller than the mean 

free path length of the gas [6-8], explaining the improvement of heat insulation. This is valid for foams 

with pore sizes smaller than 100 nm [9].  

Motivated by these promising characteristics different approaches to nanoporous materials were 

developed. To date, the only nano-porous bulk materials realised are aerogels [4]. They can consist of 

organic, inorganic or organic-inorganic hybrid networks which form a highly porous solid material [4, 

10-13]. Preparation of aerogels according to the sol-gel-process invented by Kistler [14, 15] starts 

from a precursor substance dissolved in an adequate solvent. The addition of a catalyst induces 

formation of sol particles with a size of a few nanometres. These particles aggregate to a network 

structure which builds the foundation of the future aerogel. The solvent removal, i.e. drying, further 

shrinks the characteristic size of the solid aerogel by about two orders of magnitude. In order to keep 

the network structure intact the use of supercritical fluids is necessary. These enable a continuous and 

steady process without many capillary forces if the pressure and thus the density of the supercritical 

fluid is reduced carefully. This process is gentle but slow which makes aerogels expensive and limits 

their use to special applications like space engineering [16, 17]. 

A promising two-step process to nano-porous foams was presented in 1987 by Colton and Suh [18-

22]. The first step consists of the saturation of a glassy thermoplastic polymer with an inert blowing 

agent like CO2 which diffuses into the polymer. In a second step the temperature is raised above the 

glass transition temperature TG. Releasing the pressure leads to a foaming due to the blowing agent 

inside the polymer. Thereby, the morphology of the resulting material depends on saturation pressure, 

foaming time and temperature. This concept was successfully applied by Krause et al. to, for example, 

polyetherimides, resulting in foams with an open cell porosity down to 100 nm [23-27]. Since, 
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however, already thin films of a few millimetres require saturation times of several hours this 

technique is not appropriate for bulk materials. 

Another approach to nanoporous materials was developed by Strey and Müller in 2011 [28, 29]. The 

“Nano-Foams by Continuity Inversion of Dispersion” (NF-CID) principle utilises the voids in a close-

packed colloidal polymer nano-lattice. They are filled with super- or near-critical fluid at appropriate 

pressure and at a temperature below TG. Since the filling is not diffusion-limited it is finished within 

seconds. The lower interfacial tension of polymer and fluid compared to the higher polymer-air 

interfacial tension further promotes this process. Traversing TG, which is lowered by the presence of 

supercritical fluids like CO2 [30], induces a “continuity inversion”. Now, the former discrete polymer 

particles melt into one continuous material in which the former voids develop nano-sized spherical 

inclusions. Diameter and number density of the inclusions are directly proportional to the size of the 

polymer particles. Releasing the pressure leads to a foaming of the material and a simultaneous 

fixation of the foam due to an increase of TG. Compared to the procedure by Krause et al. the 

important advantage of the NF-CID principle is that no saturation times are necessary, resulting in 

considerably lower preparation times. Applying this procedure PS as well as PMMA foams with pore 

diameters in the submicron range were realised [29].  

The “Principle of Supercritical Microemulsion Expansion” (POSME) [31, 32] was presented by 

Schwan, Sottmann and Strey in 2003. Here, thermodynamically stable, nanostructured microemulsions 

are used as a template. In microemulsions an amphiphilic surfactant film mediates the mixture of two 

otherwise immiscible components by separating them on the nanoscale. The driving force behind that 

process is the dramatically decreased interfacial tension. The POSME procedure suggests the use of 

compressed near- or supercritical fluids which function as hydrophobic component and simultaneously 

as blowing agent. Thereby, a detailed knowledge of phase behaviour and microstructure of 

supercritical microemulsions [33-40] is crucial. Fixation, i.e. polymerisation [41-44], and expansion, 

i.e. an increase of volume, are known to induce demixing process. These are accompanied by 

coarsening like Ostwald ripening [45] and coagulation with subsequent coalescence [46]. POSME 

foams display pore sizes in the range of 100 µm [29, 47, 48]. 

In order to prevent or slow down ageing processes the concept of “Anti-Ageing Agents (AAA) for 

Nanoporous foams” was developed by Strey et al. [47, 49]. This concept is based on the addition of a 

low-molecular hydrophobic additive to supercritical microemulsions. It is supposed to accumulate at 

the thermodynamically unfavourable contact sites of CO2 and the polar component, lowering the 

interfacial tension. These contact sites emerge due to an increase of volume upon expansion. The 

influence of the cyclohexane mass fraction in the hydrophobic phase cyclohexane on balanced 

microemulsions of the type brine – CO2 – fluorinated surfactants has been systematically studied 

previously as shown in Figure 1.1 left. Note that the efficiency of the system without cyclohexane, i.e. 

at cyclohexane = 0.0, strongly depends on pressure. The weight mass fraction   needed to formulate a 
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one-phase microemulsion can be considerably reduced by increasing the pressure from 150 to 300 bar. 

This is due to an increase of density of CO2 which leads to a reduced interfacial tension with water 

[50, 51] and an improved surface-to-volume ratio. 

 
 

Figure 1.1: Left: Plot of the surfactant mass fraction    at the point of maximum efficiency against the mass 

fraction cyclohexane of cyclohexane in the hydrophobic phase, for the balanced microemulsion system H2O/NaCl – 

CO2/ cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 ( = 0.4, FSN = 0.75,  = 0.01). The efficiency increases to 

a pressure-specific cyclohexane mass fraction but decreases if this concentration is exceeded [52, 53]. Right: 

Graphic illustration of the hypothesis of a concentration gradient of cyclohexane in a micelle with fluorinated 

surfactants. Taken from [52]. 

Surprisingly, it was found that the partial replacement of CO2 by cyclohexane enables a 

reduction of fluorinated surfactant by a factor 2 at p = 300 bar and even 5 at p = 150 bar. Here, 

the higher efficiency at cyclohexane = 0.0 and 300 bar offers less potential improvement than at 

150 bar. The repulsive interactions between fluorinated surfactants and protonated substances 

such as cyclohexane [54, 55] likely reduce the monomeric solubility of fluorinated surfactants 

in the CO2/cyclohexane mixture, which is rather high (11 wt%) in case of pure CO2 [34]. 

However, the decreased monomeric solubility and hence increased interfacial area is not 

sufficient to explain the enormous and unexpected efficiency increase. Thus, a hypothesis to 

explain this effect was postulated [52] which is shown graphically in Figure 1.1 right. Based on 

the repulsive cyclohexane/ fluorinated surfactant tails interactions the formation of a depletion 

zone of cyclohexane close to the surfactants and a cyclohexane-enriched zone at the centre of 

the domains was postulated. This would result in a concentration gradient of cyclohexane 

within the respective microemulsion domains. The observed trend of    with  Figure 1.1 left 

might be discussed as follows: Increasing the mass fraction cyclohexane of cyclohexane in the 

CO2-swollen domains leads to the formation of a depletion zone, which becomes more and 

more pronounced and causes a considerable decrease of   , i.e. an increase of efficiency. This 

may be caused by improved CO2/ surfactant interactions triggered through repulsive 

interactions of cyclohexane and the fluorinated surfactant chains. Above a certain (pressure 
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dependent) concentration of cyclohexane, a spatially avoidance of repulsive interactions is no 

longer possible, causing a decrease of efficiency. At the outset of this work, however, this was 

only a postulation.  

In the context of supercritical microemulsions the investigation of the kinetics of structural changes is 

a challenge which has so far only been met by Müller et al. [29, 56]. A high-pressure cell for small-

angle neutron scattering (SANS) which provides stroboscopic pressure jumps with adjustable 

amplitude was developed by the mechanical workshop of the University of Cologne within the frame 

of the BMBF project TISANE [57, 58]. A schematic drawing of this cell is shown in Figure 1.2. 

Therein, the key component is a metal bellow (green) which is inserted into the sample volume 

(orange). By pumping hydraulic oil (yellow) in or out of the bellow it can extend or shrink, 

respectively, and thus transfer different pressures. Pressure jumps can be performed with a maximum 

frequency of 5 Hz (status as of March 2013) whereby the maximum pressure is 300 bar. Since the 

bellow provides nearly unlimited repeatability of pressure jumps this stroboscopic high-pressure 

SANS cell (SHP-SANS cell) is a unique setup.  

 

Figure 1.2: Cross section of the SHP-SANS cell, prepared by the internal mechanical workshop. The sample 

volume, which is sealed by two sapphire windows, is marked in orange, where the neutron beam (red) is partly 

scattered. The pressure jump is performed by means of a metal bellow (green) which can shrink or extend in 

order to transfer the desired pressure.  

Using the SHP-SANS cell the demixing kinetics of a CO2-microemulsion were investigated, showing 

that they strongly depend on the depth of the pressure jump [29]. In the frame of the anti-ageing 

project Müller also formulated a diluted microemulsion with 20 wt% cyclohexane in the mixture of 

cyclohexane and CO2 and found an increase of microemulsion efficiency similar to the one described 

for balanced microemulsions (see Figure 1.1 left). The reason for this effect, however, was not yet 

explained. It turned out that the substitution of CO2 by cyclohexane decelerates the demixing process 



Introduction   

5 

 

by one order of magnitude. The TISANE option itself, an instrumental setup to investigate kinetic 

processes with a time resolution < 5 ms, was not yet applied successfully in combination with the 

SHP-SANS cell. This is due to the fact that the achieved pressure jump frequency (5 Hz) was too slow 

for the TISANE requirements [29]. 

Kinetic processes, however, are also important in the area of biomedical applications. Here, 

understanding drug-release kinetics is of fundamental interest. In this field especially Poly-(N-

isopropylacrylamide) (PNIPAM) microgel particles have attracted much attention in recent years. 

Their lower critical solution temperature is located around 32°C and therefore very close to the 

temperature of the human body [59-61]. At this temperature PNIPAM particles undergo a change from 

swollen microgel to dehydrated spheres due to a change of miscibility with the solvent [62-64]. Co-

nonsolvency, which means that PNIPAM particles are soluble in two different solvents (such as water 

and methanol) but not necessarily in mixtures of both, has also been thoroughly investigated [65, 66]. 

Besides that other stimuli like pH, salt concentration, solvent composition and also the effect of 

hydrostatic pressure on the swelling behaviour of microgels were tested [67-69].   

However, there are hardly any publications on the kinetics of the volume transition so far, which are 

crucial for biomedical applications. Admittedly, kinetics according to a change of temperature are 

difficult to determine. While a rapid heating of the particles can be performed applying for example a 

Joule-heating temperature jump [70], fast and precise cooling is a challenge. To date, such 

measurements were only possible by modifying the particles [71, 72]. Utilising small iron oxide 

particles at the PNIPAM surface rapid magnetic heating can be induced [73]. However, these 

techniques do not feature a fast repetition as the rebuilding of the initial structure, e.g. by external 

cooling, is slow. Using co-nonsolvency to induce the structural changes, for example in stopped-flow 

devices, allows a fast repetition of the experiment [74]. However, since the structural changes are 

induced by a change of composition the correlation to temperature-induced kinetics is vague.  

Recently, it turned out that the transition temperature of thermoresponsive materials can be shifted to 

higher temperatures by hydrostatic pressure [29, 75]. Consequently, both swelling and deswelling 

kinetics can be investigated using the SHP-SANS cell. The benefit of hydrostatic pressure is that it can 

be changed rapidly and reversibly and occurs homogeneously throughout the sample without any 

gradients like in temperature-changing setups. Such measurements will provide completely new 

insights into the kinetics of structural changes of thermoresponsive polymers.  

The intersection of these two soft-matter systems are consequently microemulsions with polymer 

particles in the hydrophilic phase. Comparable systems are known as orthogonal self-assembled 

systems, describing independently coexisting structures [76]. While the most obvious example for 

such systems are the complex mixtures of structures present in living cells, a variety of systematic 

studies on less complex systems exists [77-79]. Recently Laupheimer et al. identified a gelled 

bicontinuous microemulsion as an orthogonal self-assembled system and investigated its phase 
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behaviour and microstructure [80, 81]. Unifying articles on both microemulsions and polymer 

particles commonly deal with particle synthesis using either the high interfacial area or the 

nanostructure of microemulsions [82-86]. The only study concentrating on the coexistence of 

microemulsions and PNIPAM particles (Zhou and Wu, 1995) is on the influence of PNIPAM particles 

on water – hexane – SDS/AOT microemulsions, finding that PNIPAM acts as a stabiliser [87].  

Here, the SHP-SANS cell enables not only a detailed investigation of such coexisting structures by 

means of SANS. It also permits studying the influence of polymer particles on the kinetics of pressure- 

induced structural changes on microemulsions. Applying appropriate contrast conditions this can also 

be studied vice versa.  

OBJECTIVES 

Cyclohexane was found to considerably increase the efficiency of balanced microemulsions of the 

type brine – CO2 – fluorinated surfactants [29, 52] which is unexpected due to repulsive interactions of 

hydrophobic protonated and fluorinated substances. The hypothesis of a concentration gradient of 

cyclohexane with a depletion zone close to the amphiphilic film was postulated but not yet proven 

[52]. Thus, performing a systematic SANS contrast variation with subsequent detailed analysis of the 

scattering data was the first goal of this work. The Generalised Indirect Fourier Transformation was 

to be applied to elucidate the distribution of cyclohexane in such micelles. 

Furthermore, a systematic study on the influence of cyclohexane on phase behaviour and 

microstructure of diluted microemulsions of the same type was planned. It was intended to 

systematically investigate pressure-induced elongation processes within the thermodynamically stable 

state at different cyclohexane concentrations. Furthermore, the demixing properties of microemulsions 

with different cyclohexane contents upon a pressure jump to 70 bar, at which a CO2-in-water 

microemulsion coexists with a CO2-excess phase, was to be examined.  

Besides microemulsions the influence of hydrostatic pressure on different PNIPAM particles was to be 

studied. Using the SHP-SANS cell should also reveal kinetic aspects of pressure-induced structural 

changes at temperatures close to the volume phase transition temperature.  

Since the focus was on both microemulsions and PNIPAM particles it reasonably follows to also 

investigate both systems under mutual confinement, i.e. study phase behaviour and microstructure. 

Again provided by means of the SHP-SANS cell first SANS experiments regarding kinetic processes 

under confinement of the respective structure were planned. 

Since the SHP-SANS cell is the main tool of this work the improvement of this unique sample holder 

was an important aspect throughout this work. Especially regarding the possible application of the cell 

for TISANE measurements it was important to perform faster pressure jumps in order to meet the 

TISANE principle requirements.  
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2 Fundamentals 

2.1 Microemulsions 

The first time that a mixture of water – soap – oil was described in dependence of temperature and 

composition was by Schulman and Hoar in 1943 [88], although the term “microemulsion” was not 

used until 1959 [89]. Using ionic surfactants, Winsor performed a systematic study of the three-phase 

region with ionic surfactants [90] and classified four different phase equilibria [91]. The temperature 

sensitivity of the one-phase microemulsion with non-ionic surfactant was described 1967 by Shinoda 

[92-95]. Starting from there, the most significant work regarding phase behaviour and microstructure 

of microemulsions with non-ionic surfactant was performed by Kahlweit and co-workers [96, 97].  

Microemulsions are by definition thermodynamically stable, macroscopically homogeneous and 

isotropic but nano-structured mixtures of at least three components [97-99]. Two of these three 

components are mutually immiscible, for example a polar one (water, A) and a hydrophobic one 

(alkane, B). The third, amphiphilic component (C), a surfactant, mediates the mixing by adsorbing at 

the interface between the immiscible components due to its amphiphilic nature and thus reducing the 

interfacial tension  by several orders of magnitude. For the system water – octane  is reduced from 

50 mN m
-1

 [100] to 4.9 · 10
-3

 mN m
-1

 upon addition of the surfactant C10E5 [101]. The amphiphilic 

nature of the surfactant is due to its ambivalent structure. It is composed of the hydrophilic head group 

which is soluble in polar substances and the hydrophobic tail which is soluble in non-polar oils. 

Surfactants can be non-ionic, cationic, anionic, zwitterionic or amphotheric depending on the nature of 

the polar head group. In this work, only non-ionic surfactants were used. Common commercially 

available non-ionic surfactants are n-alkyl-polyglycol ether which consist of a tail with i CH2 units and 

have j glycol units in the polar head group. Thus, they are commonly abbreviated with CiEj.  

Although macroscopically a microemulsion is isotropic and homogeneous, on a microscopic scale the 

two immiscible components are still separated from each other by an extended film of a monolayer of 

surfactant. Depending on parameters like composition, temperature and, in the case of compressible 

components, hydrostatic pressure one finds a number of different equilibrium states, and among these 

occur numerous different structures like spherical droplets or bicontinuous phases. In order to 

investigate kinetics of structural changes in microemulsions, it is crucial to understand the phase 

behaviour of microemulsions first.  

2.1.1 Phase behaviour of binary mixtures 

The binary systems water (A) – oil (B), water (A) – non-ionic surfactant (C) and oil (B) – non-ionic 

surfactant (C) display characteristic miscibility gaps depending on temperature and composition. A 

schematic drawing of these systems is shown in Figure 2.1. For the two immiscible components (A) 

and (B) the miscibility gap can be found over the whole temperature range with the critical point far 



Fundamentals   

8 

 

above the boiling point of the single components. In the mixture of the hydrophobic component and 

the non-ionic surfactant only a lower miscibility gap occurs, with an upper critical point cp with its 

corresponding temperature T which is usually below the freezing point of the mixture [102]. cp and 

T, however, depend strongly on the nature of the surfactant.  

The mixture (A) – (C) also has a lower miscibility gap which is usually well below the melting point 

of the mixture, and is therefore difficult to measure. More important for microemulsions is the upper 

miscibility gap which is closed for thermodynamic reasons. Consequently, there is an upper and a 

lower critical point. The upper critical point usually lies above the boiling point and is therefore not of 

interest for the phase behaviour of microemulsions. The lower critical point cp, however, is normally 

in a temperature range which is relevant to microemulsions. The location of this miscibility gap 

depends on the amphiphilic features of the surfactant and the composition of the polar phase. Between 

the upper and the lower miscibility gap the surfactant is monomerically dissolved in the polar phase at 

very low surfactant concentrations. Increasing the surfactant concentration leads to surfactant micelles 

above the critical micelle concentration (cmc) [103]. If the surfactant concentration is increased 

further, lyotropic mesophases (´liquid crystals´) occur with almost all types of amphiphiles [104]. 

 

Figure 2.1: Schematic drawing of the three binary systems (A)-(B), (A)-(C) and (B)-(C). While (A) and (B) are 

immiscible over almost the whole temperature range, B and C only have a lower miscibility gap which is often 

below 0°C. (A) and (C) show a lower miscibility gap, which is lower than the miscibility gap of the system 

(B)-(C) , and an upper miscibility gap which is relevant to microemulsions. Redrawn from [97]. 

2.1.2 The phase prism – ternary mixtures 

Starting from the triangle shown in Figure 2.2 with the three components at the edges and using the 

temperature as the ordinate perpendicular to this base triangle, i.e. flipping up the side systems, the 

Gibbs phase prism is generated. At ternary mixtures, i.e. at compositions between the binary systems 
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at the sides of the prism, many different phases can be observed. The phase behaviour is quite 

complex and mainly depends on the interplay of the upper miscibility gap of water and non-ionic 

surfactant and the lower miscibility gap of oil and non-ionic surfactant. Furthermore, the change of 

solubility of the surfactant from soluble in water at low temperature to soluble in oil at high 

temperature is a determining factor. This change of solubility can be explained by the partial 

dehydration of the surfactant head group at high temperature [105]. 

 

Figure 2.2: Schematic phase prism of a ternary mixture containing water (A), oil (B) and non-ionic surfactant 

(C). Highlighted in grey is the three-phase region, in light blue the one-phase region. The test tubes on the right 

illustrate the different states of 2, 3 and   . Redrawn from [106]. 

The test tubes shown in Figure 2.2 next to the phase prism indicate different possible equilibrium 

states of the mixture at three different temperatures. Starting at low temperatures, a surfactant-rich oil-

in-water (o/w)-microemulsion (ca) coexists with an oil excess phase (b) (lowest test tube). Surfactant 

molecules are monomerically dissolved in both phases. Since the interactions between water and 

surfactant are much stronger than the ones between surfactant and oil, the amphiphilic film is curved 

around the oil. The surfactant-rich microemulsion phase is usually of higher density, so that it is below 

the oil excess phase. This state is termed 2 to indicate that the lower phase is the surfactant-rich 

microemulsion.  

By increasing the temperature (middle test tube) the interactions of surfactant and polar phase are 

weakened, which leads to a partial dehydration of the polar head groups of the surfactant. This lowers 

the solubility of surfactant in the polar phase, until at the temperature Tl the oil-in-water 

microemulsion splits up to a surfactant-rich microemulsion (ca) and a water excess phase (a) because 
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the surfactant interacts about equally well with water and oil. The volume of the oil excess phase (b) 

decreases because more oil can be dissolved in the microemulsion phase (c), which in turn grows in 

volume. Therefore, three phases coexist at ambient temperatures. Because the surfactant interacts well 

both with water and oil at ambient temperature the curvature of the microemulsion phase (c) is zero.  

By increasing the temperature further (upper test tube) the hydrophobic interactions of surfactant and 

oil become stronger, and thus the microemulsion phase dissolves more oil until at a certain 

temperature Tu the microemulsion phase (c) merges with the oil excess phase (b) to a surfactant-rich 

water-in-oil (w/o)-microemulsion (cb) and a water excess phase (a). As the density of the 

microemulsion is now usually lower than the one of the water excess phase, the surfactant-rich 

microemulsion is the upper phase, which is indicated by   .  

The determination of all phase boundaries in a three-dimensional Gibbs phase prism is complicated 

and a lot of work. Therefore, it is convenient to use different sections through the phase prim by 

keeping one ratio constant [99]. Examples are the T() section and the T(wB)-section which are both 

shown schematically in Figure 2.3.  

 

Figure 2.3: T()-section (left) and T(wB)-section (right) through the upright phase prism. The T()-section shows 

a variation of temperature and surfactant mass fraction  at a constant water-to-oil ratio, whereas the water-

surfactant ratio is kept constant in a T(wB)-section. Here, the oil mass fraction wB is varied.  

Figure 2.3 left shows a schematic drawing of a T()-section [97, 107]. Here, ratio alpha   

    
  

      
 Eq. 2-1 

of oil in the mixture of water and oil is kept constant and the surfactant concentration  is varied, with 

 being the mass fraction of surfactant in the overall mixture  

  
           

                       
  Eq. 2-2. 

Note that it is also common to use volume fractions in order to describe the composition of the sample.  
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An extended three phase region can be found at low -values and intermediate temperatures. At 

temperatures below and above the three phase region the two different two phase regions 2 and    

occur. The three-phase region meets the one-phase region at the so-called optimum point    at which 

the microemulsion is at the optimum state [99] or balanced (from an HLB point of view) [108, 109]. 

This point is correlated to the optimum temperature T , at which the surfactant has the highest 

solubilisation properties, and the lowest surfactant mass fraction   with which it is possible to 

formulate a one-phase microemulsion. As   is used to characterise the efficiency of the surfactants in 

the system under investigation,    is also called the efficiency point.   

As microemulsion changes from oil-in-water to water-in-oil at the temperature T , this temperature is 

also called phase inversion temperature (PIT) [110, 111]. The phase inversion is founded in the 

change of solubility of the surfactant. Increasing temperature leads to weaker hydrogen bonds due to 

more molecular erratic movement [105].  

The optimum state is a unique feature for every individual microemulsion composition. The 

location of the   -point is influenced by the hydrophobicity of the oil as well as by the 

amphiphilic properties of the surfactant. As can be seen in Figure 2.4 left, increasing the 

hydrophobic chain length from i = 6 to 12, the solubilisation efficiency of the surfactant 

increases. Furthermore, the higher hydrophobicity leads to a decrease of Tm so that lower 

temperatures are needed to change the solubility of the surfactant from water-soluble to 

hydrophobic. On the other hand, an increase of the hydrophilic chain length by varying the 

number of ethoxy units j between 2 and 7, leads to an increase of Tm which is accompanied by 

a slight decrease of m.  

 
Figure 2.4: Left: Xm points of various H2O – n-octane – CiEj microemulsions with equal volumes of water and 

octane as a function of the mean temperature Tm and the surfactant mass fraction m [106]. The numbers in 

brackets indicate the chain length of the hydrophobic part i and the number of ethoxy units j in the hydrophilic 

chain in the form of (i, j). Right: Influence of alkanes (CnH2n+2) with different chain lengths on the Xm point in 

various microemulsions H2O – alkane - CiEj [106]. For all three surfactants, an increase of the chain length of the 

alkane leads to a shift of the Xm point to higher temperatures Tm  and surfactant mass fractions m. 
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Figure 2.4 right illustrates the influence of the chain length of the hydrophobic component. 

Increasing the length of the alkane (which is indicated by the numbers below the points) leads 

to a shift of the Xm point to higher temperatures as well as to higher surfactant mass fractions 

m. This is mainly due to the fact that longer oils are harder to solubilise. Since the lower 

miscibility gap within the binary system B-C shifts to higher temperatures with increasing 

alkane chain length higher temperatures are necessary to drive the surfactant from the water to 

the oil phase. A similar effect can also be seen for the binary mixture of alkane and surfactant 

[112].  

In contrast to the T()-section, the ratio a  

   
  

     
 Eq. 2-3 

of surfactant in the water-surfactant mixture is kept at a constant value in a T(wB)-section (Figure 2.3 

right). Here, the mass fraction of oil is varied. Accordingly, the composition of the sample is given by 

the mass fraction 

   
  

        
 Eq. 2-4 

of oil (mB) in the overall mixture. At low wB the whole amount of oil can be solubilised by the water-

surfactant mixture and the one-phase region stretches over a wide range of temperature. At higher oil 

mass fractions, the two different two-phase regions also occur, whereby the phase sequence is similar 

to the one already mentioned for T() sections. The point of maximum efficiency here is wB,max at Tl 

and characterises the maximum amount of oil which can be solubilised by the given water-surfactant 

mixture. The lower phase boundary which separates the one-phase microemulsion from the 2 state is 

called oil emulsification failure boundary (oefb) [113, 114]. The upper phase boundary very often runs 

through a minimum at low wB which is caused by the miscibility gap of the binary mixture water-

surfactant for surfactants with high amphiphilic strength [98, 115]. Because of its proximity to the 

critical point of the binary mixture the upper phase boundary is also called the near critical boundary 

(ncb). In this case, a closed loop miscibility gap causes an unstable microemulsion which separates. 

The reasons for this closed loop are discussed in the following chapter.  

2.1.3 Curvature of the amphiphilic film and microstructure  

The most crucial point to predict the phase behaviour is the nature of the surfactant. Depending on the 

strength of its interactions with the hydrophilic and the hydrophobic phase a local curvature of the 

amphiphilic film develops [98]. Starting from the two principle radii R1 and R2 the curvatures ci can be 

described by  

   
 

  
 and    

 

  
 Eq. 2-5 
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Figure 2.5 shows three examples of different structures and the according radii.  

 

 

Figure 2.5: Principal curvature of a spherical (a) and a cylindrical (b) membrane and the membrane in a sponge 

structure, together with the curvature radii Ri. Redrawn and extended from [116]. 

For a spherical structure (Figure 2.5 a), the radii R1 and R2 are the same. Thus, it follows that 

c1 = c2 = 1/R. For a cylindrical structure as indicated by Figure 2.5 b) one radius is much larger than 

the other one. Figure 2.5 c) depicts a sponge-like structure with two different curvature radii, where R1 

describes the radius of the channel and R2 represents the curvature of the channel itself.  

Based on the parameters ci it is also possible to define the mean curvature H 

  
 

 
       . Eq. 2-6 

The structures shown in Figure 2.5 and many more occur in microemulsions depending on 

composition and temperature. The mean curvature in microemulsions with non-ionic surfactants is 

mainly a function of temperature as a tuning parameter [98, 99] which is shown graphically in Figure 

2.6 left by means of the so-called wedge model [117]. Here, a surfactant is represented by a wedge 

consisting of two parts and the strength of the interaction is represented by the volume (or area in a 2D 

plot) of the according part of the surfactant wedge. Thus, at low temperature the interactions between 

the surfactant head group and water outweigh the ones of surfactant and oil, which is why the 

hydrophilic part of the wedge requires a bigger volume than the hydrophobic part, leading to a 

curvature of the amphiphilic film around the oil (H > 0). At intermediate temperature the surfactant 

interacts both with water and oil, the parts of the wedge have the same value and the mean curvature is 

zero. Increasing the temperature further the interactions of oil and the hydrophobic part of the 

surfactant overbalance the ones of water and the hydrophilic part of the surfactant, thus leading to an 

amphiphilic film which is curved around water. This state is indicated by a negative value of H. The 

relation between morphology of the microstructure and the temperature-dependent mean curvature has 

experimentally been studied by means of conductivity and NMR-self diffusion measurements [98, 

a) b) c)R1

R2
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118-123], electron microscope imaging [124-126] as well as light, X-ray and neutron scattering [123, 

127-141].  

 

Figure 2.6: Schematic drawing of the mean curvature of the amphiphilic film as a function of temperature (left). 

Redrawn from [99]. This trend of the curvature can also be found in the different sections through the phase 

prism, the T()-section (middle, redrawn according to [98]) and the T(wB)-section (right), although the structures 

in the one-phase microemulsion differ considerably among these sections.  

While the mean curvature of the amphiphilic film is mainly a function of temperature, the global 

structure also highly depends on the composition of the sample. For a microemulsion with a balanced 

ratio of oil and water, depicted in a T()-section in Figure 2.6, the structure of the microemulsion close 

to the efficiency point is of bicontinuous nature [98]. By increasing the concentration of surfactant  

more interfacial area can be covered and thus the characteristic size decreases, leading to elongated 

structures and finally to spherical micelles at high surfactant concentration. At temperatures lower than 

T  oil-in-water structures can be found and at higher temperatures water-in-oil structures are present, 

following the trend of the curvature of the amphiphilic film in Figure 2.6 left. 

In diluted microemulsion systems, as shown in Figure 2.6 right, spherical micelles can be found along 

the oil emulsification failure boundary [121]. Keeping the composition constant and increasing the 

temperature an elongation of the spherical micelles can be observed. The amphiphilic film at low 

temperature is, as shown in Figure 2.6 left, curved around the oil. By increasing the temperature the 

curvature of the film slowly approaches zero, leading to a flat amphiphilic film. In terms of 

microstructure, this effect becomes visible by the development of cylindrical structures where the 

curvature in the direction of the length is zero. Only the half-sphere shaped cylinder end caps have a 

high energy at this state. To avoid these high-energy parts the cylindrical micelles eventually form 

networks with Y-like junctions where the mean curvature of the amphiphilic film further approximates 

zero. If the minimum of the upper phase boundary is reached, given the according composition of the 

microemulsion, the microemulsion separates into two different phases, one concentrated and one 

diluted network structure. This can be explained by the number density of the network junctions which 

increases upon the connection of formerly independent cylinders. These junctions enable a certain 
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attraction of different oil domains which lead to the separation into two network phases with different 

concentrations of network structures. A mean curvature of H = 0 can be found in form of lamellar 

phases (L) at even higher temperatures. 

By increasing the amount of oil in the microemulsion, i.e. increasing wB, an oil-in-water 

microemulsion coexists with an oil excess phase at low temperature. Since the amount of oil in the 

microemulsion is low compared to the amount of water, the volume of the oil excess phase is very 

small. Upon increasing the temperature above the close proximity to the oefb the elongation to 

cylindrical micelles can also be observed at high wB. Before the connection to networks happens, 

however, the microemulsion separates into a water-in-oil microemulsion and a water excess phase 

since the upper phase boundary is commonly at temperatures below the phase inversion temperature. 

Considering the volume ratios it becomes obvious that the microemulsion phase must be much smaller 

in volume than the water excess phase. Note that the three-phase region in a diluted microemulsion 

occurs at higher temperatures than the one of the point of maximum efficiency. 
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2.2 Microemulsions with supercritical carbon dioxide 

Supercritical CO2 (scCO2) has attracted much attention in previous years because of its potential as a 

replacement for organic solvents, as it is cheap, nontoxic, non-flammable and environmentally 

responsible. It was shown first in 1978 by Hubert and Vitzthum that supercritical gases and especially 

scCO2 is highly appropriate for the extraction of natural products [142]. As its critical point is easily 

accessible (31°C and 73 bar), the solvent power can be influenced via density and thus via pressure 

and temperature. Tunable solvents [143, 144] can be applied in various fields, for example enzymatic 

catalysis [145] or the synthesis of nanoparticles [146, 147]. In many industrial processes CO2 is 

already used routinely [148], the perhaps best-known process being the de-caffeination of coffee [149, 

150]. However, CO2 is a very poor solvent for polar substances and such of high molecular weight, 

which is why emulsions and microemulsions are of interest for applications in which both polar and 

non-polar substances need to be dissolved. By combining CO2 and microemulsions via formulation of 

CO2-microemulsions it is possible to change the properties of the microemulsion without changing the 

composition, which makes supercritical microemulsions also interesting to fundamental research.  

2.2.1 Flourinated surfactants and their impact on CO2-microemulsions 

It was shown already in 1990 by Consani and Smith that most commercially available hydrocarbon 

surfactants are not compatible with CO2 [151]. This was verified later, for example that with the use of 

technical grade Lutensol® surfactants the efficiency of a microemulsion system was very poor. At 

least 40 wt% of surfactant were necessary to formulate a one-phase microemulsion with equal 

amounts of water and CO2 [32]. It turned out that the use of fluorinated or partly fluorinated 

surfactants changed the necessary amount of surfactant for the better, meaning that considerably less 

surfactant is needed. This aspect was initiated by Beckman et al., who for the first time postulated the 

resemblance of fluorocarbons and CO2, indicating that a fluorinated version of AOT should improve 

the solubility of CO2 and water [152].  

The enhanced solubility of fluorocarbons in CO2 compared to hydrocarbons lead to the idea of specific 

solute-solvent interactions between CO2 and fluorocarbons which was proposed by Dardin et al. [153], 

but was also disputed by various other groups [154-157]. In order to understand these interactions on a 

molecular level Raveendran and Wallen performed a series of ab initio calculations on the interaction 

of CO2 with fluoromethans using a stepwise increase in the number of fluorine atoms [158]. These 

calculations revealed that fluorocarbons prefer the interaction with CO2 over the interactions with an 

identical molecule. They reason that fluorine atoms in a molecule compete for electrons of the other 

fluorine atoms, which makes the molecule itself a very weak electron donor. However, they also found 

out that more polar fluoromethanes interact more favourably with CO2 as compared to the less polar 
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ones, irrespective of the fluorine number. Thus, they also devoted a publication to the polar attributes 

of CO2, explaining for example the H-O interaction of hydrogen from water and O from CO2 [159].  

Another approach to understand the unique interaction features of fluorocarbons was performed by 

Dalvi and Rossky [55]. They performed contact-angle molecular simulations of water on self-

assembled monolayers of hydrocarbon and fluorocarbon, revealing that fluorocarbons pack in a less 

dense way on a water surface than hydrocarbons, thus leading to lower van der Waals` interactions and 

to a higher hydrophobicity. Furthermore, they also examined the effectiveness of fluorocarbon ligands 

in CO2, revealing that the high polarity of the C-F bond (compared to the low one of a C-H bond) 

interacts better with the quadrupole moment of CO2, which is one of the main reasons why such a 

chain is more CO2-philic [54, 160]. It also turned out that the fluorocarbon ligands adopt a unique 

geometry in which the slightly negative dipole moments at the outside of the chain lead to a slightly 

angled alignment which is favourable over the straight alignment. The negative dipole at the outside 

surface of the fluorocarbon chain can also lead to slightly repulsive interactions.  

Due to the unique and exceptional interactions of fluorinated surfactants with CO2 they are used for 

the formulation of microemulsions with near- or supercritical CO2. In the last decade different types of 

fluorinated supercritical microemulsions and their microstructure have been investigated, most studies 

dealing with the formulation of water-in-CO2 (w/c) microemulsions [161]. The first ones to reveal the 

microstructure of w/c microemulsions were Eastoe et al. by performing high pressure SANS 

experiments [36]. Since then research in this range has spread and numerous publications deal with the 

microstructure of microemulsions [35, 162, 163], the influence of cosurfactants [164], formation 

kinetics [165] or with the design and synthesis of new fluorinated surfactants [166, 167]. 

In this work, only commercially available fluorinated surfactants were used. The principal structure of 

these surfactants is shown in Figure 2.7. These surfactants can be described by means of the acronym 

F(CF2)iEj, which resembles the notation of CiEj for hydrocarbon surfactants.  

 

Figure 2.7: General chemical structure of perfluoroalkyl-polyglycolether surfactants. i gives the number of CF2 

units and j the number of ethylene units.  

2.2.2 CO2-microemulsions as templates for nanoporous foams  

Because the structure of microemulsions is usually in the range of 5-20 nm microemulsions promise to 

be a highly appropriate template for foams if one aims for foam pores with a diameter below 100 nm. 

On top of that, the high number density of microemulsion droplets should lead to a very low density of 

the foam. In order to take advantage of these features of microemulsions the Principle of Supercritical 
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Microemulsion Expansion (POSME) was developed [32, 168]. This procedure consists of three steps 

which are illustrated in Figure 2.8.  

 

Figure 2.8: Schematic illustration of the Principle of Supercritical Microemulsion Expansion (POSME). The 

first step is to provide a micellar surfactant solution in a fixable polar solvent in coexistence with a gas. Upon 

increasing pressure and temperature above the critical values the gas changes to a supercritical fluid which can 

be solubilised by the surfactant in the polar phase, resulting in a microemulsion (middle). Lowering the pressure 

and thus the density of the blowing agent initiates the foaming of the microemulsion (right). Redrawn from 

[169]. 

The first step of the POSME procedure provides a suitable mixture of surfactant and fixable polar 

solvent (for example a monomer or a highly concentrated sugar solution) in which the surfactant forms 

spherical micelles. This mixture is then covered with a known amount of gas (e.g. CO2 or N2). The 

second step increases the pressure and temperature above the critical parameters of the gas (Tc, pc), 

thus inducing a change of state of aggregation from gas to supercritical fluid. The supercritical fluid 

can subsequently be solubilised in the polar solvent if an appropriate surfactant was chosen, leading to 

a microemulsion with droplets swollen with supercritical fluid. These droplets have a size of a few 

nanometres serve and function as a template for the nanometre-scaled bubbles in the foam. The last 

step consists of expanding the microemulsion to normal pressure while keeping the temperature above 

Tc. Thus, the pressure-induced lowering of density leads to foaming the microemulsion. The polar 

component can be fixed simultaneously or slightly previous to the expansion if the polymer is soft 

enough to allow the foaming process. As the temperature is still kept above Tc, the fluid remains in a 

supercritical state and will change from liquid-like density to vapour-like density without nucleation. 

In theory, every micelle in the microemulsion becomes a bubble in the foam. The size of each bubble 

can be calculated from the density change of the blowing agent. 

However, the last step in this method, the fixation of the polar component during the expansion, has 

proved to be a challenge. Because the density of the supercritical fluid decreases dramatically upon 

expansion the micelles grow in size and thus the surface area of each micelle increases which gives 
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rise to contact sites of polar solvent and supercritical fluid. This process is shown graphically for the 

example of a CO2 swollen micelle in aqueous solution in Figure 2.9. 

 

Figure 2.9: Schematic drawing of a CO2 swollen micelle in aqueous solution under high pressure (left) and after 

expansion (right). Whereas the surfactant layer is dense enough to cover the whole surface area of the micelle in 

the compressed state, contact sites of water and CO2 arise when the surfactant layer stretches after expansion. 

The yellow circles indicate CO2 which is monomerically dissolved in water.  

2.2.3 Aging phenomena and the concept of anti-ageing agents 

The interface tension of polar solvent and supercritical fluid is rather high (about 35 mN m
-1

 [50, 

170]). Since the energy of contact sites is thus very high and thermodynamically unfavourable, the 

system attempts to reduce the interfacial area in order to avoid the high-energy contact sites. This can 

be achieved by the formation of bigger droplets out of many small ones. As such a reorganisation 

reduces the interface area while the amount of surfactant remains constant, the surfactants can cover a 

higher percentage of the interface. The size of big droplets, however, makes them thermodynamically 

unstable and so that coagulation occurs until phase separation is reached. The driving force for the 

formation of big droplets is the Laplace pressure p which can be calculated using the Young-Laplace 

equation: 

                                
  

       
    . Eq. 2-7 

As can be seen in Eq. 2-7, the Laplace pressure is also connected to the mean curvature H which is 

described in Eq. 2-6. The parameter  represents the interfacial tension between liquid and CO2 and is 

the main parameter which is to be reduced via ageing processes. Considering Eq. 2-7 with the radius 

of the droplet Rbubble there are two ways to reduce the Laplace pressure which are both applicable for 

ageing processes. On one hand, reduction of the interfacial tension  occurs because the interface area 

decreases. On the other hand, an increase of the droplet radius leads to a decrease of the Laplace 

pressure since Rbubble and pLaplace are inversely proportionate.  

However, not only the thermodynamic driving force for ageing processes is of interest but also the 

mechanism these processes follow. In the context of microemulsions Ostwald ripening [171-178] (see 
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A in Figure 2.10) and coagulation with subsequent coalescence [46, 179] (B in Figure 2.10) occur the 

most. These two routes are shown exemplarily for CO2 in aqueous solution in Figure 2.10. 

 

Figure 2.10: Overview of two different ageing processes for the example of an expanded CO2 swollen micelle in 

water. A) Ostwald ripening: Because of comparably high monomeric solubility this process is based on diffusion 

of CO2 molecules from small to larger micelles until the small droplet vanishes completely. The higher the 

monomeric solubility of the fluid the faster is this process. B) Coagulation with subsequent coalescence: The 

diffusion movement of the micelle itself leads to two micelles collide (coagulation). The subsequent reordering 

process of forming one spherical micelle is called coalescence. The faster the micelles diffuse the more likely is 

this process to happen. 

Ostwald ripening occurs due to the difference of solubility of small and large droplets. This was 

described mathematically by Lord Kelvin [180] by 

              
    
   

  Eq. 2-8 

where c(r) is the solubility of a particle or droplet with radius r, c() is the bulk phase solubility,  is 

the interfacial tension and Vm is the molar volume of the dispersed phase. 

The key factor for Ostwald ripening is the diffusion of, in this example, CO2 in water. This process is 

advantaged if the micelles have a broad size distribution. For two droplets with radii r1 and r2 Eq. 2-8 

can be rewritten as  

 
  

  
    

     

     
     

 

  
 
 

  
  Eq. 2-9 

which clearly shows that the larger the difference between the two radii is the higher is the rate of 

Ostwald ripening.  
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Coagulation, in contrast, depends on the diffusion of the micelle itself since a fast-moving micelle is 

more likely to collide with a second micelle. Once the micelles contact each other, i.e. coagulate, a 

reordering process (coalescence) can follow, in which the interface reorganises to spherical shape. 

Here, the diffusion coefficient of the micelles is the key factor, so that this process can be influenced 

by parameters as solvent viscosity, temperature and the hydrodynamic radius of the micelle (Eq. 2-84). 

Ripening processes lead to a coarsening of the pore sizes in the production of foams. If one aims for 

pores in the range of or even below 100 nm these processes are highly unfavourable. Thus, the concept 

of Anti-Aging-Agents (AAA) was developed by Strey, Khazova et al. in 2009 [181]. It suggests adding 

a hydrophobic low-molecular substance to the microemulsion which is supposed to reduce the 

increasing interfacial tension emerging during expansion and thus slow down ageing process. Thus, 

following the anti-ageing concept leads to micelles which are swollen with both the fluid and the 

additive. Upon expansion the micelles grow and the interfacial area increases (Figure 2.9). Since the 

interfacial tension of the additive and water is slightly lower than the one of the fluid and water, the 

additive is supposed to accumulate at the interface, thus lowering the interface tension in comparison 

to the micelle without additive. This is shown graphically in Figure 2.11. 

 

Figure 2.11: Schematic drawing of the assumed behaviour of a mixture of CO2 and additive at high and low 

pressure. CO2 and the hydrophobic additive form a homogeneous mixture inside the micelle at high pressure 

because the two components are completely miscible. Upon lowering the pressure, the additive accumulates at 

the interface because of the favourable interface tension situation.  

Since the additive is supposed to decelerate the ageing process it is called anti-ageing agent (AAA).  

The composition of oil, i.e. the fluid, and AAA is described by the parameter : 

   
    

            
 Eq. 2-10 

While planning the composition of the microemulsion it is important to consider that the mixture of 

gas and oil has the critical composition, as this leads to spinodal decomposition upon lowering the 

pressure. This was first described by Cahn et al. in 1965 [182] and occurs for example in binary 

systems. In this context, the two components are considered to be supercritical fluid (scCO2) and low-

molecular oil. The pressure-dependent miscibility is shown in Figure 2.12. 
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Figure 2.12: Schematic plot of the phase behaviour of a mixture of CO2 and a low-molecular additive as a 

function of pressure and molar fraction x(CO2) and at constant temperature. The separation of the two 

components is spinodal and thus fast if the pressure is lowered at the critical x(CO2). At all other molar fractions, 

the separation after lowering the pressure to the metastable area is binodal and comparably slow. Redrawn from 

[183]. 

In order to mix CO2 and the additive high pressure is necessary, especially at high CO2 molar 

fractions. However, if the pressure is lowered, the two components separate which can happen in two 

different ways. At most compositions a decrease of pressure brings the mixture to a metastable state 

(straight line in Figure 2.12, binodal). There, the decomposition happens on a comparably long time 

scale as nucleation processes occur. Thus, first only small aggregates form which grow in size until the 

two phases are separated. On the opposite, spinodal decomposition happens spontaneously and is in no 

need of nucleation steps, which means that there is no energy barrier as for nucleation. Therefore it is 

much faster. The dotted line Figure 2.12 (spinodal) shows the region of composition in which spinodal 

decomposition occurs. This region is rather small compared to the binodal decomposition. This means 

that applying the critical composition of CO2 and additive in a microemulsion allows for the mixture 

to separate very fast and thus the AAA can adsorb at the interface very fast.   
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2.3 Thermoresponsive polymers 

2.3.1 Emulsion polymerisation 

Since all Poly-(N-isopropyl)acrylamide (PNIPAM) particles presented and characterised in this 

work were synthesised via emulsion polymerisation this chapter explains the theoretical 

background of this technique. On top, nearly a quarter of the overall polymer production, 

around 5·10
7
 metric tons per year [184], is performed via this method. 

Most commonly emulsion polymerisations are carried out in water because water provides 

excellent heat transfer possibilities and can also be easily evaporated if dried polymer particles 

are needed. Since the (N-isopropyl)acrylamide monomer (NIPAM) is water soluble it is 

possible to synthesise PNIPAM particles with as well as without surfactant. In general, the 

synthesis in presence of surfactants is preferred as the formation of monomer droplets, and thus 

also the resulting particles, is less polydispers with surfactant. Polymerisation takes place 

inside the micelles which form if the critical micelle concentration (cmc) is exceeded. Using 

surfactants at a low concentration influences the viscosity and thus the homogenisation of the 

reaction solution only in a negligible manner.  

Emulsion polymerisation takes place in three different stages: the initiation, in which the radicals are 

formed, the propagation, during which the polymer chains grow, and the completion stage, in which 

the radical reaction terminates. Before polymerisation starts, however, there is an induction period in 

which free radicals are consumed by residual oxygen. This interval is, however, commonly ignored 

because it does not provide information on particles growth.  

In conventional polymerisations an initiator is needed to start the radical reaction. Since 

peroxodisulfate is water soluble and thermally decomposes at comparably moderate 

temperatures around 60°C it is very commonly used as initiator, especially in its salt form with 

potassium. Thereby, one peroxodisulfate molecule splits homolytically into two sulphate 

radicals (S2O8
2-

 → 2 SO4
 -

·). In a second step the primary radicals react with a monomer. After 

these initial reactions the polymerisation and thus the growth of the particles can be divided 

into three different stages of polymerisation rates which are illustrated in Figure 2.13.  

Interval I is called period of nucleation. At this stage each newly formed radical leads to a higher 

reaction rate since in each micelle a new polymer particle starts to grow, increasing the number of 

particles. This period is rapid and transitory. 
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Figure 2.13: Fractional conversion of monomer into polymer and rate of polymerisation, both as a function of 

time, for a styrene ab initio emulsion polymerisation system. The three different intervals of polymerisation are 

marked. Taken from [185]. 

Interval II, the particle growth stage, is connected to a relatively constant rate of reaction, i.e. 

polymerisation proceeds homogeneously. At the beginning of this stage about 50% of the micelles are 

occupied with a radical and polymerisation is going on in these micelles. In order to both maintain the 

reaction and to swell the newly formed polymer monomer molecules from emulsion droplets without a 

radical diffuse through the aqueous solvent to these emulsion droplets in which polymerisation takes 

place. Thus, the monomer concentration in the particles remains constant during this interval, as well 

as the reaction rate. The probability of a polymerisation to start in such a feeding emulsion droplet at 

this time of the polymerisation is very low, especially since the number density of these emulsion 

droplets is about seven orders of magnitude smaller than the one of droplets in which polymerisation 

takes place. This stage ends when monomer droplets disappear, i.e. when about 50-80% of monomers 

are converted.  

Interval III, the completion stage, is the final stage of reaction. It starts as soon as the monomer stash 

in emulsion droplets is consumed, so that the rate of reaction decreases monotonically because only 

the remaining monomer which swells the polymer can be spent for reaction.  

The mechanism of monomers feeding polymerising micelles can be described by the model of 

Smith and Ewart [186] who showed experimentally in 1948 that particle formation stops if the 

surfactant concentration drops below the cmc. A schematic drawing of this process is shown in 

Figure 2.14. During this stage also termination reactions such as recombination occur. 
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Figure 2.14: Schematic drawing of a typical emulsion polymerisation with surfactant. Starting from big 

monomer droplets small monomer micelles are formed in which polymerisation takes places after the initiator 

enters a micelle. Thus, the polymer is formed inside the micelle. Thereby, monomer molecules diffuse from 

monomer droplets into the micelles. Taken from [187]. 

The experiments by Smith and Ewart and their results are, however, predominantly valid if the 

monomer is hydrophobic, as for example styrene. In the case of more hydrophilic monomers as 

NIPAM, the synthesis can also be performed if no surfactant is present. Thus, the theory was 

extended by Fitch and Tsai in 1970 [188] and by Hansen and Ugelstad [189] in 1982 to 

polymerisations in non-micellar systems. This theory of “homogeneous nucleation” includes 

the formation of particle nuclei in the continuous aqueous phase, started by initiator molecules. 

In such a case, the feeding mechanism shown in Figure 2.14 is still valid as monomers are 

usually better soluble in their respective polymer. Emulsifier may be needed to ensure colloidal 

stability of the product as it is formed and subsequently on the outer shell of the polymer.  

A different particle nucleation was proposed by Feeney, Napper and Gilbert [190]. They 

showed that the particle size distribution during particle formation (Interval I) was positively 

skewed, i.e. that particles occurred larger than predicted. This, according to their “coagulation 

nucleation” mechanism is due to coagulation processes which are induced by instabilities in 

the absence of emulsifier. Finally, it was postulated by Gilbert and Hansen in 1992 [191] that 

the mechanisms described above, homogeneous and coagulation nucleation, are always 

competing and depend strongly on the nature and hydrophilicity of the monomer.  

In order to understand the kinetic properties of an emulsion polymerisation it is reasonable to 

start with the rate of the first reaction, i.e. the generation of a pair of free radicals R• from one 

initiator molecule I  according to  
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       Eq. 2-11 

where kd is the rate constant for the dissociation of the initiator. Thus, the rate of dissociation 

Rd is given by  

           Eq. 2-12 

where [I] is the concentration of initiator and f is the initiator efficiency. This value describes 

the fraction of free radicals which successfully initiate polymerisation. Due to wastage 

reactions f is usually in the range of 0.3-0.8. The factor 2 enters due to the formation of two 

primary free radicals from each initiator molecule.  

The next step is initiation in which a free radical R• reacts with a monomer M to the first part 

of the chain RM• with a radical located at the monomer according to  

    
  
      Eq. 2-13. 

Since the rate of initiation Ri is equal to the rate of dissociation of an initiator it can be 

described as follows 

           Eq. 2-14. 

Starting from the radical RM• the polymerisation propagates by reaction of RM• with other 

monomers M 

     
  
        Eq. 2-15. 

The rate of propagation Rp is also known as the rate of monomer consumption. Thereby, 

monomer is consumed both by propagation reaction and by the initiation reaction. The rate of 

propagation Rp is then: 

    
    

  
                     Eq. 2-16. 

Here, M• is the total concentration of every size of chain radicals. Since the amount of 

monomer consumed in the initiation step is small compared to the amount consumed in the 

propagation step the according term in Eq. 2-16 can be neglected.  

Termination reactions must also be considered. The two main mechanisms are recombination, 

in which two polymer radicals react to one large polymer molecule, and disproportionation, in 

which one growing chain abstracts a hydrogen atom from another, leaving it with an 

unsaturated endgroup. To describe the rate of termination Rt with the according rate constant kt 

it needs to be considered that steady state conditions must be obtained in polymerisation 

kinetics [185]. This means that the rate of free radical generation is equal to their disappearing 

rate, meaning initiation and termination rate are the same. Thus, the concentration of free 

radicals in the form of M• remains constant. Under consideration of Eq. 2-16, the equation for 

the steady state condition is 
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          Eq. 2-17. 

Rearranging this equation leads to  

      
  
   

 

 
 
 Eq. 2-18 

which can be combined with the simplified Eq. 2-16 to  

         
  
   

 

 
 
 Eq. 2-19. 

Eq. 2-19 clearly shows that the rate of polymerisation depends on the square root of the rate of 

initiation and thus, considering Eq. 2-14, on the square root of the initiator concentration [I].  

Furthermore, the properties of the resulting polymer are also influenced by a variety of other 

parameters such as temperature, the concentration of surfactant and the water-to-monomer 

ratio. Increasing the temperature leads to a higher initiation rate and thus to a higher number of 

particles with a smaller size and size distribution. Increasing the monomer to water ratio leads 

to larger particles with a smaller size distribution.  

2.3.2 Swelling of poly-(N-isopropyl)acrylamide 

The most interesting feature of PNIPAM particles and gels is their volume phase transition 

temperature (VPTT) which is located around 32°C in aqueous solution and therefore very close to the 

temperature of the human body [62, 69, 192-194]. This transition is completely reversible. Possible 

applications are discussed in section 2.3.3. Figure 2.15 shows the chemical formula of the monomer 

(N-isopropyl)acrylamid (NIPAM), the polymer PNIPAM and the crosslinker N,N`-

methylenbisacrylamid (BIS) which was used in this work.  

 

           

          NIPAM    PNIPAM         BIS 

Figure 2.15: Chemical formulas of (N-isoproyl)acrylamide (NIPAM), the respective polymer poly-(N-

isopropyl)acrylamide (PNIPAM) and the crosslinker N,N´-methylenbisacrylamide (BIS). 

The difference of microgel and macrogel is not clearly defined [63]. In most cases microgel particles 

have an average diameter in the range between 40 nm and 5 µm [63] while macrogels represent 

continuous gel pieces which can be handled manually. Regarding the swelling behaviour the 

properties of both are very similar, just that microgels react much faster than common gels [195, 196] 

simply because the rate of diffusion is the rate-determining step.  



Fundamentals   

28 

 

Gels, either micro or macro, are temperature-sensitive if most of the polymer displays temperature-

sensitive phase behaviour in the solvent. Starting at temperatures below the phase transition 

temperature the polymer is swollen with solvent and has a gel-like character. Upon heating the 

interactions between polymer and solvent change so that the solvent is expelled from the polymer 

which leads to considerable shrinking. This process is shown schematically in Figure 2.16. In the case 

of spherical microgel particles this shrinking is displayed by a decrease of the particle radius. Since it 

is the volume of the gel which changes the temperature at which this phenomenon occurs is called the 

volume phase transition temperature (VPTT). In literature one often finds publications speaking of the 

lower critical solution temperature (LCST). Basically, the transition is also a volume phase transition 

but at the critical concentration of polymer in solvent, which was determined by Heskins and Guillet 

in 1968 for linear PNIPAM to be around 0.15 wt% [197]. For crosslinked PNIPAM the LCST is 

located around 32°C [198]. Since, however, the concentration dependence of the transition 

temperature is not determined in most cases it is reasonable to speak of the volume phase transition 

temperature instead of the lower critical solution temperature, especially if, as happens in this work, 

the term lower critical solution temperature is also used in the context of mixtures of oil and surfactant 

as the phase separation temperature of such a mixture (see section 2.1.2). In contrast to this kind of 

phase separation the process which happens especially with microgel particles can be seen as 

microphase separation.  

 

Figure 2.16: Schematic drawing of the structural changes in a PNIPAM microgel particle. The blue dots 

represent solvent molecules. At temperatures well below the volume phase transition temperature (VPTT) the 

particle is swollen with solvent and has a large radius with a rather low polymer density within the particle. At 

temperatures above the VPTT, however, most of the solvent molecules leave the particle which also shrinks 

considerable in size to a smaller particle with a high polymer density. 

The volume phase transition is basically a mixing phenomenon which includes both enthalpic and 

entropic contributions which should be the same for a 500 nm microgel and a 5 cm macrogel but 

dynamic processes also depend on the size of the gel. Different theories have been applied in order to 

predict the processes such as statistical thermodynamic theory [199], lattice-fluid hydrogen bond 

theory [200] and Flory-Huggins-Staverman theory [201].  
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Considering the Gibbs-Helmholtz equation for mixing 

             Eq. 2-20 

where GM is the free mixing energy, HM is the mixing enthalpy, T is the temperature and SM is the 

mixing entropy, four different cases are possible which are shown in Table 2-1.  

Table 2-1: Overview of different possible cases of energies in the Gibbs-Helmholtz equation. Note that the third 

case applies for PNIPAM.  

HM SM GM interpretation 

< 0 > 0 < 0 solution irrespective of T 

> 0 < 0 > 0 no solution 

< 0 < 0 -- high T →-TSM > HM →GM > 0 ⇒LCST; special for polymers 

> 0 > 0 -- poor interactions but mixing occurs for high T 

The third case in Table 2-1 represents the one which applies for PNIPAM gels and particles. In this 

case the particles are swollen with solvent for sufficiently low temperatures but upon rising the 

temperature the contribution of TSM outweighs the mixing enthalpy HM so that GM becomes 

positive and thus demixing occurs in the form of a volume phase transition.  

A very interesting phase behaviour feature of PNIPAM linear polymers, micro- and macrogels is their 

behaviour in water-alcohol mixtures which is called co-nonsolvency and describes that PNIPAM is 

soluble in both water and alcohol but not in mixtures of both. Thus, the addition of 55 vol% methanol 

lowers the VPPT of PNIPAM to below 0°C, while higher concentrations of methanol lead to a 

dramatic increase of the VPTT, even to temperatures much higher than in water [66, 202-204]. 

2.3.3 Microgel applications 

The possible future applications of PNIPAM for biomedical purposes are too numerous to list. 

This chapter only gives a brief overview of historic and present experiments which might be 

relevant to medicine. 

The first ones describing the interaction of PNIPAM with biological molecules were 

Kawaguchi et al. who studied the temperature-dependent sorption and desorption of human -

globulin [205]. They showed that the sorption of the protein to the polymer preferably occurred 

at 40°C (compared to 25°C) which clearly indicates that hydrophobic interactions are 

dominating since 40°C is above the VPTT of PNIPAM. Thus, by lowering the temperature to 

25°C desorption was induced. The speed of desorption depended strongly on the sorption time, 

i.e. the longer the mixture was left at 40°C the longer the desorption process took. Very likely 

this means that the protein enters the polymer. The same group also compared the sorption and 

desorption properties of PNIPAM and polystyrene to four different proteins [206], finding that 



Fundamentals   

30 

 

PNIPAM has a much lower tendency to denaturate enzymes than polystyrene, which is a very 

promising aspect for PNIPAM particles regarding medical applications.  

One of the most thoroughly investigated topics around the application of PNIPAM is the 

temperature-controlled uptake and release of chemical substances [207-209]. Thereby, it seems 

that hydrophobic interactions with the polymer backbone are the driving force for binding of 

organic substances, which are released as a response to the shrinkage of the particles [210].  

Besides proteins and the controlled release of substances also the interaction of PNIPAM with 

enzymes is of interest in order to yield temperature-controlled enzyme activity. This was 

realised by Shiroya et al. who grafted trypsin and peroxidise to PNIPAM, finding that the 

enzymatic activity decreased if the temperature was raised above the VPTT [211]. 

Furthermore, also catalytic activity can be temperature-controlled if hybrids build of gel 

networks and for example gold [212] or platin [213] nanoparticles are synthesised. On top of 

that, hybrid particles can also be interesting to tune optical properties like light extinction in 

the visible range of the electromagnetic spectrum [214]. Contreras-Carceres et al. for example 

used gold nanoparticles as a core material and coated these particles with PNIPAM, obtaining 

a systematic temperature-sensitivity of the Plasmon bands which shift towards higher 

wavelengths with increasing temperature due to the increase of the local refractive index 

during the collapse of the polymer shell [215]. Furthermore, PNIPAM has already been applied 

for cell culturing [216], control of bimolecular motors [217, 218], protein purification [219] 

and photolithography [220]. Thus, the application spectrum of PNIPAM is very wide.  
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2.4 Neutron scattering 

The determination of shape and size is of the utmost importance if one works in the field of colloidal 

systems and studies the relation between physical properties and molecular structure. Thereby, 

scattering techniques are the most powerful tools to investigate structure and dynamics of materials, 

since they are based on interactions between incident radiation (e.g. light, neutrons, X-ray) and the 

particles of interest. Microemulsion micelles display sizes in the order of 5-1000 Å which is why 

neutrons or X-rays are well suited to examine their structure. Scattering techniques, in contrast to 

direct imaging techniques like scanning or transmission electron microscopy, also allow for the sample 

to change structural properties. Furthermore, the scattering of a sample is averaged over a wide range 

in comparison to the size of the structure, which allows ignoring local defects. The time and length 

scales of samples which are available for studying with neutrons and the most appropriate neutron 

scattering techniques are given in Figure 2.17. 

 

Figure 2.17: Overview of different scales (length and time) of soft matter samples, together with a suggestion of 

an appropriate neutron scattering technique. Taken from [221]. 

Neutrons are uncharged subatomic particles with mass m = 1.675·10
-27

 kg, a spin of 0.5 and a 

magnetic moment of -1.913 nuclear magnetons. The lifetime of a free neutron is about 1000 s, 

although they are stable when bound in an atomic nucleus. The main characteristic of neutrons which 

is used for classification is the wavelength. If the wavelength of the neutron is about 10 Å the neutrons 

are called “cold” neutrons, whereas they are “thermal” for wavelengths in the order of 0.1 Å.  

In many cases, the size of the sample is the prime reason for choosing neutron or X-ray scattering over 

light scattering. Since the wavelength of visible light is in the range of 300-700 nm, it is not possible 

to investigate structures with sizes smaller than about 5 nm [222, 223]. 
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Since neutrons are uncharged particles they can highly penetrate materials because they interact on a 

short range only with the nuclei of the material under investigation. However, a high penetration can 

also mean a low amount of interaction and thus little scattering, which requires long measurement 

times. The high penetration is also the main reason why neutrons are non-destructive, even to sensitive 

biological samples. Due to of their magnetic moment it is also possible to conduct field-dependent 

measurements or experiments in which the interaction of neutrons with magnetic samples is followed 

by monitoring the neutron spin (up or down). In contrast to X-rays, the scattering power of an atom 

does not depend on its atomic number, because neutrons interact with the nucleus. Thus, it is possible 

to distinguish light atoms such as hydrogen in the presence of heavier ones. Most important, though, is 

the sensitivity of neutrons to isotopes. This will be explained in more detail in section 2.4.2.  

The main drawback of neutron scattering is that it is very difficult and thus also expensive to produce 

neutrons. Furthermore, one needs to be constantly aware that neutron scattering experiments mean 

dealing with radiation which always includes health risks.  

2.4.1 Small angle neutron scattering  

In all scattering experiments waves or particles are directed onto the sample. While a large part of the 

incident beam passes the sample undisturbed, a fraction of the radiation is adsorbed and another 

fraction interacts with the sample so that it is diffracted or scattered at a certain angle θ. A schematic 

drawing of the scattering process is given in Figure 2.18. 

 

Figure 2.18: Left: Schematic drawing of the scattering process. The incident neutron beam        (blue) coming 

from the neutron source interacts with the sample. While most of the beam passes the sample unaffected a 

fraction of the radiation is scattered at the angle θ which is orange and marked as       . Right: The scattering vector 

   (black) is defined by the difference of the incident beam and the scattered beam.  

The Fraunhofer approximation states that all wave vectors can be considered planar if the distances 

between radiation source and sample and between sample and detector are large compared to the 

wavelength of the radiation. This is the reason why all waves in Figure 2.18 are drawn parallel to each 

other, i.e. planar.  

Figure 2.18 right shows that the scattering vector    is calculated from the incident wave vector ki, the 

wave vector of the scattered radiation ks and the scattering angle θ using 
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Eq. 2-21 

 

Assuming that the scattering experiment is of elastic nature, i.e. that no energy is transferred from the 

neutrons to the sample, the vectors          and           differ in direction but have the same absolute value. 

Thus, the equation for q can be simplified to  

  
  

 
   

 

 
 Eq. 2-22. 

with  being the wavelength of the incident radiation and θ being the scattering angle as indicated in 

Figure 2.18. Since the scattering occurs as emission of spherical symmetric waves from all scattering 

centres within the sample volume it is obvious that interferences of the scattered waves will occur, 

depending on the relative positions of the scattering particles. Thus, the scattering pattern depends on 

the internal structure of the sample such as the spacing between planes of the lattice dBragg. Using 

Bragg´s law 

                
 

 
 Eq. 2-23 

in combination with Eq. 2-22 the length scale of the sample can be connected to the scattering pattern, 

i.e. the appearance of constructive or destructive interferences at angles θ by 

       
  

 
 Eq. 2-24. 

As mentioned above microemulsion structures occur in the range of 5-1000 Å which means that a q-

range from 0.001 to 1 Å
-1

 is necessary to cover the whole range sufficiently. With neutron scattering a 

q-range from about 0.001 to 0.1 Å
-1

 is available, depending on the setup of the SANS instrument. This 

range is usually well sufficient to obtain all structural information of interest. If more information is 

needed the q-range can be extended by using very small angle neutron scattering (USANS), X-ray 

scattering or static light scattering. 

The basic setup of a spectrometer for small angle neutron scattering is shown in Figure 2.19. Coming 

from the neutron source, the neutrons with the appropriate wavelength pass the velocity selector. After 

that, the neutrons reach the collimation which can be changed in length. Generally speaking, the 

longer the collimation is the more focussed is the beam, but a long collimation also reduces the 

intensity of the incident beam. After passing an aperture the beam hits the sample. While most of the 

beam passes the sample unaffected a fraction of the beam is scattered at the angle θ and is counted at 

the detector. The distance between sample and detector can be varied by moving the detector inside 

the detector tube. Thus, different q-ranges can be accessed by different sample-to-detector distances. 

Specific parameter on the collimation lengths and the detector distances are given in section 7.2.2. 
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Figure 2.19: Schematic setup of a spectrometer for small angle neutron scattering. The neutron beam (red line) 

first passes through a velocity selector (light blue) to reduce the wavelength distribution of the neutrons. The 

length of the collimation (yellow) determines the degree of convergence of the beam. After an aperture (lilac) the 

beam strikes the sample (green) and a fraction of the neutrons is scattered. The detector (bright blue) counts the 

position dependent intensity of the scattered neutrons.  

In Small Angle Neutron Scattering (SANS) experiments one obtains information on the scattering 

intensity I(q) in reciprocal space as a function of the scattering vector q in reciprocal Fourier space. 

Thereby, the thermal motion of each scattering centre is assumed to be irrelevant, so that the 

nanostructure can be considered constant for the detection time. By analysing the scattering data it is 

possible to extract information on the structure of the sample, but also, in the case of microemulsions, 

information on properties such as monomeric solubilities and local concentration of substances can be 

gained. A detailed explanation of how to analyse scattering data is given in section 2.4.4.  

2.4.2 Neutron contrast variation 

The unique advantage of neutrons over X-rays or light is that they interact with the nucleus rather than 

with the electron shell. Thus, neutrons are sensitive to isotopes, which means that for neutron 

scattering experiments there is a huge difference whether H2O is used as a solvent or D2O.  

The scattering contrast for neutrons is the difference of the scattering length densities of the sample 

particle and the bulk material, for example the solvent. The scattering length density is a unique 

property for every substance and can be calculated using 

     
  
 

  
   
 

 Eq. 2-25 

 

with NA being Avogadro´s constant,   
  the macroscopic density of the substance and Mk the molar 

mass of the component. Here, bi represent the scattering length of every atom i in the molecule k. The 

values for bi can be drawn for example from the National Institute of Standards and Technology [224]. 

However, for scattering experiments one often finds that a domain consists of more than one 

component. In this case, the scattering length density of this phase of mixed components can be 

calculated according to  

             
 

 Eq. 2-26 

where Φk is the volume fraction of the component k and k is the scattering length density according to 

Eq. 2-25.  
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The scattering contrast can be calculated by the difference between the scattering length densities of 

the two domains. A schematic example of different contrast conditions is shown in Figure 2.20.  

 

Figure 2.20: Schematic drawing of a particle with a fictitious scattering length density of particle = 3⋅10
10

 cm
-2

. 

In the first case (left), H2O with a scattering length density of  = -0.5·10
10

 cm
-2

 is used as a solvent, whereas 

the graph at the right shows pure D2O as a solvent with a scattering length density of D2O = 6.3·10
10

 cm
-2

. The 

drawing in the middle represents a zero-contrast condition, where a volume ratio of H2O and D2O is used that 

matches exactly the scattering length density of the particle. No scattering intensity is expected in this case. 

The example shown in Figure 2.20 describes a particle with a scattering length density of 

particle = 3·10
10

 cm
-2

. Since the absolute difference of the scattering length densities of the particle and 

H2O is                           
                    and thus almost equal to the 

contrast condition with pure D2O as shown on the right (                         
       

             ) the scattering curve from both contrast conditions is expected to be very similar. The 

contrast condition shown in the middle should not result in a scattering at all since there is no contrast 

for the neutrons and thus no scattering.  

Regarding microemulsion droplets also the amphiphilic film with its scattering length density needs to 

be considered. Thus, there are three different domains with different scattering length densities, and 

one needs to distinguish between the following two scattering contributions: 

                      Eq. 2-27 

and  

                      
Eq. 2-28. 

Here, core represents the scattering length density of the substance which is inside the micelle, and 

film stands for the scattering length density of the surfactant film. In the case of microemulsions both 

scattering contributions need to be taken into account during data analysis.  

If one aims to investigate the structure of a multiple component system in a very detailed way it is 

possible to perform a systematic contrast variation study. This means that the composition and thus the 

H2O particle H2O/D2O particle D2O particle
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structure of the sample is not changed while different neutron contrast conditions are applied. For 

example the solvent composition can be changed stepwise by applying different volume ratios of H2O 

and D2O. In the case of core-shell particles it is also possible to change the contrast conditions by 

deuterating different parts of the particle. Furthermore, matching the scattering length density of the 

solvent to the shell means that only the particle core is visible for neutrons. Matching the scattering 

length densities of solvent and core leads to the so-called film contrast condition. This method has 

been successfully applied to investigate the surfactant layers around mineral particles [225] and to 

characterise complex systems [226]. 

2.4.3 Raw data treatment and data recording for static measurements 

To analyse scattering data qualitatively as well as quantitatively calibration to the absolute scale is 

necessary, since the raw data contain only information on the number of neutron counts together with 

the detector pixel position. Thereby, the number of counts depends on instrumental parameters like the 

incoming neutron flux, the collimation length, the size of the aperture, the sample thickness and the 

transmission of the sample. Furthermore, properties as the scattering of the empty sample container 

IEC, its transmission TEC and the efficiency of the detector need to be taken into account. Thus, the 

scattering data need to be normalised for different instrumental settings and for each setup. For this 

correction procedure different calibration measurements need to be performed (IEC, TEC, the natural 

background radiation scattering IBG by blocking the incident beam with Cadmium or boron carbide).  

The procedure of raw data treatment starts with the determination of the beam centre by measuring the 

intensity of the attenuated empty beam. After the sample measurement the data are masked to exclude 

the intensity at and immediately around the beam stop. Following that, the transmissions of empty cell 

and sample are calculated and finally the intensity can be averaged radially. The last step is to calibrate 

the data to the absolute scale, although it is also possible to calibrate first and then perform the 

averaging.  

In order to calibrate the scattering data obtained at the D22 instrument the data normalisation was 

performed with respect to the empty beam measurement [227] with the incident intensity I0 according 

to 

  

  
    

 

 

    

      
 

 

    

    

          
 

Eq. 2-29. 

 

Here, d/dΩ describes the angle-dependant macroscopic cross section, V is the volume of the 

scatterer, dsample is its thickness, p is the efficiency of the pixel, J0 is the incident neutron flux, I(θ) is 

the intensity measured at that pixel, and T is the transmission of the sample.  
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At the D11 instrument the data normalisation is performed in comparison to a standard sample, such 

as H2O. After measuring the scattering intensity      and its transmission      at a given instrumental 

setup the scattering intensity of the sample can be calibrated as follows [228] 

 
  

  
 
      

    
    

       
 
  

  
 
   

 

 
           
       

 
              
          

 

 
        
    

 
           
       

 

 
Eq. 2-30. 

 

Thereby, the subscript EC refers to the Empty Cell measurements, T is the transmission with respect to 

the empty beam, and I is the number of neutrons per second for the respective water, background and 

sample measurements.  

The ILL provides two different data treatment software packages for the calibration of the scattering 

data. In this work both LAMP [229] and GRASP [230] where used, whereby LAMP was preferably 

used for D11 data treatment and GRASP for D22 data treatment.  

After data reduction and radial averaging the result is the scattering intensity I(q) as a function of the 

scattering vector q. This curve still includes the incoherent scattering background of the sample itself, 

which can be determined by the constant scattering intensity at high q values. A subtraction of the 

incoherent scattering background can be helpful for data analysis because often slight oscillations 

caused by the sample structure are covered by incoherent scattering. After subtraction of Iincoh such an 

oscillation may appear as shown in Figure 2.21.  

For the sake of the description of the data recording procedure of kinetic measurements it should be 

mentioned here that the data recording order is a simple Count-command which counts the number of 

neutrons for the time the user signs into the instrument control software. This time can be estimated 

from the count rate which is also displayed in the software. If for example the count rate of a given 

sample and given instrument parameter is 50000 counts per second it is advisable to measure this 

sample for at least 40 seconds to achieve a total count number of at least 2 million counts.  
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Figure 2.21: Example of a scattering curve of a microemulsion with incoherent scattering background (red) and 

after subtraction of Iincoh (blue). The incoherent scattering background covers the slight oscillation which only 

becomes perceptible with the subtracted curve (highlighted by the black rectangle). 

2.4.4 Data analysis: Description of scattering curves 

There are basically two different approaches to obtain structural information out of scattering 

data which both should lead to the same results. The first one is to compare the scattering 

curves to a calculated curve for a given structural model, which directly leads to numerical 

parameters such as particle size and size distribution. However, this approach avoids models 

with too many or unknown parameters and the knowledge of the structure prior to data analysis 

is presumed.  

The second approach is to Fourier transform the scattering data to real space, which results in 

the Pair distance distribution function (PDDF) p(r). By evaluation of the shape of the PDDF 

information on the particle size and shape can be gained, meaning that this method can also be 

used if the structure is unknown. Here, the number of parameters is very restricted, but this 

route is also theoretically more demanding.  

The primary results of SANS experiments is a distribution of scattering intensity I(q) in reciprocal 

space as a function of momentum transfer q. In order to gain information on the real-space structure 

the scattering intensity of N particles in a homogeneous volume V can be factorized into inter- and 

intraparticle scattering contributions (decoupling approximation) [136] 

                    Eq. 2-31 

with n being the particle number density N/V 

      
  

       
     

 Eq. 2-32. 

The form factor P(  ) describes the intraparticle scattering and is related to the shape of the particles. 

The structure factor S(  ) accounts for scattering contributions arising from the interference of neutrons 
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scattered from different particles. The following sections give an overview of the models for form and 

structure factors used in this work.  

SPHERICAL DROPLET FORM FACTOR 

The particle form factor is defined as the product of the squared scattering length density 

difference , the squared particle volume Vpart and the complex square of the normalised 

scattering amplitude A(   ): 

               
               Eq. 2-33 

Thereby, the scattering amplitude A(  ) is the Fourier transform of the scattering length density profile 

(  ) which describes the scattering length density and thus also the particle composition in real space 

as a function of r in all dimensions. By calculating the Fourier integral of (  ) over the whole 

volume of the particle Vpart the scattering amplitude A(  ) can be described as 

                           
     

     Eq. 2-34. 

Here, (  ) can be described by (  ) =  f(r,R) with  being the scattering contrast and f(r,R) the 

radial density distribution function which describes the radial scattering length density profile of the 

scattering particle.  

In the case of spherical scattering particles or droplets orientation effects can be neglected because the 

scattering properties of the scattering particle are the same in all three dimensions and the particle is 

thus radially symmetric. Hence, Eq. 2-34 can be replaced by its one-dimensional, radial symmetric 

form 

                    
 

 

       

  
    Eq. 2-35. 

Note that after the simplification from three-dimensions to one-dimension the use of vectors is no 

longer necessary since the direction of the parameter is defined by the dimension. On top of that, A(q) 

is not complex anymore and thus A(q) = A*(q) so that Eq. 2-33 can be rewritten as  

              
          Eq. 2-36. 

Assuming that the radial density distribution function f(r,R) describes a step-like course with a sharp 

profile of the scattering length density, f(r,R) can be described by fcore(r,R) which defines this situation 

by 

            
            
                  

  Eq. 2-37. 

In the case of fcore(r,R) = 1, which is assumed for the step-like profile of the scattering length density, 

Eq. 2-35 simplifies again so that only the integral needs to be solved  
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                             Eq. 2-38. 

Combining Eq. 2-35, Eq. 2-36 and Eq. 2-38 it follows 

              
   

 

     
                     

 

 Eq. 2-39 

which can be solved numerically. Thereby, the scattering amplitude needs to be normalised to the 

particle volume since the integration in Eq. 2-38 is performed in a one-dimensional way only to an 

upper boundary of R and not to infinity in three dimensions. An example for a spherical droplet form 

factor according to Eq. 2-39 together with exemplary experimental data is shown in Figure 2.22. 

 

Figure 2.22: Experimental scattering data (blue circles) of a microemulsion plotted together with the sphere 

form factor according to Eq. 2-39. In order to plot both the data and the form factor on the same absolute scale 

P(q) was multiplied with the particle number density n. However, the fit considerably overestimates the 

oscillations. 

Note that the form factor P(q) was multiplied with the particle number density so that the form factor 

at low q does not converge to 1 as it would be the case without the parameter n,  and Vpart.  

In the case of microemulsions the particle number density can be calculated considering the molecular 

parameter of the surfactant. Thus, the number of surfactants can be calculated from the volume 

fraction of surfactants at the interface C,i by dividing C,i by the volume of one surfactant molecule 

vC.. If this value is multiplied with the area of one surfactant head group aC then the result is the total 

interfacial area. Dividing this area by the surface area of one spherical micelle with radius R the 

particle number density can be calculated as follows 

  
      
     

 
 Eq. 2-40. 

As can be seen in Figure 2.22 the fitting function of the sphere form factor considerably overestimates 

the oscillations in comparison to the real experimental data. These oscillations arise from interference 

patterns of the scattering centres and are smeared out if the size of the scattering particles is 
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polydisperse rather than monodisperse. On top of that the neutron wavelength distribution and the 

limited spatial resolution of the detector would also smear out the oscillations even if the sample 

consisted of perfectly monodisperse spheres. Polydispersity effects can be taken into account by 

convoluting the form factor P(q,R) for a monodisperse sphere with a radius R with a distribution 

function W(R,R0,) of the radius R around its mean value R0 with a size distribution width R resulting 

in 

                                
 

 

 Eq. 2-41. 

It is known that if the width of the distribution is sufficiently small compared to the radius, the shape 

of the chosen distribution function is of no importance regarding the effect on the size polydispersity 

of the fitting function [231]. Microemulsions, however, are known to have polydispersity indices 

pR = R/R0 ≈ 0.25 and thus the determination of the exact shape of the distribution function can be 

determined with high precision. Thus, it has proven feasible to apply a Gaussian distribution function 

to describe the size distribution of microemulsion droplets [139, 232-236] and the respective 

polydispersity by the standard deviation according to 

        
 

     
 

     
     

   
   

Eq. 2-42. 

Solving the integral in Eq. 2-41 leads to an expression for the polydisperse sphere form factor 

            [141] 

                              

 

 

  
        

   
     

              Eq. 2-43. 

with  

       
       

       
    

         
              

              

              
                  

Eq. 2-44. 

A fitting function for the polydisperse sphere form factor is shown in Figure 2.23. The fitting 

function was calculated assuming a polydispersity index pR of 0.25 which is a typical value for 

microemulsion droplets.  
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Figure 2.23: Plot of experimental data (blue circles) obtained from a microemulsion consisting of spherical 

droplets together with the monodisperse sphere form factor (grey line) P(q) and the polydisperse sphere form 

factor (black line)               . Although                describes the data satisfactorily in a medium q-range, the scattering 

intensity is not describe at low q and at very high q.  

Although microemulsions were mentioned several times so far the sphere form factor as 

described in Eq. 2-41 does not sufficiently describe scattering curves obtained from 

microemulsion systems as shown in Figure 2.23. This is due to two things: a sharp step-like 

interface was assumed as well as only two different regions of scattering length densities. 

However, in microemulsion systems the surfactant film around a micelle contributes also to the 

scattering intensity by the contrast factor film = bulk – film (see Eq. 2-28). Here, bulk is the 

scattering length density of the bulk phase or the solvent, and film is the scattering length 

density of the surfactant film. Furthermore, the assumed step-like change of scattering length 

density from inside to outside the particle is not correct for microemulsion droplets since the 

scattering length density changes slightly gradually because of hydration of the surfactant head 

groups, penetration of solvent molecules into the amphiphilic film and thermal fluctuations. 

One model that accounts for both film and core scattering contributions of a microemulsion 

droplet was developed by Foster et al. [140]. The radial density distribution function for the 

microemulsion droplet fdroplet(r,R) is defined as  

              
 

    
    

 
 

    

 
               

    
    

 
 

    

 
Eq. 2-45 

where R is the mean radius of the droplet, d is the shell thickness and  describes the sharpness 

of the amphiphilic film. The scattering length density differences have been defined earlier 

(Eq. 2-27 and Eq. 2-28). 
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In contrast to the application of a Gaussian function to account for both core and shell 

scattering contributions as well as for the diffuse nature of the amphiphilic film this model 

does not separate the film and the core scattering contributions and is therefore also appropriate 

for contrast conditions at which the scattering length density of the film is of the order of 

magnitude of the one of the core, i.e. core ≈ film ≠ bulk.  

Using this distribution function the scattering length density profile of the droplet is given by 

droplet(r) = film fdroplet(r,R). Pdroplet(q) is obtained by Fourier transformation of droplet(r) and 

is subsequently convoluted with a Gaussian size distribution function. A fitting function 

according to this model is shown in Figure 2.24.  

 

Figure 2.24: Plot of experimental data (blue circles) obtained from a microemulsion consisting of spherical 

droplets together with the polydispers sphere form factor (grey line)                and the polydisperse sphere form 

factor with diffusive interface and film scattering contribution Pdroplet(q) (black line). The scattering curve is now 

described satisfactorily in the medium and in the high q-range and deviates only in the low q-region from the 

experimental scattering intensity. 

As can be seen in Figure 2.24 the scattering curve of polydisperse spherical microemulsion 

droplets with diffusive interface and a film scattering contribution can be described in the high 

and medium q-range. The fact that the fitting function still deviates considerably from the 

experimental data in the low q-region is due to interparticle interactions which are explained 

later in this section. 

The free fitting parameters to describe a scattering curve according to this model are the 

micelle radius R0 and its polydispersity R, and the thickness d and the sharpness  of the 

amphiphilic film.  

This calculation cannot be performed analytically and was thus calculated numerically using 

MATHEMATICA 7.0
TM

.  
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CYLINDRICAL DROPLET FORM FACTOR 

Since the structure of microemulsion droplets is a function of composition and temperature, the 

structure can easily be influenced so that spherical micelles elongate for example with increasing 

temperature (Figure 2.6 right). In such a case, a sphere form factor is not appropriate to describe the 

scattering intensity and a form factor for cylindrical droplets Pcylinder(q) has to be introduced. 

Therefore, the contribution of the two different axial contributions of the round cross section Pcross(q) 

and the rod scattering Prod(q) need to be taken into account. Furthermore, polydispersity effects 

naturally also occur with cylindrical droplets which is why the cylinder form factor is convoluted with 

a Gaussian size distribution both for the radius and the length of the droplets. The factorisation of the 

intensity into these two single contributions is valid if qR « 1 [140, 237]. The cylinder form factor is 

thus as follows 

               
     

 

 

                                

 

 

              Eq. 2-46 

with L0 being the length of the cylinder, WR is again given by Eq. 2-42 and WL is the polydispersity of 

the length of the cylindrical droplet  

           
 

      
      

      
 

   
     Eq. 2-47. 

The axial contribution of the rod is given by the form factor  

        
        

  
 
            

    
   Eq. 2-48 

under the assumption of an infinitely thin rod and by averaging over all possible orientations in space. 

Here, Si(qL) is the sine integral function of qL. 

In order to account again for both film and core scattering contributions the radial density distribution 

function fdroplet(r,R) as described by Eq. 2-43 is applied to describe the scattering of the cross section 

Pcross(q) of the cylinder by 

                                       

 

 

        

 

  Eq. 2-49. 

Here, J0(qr) is the zeroth order Bessel function of first kind. Naturally, the geometry also needs to be 

considered when calculating the particle number density so that Eq. 2-40 has to be rewritten to 
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 Eq. 2-50. 

The free fitting parameter in this case are the radius R0 of the cross section the length L0 of the 

cylinder, the respective polydispersites R and L, and again the the thickness d and the 

sharpness  of the amphiphilic film. These calculations were also performed numerically in 

MATHEMATICA 7.0
TM

: 

PERCUS-YEVICK STRUCTUR FACTOR 

Interactions of particles with other particles which are close-by cause correlations which influence the 

overall scattering intensity. Thus, neutrons which are scattered by different particles can interfere so 

that the pure form factor description of the scattering is no longer valid, since these interactions 

influence the scattering intensity in the low q-range (see Figure 2.24). However, these interparticle 

interactions can be completely decoupled from the scattering properties of the particle itself (Eq. 

2-31). Hence, the structure factor SHS(q) for hard spheres can be related to the Fourier transform of the 

direct correlation function c(q) of the particles: 

       
 

       
  Eq. 2-51. 

The interparticle interactions of microemulsion droplets formulated with non-ionic surfactants can be 

described by a repulsive hard-sphere potential and thus the application of the Percus-Yevick structure 

factor is reasonable. Assuming monodisperse scattering properties the Percus-Yevick approximation 

[238-240] can be used to calculate c(q) which leads to the following expression: 

      
  

  
 
          

 

         
      

            Eq. 2-52 

with  

      
              

      
 
 

  
  

   
 

 
    

 

  
            

  

  
 
  

  
          

      
 

  
   

       

 
        

 

 
    

Eq. 2-53. 

The abbreviation x = 2RHSq is applied where RHS is the hard-sphere radius of the particles.  

However, this expression leads to strong oscillations due to the assumption of monodisperse 

conditions [130, 233] which cannot be found in experimental data from polydisperse systems. Hence, 

since interparticle interactions are also effected by polydispersity phenomena a Gaussian size 
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distribution W(RHS,RHS,0,HS) of the hard-sphere radius RHS around its mean value RHS,0 is convoluted 

with the Percus-Yevick structure factor: 

                       

 

 

                          Eq. 2-54. 

Glatter et al. were able to show that the use of the averaged Percus-Yevick structure factor leads to 

satisfactorily results for semi-diluted microemulsions [130, 241]. Convoluting the sphere form factor 

Pdroplet(q) with the particle number density n and the polydisperse Percus-Yevick structure factor 

                also the scattering intensity in the low q-region can be described satisfactorily. Thus the 

scattering curve is described completely (Figure 2.25). 

 

Figure 2.25: Plot of experimental data (blue circles) obtained from a microemulsion consisting of spherical 

droplets together with the polydispers sphere form factor Pdroplet(q) (grey line), the polydisperse Percus-Yevick 

structure factor                 for hard spheres (red line) and a convolution of both (black line), which finally leads to a 

good description of the scattering intensity over the whole q-range. 

This averaged structure factor, in the following simply denoted as SPY(q), represents a weighted 

addition of the monodispers structure factors. The free fitting parameters are the hard-sphere 

interaction radius RHS, the polydispersity HS and the hard-sphere volume fraction disp. Its calculation 

was also implemented into MATHEMATICA 7.0
TM

. 

ORNSTEIN-ZERNICKE STRUCTURE FACTOR 

The Ornstein-Zernicke function is an equation which accounts for interparticle interactions 

such as correlation [231, 242, 243]. In terms of microemulsions the interactions described by 

this function are caused by critical correlations if the system is at a condition close to a critical 

point. It is, however, also possible to describe the correlation interactions in polymer networks. 

The Ornstein-Zernicke structure factor is given by 
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   Eq. 2-55. 

Here, especially the parameter  is interesting since it describes the correlation length of the 

scattering contribution of interest, e.g. the correlation length of critical scattering or between 

interacting polymer chains. 

To account for scattering contributions from critical scattering in microemulsions at low q-

values, the Ornstein-Zernike structure factor SOZ(q) can be multiplied with the Percus-Yevick 

structure factor SPY(q) and the form factor P(q) if critical scattering contributions were 

observed. This procedure assumes once again that the factorization of the scattering intensity to 

its single contributions is possible. In contrast to the Percus-Yevick structure factor the 

Ornstein-Zernicke structure factor can directly be implemented into ORIGIN 8.5. 

SPHERICAL MICROGEL PARTICLES 

In order to describe the scattering data of spherical particles with and additional scattering contribution 

of a gel it is common to use a combination of a term which describes the contribution from the sphere 

and one which accounts for the scattering of the gel network. The scattering of a swollen gel can be 

described by a Lorentzian [62, 243] 

        
     

      
  Eq. 2-56 

which is very similar to the Ornstein-Zernicke structure factor (Eq. 2-55). In order to account for the 

scattering contribution of the sphere the sphere form factor as described in Eq. 2-39 was convoluted 

with a Gaussian size distribution as described in Eq. 2-42. Using these terms together the scattering 

intensity of a microgel sphere can be described by  

                      
     

      
             

      Eq. 2-57. 

The term exp(-q
2
t
2
) enters to enable the description of the diffusivity of the scattering particle which is 

not included in the sphere form factor [244]. A similar approach was described by Stieger et al. [245]. 

If the particles are completely hydrated, however, it is not possible to describe the according scattering 

curves by means of Eq. 2-57 but a Gaussian spatial distribution IGauss(q) has to be applied [246, 247] to 

account for inhomogeneities of within the polymer. The Lorentzian contribution IL(q) of fluctuating 

polymer chains has to be added to describe the scattering data in the high q-range so that it follows 
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Eq. 2-58. 

Thereby, a combination of IGauss(q), IL(q) and Isphere(q) leads to satisfactory descriptions of scattering 

data at temperatures close to a slightly below the volume phase transition temperature.  

GENERALISED INDIRECT FOURIER TRANSFORMATION (GIFT) 

In the limit of low particle number densities a direct relation exists between the particle and its 

scattering intensity by means of a Fourier transformation. The particle is mathematically 

represented by its pair distance distribution function which is derived in the following. 

Utilising the decoupling approximation the scattering intensity can be simplified to 

              Eq. 2-59 

in the case of a very diluted solution. As the form factor is the complex square of the scattering 

amplitude it follows 

                       Eq. 2-60 

where the squared brackets indicate the average over all particle orientations and particle sizes. 

Since the scattering amplitude is defined as the Fourier integral of the scattering length density 

distribution function (  ) in Eq. 2-34 the complex square can be written as 

                                                               
 

        Eq. 2-61. 

Replacing                  leads to 

                                                           
 

    Eq. 2-62. 

In this equation, it is sensible to define the spatial autocorrelation function G(  ) which 

describes the correlation of the scattering centers within a single particle as 

                                       
 

 Eq. 2-63. 

Inserting Eq. 2-63 in Eq. 2-62 leads to  

                                    
 

    Eq. 2-64. 

Here, the autocorrelation function G(  ) only depends on the magnitude of      rather than on its 

direction which means that the spatial average over all orientations can be performed in one 

dimension and can thus be written as  
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  Eq. 2-65. 

In order to calculate the scattering intensity the Fourier transformation needs to be performed 

on Eq. 2-64. Thereby, it is possible to perform only the one-dimensional radial-symmetric 

transformation since only the magnitude of      needs to be taken into account. Basically, this 

was already done to obtain Eq. 2-35 so that it follows  

                  
 

 

       

  
    Eq. 2-66. 

Introducing the pair distance distribution function p(r) by 

             Eq. 2-67. 

Eq. 2-67 can be rewritten as 

               
 

 

       

  
    Eq. 2-68. 

where the scattering intensity I(q) is defined as the one-dimensional Fourier transformation of 

the pair distance distribution function p(r) (PDDF).  

On the other hand, the PDDF can be defined as the inverse Fourier transformation of the 

scattering intensity I(q) [248]: 

     
  

 
                  
 

 

 Eq. 2-69 

Note that all information on size and shape of the scattering particle is now included in the 

PDDF. Thus, the determination of the PDDF via inverse Fourier transformation allows to 

directly gain information on size and basic geometry of the sample [249, 250]. It is very 

important to note that this way of analysing scattering intensity does not require to adopt a 

model prior to data analysis.  

Structural information on the scatterer can now be obtained from the shape of the PDDF. A 

schematic drawing of a PDDF typical for homogeneous spheres is shown in Figure 2.26. As 

can be seen the PDDF of a homogeneous sphere shows a symmetric peak. The radius of the 

sphere can be gained from the position of the peak maximum and the maximum extension 

indicates the diameter of the sphere. In case of such a homogeneous sphere, the spatial 

resolution function (r) can be interpreted as a probability function of finding the radius r 

within the homogeneous sphere. Thus, the probability functions starts at 0 and ends if r > D0 

with the maximum extension.  
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Figure 2.26: Schematic drawing of a pair distance distribution function p(r) (PDDF) for a monodisperse 

homogeneous sphere, i.e. a sphere with only one constant scattering length density. The PDDF is a symmetric 

peak with its maximum at the radius R0 of the sphere and its maximal extension at the diameter D0 = 2R0 of the 

sphere. The PDDF passes through the origin at r = 0 Å and drops to zero at r = D0.  

The number of different distances r can be calculated by multiplying the spatial resolution 

function (r) with the volume of a spherical shell with the radius r and the thickness dr. Thus, 

the number of distances can be written as 

                         Eq. 2-70 

and therefore the pair distance distribution function p(r) is directly proportional to the number 

of distances and can thus be seen as a distance histogram.  

In the case of polydisperse particles the shape of the PDDF remains similar to the one shown in 

Figure 2.26. Since also distances with r > D0, i.e. distances with a larger extension than the 

mean diameter, can be found the maximum and the maximum extension of the PDDF are 

shifted to higher r values.  

However, if the one aims to apply the inverse Fourier transformation to the scattering intensity 

according to Eq. 2-69 that would require scattering data of the full q-range, i.e. 0  q   

which is not practical for scattering experiments. Due to the limitation of the q-range strong 

oscillations would arise in such a direct Fourier transformation (termination effects). These can 

be minimised using the indirect Fourier transformation (IFT) where a limitation of the PDDF is 

assumed and the PDDF is smoothed, desmeared and Fourier transformed in a simultaneous 

process [250-252]. Thereby, the basic principle is the assumption that the scattering intensity 

can be approximated by a finite number of base functions. However, this method is restricted 

to solutions which are highly diluted so that no interparticle interactions occur, as then the 

scattering intensity I(q) at low q-values deviates from the ideal particle form factor P(q). Based 

on the general idea that the PDDF and hence its Fourier transform can be described by a finite 

number of base functions, Glatter et al. developed a way to analyse also scattering data with 
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interparticle interactions. This method is called the Gerneralised Indirect Fourier 

Transformation (GIFT) [253, 254]. Using the GIFT method, it is possible to determine the 

particle form factor P(q) with a minimum of a priori information as it is also a model-free 

approximation. The structure factor is calculated by separating its scattering contribution from 

the form factor scattering by means of factorisation (decoupling approximation, see Eq. 2-31 

[136]) and hence is not model-free. In this work the polydispers Percus-Yevick structure factor 

was applied for all calculations using the GIFT procedure [130, 241]. The form and structure 

factors are approximated in an iterative procedure by means of a nonlinear least-square 

procedure based on a Boltzmann-Simplex-Simulated-Annealing (BSSA) algorithm [254]. The 

a priori information which is needed for the form factor is only an upper limit of the particle 

size for the form factor, an estimated range for the values for the volume of the scattering 

particle disp, the radius of the hard-sphere particle RHS and its polydispersity HS.  

The assumption that the PDDF can be described by a finite number of base functions can also 

be applied to a subsequent numerical deconvolution of the PDDF to obtain the radial scattering 

length density profile of the particle. This procedure is implemented into the DECON-tool of 

the GIFT program package developed by Glatter and Mittelbach [255, 256]. This program only 

needs information on the size distribution function assumed for the particles. Both the GIFT 

procedure as well as the DECON tool have already been applied to microemulsions under 

normal pressure [130] as well as under high pressure [34].  

2.4.5 The stroboscopic high pressure SANS cell 

STATE OF THE ART: SCATTERING EXPERIMENTS AND PRESSURE JUMPS 

Scattering experiments at elevated pressure have been performed with soft condensed matter systems 

for several years, both with X-rays and neutrons [36, 257-262]. Thereby, also setups for simultaneous 

measurements of X-ray and light have been developed [263]. For X-ray scattering experiments two 

articles on different pressure-jump devices were published in 1999 and 2000 by Steinhart et al. [264] 

and Woenckhaus et al. [265], with two different sample holders. Steinhart et al. prepared special 

drawings and had the sample cell manufactured by Nova Swiss, whereas Woenckhaus et al. seem to 

have had support from their departmental workshop. While Steinhart et al. use Beryllium windows 

which are commonly used for high-pressure X-ray experiments Woenckhaus et al. use diamond 

windows which allow application of higher pressure (10000 bar compared to 3500 bar). The sample 

volumes can be reduced to 0.1 mL in the cell designed by Woenckhaus and even to 30 µL in the 

Steinhart cell. The high-pressure network of these cells is very similar. In both systems, water is used 

as a pressurising medium, and the sample is separated from this by a Teflon piston. The pressure is 

transmitted from a pressure reservoir to the sample by opening the relevant valves. The high pressure 
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is generated by a hydraulic hand-pump (Woenckhaus) or by a pressure generator (Steinhart). While 

Woenckhaus et al. can apparently perform only one pressure jump at a time, Steinhart et al. are able to 

repeat the pressure jump experiment up to 10 times without entering the experimental hutch. After 

that, however, the water reservoir needs to be refilled. One other setup for a pressure jump with a dead 

time smaller than 5 ms was presented by Winter et al. who, however, only perform one pressure jump 

and do not have the option for fast repetitions [266]. 

The situation with neutron scattering, however, is very different, since there is no report of a pressure 

jump apparatus for SANS apart from the cell [56] which is described in the next section. 

STROBOSCOPIC HIGH-PRESSURE SANS CELL 

The stroboscopic high-pressure SANS cell was developed to enable pressure jumps with adjustable 

amplitude, a high frequency and a high number of possible repetitions. The basic idea of this cell is to 

implement a metal bellow (see Figure 2.27) into the sample volume which can be elongated and 

shrunk by controlling it from outside. This change of size results in a change of pressure since the 

volume of the sample is changed.  

                                        

Figure 2.27: Left: Technical drawing of the metal bellow with the crinkles around it. The short dashed lines 

from the top indicate the internal tube of hydraulic oil which is connected to the hydraulic pump. Middle: 

Photography of the metal bellow together with the plastic connection. The black ring is a sealing. At the very top 

the winding is visible which provides the connection to the tubing filled with hydraulic oil. Right: Photographs 

of the bellow in an extended state (top), applying high pressure to the sample volume, and in a shrunken state 

(bottom), transferring a lower pressure. 
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The inside of the bellow is connected to the hydraulic pump, as indicated in Figure 2.27 left by the 

short dashed line. The pump can provide two different pressures up to 500 bar. Pump and bellow are 

separated by pneumatic valves which allow to separately apply different pressures. Thus, by opening 

the first valve a higher pressure can be applied to the sample because the pump transfers hydraulic oil 

into the bellow, causing it to elongate and thus increasing the pressure inside the sample holder. After 

closing the first valve the second valve can be opened which connects to the second lower pressure of 

the pump. Thus, the higher pressure of the sample shrinks the bellow, leading to a flow of hydraulic 

oil back into the pump. After closing valve two the cycle can be repeated as often as desired. The 

pressure cycle can be adjusted by means of a software program implemented into LabView. The valves 

are switched via a pneumatic setup, i.e. using a fast impulse of pressurised air. Thus, pneumatic and 

hydraulic circuit are inextricably intertwined but have to be treated separately. Both circuits and their 

crossover points are shown in Figure 2.28. 

 

Figure 2.28: Technical sketch of the pneumatic (top half) and the hydraulic circuits (bottom half) of the SHP-

SANS cell. The pressures are provided by the hydraulic pump (circle at the bottom). The pneumatic valves are 

operated with pressurised air at 8 bar. The SHP-SANS cell and the bellow are shown schematically below the 

valves V1 and V2. Prepared by the internal mechanical workshop. 

Since pump and sample holder cell are heavy and bulky a specially modified rolling table is used to 

handle the whole setup, which is shown in Figure 2.29. This table is used to move the cell and handle 

it at all times at which the cell is not in the neutron beam. A specially designed holding, mounted on 

top of the table, on which the cell is fixed with four screws enables to turn the cell overhead. This is 

used during the filling procedure as well as for homogenisation of the sample. The table also provides 

the necessary proximity of cell and pump. As the pump heats up very fast a water bath which is used 

for cooling is placed next to the pump. For the same purpose a set of two fans is attached to the pump. 
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The house-in build membrane reservoir which is used for transferring CO2 at controlled pressure to the 

cell can also be placed on top of the table.  

 

Figure 2.29: Schematic drawing of the SHP-SANS cell together with the immediate equipment. Thus, the SHP-

SANS cell is placed at the holding which allows to turn the sample head over. The blue device mounted below 

the cell is a stirring plate. The piston and the valves are at the top of the cell. The black, flexible tubes connect to 

the hydraulic pump which is fixed at the lower level of the table. To prevent heat damage of the pump a 

thermostat is used for cooling. Prepared by the internal mechanical workshop. 

Beside the surrounding equipment of the stroboscopic high pressure SANS cell the sample holder is of 

course always in the focus of attention. A cross section of the SHP-SANS cell is shown in Figure 2.30. 

Here, also the neutron beam (red) is brought to attention, because it is important that the cell has a 

conical shape at the side of the cell at which the neutrons exits the sample volume to allow the 

scattered neutrons to travel to the detector without being scattered at the sample holder. The metal 

block surrounding the sample volume is furrowed by canals which allow to connect the metal block to 

an external water bath and thus to precisely control the temperature of the sample. The pressure inside 

the sample volume is connected by a diaphragm to a pressure sensor. The sample volume has two 

entrance sites: one via the valve at the bottom of the cell (left hand side, lower part in Figure 2.30) 

which is used for filling liquid CO2 into the cell, and the cylindrical opening at the top of the cell 

which is sealed by the tunable piston in Figure 2.30. This piston also enables to adjust the pressure of 

the sample independent of the bellow.  
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Figure 2.30: Cross section through the SHP-SANS cell (designed by the internal mechanical workshop). The 

sample volume is marked in orange. Implemented into the sample volume is the bellow (green) which is the key 

component for pressure jumps. The neutron beam (red) enters the cell on the left hand side and is partially 

scattered at the sample volume. Due to the conical shape of the cell at the right hand side scattered neutrons can 

travel to the detector undisturbed by the cell. The sapphire windows which seal the sample volume provide high 

neutron transmission. The upper part of the setup displays the valves (black boxes) and the tunable piston. The 

connection from bellow to valves is highlighted in yellow. The yellow arrows at the right indicated the transition 

to the hydraulic pump.  

2.4.6 Data recording for kinetic measurements 

Since a variety of different counting methods were used in this work this chapter gives an overview of 

the different counting methods. Kinetic data collected at the D11 instrument were acquired using the 

Kinetic Mode, while D22 data usually are ListMode data. The results are, however, the same. 
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A schematic drawing of the general course of data acquisition is shown in Figure 2.31. The ILL 

generally uses digital pulse processing systems. This drawing, however, shows only the way the data 

travel through the system, and does not show the complexity of applications with high timing accuracy 

and the difficulties which arise if an accurate synchronisation of several devices is necessary.  

 

Figure 2.31: Schematic drawing of data acquisition at ILL. The neutrons are counted at the detector and the 

according data are processed by the detector crate. In order to obtain both a numerical and a graphical 

representation of the events at the detector a second processing at the acquisition crate is necessary. 

COUNT AND REPEAT 

Probably the simplest way to collect data with a time resolution is to enter a count command in the 

instrument control software with a measurement time of for example 1 s and repeat the command 60 

times. Thus, the kinetic measurement runs for 60 s with a time resolution of 1 s. This procedure, 

however, can only be applied for strong scattering samples with a minimum time resolution of 1 s. 

KINETIC COUNT 

This mode is used if it is possible to change the condition of the sample reversibly and periodically 

and is therefore also suitable for weak scattering samples. It needs to be distinguished between the 

electronic control of the sample and the one of the instrument. Besides pressure jump experiments also 

stopped-flow experiments or setups with oscillating magnetic fields can be measured with this mode.  

In order to control the pressure cycle and thus the sample condition six parameters have to be defined 

prior to the experiment. The first two are of course the two pressures phigh (at V1) and plow (at V2) for 

the pressure cycles. They can be adjusted manually and are read out by the LabView software. The 

opening time of the valves can also be controlled via LabView (see chapter 2.4.5). The system 

automatically runs through the following commands: open V1, close V1, open V2, close V2. Thereby, 

the duration of each of the steps needs to be defined in the LabView software. The software will repeat 

this cycle until the user disconnects the software from the sample cell. Together with the signal “open 

V1” the electronic system releases a trigger signal for the instrument to start counting. 

Regarding the instrument control, the user first has to generate a setup file that determines the number 

of slices nS and the time of each slice ts (i.e. the time resolution), as well as the number of repaints. 

Thus, the duration of the counting time tcount is calculated by the software by tcount = nS ·tS. Multiplying 
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tcount with the number of repaints gives the time of the whole experiment. The cycle is repeated with 

every trigger signal. A schematic drawing of a time line of such an experiment is shown in Figure 

2.32. Note that it is also possible to choose logarithmic distances between the segments ns. 

 

Figure 2.32: Schematic drawing of the course of a kinetic SANS experiment in which the kinetic mode is used. 

A trigger signal starts both the sample cycle (here exemplary for a pressure jump cycle) and the counting cycle 

of the detector. The time width and the number of slices are defined before the start of the experiment. Once the 

counting cycle is finished the detector waits for the next trigger to start the second counting cycle.  

Figure 2.33 shows a photograph of the box which contains all electronic control cards which are 

necessary for a experiment using KineticMode. The four pin inlets at the right which are marked 1.1, 

1.0, 2.1 and 2.0 must be connected to the according site at the cell because here the signals to open 

valve 1 (1.1) and close valve one (1.0) are released. The two inlets P1 and P2 are connected to the 

pressure control system at the hydraulic pump so that the pressures there can be read out via laptop. 

`START` and `STOP` mark the positions of the switch in which the experiment is either running or 

stopped. The `TRIGGER OUT` connection is a BNC-outlet which can be connected to the trigger 

cable of the instrument while the pressure cycle is controlled by the opening and closing of the 

respective valves.  

To process data collected in KineticMode either GRASP [267] or LAMP [268] can be used. 

25 slices

phigh

plow

time1 cycle

1st trigger 2nd trigger
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Figure 2.33: Photograph of the control box for KineticMode measurements. The four pin connections at the left 

release the signals `open` and `close` for the valves. The inlets P1 and P2 connect to the hydraulic pump to read 

out the pump pressures via laptop. The inlet marked TRIGGER OUT releases the trigger signal to the SANS 

instrument. The four black cables at the bottom are power supplies, the two beige ones connect to the laptop to 

transfer the valve opening times and to read out the pump pressures. The switch starts or stops the experiments. 

LIST MODE COUNT 

The great advantage of ListMode over KineticMode is that it is not necessary to define the time 

resolution of the experiment in advance, but the time resolution can be chosen any time after the 

experiment. During a ListMode count each neutron arriving at the detector is saved with information 

on its position on the detector and with its time of arrival relative to the last trigger signal. Thus, the 

data can be regrouped after the experiment with any desired time resolution.  

The electronic procedure is very similar as the one describe for KineticMode. The trigger can either be 

given by the sample control software together with the command for the first valve to open or by the 

instrument. ListMode counts, however, generate an enormous amount of data. 

Data analysis can to date only performed with BerSANS [269] which was programmed by U. 

Keiderling, Berlin [270].  

2.4.7 Time Involved Small Angle Neutron Scattering Experiments (TISANE) 

THE INSTRUMENTAL SETUP 

Additionally to the setup shown in Figure 2.19 the setup for TISANE measurements requires the 

presence of a double chopper to pulse the neutron beam. A chopper was installed at the D22 

instrument at the Institute Laue-Langevin, Grenoble, France (see Figure 2.34). 
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Figure 2.34: Schematic setup of the D22 spectrometer for small angle neutron scattering. In contrast to the setup 

shown in Figure 2.19 the continuous beam of neutrons passes is the double chopper (left, dark blue). This, 

however, only happens if the positions of the windows of the rotating chopper disks allow for the neutrons to 

pass. A lot of neutrons get caught by one of the chopper discs, and the intensity of the remaining beam is pulsed 

after the chopper. Since a broad wavelength distribution is an integral part of the TISANE principle the velocity 

selector (light blue) is no longer used. The collimation (yellow) and the detector (bright blue) remain unchanged 

compared to the standard setup. 

Neutron choppers are rotating mechanical devices which have the purpose of blocking the neutron 

beam for specific time intervals. The chopper system which is installed at D22 was designed and 

manufactured by Astrium [271]. It consists of a double chopper system in a vacuum tight housing 

which is equipped with neutron windows made of aluminium foil on each side of the housing. The 

drive units which are used to rotate the chopper disks are equipped with motors and spindles with 

active magnetic bearings in all axes. An image of the housing is shown in Figure 2.35.  

 

Figure 2.35: Left: Rendered picture of the vacuum tight chopper housing with neutron windows (top) and the 

axes which induce rotation (standing out at front and back). Right: Mechanical drawing of one chopper disk with 

12 marginal openings (windows). Taken from [271]. 

Figure 2.35 right shows a mechanical drawing of a chopper disk which have an outer diameter of 

700 mm and 12 windows the size of 42 x 57 mm. The disks can be rotated clockwise as well as 

counter clockwise with a maximum speed of 20000 rpm with a phase resolution of 0.01°.  
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THE TISANE PRINCIPLE AND FREQUENCY CONDITION 

The TISANE principle was first presented time by Gähler and Golub [272], but the first to find an 

appropriate application for this method were Wiedenmann et al. [273] who monitored the magnetic 

moments of nanoparticles in an oscillating magnetic field with this technique.  

The enormous potential of TISANE lies in its time resolution in the range from ms to µs which is an 

improvement of two orders of magnitude while simultaneously not losing more than one order of 

magnitude of intensity compared to common neutron scattering setups. This is facilitated because 

TISANE makes use of the frame overlap of neutrons caused by wavelength distribution instead of 

accepting frame overlap as the limiting factor for time resolution. The wavelength distribution in 

typical time resolved SANS measurements is / = 0.1, which means that the time resolution at a 

detector distance of 20 m is limited to about 5 ms [274].  

Following the TISANE principle, the key aspect is the broad wavelength distribution of a pulsed white 

neutron beam. In addition, TISANE requires a device which modulates the scattering properties of the 

sample periodically. Given these experimental condition the TISANE principle can be concluded from 

Figure 2.36. The distance between chopper and sample is thereby abbreviated with LCS and the one 

between sample and detector with LSD.  

 

Figure 2.36: Plot of time versus distance for a TISANE experiment at a SANS instrument. The chopper (left) 

pulses the neutron beam with a time period TC. The neutron beam has broad wavelength distribution. At the 

distance LCS from the chopper the scattering properties of the sample are periodically modulised, as indicated by 

the periodic change of colours which represent certain scattering properties. After a certain distance LSD at which 

the detector is placed the colours and thus the neutrons rearrange in such a way that all neutrons of one detector 

interval have seen the same state (colour) of the sample. Taken from [57]. 
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Starting at the very left in Figure 2.36 the chopper pulses the neutron beam with a period time TC. 

Although the pulse itself is very narrow in time, the neutron beam diverges on its way to the sample 

considerably because of the wavelength distribution of the neutrons. Thus, fast neutrons arrive at the 

sample earlier than slow neutrons, so that the beam is continuous again when passing the sample. The 

scattering properties of the sample change periodically at a time TS. After passing though the sample 

the neutrons rearrange again according to their velocity. This time, however, if the frequencies and 

distances of the experiment are matched exactly, the neutrons rearrange according to the sample 

condition they have seen. Observing the detector counts at the required times TD means that within one 

time frame of the detector only neutrons arrive which have all passed the same sample condition.  

Thinking this through for an exemplary neutron this means that a slow neutron from a pulse x passes 

the sample at the sample pulse y and is detected in the detector cycles z. Another neutron which is also 

detected during this detector cycle z but is much faster than the first one saw the same sample state but 

in the sample cycle y+1, i.e. one sample cycle later. Although this sample cycle occurred later on the 

time scale than the first one the different velocity of the neutrons makes it possible for both to arrive at 

the detector at the same time. Consequently, the fast neutron probably passed the chopper in during the 

cycle x+2 which has an even wider time gap to the neutron pulse in which the first neutron passed the 

chopper. This principle is called frame overlap and is also explained graphically in Figure 2.37.  

 

Figure 2.37: Plot of the distances in a TISANE experiment versus time. The waves indicate the different 

frequencies of sample and detector, while the openings in the bold black line at the x-axis represent the chopper 

pulses. As can be seen, neutrons from different chopper pulses which probe the same state of the sample arrive at 

the same respective time channel at the detector if all frequency and distance conditions are obeyed. 

In order to evaluate the distances and frequencies for the TISANE experiment the detector distance at 

which the colours in Figure 2.36 reorder can be calculated according to 

  
  
 
   
   

 Eq. 2-71. 

and  
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 Eq. 2-72. 

Here, the letter Li represents the distance between the sample (S), the detector (D) and the chopper (C), 

whereby LCS is a constant instrument parameter. As already described in Figure 2.36 the letter T 

indicates the cycle times of the respective part of the experiment. From these equations the TISANE 

frequency condition can be deduced: 

         Eq. 2-73 

with 

  
  

 
 Eq. 2-74. 

The letter f indicates the frequency of the devices. Considering this and applying the intercept theorem 

it follows 

                 Eq. 2-75. 

Regarding a real experiment it is the sample-to-detector distance and thus the q-range which is 

determined first. The chopper frequency is then adjusted to LSD and the intended sample frequency. 

The higher time resolution and the fact that the loss of intensity compared to static measurements is 

only one order of magnitude are the major advantages of TISANE over other time resolved 

techniques. Although the chopper prevents a big fraction of the neutron beam from passing, the loss of 

intensity can mostly be compensated by moving the velocity selector out of the beam. 

TISANE COUNT 

The implementation into the electronic system is very different from the one described for the Kinetic 

Mode. The most important device in a TISANE setup is the chopper. At the start two marked windows 

are positioned in such a way that the neutron beam can pass. If the chopper disks rotate this position is 

reached again with a frequency fC which releases the trigger signal for the other parts of the 

experiment. Thus, the chopper is the `master` of the experiment. The trigger signal is released to two 

frequency generators which connect to the sample environment and to the detector. While the detector 

frequency can be implemented into the instrument control software the sample environment needs to 

be controlled separately. As it is of high importance that all frequencies are kept exactly throughout 

the experiment all frequencies are continuously compared to a 10 MHz signal. Experimental results of 

this mode are discussed in chapter 3.3. 



Fundamentals   

63 

 

 

Figure 2.38: Photograph of the electronic control box which is used for TISANE experiments. Here, the BNC 

inlet marked `CLOCK` is connected to a frequency generator which gives out a frequency of 10 MHz for 

synchronisation. Left of the CLOCK socket is the connection site for the BNC cable which transfers the trigger 

signal to the pressure cell. In order to be able to record the ingoing trigger signal the `TRIGGER OUT` 

connections were established. Although the experiment is started by the chopper trigger signal the pressure cell 

can be disconnected from this system by the start switch. At the left hand side are the connections to the valves 

and the hydraulic pump as described in the previous section. 

The electronic control box for a TISANE experiment as shown in Figure 2.38 is very similar to the 

one shown in Figure 2.33 as there are the four connections to the valves which control the commands 

`open` and `close` of the valves V1 and V2 as well as the two connections to the pressure control of 

the hydraulic pump. Starting at the right hand side, however, a connection for a BNC-cable exists 

which is to be connected to a frequency generator which generates a continuous signal of 10 MHz. 

Since all other signals are synchronised according to this signal the frequency generator is called 

external clock. The BNC-connection left to the clock connects to the chopper system which releases 

the trigger signal to trigger the pressure cycles. In order to be able to record the trigger signal together 

with the pressure there are two positions at which a connection to an oscilloscope can be established. 

For safety reasons the switch allows to disconnect the pressure cell from the chopper and instrument 

system.  

Since TISANE experiments are conducted with ListMode data analysis can to date only be performed 

with BerSANS [269].  
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2.5 Light scattering 

A general setup for a light scattering experiment is shown in Figure 2.39. The laser provides coherent 

and monochromatic light. The sample solution is inside a cylindrical cuvette which is placed inside a 

toluene bath. Toluene has the same refractive index as glass and is therefore used as an index matching 

bath. The incident beam is scattered and reflected when it meets the index bath and not when it meets 

the sample cuvette which prevents disturbing signals.  

 
Figure 2.39: Schematic setup of a light scattering device. The sample particles in solution are inside a special 

light scattering cuvette which is placed in a index matching bath. It also provides temperature control. While 

most of the light is transmitted a fraction of the light is scattered and can be detected. A lens is used to focus the 

light beam onto the sample.  

The lens (or the lens system) has to be focussed on the exact middle of the sample cuvette. The 

detector also needs to be focussed onto this spot. Furthermore, the detector and the incoming light 

have to be exactly on the same level.  

The quality of focussing can be controlled by a plot of the absolute scattering intensity versus angle. 

To obtain a straight line the scattering volume needs to be considered. Considering that the laser is not 

a line but a beam with a distinctive volume it follows that also the detection does not “see” only one 

point of the sample solution but a certain volume. This is shown schematically in Figure 2.40.  

 

Figure 2.40: Schematic drawing of the scattering volume for the case of θ = 30° (left) and θ = 90° (right). As 

can clearly be seen the scattering volume is higher in the case of θ = 30 and thus needs to be corrected.  
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Considering the scattering volumes different angles as shown in Figure 2.40 the intensity needs to be 

corrected by multiplying it with sin(θ) with θ in radian measure. Since the scattering volume at θ = 90° 

is the smallest all other scattering intensities are compared to this one. The correction term here is 

sin(90°) = sin(1.57079633) = 1. For 30° and 150° the scattering volume is twice as big as the one at 

90°, thus it follow that sin(30°) = sin(150°) = sin(2.61799388) = 0.5. After correction of the scattering 

volume the scattering intensity should be the same for all angles. If this is the case the instrument is 

properly focussed.  

2.5.1 Dynamic light scattering 

Dynamic Light Scattering (DLS) measures the fluctuations of the scattering intensity as a function of 

time and relates this to the size of the particles. These fluctuations occur because of Brownian motions 

which have their origin in random density fluctuations of the solvent. These fluctuations lead to 

collisions of solvent molecules and particles. The movements can be described by a three-dimensional 

random walk model. Thereby, the mean square distance which is covered by a particle because of 

Brownian motion has a linear dependence to the time of movement t [275].  

The Brownian motions cause fluctuations in intensity for various reasons. First, particles diffuse in and 

out of the scattering volume, so that the absolute number of scattering particles and thus also the 

scattering intensity varies. Second, the particles change their relative positions towards the other 

particles which leads to a change of the interference pattern (Doppler effect). This is shown 

graphically in Figure 2.41 left. 

 

Figure 2.41: Left: Different possibilities of interferences which occur due to Brownian motion. Right: The 

recorded scattering intensity fluctuates with time because of Brownian motions. Thereby, fluctuations have a 

higher frequency for small particles because they move faster than large particles. Taken from [276]. 
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In order to analyse the intensity fluctuations the intensity is correlated. Therefore, the intensity is 

recorded in time intervals t which are in the range from nano- to microseconds and thus small 

compared to the time scale of the fluctuations. Dividing the measurement time tM into N intervals t it 

follows  

         Eq. 2-76. 

The correlation is basically a comparison of the scattering intensity at the time t I(t) and the intensity at 

the time (t + ) I(t + ) where  is the delay time and is usually chosen in logarithmic intervals 

according to  

      with 0  n     Eq. 2-77. 

The intensity-time-autocorrelation function can be calculated applying 

              
 

  
              

  

   

 Eq. 2-78. 

Eq. 2-78 sums up the intensities for all intervals t and normalises these to the measurement time by 

dividing the sum by tM. Naturally, the correlation has a higher impact for short delay times whereas the 

correlation of different scattering particles for greater delay times looses in significance. Considering 

Figure 2.41 it can be seen that the difference of I(t) and I(t + ) is very small for short delay times  so 

that the approximation I(t) = I(t + ) is valid for  → 0 s. The autocorrelation function is thus given by 

the mean squared intensity I(t)². For high  values, however, intensities are similar so that the 

autocorrelation function is given by the square of the mean intensity I(t)². Following this, the 

autocorrelation function decreases monotonically from I(t)² to I(t)² with increasing delay time . 

This is shown graphically in Figure 2.42. 

 

Figure 2.42: Shape of the intensity-time-autocorrelation function I(t) I(t + ) as a function of the delay time . 

For  → 0 s the autocorrelation function can be compared to the mean squared intensity. With increasing delay 

time the autocorrelation function approaches the squared mean intensity as correlations become weaker. Taken 

from [277]. 
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If the number of intervals tM is high enough the sum in Eq. 2-78 can be approximated by an integral. 

Dividing such a function by the squared mean intensity I(t)² leads to the normalised intensity-time-

autocorrelation function g2() 

      
             

       
 

 
  
              
  
   

       
  Eq. 2-79. 

Since light is a wave which causes an electrical field the normalised field-time-autocorrelation 

function g1() is used in light scattering experiments 

      
             

            
 Eq. 2-80 

because the intensity is proportional to the amplitude of the electric field E(t). The two autocorrelation 

functions are connected by the Siegert relation which is described as 

                  Eq. 2-81. 

The parameter G is a geometry factor and is equal to 1 if the electric field amplitude E(t) has a 

Gaussian distribution. The parameter B1 can be described as the value of the autocorrelation function 

at infinite delay times  and is also equal to 1 for an optimal experimental geometry.  

In order to extract information on the particle size and shape the g1() function can be used which is 

also connected to the inverse relaxation time  by  

       
       Eq. 2-82. 

 is connected to the translational diffusion coefficient D by the Landau-Placzek relation 

       Eq. 2-83 

where q is the scattering vector according to Eq. 2-22, multiplied with the refractive index of the 

solvent. In the case of spherical particles the diffusion coefficient is inversely proportionate to the 

hydrodynamic radius Rh according to the Stokes-Einstein relation  

   
   

      
    Eq. 2-84 

where kB is the Boltzmann constant, T is the temperature and S is the viscosity of the solvent. 

Describing the autocorrelation function g1() by a single exponential function according to Eq. 2-82 is, 

however, not possible in reality since scattering particles are never perfectly monodisperse. Thus, the 

g1() function is described by a number n of exponential functions which are weighted by the factor i 

according to the quality of the description of the exponential function. This can be described 

mathematically by  

          
    

 

   

  Eq. 2-85. 
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Each weighting factor i corresponds to one inverse relaxation time i and thus also to one 

hydrodynamic radius Rh,i of the distribution of different radii.  

One way to analyse such set of weighted autocorrelation functions is the cumulant method which can 

be seen as an expansion of the autocorrelation function  

               
 

  
      

 

  
            Eq. 2-86. 

The first cumulant parameter 1 gives the mean diffusion coefficient D = 1/q
2
 which can be used to 

calculate the hydrodynamic radius according to Eq. 2-84. The second cumulant parameter 2 = (D²-

 D²)q4
 gives quantitative information on the polydispersity. This analysis, however, can only be used 

for systems with polydispersities smaller than 20%. A more general application is provided by the 

CONTIN analysis in the course of which the g1() function is Laplace transformed and thus also gives 

information on the mean diffusion coefficient and the polydispersity of the particles.  

2.5.2 Dynamic light scattering under high pressure 

Performing DLS under high pressure (HPDLS) is in most cases only possible for a limited number of 

angles, for example one [278, 279], three [280] or five [281] angles. In all of these cases each angle 

requires a single sapphire window which is the main reason why the number of angles is restricted. 

The five angle device constructed by Kermis et al. [281] can only host this comparably high number 

of angles because the windows are attached at both sides of the laser beam, where it is very common 

to use only one hand side to detect the scattered light.  

In this work, a HPDLS device is presented which is capable of measuring an arbitrary number of 

angles between 30° and 150°. For this setup an optically cut sapphire disk with an outer diameter of 

2.5 cm and an inner diameter of 1 cm is implemented into a Brookhaven light scattering device.  

The basic setup is very similar to the one shown in Figure 2.40 just that a toluene bath cannot be 

realised and the laser meets the sapphire disc directly. This does not provide a problem since the laser 

passes through the disc for 1.25 cm before hitting the sample. All reflections and refractions are thus 

unlikely to be detected. A photograph and a technical drawing of this setup are shown in Figure 2.43. 

  

Figure 2.43: Left: Photograph of the laser beam passing through a sample of polymer particles for 1 cm. The 

sample container is a sapphire disk. A magnetic stirrer can be seen at the bottom. Right: Technical drawing of a 

cross-section through the device, prepared by the internal mechanical workshop. The sapphire disk is shown in 

light grey.  
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2.5.3 Static Light Scattering 

Static light scattering (SLS) analyses the absolute intensity in form of the average over the 

measurement time. In contrast to the DLS setup shown in Figure 2.39 SLS setups do not contain a 

correlator. Sample holders have an average diameter of 3 cm and the sample concentration is usually 

lower than for DLS. Since the absolute intensity is of interest here it is even more important that the 

device is focussed correctly.  

In order to extract information on the structural size of the particles the q-dependence of the excess 

Rayleigh Ratio R(q) of dilute solutions is found which is defined as 

     
                      

            
          Eq. 2-87 

where Si(q) are the scattering intensities of sample, solvent and standard and Rstandard is the known 

Rayleigh Ratio of a standard, usually toluene with Rtoluene,  = 633 nm = 1.35·10
-3

 m
-1

. Using R(q) for 

Zimm plots information on the radius of gyration RG can be found because R(q) is related to the weight 

average molar mass MW, the second virial coefficient A2 and the root-mean-square radius of gyration 

<RG
2
>

1/2
 or simply <RG> according to [282] 

  

    
 

 

  
   

 

 
   

           Eq. 2-88 

where K is the contrast factor which is defined as 

  
     

   
 
 
  

  
 
 

 Eq. 2-89. 

Here, NA is Avogadro´s number,  is the laser wavelength and n is the refractive index of the solvent. 

The parameter dn/dc describes the refractive index increment of the sample. If one is only interest in 

RG this value can be dermined by a linear fit to a plot of 1/R(q) versus q
2
 according to  

 

    
 

 

    
   

    
 

 
  Eq. 2-90 

which is valid and independent of the particle shape at qRG  1. If, however, a large angular 

dependence is observed Zimm´s approximation is no longer valid as the slopes and intercepts close to 

zero cause large uncertainties in finding RG. In such a case the Guinier approximation can be used 

[283] 

               
    

 

 
  Eq. 2-91 

as an alternative to Eq. 2-90 to extract RG from strongly angular dependent scattering data.  
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3 Cyclohexane as hydrophobic additive to supercritical 

fluorinated microemulsions 

3.1 Microstructure of CO2/cyclohexane-microemulsions with flourinated 

surfactants 

Since fluorinated surfactants are expensive and non-biodegradable, the direction of research has 

changed as to finding ways to lower the degree of fluorination or replace fluorinated surfactants 

completely. Examples of surfactants which have been extensively investigated regarding their 

effectiveness to form CO2-microemulsions are fluorinated sulfosuccinate surfactants [170, 284, 285], 

phosphate surfactants [166, 286] and numerous self-designed surfactants [287, 288]. A very 

interesting study was presented by Sagisaka et al. who performed a systematic study on the influence 

of the tail length of various double-tail anionic surfactants, finding that the highest amount of water 

can be solubilised with a tail length of 12-14 Å [289]. Different molecular structures with low fluorine 

content have been investigated by Mohamed et al., indicating that a double-branched sodium sulfate 

surfactant is very appropriate for the formulation of microemulsions with supercritical CO2 [290]. In 

this chapter, another approach to reduce the necessary amount of fluorinated surfactant will be 

introduced.  

3.1.1 Phase behaviour 

In previous experiments it was found that the partial replacement of CO2 by cyclohexane considerable 

reduces the amount of surfactant in balanced fluorinated CO2 microemulsions [29, 52]. This was 

briefly discussed in the introduction chapter (chapter 1, Figure 1.1 left). To explain this unexpected 

effect a concentration gradient of cyclohexane in a CO2/cyclohexane swollen micelle was postulated, 

which is shown graphically in Figure 1.1 right. Thereby, the repulsive interactions between 

cyclohexane and fluorinated surfactant tails are postulated to lead to a depletion zone of cyclohexane 

close to the amphiphilic film. These interactions likely reduce the monomeric solubility of surfactant 

in CO2, which is about 11% and therefore rather high [34]. Although more surfactant is available at the 

interface in this case this effect is too low to explain the enormous increase of efficiency.  

In order to determine whether a depletion zone of cyclohexane within the micelle develops a 

systematic contrast variation study using Small Angle Neutron Scattering (SANS) was performed. 

Using the Generalised Indirect Fourier Transformation (GIFT) procedure it is possible to extract the 

scattering length density distribution which revealed the substructure within a CO2/cyclohexane 

swollen micelle.   

However, the structures in a T()-section close to the efficiency point are known to be of bicontinuous 
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nature [35, 291] and are not appropriate to investigate sphere-like micelles. Hence, the phase 

behaviour was investigated in a T(wB) section through the phase prism (see Figure 2.3 right). The phase 

behaviour is shown in Figure 3.1 for the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl 

FSN 100 at a constant water-to-surfactant ratio a = 0.08 with a = msurfactant /(msurfactant + mwater). Note 

that in the following the parameter i  

    
            

                    
 Eq. 3-1 

will be used instead of  (Eq. 2-10). Here,        is the mass of CO2 which is inside the micelle, i.e. 

the total mass of CO2 minus the mass which is dissolved monomerically in the hydrophilic phase. 

Thus, the system without cyclohexane is shown in Figure 3.1 left and the system in which 20 wt% 

CO2 were replaced by cyclohexane is shown at the right hand sight.  

 

Figure 3.1: T(wB)-section of the system brine – CO2 – Zonyl FSO 100/ Zonyl FSN 100 at a = 0.08, FSN = 0.75, 

 = 0.01 and different pressures. The ability to solubilise CO2 increases considerably with pressure (left). Right: 

Upon replacing 20 wt% of CO2 by cyclohexane the extent of the one-phase region at p = 150 bar is similar to the 

one at p = 300 bar, i.e. almost the same amount of oil can be solubilised [29, 53]. 

The shape of the phase boundaries is analogous to that of water-rich microemulsions 

formulated with non-ionic surfactants and liquid oils [107, 115, 292, 293]. The microemulsion 

coexists with a CO2 excess phase at low temperatures (2) and with a water excess phase at high 

temperatures (  ). An extended one-phase region can be found between those states, until the 

maximum amount of CO2 wB,max that can be solubilised is reached. The value of wB,max can be 

increased by increasing pressure. At higher wB values a three phase region can be found, where 

the microemulsion coexists both with a water and a CO2 excess phase. The emergence of the 

so-called loop or minimum of the upper phase boundary at p = 250 and 300 bar indicates that the 

mixture undergoes a change from weakly (no loop) to strongly (pronounced loop) structured [115] 

with increasing pressure. The lower phase boundary (oil emulsification failure boundary, oefb) 

ascends monotonically with the weight fraction wB of CO2 [113, 114]. The strong curvature of the 
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amphiphilic film around CO2 at low temperatures leads to spherical, CO2-swollen micelles in water 

[107, 121, 124] (see also chapter 2.1.3).   

Upon the addition of cyclohexane to this microemulsion system the general phase sequence remains 

the same. However, the maximum amount of hydrophobic substance, i.e. CO2 and cyclohexane, 

increases, especially at p = 150 bar. Here, the value for wB,max at i = 0.2 is almost equal for 

p = 150 bar and 300 bar.  

3.1.2 Systematic SANS contrast variation 

In order to probe the postulation illustrated in Figure 1.1 right a systematic small angle neutron 

scattering contrast variation study on the system H2O/D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ 

Zonyl FSN 100 at a = 0.08, FSN = 0.75, wB = 0.10 and T = 20°C was performed. These measurements 

were carried out at the D11 instrument in Grenoble, France.  

First, to determine the exact scattering length density of the technical-grade surfactants, a 

contrast variation of the binary mixture brine – Zonyl FSO 100/Zonyl FSN 100 at FSN = 0.75 

and a = 0.08 was performed, beforehand. The scattering of nine samples with different ratios 

of H2O/D2O in brine were recorded. The scattering curves are shown in Figure 3.2 left. 

 
Figure 3.2: Left: Six out of nine scattering curves with different volume fractions of D2O. Note that, as 

expected, Iincoh decreases with increasing D2O. Right: Plot of the scattering intensity (with substracted Iincoh) 

against the volume fraction of D2O. The minimum of the polynomial fit is at D2O = 0.35 [53].  

To analyse the data the incoherent scattering Iincoh was subtracted from the forward scattering 

intensity, extrapolated towards q = 0 Å
-1

 and plotted as a function of D2O (Figure 3.2 right). 

The scattering intensity reached a minimum at D2O = 0.35, which means that the scattering 

length density of the surfactants is 1.84 10
10

 cm
-2

. This is slightly lower than the results of 

Klostermann et al. [34]. 
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With the exact knowledge of the scattering length density of the surfactants four different 

contrast conditions on the microemulsion system were applied. A scheme of the applied 

contrast conditions is shown in Figure 3.3. 

 

Figure 3.3: Schematic drawing of the four different contrast conditions discussed in this work, assuming a 

homogeneous hydrophobic phase. The scattering intensity of contrast A represents the whole micelle, whereas at 

the second contrast condition (B) only the hydrophobic phase contributes to the scattering intensity. The third 

contrast C was aimed to match all three scattering length densities. Film contrast condition was intended in 

contrast D. All calculations assume a temperature of 20°C and p = 150 bar [53].  

All scattering length densities shown in Figure 3.3 in were calculated assuming that water 

dissolves 4 wt% of its own weight of CO2 and that 4 wt% of the surfactants are solved in the 

hydrophobic phase. This is a rather low monomeric solubility of the fluorinated surfactants in 

the CO2/ cyclohexane mixture since in pure CO2 11 wt% are dissolved [34]. Thereby, the 

influence of pressure was neglected for both trends. Furthermore, for the calculation of the core 

SLD a homogeneous distribution was assumed, although this is in contradiction to the 

hypothesis. The scattering length densities of all used components are shown in Table 3-1 for a 

better overview. Except for the SLD of the surfactants all values were calculated using the 

NIST scattering length density calculator [224].  
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Table 3-1: Overview of the scattering length densities of the different compounds used for the calculation of the 

contrast conditions. The SLD of all components except the surfactants were calculated using the NIST scattering 

length density calculator. 

compound scattering length density [10
10

 cm
-2

] 

H2O -0.56 

D2O 6.34 

surfactants 1.84 

CO2 @ 150 bar, 20°C 2.31 

cyclohexane-h12 -0.28 

cyclohexane-d12 6.61 

Protonated cyclohexane-h12 was used in contrast condition A, leading to a scattering length 

density of 1.7 10
10

 cm
-2

 of the mixture of CO2 and cyclohexane. This is very similar to the 

scattering length density of the surfactants. The SLD of the bulk was adjusted to be 

3.1 10
10

 cm
-2

, using a volume fraction D2O = 0.54 in the H2O/D2O mixture. Applying this 

contrast condition, the hydrophobic phase as well as the surfactant film contribute to the total 

scattering intensity I(q).  

In contrast to that, the second contrast condition (B) was applied to achieve only core 

scattering contributions. Therefore, deuterated cyclohexane-d12 was used instead of protonated 

cyclohexane. The core SLD was estimated to be 3.1 10
10

 cm
-2

 at 20°C and 150 bar. The 

scattering length density of the bulk was adjusted to match that of the surfactants by mixing 

H2O and D2O at D2O = 0.35.  

In order to assess the quality of the matchings, at the third contrast (C) both the core and brine 

composition were chosen to match the scattering length densities of the surfactants. For this 

contrast condition protonated cyclohexane-h12 and D2O = 0.35 was applied.  

The fourth contrast condition (D) is the so-called film contrast condition, which is especially 

sensitive to scattering length densities. Here, only the amphiphilic film contributes to the total 

scattering intensity I(q) if the SLD of core and bulk are the same. Thus, deuterated 

cyclohexane-d12 was used in combination with D2O = 0.54, adjusting both SLDs to 

3.1 10
10

 cm
-2

. As the scattering intensity is proportional to the volume of the scattering 

substance and the volume fraction of the surfactant at the interface is around 5%, the scattering 

intensities here are expected to be rather low.   

The according scattering curves together with the fitting functions using the form factor for 

polydisperse spheres Pdroplet(q) (Eq. 2-45) in combination with the polydisperse Percus-Yevick 

structure factor SPY(q) (Eq. 2-54) are shown in Figure 3.4. Note that the incoherent scattering 

background was subtracted from the scattering curves at p = 100, 150 and 200 bar. 

The scattering curves of the contrast conditions A, B and C show the typical features found for 

polydisperse spherical droplets recorded at bulk contrast condition and in the limit of a 
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comparatively low particle number density. Thus, the scattering intensity is constant at low q-

values and changes over to a steep q
-4

-dependence with increasing q. The oscillations of 

scattering intensity at q ≈ /R are smeared by droplet polydispersity. 

 

Figure 3.4: Small angle neutron scattering curves of the microemulsion system brine – CO2/cyclohexane – 

Zonyl FSO 100/ Zonyl FSN 100 at wB = 0.10, FSN = 0.75, a = 0.08, i = 0.2, T = 20°C, different pressures and 

the contrast conditions shown in Figure 3.3. The incoherent scattering contribution Iincoh was subtracted for the 

scattering curves recorded at 100, 150 and 200 bar. The full lines represent fitting functions using the droplet 

form factor Pdroplet(q) for polydispers spheres, convoluted with the Percus-Yevick structure factor SPY(q). Except 

for small but systematic deviations in contrast D the experimental scattering curves are described quantitatively 

[53]. 

The scattering intensity I0 at q → 0 strongly depends on the scattering contrast. For similar 

absolute values of core, as in contrast conditions A and B, the forward scattering is also 

similar, because the scattering intensity I0 at q → 0 Å
-1

 strongly depends on the scattering 

contrast at similar number densities. In contrast to that, the scattering intensity at contrast 

conditions C and D is lower by one order of magnitude because either the scattering contrast or 

the volume fraction which contributes to the scattering intensity is lower. However, after 

subtraction of Iincoh(q) from the scattering curves the scattering curves also for the conditions 

with low forward scattering show the typical q
0
 and q

-4
 dependences. At film contrast condition 

D the oscillation at intermediate q-values becomes considerably more pronounced.  
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3.1.3 Data evaluation I: Model-dependent analytical fitting functions 

The form factor Pdroplet(q) (Eq. 2-45) and the Percus-Yevick structure factor SPY(q) (Eq. 2-54) 

are suitable to describe the scattering intensity almost quantitatively over the entire q-range for 

all scattering curves shown in Figure 3.4. Small but systematic deviations can be observed in 

the q-region slightly higher than the oscillation, especially at contrast condition D. Here, the 

description of the scattering curve seems to overestimate the oscillation, indicating that the 

used radial density distribution function is not completely suitable to describe the distribution 

of CO2 and cyclohexane qualitatively. This will be discussed in the following section. 

The point of a contrast variation study is to keep the composition and temperature and thus the 

structure constant while varying the neutron contrast condition. The constant structure is 

displayed in the scattering data by constant values of hard sphere interaction radius RHS and the 

constant polydispersity HS/RHS compiled in Table 3-2. Here, the values obtained from the 

Percus-Yevick structure factor for different contrast conditions are very similar. Thus, the 

structure factor for this microemulsion composition at this temperature was successfully 

determined, which will be important later in this chapter for the GIFT procedure.  

Table 3-2: Parameters for the structure factor fitting function to the scattering data (Eq. 2-54) obtained from the 

contrast variation of the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at wB = 0.10, 

a = 0.08, FSN = 0.75, i = 0.2, T = 20°C and various pressures. The Percus-Yevick structure factor described in 

section C I was used. As the general structure of the micelles is not changed within a contrast variation, the 

parameters at different contrast conditions are very similar [53]. 

p 

[bar] 
contrast A contrast B contrast C contrast D 

 RHS [Å] HS/RHS RHS [Å] HS/RHS RHS [Å] HS/RHS RHS [Å] HS/RHS 

100 81 0.35 83 0.32 83 0.32 83 0.32 

150 79 0.32 79 0.32 79 0.32 79 0.32 

200 77 0.32 77 0.32 77 0.28 77 0.32 

300 75 0.32 75 0.28 75 0.32 75 0.32 

The structural parameters of the numerical droplet form factor Pdroplet(R) obtained from the 

description of the scattering data (in Figure 3.4) are summarised in Table 3-3. Comparing the 

parameter R0 for p = 100 bar and 300 bar for each contrast it becomes obvious that the radius 

decreases by (8 ±1) Å with increasing pressure. This is related to the increase of density of 

CO2. Furthermore, the radii at contrast conditions B and C (both core contrasts) are 

approximately 6 Å smaller than at contrast condition A (core + film) in which the amphiphilic 

film also contributes to the scattering intensity. This value is somewhat smaller than the length 

of surfactant molecule which is related to the penetration of CO2 into the surfactant chains and 

to the hydration of the surfactant head groups.  
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The best way to determine d is provided by the scattering data from film contrast condition, 

which indicate a thickness of the amphiphilic film between 12 and 13 Å. The values found for 

d are either in a reasonable range of 10 to 13 Å or very close to zero. This can be explained as 

follows. In the case of d ≈ 0 Å the neutrons cannot distinguish between the amphiphilic film 

and the core (contrast A) or the solvent (contrast C). As a consequence the scattering length 

densities merge into one another to a broad transition, as indicated by high values of . This is 

especially obvious for contrast A, where at p = 100 bar the contrasts core > film are 

connected to d = 0 Å because the SLD increase continuously from the core to the bulk. Thus, 

instead of a discrete step a very diffuse scattering profile with large values of  is observed. In 

the case of core < film at p = 300 bar the scattering length density runs through a minimum 

at the amphiphilic film. Here, neutrons can distinguish between the amphiphilic film and the 

core/solvent, and thus the shell thickness d was found to have a large value of 12 Å.  

Table 3-3: Parameter for the droplet form factor fitting functions to the scattering data (Figure 3.4) obtained 

from the contrast variation of the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at 

wB = 0.10, FSN = 0.75, i = 0.2, T = 20°C and various pressures. The evaluation was based on the droplet form 

factor described in Eq. 2-45 [53]. 

 p  

[bar] 

R0 

[Å] 
/R0 

d 

[Å] 

 

[Å]

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

A 100 68 0.20 0.0 11.0 1.47 1.27 

A 150 67 0.20 1.0 10.0 1.36 1.27 

A 200 64 0.20 8.0 9.0 1.29 1.27 

A 300 59 0.18 12.0 8.0 1.20 1.27 

B 100 62 0.23 10.8 1.5 -1.49 0.25 

B 150 60 0.25 10.8 1.3 -1.59 0.25 

B 200 57 0.25 10.7 1.0 -1.66 0.25 

B 300 54 0.25 10.7 1.0 -1.75 0.25 

C 100 61 0.25 1.0 10.0 0.23 0.02 

C 150 60 0.25 3.0 9.0 0.24 0.02 

C 200 57 0.25 3.0 9.0 0.24 0.02 

C 300 54 0.25 2.0 9.0 0.27 0.02 

D 100 65 0.14 12.5 3.8 -0.58 1.27 

D 150 64 0.14 12.5 3.8 -0.67 1.27 

D 200 63 0.14 12.7 3.5 -0.71 1.27 

D 300 59 0.16 13.0 3.0 -0.84 1.27 

Upon comparing the absolute value of core for the contrast conditions A and B at p = 100 bar, 

it becomes obvious that they are the same. This is perfectly reasonable considering the adjusted 

contrast conditions in Figure 3.3. At p = 300 bar the absolute difference from core at 100 bar 

is also the same. This is because in both cases the scattering length density of the hydrophobic 

phase increases with increasing pressure, but in the case of contrast A the difference of the 
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scattering length densities becomes smaller, whereas it increases in the case of contrast B. This 

difference is also in agreement with the difference of scattering length densities in the case of 

contrast D.  

Upon close investigation of the scattering curves at film contrast condition D in Figure 3.4, one 

notices that the first minimum shifts to lower q-values with increasing pressure. This trend, 

however, is not reasonable for compression since such a shift usually indicates a growth of 

structure. Describing the scattering curves qualitatively with the analytical fitting functions it 

turned out that the optimum film contrast condition was not achieved. An additional core 

scattering contribution which increases with increasing pressure was found to cause this shift 

of the minimum. As expected the mean droplet radius R0 decreases with increasing pressure 

(Table 3-3). 

3.1.4 Data evaluation II: Model-independent Fourier transformation 

The scattering curves in Figure 3.4 were also analysed by the GIFT method developed by O. 

Glatter. While the determination of the particle form factor with this procedure is model-free 

the structure factor is required to be known if one also wants to describe the scattering intensity 

in the low q-range. Therefore, it is important to remember that the polydisperse Percus-Yevick 

structure factor for this sample was presented in the previous section (Table 3-2) and could 

thus easily be implemented into the calculation of the particle form factor by means of the 

GIFT procedure. The scattering data together with fitting functions obtained from the GIFT 

procedure are shown in Figure 3.5. As can be seen all scattering curves are described 

qualitatively over the whole q-range.  
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Figure 3.5: Neutron scattering curves of the microemulsion system brine – CO2/cyclohexane – Zonyl FSO 100/ 

Zonyl FSN 100 at wB = 0.10, FSN = 0.75, i = 0.2, 20°C, various pressures and the contrast conditions shown in 

Figure 3.3. The fitting functions were calculated using the Generalised Indirect Fourier Transformation (GIFT), 

applying a model-free particle form factor in combination with a polydisperse Percus-Yevick structure factor 

with the parameters displayed in Table 3-2 [53].  

Besides the fitting function the result of the first step of the GIFT procedure is the pair distance 

distribution function (PDDF) p(r). Starting from the scattering data shown in Figure 3.5 (and Figure 

3.4) the GIFT procedure was applied and the according normalised PDDFs are shown in Figure 3.6. 

The PDDFs of each contrast condition were normalised to the peak maximum of the PDDF at 

p = 100 bar, thus keeping the areas under the PDDFs at the right ratio.  
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Figure 3.6: Pair distance distribution function of the microemulsion system brine – CO2/cyclohexane – Zonyl 

FSO 100/ Zonyl FSN 100 at wB = 0.10, FSN = 0.75, i = 0.2, T = 20°C, various pressures and the contrast 

conditions shown in Figure 3.3, obtained from the scattering curves displayed in Figure 3.5. The PDDFs at the 

contrast conditions A, B and C are typical for spherical structures whereas the PDDF at contrast D is typical for 

inhomogeneous structures [53].  

The symmetric peak of the pair distance distribution functions calculated from the scattering 

curves of the contrast conditions A, B and C is typical for spherical structures. Under 

consideration of polydispersity effects the values obtained from the PDDF are in good 

agreement with the parameters obtained from the fitting function (Table 3-3). The trend that 

the PDDF shifts to smaller radii with increasing pressure also goes well with previous results. 

Furthermore, comparing the maximum extension of the PDDFs obtained from contrast 

condition A and B, it becomes obvious that the PDDFs in the case of contrast condition B are 

shifted to smaller radii than the ones at contrast condition A, which can be explained by the 

fact that the amphiphilic film does not contribute to the scattering at contrast condition B. Also 

in accordance with expectations is the decreasing area of the PDDF with increasing pressure as 

the area is proportional to the aggregation number. 

Although the PDDF in contrast condition D deviates considerably from the other PDDFs it still 

shows a well-known shape which is typical for inhomogeneous spheres [241]. In order to 
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interpret these PDDFs one has to be aware it is a statistical function which represents the rate 

of occurrence of different distances within one region of SLD within the micelle. For a better 

understanding a schematic drawing of occurring distances in a homogeneous, a hollow and an 

inhomogeneous sphere is given in Figure 3.7.  

 

Figure 3.7: Schematic drawing of distances occurring in spheres at different contrast conditions. In 

homogeneous spheres all distances r within the region of the same SLD can be found, with a maximum at r = R 

in the PDDF (left). In hollow spheres (middle) mostly distances between the outer shell contribute to p(r) which 

leads to a shift of the PDDF to higher r-values. For inhomogeneous spheres (right) distances within the core 

(green arrow) and the shell (black arrow) can be found while distance between these or to the solvent do not 

contribute (red arrow). The shape of the PDDF also depends on the absolute values of the different 

compartments.  

In the case of the PDDF for contrast D, the zero-crossing point of the PDDF at about 50 Å 

describes the radius of the micelle, representing mostly the distances inside the core, as 

indicated in Figure 3.7 right by the green arrow. The second zero-crossing at about 100 Å thus 

gives the diameter of the micelle. This maximum of the second peak is negative because 

distances from core to shell do not lie within the same volume element with the same 

scattering properties and are thus not accounted for. Any distance that exceeds 100 Å can only 

represent shell-shell distances (long black arrow in Figure 3.7 middle and right). The position 

of the peaks at about 30 Å and 80 Å indicate that there is a change of the contrast conditions at 

these radii.  

Since the PDDF was described earlier as a probability function it may seem strange that 

negative values occur. This can be explained by considering the scattering length density 

differences as indicated by different colours in Figure 3.7 right. Remembering Eq. 2-63 it 

shows that the product (r1)(r1-r) also influences the PDDF. In the case of 

core ≠ bulk ≠ shell one of the scattering length densities and thus also the product can become 

negative. In this case, the difference core is negative (see Table 3-3) and thus the negative 

values in the PDDF can be assigned to distances within the core of the particles.  

With the PDDF at hand, it is possible to apply the second step of the GIFT procedure to the 

data to extract the radial scattering length density profile. This is done by means of the 

DECON program which is part of the GIFT software package. Note that the PDDF raw data 
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were used instead of the normalised data shown in Figure 3.6. This procedure was applied to 

all contrast conditions and pressures, and the results are shown exemplarily for p = 100 bar and 

300 bar in Figure 3.8. The profiles were normalised to the volume of the scattering particle. 

Note that the profiles were shifted to the applied SLD of the bulk, resulting in the intrinsic 

SLD. In case of contrast condition A the radial scattering length density profile was multiplied 

with (-1) in order to assimilate it to the schematic profile shown in Figure 3.3 

 

Figure 3.8: Radial scattering length density profiles deconvoluted from the PDDFs in Figure 3.6 for p =100 and 

300 bar and the four contrast conditions. The profiles A, B and C exhibit a homogeneous core and a wide 

transition range in which SLD approaches the value of the bulk. This indicates an inhomogeneous distribution of 

cyclohexane within the micelle, i.e. a concentration gradient. Contrast D shows a minimum which is caused by 

the amphiphilic film. Here, the considerably larger SLD at the core compared to the bulk is another indication of 

an inhomogeneous distribution of cyclohexane. The SLD profiles were shifted by the respective SLD value of 

the bulk [53]. 

The most important thing to notice in Figure 3.8 is the comparatively small homogeneous core 

and the wide transition range in which the SLD approaches the value of the bulk which occurs 

with all profiles. Using contrast A and p = 100 bar as an example, it can be observed that the 

constant scattering length density at the core of the micelle stretches only for about 45 Å, 

followed by a 40 Å - wide constant increase of scattering length density, until at about 90 Å the 

SLD of the bulk is reached. Comparing the size of these regions, the results indicate that the 

micelle is about semi-filled with a region of non-constant composition, since a change in SLD 

is a direct mirror of a change of composition. These results clearly support the hypothesis of a 

depletion zone of cyclohexane close to the amphiphilic film and a cyclohexane-enriched zone 
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at the centre of the micelle (Figure 1.1 right). A similar profile can also be observed at 

p = 300 bar. Here, the gradient region is slightly steeper that at 100 bar due to a smaller volume 

of the micelle.  

Taking a closer look at the radial scattering length density profiles it becomes obvious that 

pressure influences the SLD at the core, i.e. at r → 0. While at contrast conditions A and C the 

SLDs are very similar at p = 100 bar and 300 bar, (SLD = 0.09 10
10

 cm
-2

), this difference is 

much more pronounced at contrast conditions B and D (SLD = 0.7 10
10

 cm
-2

). This is due to 

two things: First, the concentration of cyclohexane at the core increases and, secondly, the 

density of CO2 increases. By considering that deuterated cyclohexane-d12 was used in case of 

contrast B and D the higher absolute values of SLD can be explained by a further increased 

cyclohexane concentration. This is triggered by the avoidance of increasing repulsive 

interactions which arise due to the pressure-induced shrinkage of the micelle. In the case of 

protonated cyclohexane-h12 (contrast A and C), the slightly higher concentration of protonated 

cyclohexane (which has a negative scattering length density) at the core is partly compensated 

by the increase of the SLD of CO2. Using deuterated cyclohexane-d12, in contrast, the trend 

for both components is to change to higher scattering length densities, which is why the 

scattering contrast is more pressure-dependent in systems with deuterated cyclohexane-d12 

(contrasts B and C) than in the case of cyclohexane-h12 as at the contrast conditions A and C.  

A comparison of core obtained from Figure 3.8 to the one obtained from the radial density 

distribution function fdroplet(r) (Table 3-3) reveals that in all cases, the absolute values for core 

obtained from the GIFT procedure are higher. This further supports the hypothesis of a 

cyclohexane-enriched zone at the centre of the micelle since the values for fdroplet(r) were 

calculated assuming a homogeneous distribution of CO2 and cyclohexane.   

The actual distribution of CO2 and cyclohexane at the core of the micelle can directly be 

calculated from the SLDs at r = 0 Å. The results indicate a cyclohexane content of core ≈ 0.5 at 

the centre of the micelle for the scattering contrasts A, B and D. This is much larger than the 

value of i = 0.20 obtained from for a homogeneous distribution. Note that, probably due to the 

very low scattering contrast, contrast condition C suggests that core = 0.3 For all contrast 

conditions the concentration of cyclohexane at the core is slightly higher at p = 300 bar which 

is reasonable considering the smaller volume of the micelle. 

Note that in all cases the radii calculated using fdroplet(r) (Table 3-3) and the GIFT procedure are 

in good agreement. Furthermore, the pressure-dependent SLD differences at contrast 

conditions B and D are the same and the difference between the ones at A and C are only 

rather small. This accordance confirms the reliability of the results. 
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The scattering length density profiles of contrast D display a minimum between 60 and 70 Å 

which is expected for film contrast condition [130] and stems from the amphiphilic film. 

However, the second scattering contribution from core scattering becomes obvious here, as the 

SLD at the core of the micelle deviates considerably from the bulk material. This contribution 

is also one of the reasons for the deviation of the PDDFs from the others. Considering the zero 

crossing points of the PDDF at 30 Å and 80 Å it becomes obvious in (r) in Figure 3.8 that 

the SLD at the core of the micelle is constant up to about 30 Å and that the change at 80 Å 

represents the transition from micelle to bulk material. In accordance with the calculated trend 

of core (Table 3-3) the SLD difference between core and bulk increases with increasing 

pressure. The absolute values, however, differ considerably, which is probably because of the 

re-distribution of deuterated cyclohexane which is considerably underestimated in the 

analytical fitting procedure. However, the dimension of non-constant scattering intensity over 

half of the micelle radius is very obvious here. 

To evaluate the quality of the GIFT procedure the first step is to compare the fitting functions 

calculated by GIFT to the actual scattering curves which can be seen in Figure 3.5.  

 

Figure 3.9: The PDDFs as shown in Figure 3.6, described by a fitting function in the frame of the DECON 

procedure. The fitting functions describe the data completely, thus indicating a high quality and reliability of the 

GIFT procedure and the results.  

The second step, the deconvolution of the PDDF to the scattering length density distribution, is 

also combined to a fitting procedure, namely the description of the PDDF calculated in the first 
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respectively, it can be concluded that the results are reasonable. The fitting curves to these 

PDDFs are shown in Figure 3.9. As can be seen the PDDFs are described qualitatively over the 

whole r-range, which, in combination with the perfectly fitted scattering curves in Figure 3.5, 

clearly shows that the results of the GIFT procedure and the DECON deconvolution are of high 

quality.  

3.1.5 Measurements at elevated temperature and wB 

As the film contrast condition was not achieved during the contrast variation series another 

approach was performed at the D22 instrument at a slightly higher temperature (T = 23°C) and 

wB (wB = 0.11) whereby the bulk scattering length density was adjusted to 3.02 10
10

 cm
-2

. The 

scattering curves and model fitting functions were measured and described by A. Müller [29]. 

The schematic contrast condition is shown in Figure 3.10 A, the according scattering curves in 

Figure 3.10 B. The fitting functions in Figure 3.10 B were calculated using the droplet form 

factor with fdroplet(r) described in Eq. 2-45 in combination with the Percus-Yevick (Eq. 2-54) 

and the Ornstein-Zernicke structure factor (Eq. 2-55). The use of the Ornstein-Zernicke 

structure factor emerges due to the higher temperature which is closer to the critical point than 

the measurements discussed before.  

 

Figure 3.10: Summarised results of scattering experiments and GIFT-analysis of the system brine – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at wB = 0.11, FSN = 0.75, i = 0.2 and T = 23°C. Schematic 

drawing of the contrast condition (A), calculated for p = 100 bar and T = 23°C, and the scattering curves together 

with the according fitting functions at various pressures (B) [29]. The PDDFs are shown in C, which were used 

for the calculation of the scattering length density distribution (D). 
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The PDDF for p = 100 bar in Figure 3.10 C is shifted to higher r-values and thus differs from 

the other pair distance distribution functions for homogeneous spheres in Figure 3.6. The shape 

of this PDDF is typical for hollow spheres and a similar ones were already reported for 

microemulsions at film contrast condition [34, 130]. However, the PDDFs at higher pressures 

deviate also from the film contrast condition and change with increasing pressure to a PDDF 

with two peaks, thus resembling more and more PDDFs for inhomogeneous particles as shown 

in Figure 3.6 D. This is probably connected to the increasing scattering contribution of core 

considering also the parameters of the numerical fitting functions of the scattering data in 

Figure 3.10 B (see Table 3-4). Here, it shows that the optimum film contrast condition was 

achieved at p = 100 bar but that at higher pressures a second scattering contribution from core 

scattering arises. This is reflected by the second peak in the PDDF. As the core scattering 

contribution is rather small, these data are a good example to follow a transition from hollow 

sphere to inhomogeneous particle via the PDDF. This finding is also interesting regarding the 

PDDF found for the non-perfect film contrast condition in Figure 3.6 D in which core is 

considerably higher than here. Thinking of the higher difference between core and film, one 

can imagine that the minimum between the two peaks (Figure 3.10 C, 300 bar) extends with 

increasing core up to a PDDF like the ones shown in Figure 3.6 D.   

Table 3-4: Overview of the fitting parameter of the droplet form factor and the Percus-Yevick structure for the 

scattering curves of the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at wB = 0.11, 

FSN = 0.75, i = 0.2, T = 23°C and various pressures (shown in Figure 3.10 B) [29]. Note that the parameters of 

the Ornstein-Zernicke structure factor are not shown.  

p 

 [bar] 

R0 

[Å] 

/R0 

[Å]

d 

[Å] 

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

RHS 

[Å] 

HS/ RHS 

100 102 0.17 3.0 10 0.00 1.60 120 0.3 

150 100 0.17 2.0 10 -0.07 1.60 120 0.3 

200 99 0.17 1.5 10 -0.13 1.60 120 0.3 

300 95 0.17 0.5 10 -0.22 1.60 120 0.3 

Considering the scattering length density profile of the film contrast condition (Figure 3.10 D), 

the emergence of the second peak in the PDDF at the non-optimum film contrast condition in 

Figure 3.6 for contrast D becomes clear, as the second scattering contrast is very obvious at 

p = 300 bar. Here, the shape of the peak is especially interesting, as the distortion of the peak at 

p = 300 bar indicates that the gradient is more pronounced at higher pressures. It is also 

interesting to note that the distortion of the peak occurs only at the inside of the micelle, 

indicating that the SLD profile is more step-like from surfactants to the brine solution. The 

minimum in the SLD profile in Figure 3.10 D at p = 100 bar for the GIFT results is probably 

due to instabilities during the calculation.  
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3.1.6 Conclusion  

The results of the contrast variation study and the GIFT procedure indicate very clearly that the 

microemulsion system type brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 does not 

consist of microemulsion droplets which are homogeneously filled with CO2 and cyclohexane. This is 

clearly shown by the large region of non-constant scattering length density in Figure 3.8 which 

stretches over half of the micelle radius. Thus, the hypothesis of a depletion zone of cyclohexane close 

to the surfactants and an enrichment of cyclohexane at the centre of the micelle (Figure 1.1 right) was 

clearly validated. The reason for the formation of the depletion zone can be found on one hand in the 

repulsive interactions of cyclohexane and the fluorinated surfactant tails. On the other hand, the 

miscibility gap of CO2 and protonated substances lies at considerably higher pressures than the ones 

with comparable perfluorinated alkanes [294, 295] which also confirms the preferred interactions.  

These results become especially interesting if one compares them to the results from Klostermann et 

al. who investigated microemulsions of the type brine – CO2 – Zonyl FSO 100/ Zonyl FSN 100 at very 

similar parameters [34] (a = 0.06 instead of 0.08, different lot number of Zonyl FSN 100, higher 

temperature). For a micelle with a mean radius of r ≈ 115 Å they found a constant scattering length 

density for about 95 Å, followed by a steep decrease of scattering length density difference for about 

20 Å, onto the constant scattering length density of the bulk phase (Figure 3.11 left).  

 

Figure 3.11: Left: SLD profiles of the microemulsion H2O/D2O/NaCl – CO2 – Zonyl FSO 100/ Zonyl FSN 100 

at a = 0.06, wB = 0.10, p = 220 bar and T = 31.1°C for different scattering contrasts. Both GIFT results (circles) 

and the analytical density profiles droplet(r) are shown (triangles). Both profiles were scaled to the scattering 

contrast of the different microemulsion sub-phases. For a better overview the profiles at D2O = 0.406 and 0.435 

were multiplied with a constant factor of 25 and 10, respectively. Taken from [34]. Right: Comparison of the 

SLD profile of a microemulsion system without cyclohexane studied by Klostermann et al. [34] (green) and the 

system with 20 wt% cyclohexane (blue). The x values are normalised to the radius of the respective system. It 

can clearly be seen that the system with cyclohexane displays a wide transition range which is not present in the 

system without cyclohexane [53]. 
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In order to see the differences more clearly Klostermann´s SLD profile at D2O = 1 is plotted together 

with the SLD profile for contrast B at p = 100 bar in Figure 3.11 right. For this plot the radius values 

on the x-axis were normalised to the radius of the respective microemulsion system so that the 

dimension of the transition ranges can be compared more easily. The transition range is considerably 

more pronounced in the system with cyclohexane which further validates the proposed depletion zone 

of cyclohexane close to the amphiphilic film. Note that the absolute vales of SLD at the y-axis cannot 

be compared since the contrast conditions are different.  

Comparably to the data shown by Klostermann et al. in Figure 3.11 left, it was also tried to 

describe the scattering length density distribution functions shown in Figure 3.8 by means of 

the radial density distribution function fdroplet(r). Figure 3.12 shows, however, that this is not 

possible because the parameter  can only account for symmetry diffusivities. Thus, the SLD 

profile can be described satisfactorily for small radii but the position of the maximum of the 

fdroplet(r) function deviates considerably. Furthermore, the fitting function fdroplet(r) 

overestimates the diffusivity for large values of r, i.e. the hydrophilic part of the surfactant 

which is penetrated by solvent molecules. This overestimation of the diffusivity is also the 

reason why fdroplet(r) is not completely appropriate to describe the scattering curves shown in 

Figure 3.4 over the whole q-range.  

 

Figure 3.12: Scattering length density profile of scattering contrast D at p = 100 bar (red solid line) calculated 

using the GIFT method and the DECON program package. The radial density distribution profile fdroplet(r) (blue 

dashed line) was fitted to these data which is clearly not entirely possible. Although the GIFT results are well 

described for small radii the peak maximum of the fdroplet(r) function is at a different position and the diffusivity 

of the surfactants towards the solvent is overestimated.  
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3.2 Kinetics of structural changes of CO2-microemulsions 

In previous studies the microstructure of microemulsions of the type water – CO2 – fluorinated 

surfactants was investigated [36, 163]. In the last years also the microstructure of the system 

H2O/NaCl – CO2 – Zonyl FSO 100/Zonyl FSN 100 was elucidated, which is, except for the 

hydrophobic additive cyclohexane, very similar to the system studied here [34, 35].  

It is obvious that the kinetics of such a microemulsion shifts into focus to support processes which 

depend on the speed of structural changes, such as for example the POSME procedure. Regarding the 

formation kinetics of a CO2 microemulsion with fluorinated surfactants an interesting piece of work 

was published by Thurecht et al. [165]. They used high pressure self diffusion 
9
F-NMR to follow the 

diffusion coefficient of the surfactants. They found that the surfactant tails exhibit greater mobility 

with increasing time after pressurisation of a water – CO2 –surfactant mixture to 300 bar and 40°C.   

Only very recently, also the kinetics of structural changes of a CO2-in-brine microemulsion stabilised 

by the Zonyl FSO 100/ Zonyl FSN 100 mixture was examined by performing pressure jumps. This 

study showed that the change from a spherical microemulsion droplet to a cylindrical micelle, induced 

by a sudden pressure jump, occurs in the order of one second [56]. A. Müller investigated not only the 

structural changes within the one-phase microemulsion but also the demixing kinetics by performing 

pressure jumps to a pressure at which the CO2-in-brine microemulsion coexists with an excess CO2-

phase [29]. By studying one microemulsion without and one with cyclohexane it turned out that the 

substitution of 20% CO2 by cyclohexane decelerates the demixing by one order of magnitude. Based 

on these results, the influence of different amounts of cyclohexane on phase behaviour and 

microstructure, the kinetics of structural changes between thermodynamically stable states as well as 

the demixing kinetics are systematically investigated in this work.  

3.2.1 Phase behaviour and microstructure 

The phase behaviour of the systems H2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 

at FSN = 0.75 and  = 0.01 was for i = 0.0 and 0.2 (i: mass fraction of cyclohexane in the mixture of 

cyclohexane and CO2 solubilised inside the micelles (see Eq. 3-1)) already shown in Figure 3.1. In 

order to systematically investigate the influence of cyclohexane on the phase behaviour the 

temperature- and pressure-dependent T(wB)-sections recorded at a = 0.08 are presented for i = 0.10, 

0.15 and 0.25 in this chapter. Alongside with each phase diagram scattering curves are shown which 

were recorded at an overall CO2/cyclohexane mass fraction wB = 0.10 ± 0.01, T = 28°C and different 

pressures. The parameters chosen allow to compare the results obtained in this work with the ones 

found for the cyclohexane-free system by Müller [29]. The rather large error in wB can on one hand be 

explained by the low amount of the CO2/cyclohexane mixture which is used in a water-rich 

microemulsion system and is on the other hand due to the filling procedure of CO2 into the view cell. 
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Since the determination of volume of CO2 is performed by eye (see section 7.2.1) there are always 

experimental errors, especially since the surface curvature of the aqueous surfactant mixture and 

cyclohexane droplets on top further complicate the determination of the CO2-volume. 

The phase behaviour of the i = 0.10 system together with the respective scattering curves is shown in 

Figure 3.13. The phase behaviour of a microemulsion with CO2 is analogous to that of non-ionic 

microemulsions containing liquid oils [107, 115]. Thus, at low temperatures a CO2-in-water 

microemulsion phase coexists with a CO2 excess phase (2). At high temperatures a water-in-CO2 

microemulsion coexists with a water excess phase (  ). At intermediate temperatures a one-phase 

region can be found. The intersection of the emulsification failure boundary (lower phase boundary) 

and the near-critical upper boundary characterises the maximum amount of oil (wB,max) which can be 

solubilised at the adjusted mass fraction a of surfactant in the brine/ surfactant mixture. As can be 

seen, wB,max increases with increasing pressure. The same trend was also observed for the system 

without cyclohexane. The presence of cyclohexane is reflected by the fact that the one-phase region 

becomes narrower compared to the system without cyclohexane. This means that the oil/ surfactant 

tail interactions are more temperature-sensitive. Furthermore, the wB,max-values of the cyclohexane-

containing system are slightly larger than the ones of the cyclohexane-free system (see Figure 3.1 left). 

This, compared to the balanced CO2-microemulsions (equal volumes of brine and CO2), small effect 

can be expected because the amount of cyclohexane is considerably smaller in water-rich c/w-

microemulsions. 

 

Figure 3.13: Left: Temperature and pressure-dependent phase behaviour of the system brine – CO2/ cyclohexane 

– Zonyl FSO 100/ Zonyl FSN 100 (FSN = 0.75,  = 0.01 and i = 0.10) as a function of the overall oil mass 

fraction wB. As observed for the system without cyclohexane (Figure 3.1) the efficiency of the system increases 

with increasing pressure which is due to improved interactions of the fluorinated surfactant tails and CO2. The 

star indicates the point at which the scattering curves were recorded. Right: Pressure dependent scattering curves 

recorded at wB = 0.1 and T = 28°C as indicated by the star in the phase diagram left. While the scattering curve at 

p = 150 bar can be described using a droplet form factor the micelles show an elongated cylindrical shape at 

higher pressures.  
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As was also observed for the microemulsion system without cyclohexane at the same overall oil mass 

fraction wB and at the same temperature [29, 56] the analysis of the SANS scattering curves reveal a 

spherical structure at p = 150 bar and elongated, cylindrical micelles at higher pressures (see Table 

3-5). Thus, the scattering curve at p = 150 bar is typical for polydisperse spheres, as a constant 

scattering intensity can be observed for low q-values which is followed by a q
-4

 dependence at higher 

q-values. The high degree of smearing of the oscillation at q ≈ /R indicates high polydispersity. The 

slight increase of scattering intensity at low q-values is caused by the proximity of the upper near-

critical phase boundary which causes critical scattering contributions. At p  200 bar a q
-1

 decrease 

instead of constant scattering intensity can be observed in the region 0.004 Å
-1

  q  0.013 Å
-1

 which 

is characteristic for the scattering pattern of elongated structures [296].  

Thereby, the elongation is much more pronounced compared to the system without cyclohexane where 

the radius decreases from 57 Å to 48 Å upon increasing the pressure from 200 to 300 bar while 

simultaneously the length of the cylinder increases from 170 Å to 200 Å [56]. In the case of i = 0.10, 

the micelles seem to grow in length and between 250 and 300 bar also in radius (see Table 3-5). This 

is in accordance with the results of Müller for the system at i = 0.20 [29] where, however, the 

elongation of micelles is less pronounced. Since here, in contrast to the system without cyclohexane, 

the upper phase boundary at p  200 bar is located at a temperature which is more than 5 K higher than 

the temperature of the measurement, no Ornstein Zernicke structure factor has to be used to describe 

the scattering curves of elongated micelles.  

Upon close examination of the scattering curves and the respective fitting functions in the region 

0.03 Å
-1

  q  0.10 Å
-1

 one finds systematic deviations in form of an underestimation of the scattering 

intensity in the lower part of this region and an overestimation in the high q-region. Note that for all 

scattering curves a neutron wavelength of 11.5 Å was used for the low q-region and a wavelength of 

6 Å for the high q-region. Since multiple scattering is wavelength dependent it is possible that it 

affects mostly the scattering curve recorded at 11.5 Å [297]. Thus, the increased intensity at 

intermediate q-values may be attributed to double scattering. The existence of a second “wiggle”, 

however, which occurs at a q-value considerably larger than twice of the q-value of the first “wiggle”, 

excludes multiple scattering. Furthermore, the fraction of double scattering for neutrons with 6 Å and 

a sample transmission of 76% is expected to be rather small. Thus, this second “wiggle” might be 

attributed to an instrumental problem.  

Another interesting trend can be observed considering the scattering length density difference core 

which decreases with increasing pressure. This means that the scattering length density of the core 

increases with increasing pressure which can be explained by the higher concentration of protonated 

cyclohexane at the centre of the micelle as described in section 3.1.4.  
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Table 3-5: Fit parameters obtained from the analysis of the pressure-dependent scattering curves shown in 

Figure 3.13 right which correspond to the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at 

FSN = 0.75,  = 0.01, i = 0.10, wB = 0.10, a = 0.08 and T = 28°C. The scattering curve at p = 150 bar was 

described using a model for spherical droplets (convoluted with IOZ(q) whereby IOZ(0) = 0.7 cm
-1

 and  = 300 Å) 

while at higher pressure the cylindrical model was used.  

p 

 [bar] 
R0 

[Å] 

/R0 L 

[Å] 



[Å]

d 

[Å] 

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

RHS 

[Å] 

HS/ RHS 

150 80 0.45 -- 5 17 3.80 4.20 80 0.45 

200 65 0.45 190 7 17 3.60 4.20 65 0.45 

250 55 0.45 750 7.5 17 3.20 4.20 55 0.40 

300 85 0.45 900 8.5 17 2.60 4.20 85 0.35 

 

Increasing i from i = 0.10 to i = 0.15 slightly influences the phase behaviour, as shown in Figure 

3.14 left. Thus, the efficiency at pressures between 150 bar and 250 bar marginally increases whereas 

the efficiency at p = 300 bar decreases compared to i = 0.10 (Figure 3.13 left). Furthermore, the oil 

emulsification failure (lower) boundaries shift to higher oil mass fractions in all cases. Thus, with 

increasing distance to the composition of the SANS sample conditions elongated structures can be 

expected and are indeed found. 

Upon describing the SANS scattering curves the same problem as described above was encountered, 

more precisely an increased intensity at intermediate q-values followed by a “wiggle” of intensity near 

q ≈ 0.1 Å
-1

 . With this system, however, this effect is even more pronounced than for the system with 

i = 0.10. Thus, at p = 250 bar and p = 300 bar a description of the scattering curve with a cylindrical 

droplet form factor was not possible. Taking a closer look at the power laws of the scattering curve at 

p = 300 bar it turned out that there is no clear q
-4

-dependence. Instead, in the region                 

0.0177 Å
-1

  q  0.375 Å
-1

 a power law of q
-3.1

 was found and for 0.0517 Å
-1

  q  0.0793 Å
-1

 the q-

dependence is proportional to q
-5.4

.  
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Figure 3.14: Left: Phase behaviour of the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 

(a = 0.08, FSN = 0.75,  = 0.01 and i = 0.15) as a function of temperature and the overall oil mass fraction wB 

for different pressures. As observed for the previous systems with lower cyclohexane content the efficiency of 

the system increases with increasing pressure. The gaps between the efficiency points wB,max, however, become 

smaller for p = 200, 250 and 300 bar. The star indicates the point at which the scattering curves were recorded. 

Right: Scattering curves corresponding to the star in the phase diagram at the left hand side. Spherical droplets 

are present at p = 150 bar but with increasing pressure the micelles elongate to cylindrical droplets at 

p = 200 bar. Note that it was not possible to describe the scattering curves at p = 250 and 300 bar with a 

cylindrical droplet form factor because the scattering curves do not have a clear q
-4

 dependence at intermediate q.  

The scattering curves at p = 150 bar and 200 bar were described with a spherical and a 

cylindrical droplet form factor, respectively. The according parameters are shown in Table 3-6. 

There, it can be seen that the transition from spherical droplets to elongated droplets is 

connected to a decrease of radius which was also observed for the scattering curves obtained 

from the system at i = 0.10.  

Table 3-6: Fit parameters to the scattering curves shown in Figure 3.13 for p = 150 bar and 200 bar which 

correspond to the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at FSN = 0.75, i = 0.15, 

wB = 0.1 and T = 28°C.  

p 

 [bar] 

R0 

[Å] 

/R0 L 

[Å] 



[Å]

d 

[Å] 

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

RHS 

[Å] 

HS/ RHS 

150 95 0.40 -- 3.5 10 3.6 4.2 95 0.40 

200 90 0.40 140 10 3.8 3.2 4.2 90 0.40 

In order to obtain structural information from the scattering curves at p = 250 and 300 bar the GIFT 

procedure was applied for all scattering curves shown in Figure 3.14 right. The resulting fitting 

functions and the pair distance distribution functions are shown in Figure 3.15.  
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Figure 3.15: Left: SANS scattering curves obtained from the microemulsion system brine – CO2/cyclohexane – 

Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01 and i = 0.15) at wB = 0.10 and T = 28°C, as 

shown in Figure 3.14 right. Here, the fitting functions were calculated by means of the GIFT procedure. Right: 

Pair distance distribution functions according to the analysis of the scattering curves. While the single peak at 

p = 150 bar clearly points to spherical structures the PDDFs at higher pressures resemble the ones known for 

dimer prolate ellipsoids [298].  

As expected, the PDDF obtained from the scattering curve at p = 150 bar displays a single peak which 

is a clear evidence for spherical droplets. The PDDFs at higher pressures, however, indicate the 

presence of at least one further distance. Since the PDDF for cylindrical droplets shows a single peak 

with its maximum is shifted to higher r-values than its mean radius, the PDDFs shown in Figure 3.15 

right indicate that the present structures are not of cylindrical shape. Comparing these PDDFs to 

literature one finds a resemblance to PDDFs obtained from prolate ellipsoid dimers which orient in a 

linear arrangement [298]. Thus, the fist peak indicates the radius of one prolate ellipsoid and the 

second peak the length of the dimer arrangement. The existence of such a type of structure this would 

explain the deviations from the cylindrical droplet form factor (also for the scattering curves recorded 

at i = 0.10). However, note that it was not possible to describe the scattering curves satisfactorily at 

q  0.1 Å
-1

. This strongly supports the hypothesis that the oscillation of scattering intensity in the high 

q-regime stems from an instrumental problem rather than from the structure because if it was caused 

by the structure the GIFT procedure should be able to account for that. Furthermore, since the 

increased scattering intensity around q ≈ 0.045 Å
-1

 is assumed to be caused by multiple scattering the 

interpretation of the PDDF should be treated carefully. 

Increasing the cyclohexane content further to i = 0.25 the pressure-dependent phase behaviour of the 

microemulsion system changes. While the efficiency, i.e. wB,max, does not seem to change much 

compared to i = 0.15, so do the phase boundaries. Obviously, the width of the one phase region 

decreases considerably. This trend is especially pronounced at p = 150 bar where at the composition of 
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the SANS sample a two-phase region exists. The lower phase boundaries at higher pressure are also 

distinctly less steep. Thus, the distance between star (SANS sample) and efb is considerably smaller 

than for i = 0.25, which is very likely the reason why spherical droplet structures are present at 

p = 200-300 bar (see Figure 3.16 right).  

 

Figure 3.16: Left: Pressure-dependent phase behaviour of the system brine – CO2/cyclohexane – Zonyl FSO 

100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01 and i = 0.25) as a function of temperature and the overall 

oil mass fraction wB. The one-phase regions are considerably narrower compared to the previously discussed 

systems with lower cyclohexane content. Here, the efficiency of the system is highest for p = 200 bar. The star 

indicates the composition at which the scattering curves were recorded. Right: Scattering curves according to the 

composition and temperature of the star in the phase diagram. At all pressures spherical droplets are present.  

All scattering curves in Figure 3.16 right were described by a combination of the spherical droplet 

form factor and the Percus-Yevick structure factor. Thereby, the size of the droplets slightly decreases 

with increasing pressure which is connected to the density change of CO2. However, since 25 wt% of 

CO2 were replaced by cyclohexane here, the compressibility is lower compared to the system without 

cyclohexane. Because high numerical values were found for both d and  it is likely that  describes 

the concentration gradient of cyclohexane rather than the diffusivity of the amphiphilic film, as 

discussed in section 3.1.6. As was observed for the system at i = 0.15 it is also the case here that 

core decreases with increasing pressure due to the higher concentration of cyclohexane at the centre 

of the micelle. The high polydispersity of the microemulsion system is reflected in the scattering curve 

by the oscillation in the medium q-range which is hardly pronounced. This can also be seen by the 

high polydispersity index of 40 % (see Table 3-7).  

 

 

 

 

 

0.08 0.10 0.12 0.14 0.16 0.18
20

25

30

35

40

45

3

2

1

2

 p = 150 bar

 p = 200 bar

 p = 250 bar

 p = 300 bar


i
 = 0.25

 

 

T
 [

°C
]

w
B

0.001 0.01 0.1
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

 p = 300 bar

 p = 250 bar

 p = 200 bar

 I
droplet

(q)

 

 

I(
q

) 
[c

m
-1

]

q [Å
-1
]

x 10
0

x 10
1

+I
incoh

 x 10
2



Cyclohexane as hydrophobic additive to supercritical fluorinated microemulsions   

96 

 

Table 3-7: Fit parameters to the scattering curves shown in Figure 3.16 for various pressures which correspond 

to the system brine – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at a = 0.08, FSN = 0.75,  = 0.01, 

i = 0.25, wB = 0.10 and T = 28°C. The droplet form factor in combination with the Percus-Yevick structure 

factor was used to describe all scattering curves.  

p 

 [bar] 
R0 

[Å] 

/R0 

[Å]

d 

[Å] 

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

RHS 

[Å] 

HS/ RHS 

200 106 0.40 5.0 13 2.6 4.2 106 0.45 

250 105 0.40 5.0 13 2.5 4.2 105 0.45 

300 104 0.38 5.2 13 2.4 4.2 104 0.45 

Comparing the T(wB) phase diagrams at different cyclohexane contents one finds that the efficiency 

boosting as described in section 3.1.1 for balanced microemulsions also occurs for water-rich 

microemulsions (Figure 3.17 right), especially in the case of p = 150 bar as can be seen in Figure 3.17 

left. The trend of improved efficiency is, however, much less pronounced for diluted than for balanced 

microemulsions (compare Figure 1.1 left), especially in the case of p = 300 bar. For p = 150, 200 and 

250 bar a general increase of wB,max with increasing cyclohexane content can be observed. This trend is 

slightly weaker for p = 200 bar and even less obvious for 250 bar. At p = 300 bar, even a small 

decrease of wB,max with increasing i = can be observed.  

The system at p = 150 bar reaches its maximum efficiency at i = 0.20 which is very similar to the 

trend observed with balanced microemulsions (see Figure 1.1 left). Furthermore, the increase of 

efficiency is highest at p = 150 bar and lowest at p =300 bar which is connected to the higher density 

of CO2 at higher pressure. Since CO2 functions a buffer layer between cyclohexane and the fluorinated 

surfactant tails it is reasonable that this layer is thinner at high densities, i.e. at 300 bar, leading to a 

less efficient system compared to a micelle with a larger layer. However, the comparably low number 

of data points and the high errors of wB make it difficult to reliably interpret Figure 3.17 right.  
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Figure 3.17: Left: Comparison of T(wB) sections of the system brine – CO2/cyclohexane – Zonyl FSO 100/ 

Zonyl FSN 100 at a = 0.08, FSN = 0.75,  = 0.01, p = 150 bar and different mass fractions i of cyclohexane in 

the hydrophobic phase. wB,max increases with increasing cyclohexane mass fraction i. Right: Comparison of the 

points of maximum efficiency wB,max of the systems previously discussed at four different pressures. For 

p = 150 bar a strong increase of efficiency with increasing i can be observed, which is less pronounced at 200 

and 250 bar. At p = 300 bar, in contrast, a slight decrease of efficiency was found.  

Another very interesting trend becomes obvious if the radius of the spherical droplets at p = 150 bar 

(200 bar in the case of i = 0.25) is plotted against the cyclohexane mass fraction i within the 

hydrophobic phase, as shown in Figure 3.18 left. Thereby, the radius of the spherical micelles found at 

p =150 bar increases linearly with increasing cyclohexane content. This is surprising because the 

overall oil mass fraction was kept constant. Since the overall interface area remains constant in first 

approximation (the amount of surfactant is not changed) this increase in radius must be connected to a 

decrease of particle number density. In order to verify this trend the respective scattering curves are 

shown in Figure 3.18 right. The increase of forward scattering intensity upon addition of cyclohexane 

immediately shows that the droplets at i = 0.00 are smaller compared to the systems with 

cyclohexane. The fact that the scattering curves with cyclohexane have a similar forward scattering 

intensity can be explained by considering that the scattering increase of larger droplets is compensated 

by a lower core scattering contrast core with increasing i. The position of the characteristic 

oscillations shifts to lower q-values with increasing i as indicated by the arrows in Figure 3.28 right. 

Furthermore, the scattering intensity in the medium q-range slightly shifts to lower q-values. Both 

trends indicate a trend towards larger droplets. Considering the depletion zone of cyclohexane close to 

the surfactants (see section 3.1) it is possible that larger droplets form because they can hold 

considerable higher amounts of cyclohexane. Thereby, the smaller surface-to-volume ratio also 

reduces the interaction regions of cyclohexane and fluorinated surfactants. Furthermore, it is possible 

that the presence of cyclohexane at the centre of the micelles leads to a higher bending rigidity of the 

amphiphilic film. This would also explain the improved efficiency and the larger structures [299]. 
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Figure 3.18: Left: Plot of the spherical droplet radius obtained from fitting scattering curves of the system brine 

– CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at a = 0.08, FSN = 0.75,  = 0.01, p = 150 bar 

(p = 200 bar at i = 0.25), wB = 0.10 and T = 28°C and different mass fractions i. The droplet radius depends 

linearly on the amount of cyclohexane in the hydrophobic phase (red fitting function). Right: In order to verify 

the trend shown left the respective scattering curves are plotted together. The forward scattering intensity 

increases upon addition of cyclohexane. Furthermore, both the characteristic oscillations as well as the scattering 

intensity in the medium q-range shift to lower q-values and thus to larger structures with increasing i. 

3.2.2 Pressure jumps within the thermodynamically stable state 

Based on the investigation of the microstructure the discussed microemulsion systems 

(i = 0.10, 0.15 and 0.25) were also used to investigate the influence of cyclohexane on the 

kinetics of structural changes as a response to a sudden pressure jump within the 

thermodynamically stable state of the microemulsion.  

Thus, the first kinetic experiment was performed on the system brine – CO2/ cyclohexane – 

Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at wB = 0.10, i = 0.10 and 

T = 28°C using the stroboscopic high-pressure SANS cell (see section 2.4.5). The pressure 

jumps were adjusted to be between phigh = 300 bar and plow = 150 bar whereby each pressure 

was held for 2.5 s, meaning that the duration of one pressure cycle was 5 s and thus had a 

frequency of 0.2 Hz. Since the experiment was performed using LISTMODE data acquisition 

(see chapter 2.4.6) it was not necessary to define a time resolution prior to the experiment. The 

scattering curves as a function of time are shown in Figure 3.19. Thereby, negative times 

correspond to p = 300 bar, the time of the pressure jump was set to zero and positive times 

consequently refer to p = 150 bar. For this plot a rather low time resolution of tS = 0.2 s was 

applied. As can be seen especially the forward scattering intensity strongly increases after the 

pressure jump from 150 bar to 300 bar which is consistent with the results obtained from static 

measurements (Figure 3.13) and can be explained by a change from spherical to elongated 

microemulsion droplets. Furthermore, considering the intermediate q-range, it is possible to 
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follow the vanishing of the so-called shoulder of the scattering curve which defines the 

transition to the q
-4

 dependence of the scattering intensity. The major decrease of forward 

scattering intensity after the pressure jump to p = 150 bar cannot be resolved with this time 

resolution. However, a slight change of scattering intensity at very low q-values is noticeable 

at the end of the pressure cycle. The development of the shoulder of the scattering intensity 

seems to occur on a similar time scale as its vanishing.  

 

Figure 3.19: Pressure-dependent scattering curves as a function of time for the microemulsion system D2O/NaCl 

– CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.10, wB = 0.10 

and T = 28°C. The pressure cycle starts at p = 300 bar at t = -2.5 s, until after 2.5 s at t = 0 s the pressure is 

changed to 150 bar for 2.5 s. A time resolution of 0.2 s was applied.  

In order to follow the kinetic processes in more detail selected scattering curves from Figure 

3.19 are shown in Figure 3.20. Comparing the scattering curve shortly after the pressure jump 

to 300 bar (blue) one finds that the scattering curve recorded 0.3 s after the pressure jump 

already displays characteristic features of elongated structures, for example a more gradual 

turnover to the q
-4

 dependence at high q-values. It is clearly visible that the reorganisation in 

the following 2 s (to the scattering curve recorded 2.2 s after the pressure jump (green) leads to 

a considerable change of scattering intensity especially in the low q-region. Comparing this 

behaviour to the scattering curves recorded 0.3 s (red) and 2.3 s (violet) after the pressure jump 

to p = 150 bar one finds that the difference of scattering behaviour is considerably lower 

between these two scattering curves, indicating that the breakdown of long elongated structures 

is faster than its rebuilding. This is consistent with results found for the reference system 

without cyclohexane [56]. The slight decrease of scattering intensity in the low q-regime at 

p = 150 bar occurs with a power law of less than q
-1

 and can be attributed to critical scattering, 

as was also observed for the static scattering curve (Figure 3.13). 
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Figure 3.20: Selected scattering curves of the same system from the pressure jump from 300 bar to 150 bar 

(Figure 3.19). The blue and green scattering curves are recorded at p = 300 bar, 0.2 s (blue) and 2.2 s (green) 

after the pressure jump to 300 bar, respectively, as indicated by negative times. The red and violet scattering 

curves correspond to 0.2 s (red) and 2.2 s (violet) after the pressure jump to 150 bar. The scattering curves have 

an isosbestic point at q = 0.0.13 Å
-1

 and overlap for q  0.034 Å
-1

. 

In order to quantitatively follow the structural changes shown in Figure 3.19 it is useful to 

analyse the scattering intensity recorded for different q-ranges. Prior to integrating the intensity 

the appropriate q-ranges have to be defined. As the results of these experiments are supposed 

to be compared to the reference system without cyclohexane it is reasonable to apply the same 

q-ranges [56]. By comparing the scattering curves of the kinetic measurement (see Figure 3.20) 

an isosbestic point at q = 0.013 Å
-1

 was identified as well as an overlap for q  0.034 Å
-1

. 

Therefore, the q-regions 0.005 Å
-1

  q  0.013 Å
-1

 and 0.013 Å
-1

  q  0.034 Å
-1

 were used for 

analysing the time-dependent scattering behaviour. The results of these integrations together 

with the plot shown in Figure 3.19 at a slightly different perspective are shown in Figure 3.21 

where the normalised integrated intensity (nii(t)) is plotted as a function of time for the two q-

ranges. For a better clarification the pressure profile for the pressure jump, which of course 

also applies for the scattering curves shown left, is shown at the top.  
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Figure 3.21: Left: 3D-plot of scattering curves recorded during a pressure-jump from p = 150 bar to p = 300  bar 

as a function of time for the system D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, 

FSN = 0.75,  = 0.01) at i = 0.10, wB = 0.1 and T = 28°C, as shown in Figure 3.19 from a different perspective. 

Right: Normalised integrated intensity as a function of time for two q-ranges (0.005 Å
-1

  q  0.013 Å
-1

 (red) and 

0.013 Å
-1

  q  0.034 Å
-1

 (blue)) with a time resolution of tS = 0.05 s. The lines represent exponential fits of the 

form y ~ exp(-t/) whereby the respective time constants  for compression (C) and expansion (E) are shown in 

the graph. Note that the pressure profile applies for both nii(t) and the plot at the left. 

The course of normalised integrated intensity was found to be of exponential dependence and 

was fitted according to  

           
 
  Eq. 3-2 

if the intensity increases and according to  

         
 
  Eq. 3-3 

in the case of decreasing intensity with  being the respective time constant. 

Using Eq. 3-2 and Eq. 3-3 it was possible to describe the nii(t) shown in Figure 3.21 right, i.e. 

time constants for the relaxation processes could be determined. However, the dependence of 

nii(t) in the low q-regime after compression could not be described with a mono-exponential 

fitting function but two fits were necessary. The two time constants C1 and C2 indicate that a 

first and fast process occurs which can be interpreted as the initial elongation and merging of 

spherical droplets to several small, polydisperse micelles. The second, slower process with 

negative amplitude can thus be considered a reordering process and further elongation. This is 

also indicated by the scattering curves shown in Figure 3.20, where the forward scattering 

intensity decreases with time. Here, the micelles seem to be much longer at t = -0.3 s than at 

t = -2.3 s. Regarding the processes described by the second q-regime one finds that here, in 

contrast, it is possible to describe the time-dependence of nii(t) with a single exponential fit 

with a time constant of C = 0.56 ± 0.02 (fit not shown). This is another indication that the 
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elongation of the structure takes place all the time at this pressure and is not a fast process. 

Considering the two processes which occur in the low q-range it is also possible to describe the 

nii(t) with two fitting functions as shown in Figure 3.21 right. 

The processes after expansion could be described with a single exponential function for both q-

regimes which is an indication that the breakdown of elongated structures occurs more 

homogeneously. Furthermore, the time constants for both q-regions are in a similar range 

which points to the same direction. The results for the system without cyclohexane lead to the 

assumption that the breakdown of elongated structures occurs faster than 0.1 s and that the 

observed processes with a time constant of E = (0.52 ± 0.05) s represent minor reordering 

processes such as reducing polydispersity. Since here it is also the case that the difference 

between the scattering curves are very small (see Figure 3.20 right) it can be assumed that also 

reordering processes are observed. Note that it was not possible to include the first two data 

points after expansion into the fitting functions.  

Therefore, another pressure jump experiment was performed with a shorter pressure cycle in 

order to investigate the processes which happen right after expansion in more detail. For this 

experiment the pressure phigh was set to 280 bar and the pressure plow to 140 bar. The scattering 

curves as a function of time are shown in Figure 3.22.  

 

Figure 3.22: Left: Pressure-dependent scattering curves as a function of time for the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.10, wB = 0.10 and 

T = 28°C. The pressure cycle was adjusted to start at phigh = 280 bar and that pressure was held for 0.5 s until the 

pressure jump (at t = 0 s) occurs to plow = 140 bar which was also held for 0.5 s. For this plot a time resolution of 

tS = 0.025 ms was applied. Right: Normalised integrated intensity as a function of time for two different q-

regions as indicated in the plot with a time resolution of 0.01 s. The data were fitted with an exponential function 

of the form y ~ exp(-t/). The according time constants are shown in the graph. The pressure profile shown at the 

top applies also for the plot shown left. 
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The scattering curves in Figure 3.22 left at p = 140 bar indicate that the equilibrium state is not 

yet reached at the end of the pressure cycle which can be explained by the shorter time the 

system was kept at this pressure compared to the previous experiment. Considering the nii(t) 

shown in Figure 3.22 right this also seems to be valid for the system at p = 300 bar, as there is 

no plateau of the scattering intensity which would indicate a thermodynamically stable state. 

The time constants for the processes after compression match the ones which were found in the 

previous experiment for both q-regions. This is especially interesting in the case of the low q-

region for which the two time constants describing the fast process are exactly the same, which 

validates the procedure of two fitting functions instead of one in the case of medium q-values. 

This indicates that the second pressure jump as shown in Figure 3.22 describes the first 500 ms 

of the pressure jump shown in Figure 3.21. Regarding the processes after expansion it turned 

out that the immediate processes occur on a time scale of 0.1 s in the low q-range and with a 

time constant of 80 ms in the medium q-range. This confirms the assumption which was 

previously published that the breakdown of elongated structures is faster than 0.1 s [56]. 

Scattering curves recorded right after expansion are shown in Figure 3.23 right. Before taking 

a close look at these one needs to consider that the pressure jump itself needs about 30 ms to be 

completed. Thus, the scattering curve which is described to be recorded at t = 0.025 s is likely 

to correspond to non-constant pressure.  

 

Figure 3.23: Left: Selected scattering curves from the pressure jump described in Figure 3.22 (time resolution 

tS = 0.25 s) recorded at (t = -0.5 s) and slightly after compression (t = -0.45 and -0.3 s). The increase of intensity 

in the low q-regime is clearly connected to an elongation process which can be seen by the vanishing of the 

scattering shoulder at intermediate q-values. Comparing this scattering curve to one recorded 1.8 s after the 

pressure jump (green downward triangles, t = -0.7 s, taken from Figure 3.19) shows that the second process 

displays ordering processes. Right: Selected scattering curves from the pressure jump described in Figure 3.22 

(time resolution tS = 0.25 s) recorded before the pressure jump to 150 bar (t = 0.0 s, red triangles), during the 

pressure jump (t = 0.025 s, orange circles) which takes about 30 ms to be completed, and at t = 0.05 s after the 

pressure jump (violet downward triangles). This scattering curve is already very close to the one recorded after 

t = 0.2 s and shows a clear transition to the q
-4

 dependence at higher q-values.  
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The first scattering curve at constant pressure, at t = 0.05 s, already shows the distinct 

scattering shoulder before the q
-4

 dependence occurs in the higher q-regime. This shoulder 

becomes more pronounced with time. The fact that the shoulder is already present after 50 ms 

means that indeed the breakdown of elongated structures to sphere-like droplets is very fast. 

Figure 3.23 left shows selected scattering curves at p = 300 bar, i.e. after compression. The 

lower scattering curves represent the structural changes at times close to the pressure jump 

which takes place at t = -0.5 s. The following scattering curves at t = -0.45 s and -0.3 s nicely 

show the process of elongation as the scattering shoulder which is characteristic for spherical 

structures vanishes and simultaneously the forward scattering increases. However, this 

scattering curve does not show any characteristic oscillations which can give information on 

the length scale of the structure which indicates a high polydispersity of the system. Only by 

means of scattering curves recorded much later after the pressure jump (1.8 s, t = -0.7, taken 

from Figure 3.19) one finds characteristics such as an oscillation. This clearly shows that the 

second process detected by the nii(t) in Figure 3.21 describes reordering and homogenisation 

processes. 

After having investigated the system with 10 wt% cyclohexane the next experiment was to 

apply a comparable pressure jump to the microemulsion with 15 wt% cyclohexane in the 

hydrophobic phase. Analogously to the experiment at i = 0.10 shown in Figure 3.19 and 

Figure 3.21 the pressure jump at i = 0.15 was performed from 280 bar to 140 bar whereby 

each pressure was held for 2.5 s. At these conditions, the microemulsion also undergoes 

structural changes from spherical to elongated droplets (see Figure 3.14). The resulting 

scattering curves as a function of time together with the normalised integrated intensities for 

two different q-regions are shown in Figure 3.24. The q-regions are the same ones as applied 

for the previous system and the reference system. The pressure jump at t = 0 s is easily visible 

by the abrupt change of forward scattering intensity in the 3D-plot.  
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Figure 3.24: Left: Pressure-dependent scattering curves as a function of time for the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.15, wB = 0.10 and 

T = 28°C. The pressure jump from p = 300 bar to p = 150 bar was set to t = 0 s. Each pressure was held for 2.5 s 

whereby a time resolution of 0.2 s was applied. Right: Pressure profile (top) together with the normalised 

integrated intensity with a time resolution of 0.05 s as a function of time for two q-ranges  

(0.005 Å
-1

  q  0.013 Å
-1

 (red) and 0.013 Å
-1

  q  0.034 Å
-1

 (blue)). The error bars are within the size of the 

symbols. The lines represent exponential fits with y ~ exp(-t/). Note that for the processes after compression 

two exponential fits were necessary to describe the changes of scattering intensity. 

As was observed for the system at i = 0.10 it was also not possible to describe the nii(t) in the low q-

region by a mono-exponential fitting function. Two functions were necessary which clearly points to a 

similar process as described for the previous experiment, meaning that first disordered elongation 

processes happen before the system equilibrates to a less polydisperse state. This is also the reason 

why the nii(t) in the medium q-range were fitted with two exponential fits rather than one which is 

also possible and leads to a time constant of C = 0.44 ± 0.02 s (fit not shown). Note that the 

description of the time-dependent change of nii(t) after expansion with a mono-exponential function 

again excludes two data points, i.e. a time period of 100 ms, at both q-regimes. Since the scattering 

curves in Figure 3.24 left display the characteristic shoulder right after the pressure jump it can be 

assumed that the formation of spherical droplets occurs on a time scale comparable to the previous 

experiment. The time constants for these processes are slightly higher than for the system at i = 0.10, 

indicating that the reordering process is slower here. Since reordering processes likely include 

diffusion processes of hydrophobic substance between micelles it seems reasonable that this process is 

slower at a higher cyclohexane content since the solubility of cyclohexane in water is much lower than 

the one of CO2 in water.  

The microemulsion system with 25 wt% cyclohexane in the hydrophobic phase differs 

considerably from the other two described systems. The analysis of phase behaviour and the 
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static scattering curves shown in Figure 3.16 revealed that at the chosen parameters of 

wB = 0.10 and T = 28°C no one-phase region was found at p = 150 bar. Hence, the pressure 

jump experiment could not be performed at phigh = 300 bar and plow = 150 bar since this would 

lead to a demixing of the microemulsion which was not sought to achieve in the series of 

experiments. Therefore, the pressure plow was adjusted to 200 bar where a thermodynamically 

stable one-phase region exists, and all other parameters were kept constant. The results in form 

of a 3D-plot of the scattering intensity are shown in Figure 3.25 left, together with the 

respective pressure profile and normalised integrated intensities (right). The investigation of 

the microstructure already showed that spherical structures are present at all pressures (see 

Figure 3.16). Although these droplets have a slightly different size the general microstructure 

is the same, which is the reason why the difference of scattering intensity in Figure 3.25 is very 

low at different pressures.  

 

Figure 3.25: Left: Scattering curves at two different pressures as a function of time for the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.25, wB = 0.10 and 

T = 28°C. The pressure cycle starts at p = 290 bar at t = -2.5 s, until after 2.5 s at t = 0 s the pressure is changed 

to 200 bar for 2.5 s. A time resolution of 0.2 s was applied. Obviously, the scattering intensity does not change 

much between the different pressures. Right: Normalised integrated intensity (time resolution 0.05 s) as a 

function of time for two q-ranges (0.005 Å
-1

  q  0.013 Å
-1

 (red)) and 0.013 Å
-1

  q  0.034 Å
-1

 (blue)). The 

pressure profile which is also valid for the plot at the left is shown at the top. The black lines represent 

exponential fits proportional to exp(-t/). Since the amplitude of the change is very low (see 3D-plot left) the 

data points scatter very much and thus the errors of the fitting functions are high. 

Although the scales of nii(t) in Figure 3.25 right range from 0 to 1 the amplitude of difference 

of scattering intensity is rather low, as can be seen by the scattering curves shown left. This 

low amplitude is also the reason why the data points vary a lot among each other compared to 

the previous systems. Nevertheless, it was possible to describe the time-dependency of the 

scattering intensity with mono-exponential fitting functions, whereby one function was 
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sufficient in all cases. The lack of a first, fast process visible after compression in the low q-

region is very likely due to the fact that the microstructure does not undergo a change to 

elongated structures here, as was the case for the other systems. The time constants found for 

this experiment are in the range of the previous results, indicating that mainly reordering 

processes are observed here.  

3.2.3 Influence of cyclohexane on changes of microstructure 

The kinetics of pressure-induced structural changes of the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at 

wB = 0.10, T = 28°C, studied at three cyclohexane contents i = 0.10, 0.15 and 0.25 were 

described in section 3.2.2. These experiments were performed within the thermodynamically 

stable region and composition and temperature of these experiments were adjusted to be 

comparable to previous results of the cyclohexane-free system [29, 56] and the system with 

20 wt% cyclohexane at similar conditions. The system at i = 0.25 consists of spherical 

structures at all pressures and thus is different from the others where elongated structures can 

be found at p  200 bar. Table 3-8 summarises all time constants for pressure jumps within the 

thermodynamically stable state. The q-regimes 0.005 Å
-1

  q  0.013 Å
-1

 and                

0.013 Å
-1

  q  0.034 Å
-1

 were set due to an isosbestic point at q ≈ 0.013 Å
-1

. 

Table 3-8: Overview of time constants obtained from pressure jumps within the thermodynamically stable state 

of the system D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) 

at wB = 0.10, T = 28°C and for different values of i = 0.00, 0.10, 0.15, 0.20 and 0.25. The time constants for the 

systems at i = 0.10, 0.15 and 0.25 are also displayed in the respective graphs in section 3.2.2 whereas the values 

for i = 0.00 and 0.20 were taken from [56] and [29]. Note that the data in [29] for i = 0.20 were re-evaluated. 

i wB 
T 

[°C] 

phigh 

[bar] 

plow 

[bar] 
0.005 Å

-1
  q  0.013 Å

-1
 0.013 Å

-1
  q  0.034 Å

-1
 

 
compression  

[s] 

expansion  

[s] 

compression  

[s] 

expansion  

[s] 

0.00 0.10 28 300 150 0.63 ± 0.05 0.52 ± 0.05 0.59 ± 0.05 < 100 ms 

0.10 0.10 28 300 150 
0.12 ± 0.01 

0.70 ± 0.04 

0.11 ± 0.01 

0.57 ± 0.06 

0.20 ± 0.02 

0.68 ± 0.04 

0.080±0.004 

0.62 ± 0.16 

0.15 0.10 28 300 150 
0.20 ± 0.01 

1.8 ± 0.30 
0.78 ± 0.03 

0.17 ± 0.02 

0.81 ± 0.08 
0.80 ± 0.03 

0.20 0.12 32.5 300 150 
0.29 ± 0.01 

1.05 ± 0.15 
1.18 ± 0.05 

0.26 ± 0.01 

0.40 ± 0.04 
1.11 ± 0.05 

0.25 0.10 28 300 200 0.76 ± 0.17 0.87 ± 0.28 0.32 ± 0.23 0.37 ± 0.17 

The time constants in Table 3-8 as a function of cyclohexane content i are shown graphically 

in Figure 3.26. There, two basic trends become obvious. Considering the process after 

expansion (blue hollow squares) it becomes obvious that this process is systematically 
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decelerated with increasing cyclohexane content, up to a factor of 2 at i = 0.20. Since the 

breakdown of elongated structures to spherical droplets is too fast for observation this process 

is likely the formation of spherical droplets from cylinder fragments. Note that the data points 

for i = 0.25 represent a sphere-sphere transition rather than the transition from elongated to 

spherical structures which is why these data points should not be considered.  

In most cases two time constants can be found after compression. The first time constant (filled 

red circles) for almost all systems containing cyclohexane is lower than the one found for the 

reference system. With increasing cyclohexane concentration, however, a deceleration trend 

can be observed, leading to the assumption that the process described here might not be 

resolved at i = 0.00. From the scattering curves it is assumed that this process represents the 

elongation of spherical droplets and first merging processes.  

The time constants of the second, slower process are in the range of the one found for the 

reference system (hollow purple circles). This process is assumed to be ordering to less 

polydisperse spheres. A deceleration can only be found up to 15 wt% cyclohexane. Here, 

however, the higher temperature at i = 0.2 might trigger a faster process. 

Considering the results for both q-regions and both pressure jumps, one can state that structural 

changes from elongated to spherical droplets, and vice versa, are systematically decelerated by 

cyclohexane for microemulsions of the type brine – CO2/cyclohexane – fluorinated surfactants. 

         

Figure 3.26: Graphical overview of different time constants obtained from pressure jumps with the system 

D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at similar 

composition and temperature and various cyclohexane contents i for two different q-regions. Thereby, the 

expansion (blue hollow squares) represents the breakdown of elongated structures to spherical droplets, which 

are obviously decelerated with increasing cyclohexane content. After compression, two processes can be 

observed. While the first and fast process (red filled circles) happens faster than the process at the reference 

system the second process displays time constants in the same range or higher. Especially the first process is 

decelerated with increasing i. The data at i = 0.25 represent a sphere-sphere transition and can thus not be 

compared.  
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3.2.4 Pressure jumps to thermodynamically unstable states 

Starting from the points marked with a star in the phase diagrams in the section 3.2.1 the demixing 

kinetics of the respective microemulsions were investigated by performing pressure jumps to 

p = 70 bar. At this pressure, composition and temperature a CO2-in-water microemulsion coexists with 

a CO2-excess phase in all systems. Similar to the previous chapter the composition and the 

temperature were kept constant in order to allow comparing all systems to the cyclohexane-free 

system. This time, however, the structure at phigh, i.e. at the thermodynamically stable state, consists of 

spherical droplets in all cases. 

Thus, the first pressure jump experiment was performed at the system with 10 wt% cyclohexane in the 

hydrophobic phase. phigh was adjusted to 150 bar and plow to 70 bar which is in a two-phase region of 

the microemulsion system. Each pressure was kept for 2.5 s. The scattering curves at different 

pressures and as a function of time are shown in Figure 3.27. As can be seen the forward scattering 

intensity constantly increases after the pressure jump to 70 bar at t = 0.0 s. Furthermore, the scattering 

shoulder in the medium q-range disappears after the pressure jump. 

 

Figure 3.27: Left: Pressure-dependent scattering curves as a function of time for the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.10, wB = 0.10 and 

T = 28°C. Starting at p = 300 bar at t = -2.5 s this pressure was held for 2.5 s so that the pressure is changed to 

150 bar at t = 0 s and also held for 2.5 s. A time resolution of 0.2 s was applied. Right: Normalised integrated 

intensity as a function of time for two q-ranges (0.005 Å
-1

  q  0.013 Å
-1

 (red) and 0.013 Å
-1

  q  0.034 Å
-1

 

(blue)) with a time resolution of 0.05 s, together with the pressure profile (top). The black lines represent 

exponential fits proportional to exp(-t/) whereby the respective time constants  for compression (C) and 

expansion (E) are shown in the graph. The dashed line indicates a region of linear dependency which will be 

discussed later in this section. Note that the error bars lie within the symbol size. 

The time-dependent normalised integrated intensities (nii(t)) for two different q-regimes are shown in 

Figure 3.27 right and the integration limits are the same ones applied in the previous chapter. The time 
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constants for the process after compression indicate that the spherical droplet structure at p = 150 bar 

is reformed on a time scale of less than half a second. The processes after expansion, however, seem to 

be of completely different nature. While the first data points after expansion can be described by an 

exponential function this process is followed by a linear decrease of the scattering intensity in the 

medium q-range and a linear increase of intensity in the low q-range. The time constants for the 

exponential process indicate that the process followed at low q which represents the formation of large 

emulsion droplets occurs much faster than the process observed in the medium q range. This is 

reasonable considering that already few emulsion droplets influence the forward scattering intensity 

whereas the vanishing of the droplet structure requires that most of the microemulsion droplets form 

emulsion droplets before the scattering shoulder diminishes. 

The second experiment was performed on the microemulsion system containing 15 wt% cyclohexane 

in the hydrophobic phase. Again, the time-dependent scattering curves at phigh = 160 bar and 

plow = 70 bar are shown together with the nii(t) in Figure 3.28. The scattering curves show that the 

forward scattering intensity increases immediately after expansion while the scattering intensity after 

compression remains constant, indicating a thermodynamically stable state at phigh.  

 

Figure 3.28: Left: 3D-plot of scattering curves as a function of time for the system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.15, wB = 0.10 and 

T = 28°C. Starting at p = 160 bar for 2.5 s, the pressure jump was set to happen at t = 0 s to 70 bar which was 

held for 2.5 s. The scattering curves are shown with a time resolution of 0.2 s. Right: Time-dependent 

normalised integrated intensity with a time resolution of 0.05 s shown for two different q-regions. The pressure 

profile at the top applies also to the plot at the left. The black lines represent exponential fits proportional to 

exp(t/). The dashed line indicates a region of linear dependency which will be discussed later in this section. 

Note that the error bars are smaller than the symbols.  

The nii(t) as a function of time (Figure 3.28 right) show a linear dependency of the scattering intensity 

immediately after expansion, indicating that the demixing process starts at soon as plow is reached. The 
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relaxation after compression back to the thermodynamically stable state can be described with a 

single-exponential fitting function for both q-regions, leading to time constants for this process which 

are in the same order of magnitude of about 0.3 s.  

The third pressure jump to the thermodynamically unstable state was performed with the 

microemulsion system at i = 0.25. Since the examination of the phase behaviour showed that this 

system is not in a one-phase region at wB = 0.10 and p = 150 bar (see Figure 3.16) the pressure cycle 

was slightly changed in comparison to the previous experiment. Thus, phigh was adjusted to be 200 bar 

in order to ensure a stable microstructure at this point of the pressure cycle. Since it was assumed that 

this experiment should result in a jump deeper into the two-phase region plow was slightly modified to 

plow = 75 bar. The times at each pressure were kept at the same values as the pressure jumps discussed 

above. Figure 3.29 left shows the time-dependent scattering curves obtained from this experiment. As 

can already be seen here the forward scattering intensity decreases after compression which is the 

opposite trend compared to the experiments at i = 0.10 and 0.15. However, compared to the 

measurements shown in Figure 3.27 and Figure 3.28 the amplitude of change of the scattering 

intensity is also very low.  

 

Figure 3.29: Left: Scattering curves with a time resolution of 0.2 s recorded after pressure jumps as a function of 

time for the system D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75, 

 = 0.01) at i = 0.25, wB = 0.10 and T = 28°C. The pressure cycle starts at p = 200 bar at t = -2.5 s, until at 

t = 0 s a pressure jump to 75 bar is performed and hold for 2.5 s. As was observed for the pressure jump from 

200 to 300 bar (Figure 3.25) the change of scattering intensity is very low at different pressures. Right: 

Normalised integrated intensity as a function of time for two q-ranges (0.005 Å
-1

  q  0.013 Å
-1

 (red) and                   

0.013 Å
-1

  q  0.034 Å
-1

 (blue)). A time resolution of 0.2 s was applied because the values of normalised 

integrated intensity scatter very much due to the low change of scattering intensity upon the pressure jump (see 

left). It was not possible to applied exponential fits to the normalised integrated intensity. 
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The same opposing behaviour can be found considering the nii(t) shown in Figure 3.29 right. Because 

the scattering intensity changes only slightly after the pressure jumps the time resolution for this plot 

was chosen to be 0.2 s in order to obtain more reliable data points. Nevertheless, the data points are 

considerably noisy and do not allow for any time-dependent description of the scattering intensity. It 

was assumed that either a pressure of 75 bar was too high to induce fast demixing, especially because 

the oil excess phase is very small, or that the sought demixing with this system occurs on a much 

longer time scale compared to the other systems. Thus, another experiment was performed in which 

the pressure plow was lowered to plow = 65 bar in order to jump deeper into the two-phase region and 

thus trigger a faster demixing process. It needs to be considered that the density of CO2 changes very 

much around this pressure which implies that the bellow needs to shrink considerably more to transfer 

a pressure as low as 65 bar. In order to prevent damage of the bellow the pressure phigh was slightly 

adjusted to 180 bar instead of 200 bar to counteract the size change of the bellow a little. The times of 

the pressure cycle were kept at 2.5 s at each pressure as in previous measurements. The scattering 

curves as a function of time obtained from this modified experiment are shown in Figure 3.30 left. 

Taking a very close look at the scattering curves at p = 65 bar, i.e. at t > 0 s one finds a small but 

systematic increase in forward scattering intensity with time, indicating that indeed demixing was 

achieved with this experiment. The expected linear dependency of nii(t) (Figure 3.30 right) is 

noticeable, although the amplitude is low, which also indicates slower demixing processes. 

 

Figure 3.30: Left: Time and pressure-dependent scattering curves for the system D2O/NaCl – CO2/cyclohexane 

– Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at i = 0.25, wB = 0.10 and T = 28°C. 

Starting at a high pressure of 180 bar for 2.5 s the pressure jump is performed at t = 0 s to plow = 65 bar which 

was also kept for 2.5 s. As was observed for the pressure jump from 200 to 300 bar (Figure 3.25) the change of 

scattering intensity is very low at different pressures. Right: Normalised integrated intensity as a function of time 

for two q-ranges. A low time resolution of 0.1 s was applied because the values of normalised integrated 

intensity scatter very much due to the low change of scattering intensity upon the pressure jump (see left). It was 

not possible to apply exponential fits to the normalised integrated intensity.  
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3.2.5 Influence of cyclohexane on kinetics of demixing processes 

After having characterised structural changes within the thermodynamically stable states of the 

microemulsion systems D2O/NaCl – CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 

(a = 0.08, FSN = 0.75,  = 0.01) at wB = 0.10 and T = 28°C and three cyclohexane contents 

i = 0.10, 0.10 and 0.25 the influence of cyclohexane on kinetics of the structural changes was 

studied recording the scattering behaviour after pressure jumps to a thermodynamically 

unstable state, i.e. to plow = 70 bar (section 3.2.4). Thereby, it turned out that the integrated 

scattering intensity after expansion increases linearly in the low and decreases linearly in the 

intermediate q-regime. The origin of the linear dependency of scattering intensity can be 

explained by considering the relation of radius and time for diffusive phase separation by 

growing processes [300-302]. 

         
 

 Eq. 3-4 

which shows that the radius is proportional to the third root of time. In order to connect this 

time-dependence to the scattering intensity the relation of radius and I0 needs to be included, 

which for discrete aggregates can be described by 

           
  Eq. 3-5. 

Assuming that the volume fraction of the dispersed phase disp remains constant it directly 

follows that  

       Eq. 3-6 

i.e. that the expansion-induced phase separation should lead to a linear increase of the 

scattering intensity with time. Note that Ostwald ripening and coagulation follow the same 

time law (Eq. 3-4) so that it is not easy to distinguish between these [302, 303]. 

The pressure jump leads to a change of relative position of the sample composition to the 

phase boundary. This new position, i.e. the new parameters, leads to a different spontaneous 

curvature of the amphiphilic film and thus renders the system unstable. Furthermore, the 

pressure jump also leads to a sudden increase of the volume of the CO2 droplets and to an 

increase of the surface area. Smoluchowski´s rapid coagulation theory for number densities of 

order 10
15

 – 10
16

 microemulsion droplets per cm
3
 predicts a half-time of less than a 

millisecond. Thus, it can be concluded that the jump of scattering intensity immediately after 

the pressure jump (see plots of nii(t) vs. t in the previous section) is not only connected to the 

change of CO2 scattering length density but that it also includes a change of the particle 

number density caused by coagulation and nucleation processes.  

The new pressure parameters demand a different, i.e. higher, spontaneous curvature of the 

amphiphilic film. This means that the microemulsion droplets have to shrink. At the same time 
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the total interfacial area must remain constant. This requires that the number density of 

microemulsion droplets must increase. The mechanism of these structural changes is 

presumably fusion and fission with more fission than fusion but is not clear at this point.  

Based on the isosbestic points of the scattering curves the normalised scattering intensity as a 

function of time was determined for two different q-regions. Here, the increase of scattering 

intensity in the low q-regime is caused by the growth of large emulsion droplets which highly 

contribute to the overall scattering intensity due to their large volume. The intermediate 

q-regime represents the shrinking of the microemulsion droplets where the decrease in radius 

apparently overcompensates the fact that the particle number density increases.  

A mechanism similar as described above was already discussed in 1997 by Olsson et al. [304]. 

Performing shallow temperature quenches to a non-ionic microemulsion they found that small 

temperature quenches which only slightly traverse the phase boundary result in metastable 

states with very slow coarsening of microemulsion droplets as observed by turbidity 

measurements. With larger quenches, though, coarsening occurs much faster, i.e. on a time 

scale of minutes rather than hours. They also recognised that although the curvature of growing 

emulsion droplets decreases, where increasing is favoured, a few large droplets have to be 

tolerated in order to let the majority of droplets decrease in size [304]. Furthermore, Olsson et 

al. argue that the overall number of droplets increases due to the conservation of interfacial 

area. Later a more mathematical approach to this problem was published, describing nucleation 

processes in a microemulsion system from which an oil excess phase separates [305]. A 

nucleation barrier for moderately deep quenches is discussed as well as the nucleation kinetics. 

Another very interesting temperature jump was performed by Deen et al. with a Peltier 

temperature controller whereby the quench was performed in about 30 s [173, 306]. By means 

of SAXS scattering curves which were measured in regular intervals a 3D-plot of I(q, t) was 

generated, comparable to the plots shown in the previous section. Deen et al. find a linear 

dependency between RG and t
1/3

 which is discussed in detail. By using a combination of a 

prolate ellipsoid and polydisperse sphere form factors they were able to describe the scattering 

curves, finding that a second contribution from the emulsion droplets arises with time and that 

the radius of the microemulsion droplets decreases from 76 Å to 51 Å within 45 minutes. 

Remarkably, the polydispersity is very low ( = 0.135) compared to CO2-microemulsions 

where  = 0.30 is very common. Due to the high polydispersity it was not possible to follow 

the growth of the emulsion droplets in such a detailed way or to extract droplet sizes from the 

scattering curves. Furthermore, the structural changes happen on a much faster time scale here 

in the case of CO2 microemulsions which makes the analysis even more difficult. Although 

surface and volume considerations are briefly mentioned by Olsson et al. they are not 

discussed in detail. The experiments performed by Olsson et al. and Deen et al. reveal 
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coarsening processes on a time scale of minutes. For the CO2-microemulsions described in this 

work we have a much faster process, which can be followed because our pressure jump is 

much faster than their temperature jump. 

To explain the differences in coarsening time constants results obtained by Volmer et al. can 

be considered which indicate that the processes observed after a temperature quench to a 

thermodynamically unstable region can be ascribed to three different stages [307]. They term 

the first stage the t1-phase, which means that a burst of large oil droplets is observed which 

grow in size about three orders of magnitude within few seconds. They also describe a second 

step in which actual phase separation to a clear excess phase occurs but on a time scale of up to 

8 minutes. The third stage according to Volmer et al. is termed equilibration of the excess 

phase in which the excess phase grows in volume. Assuming that the effects of temperature 

and pressure jumps are comparable the processes described in the previous chapters seem to be 

mainly the growth of emulsion droplets, as was observed by the increase of intensity in the low 

q-regime. In the medium q-range two processes are expected according to this mechanism: the 

shrinking of microemulsion droplets and the increase of particle number density. Considering 

that these processes lead to opposite trends regarding the scattering intensity, it seems 

reasonable that the decrease of intensity is governed by the volume fraction of oil transferred to 

the emulsion droplets. 

In order to quantify the effect of cyclohexane on the demixing kinetics the nii(t)-data described 

in section 3.2.4 were normalised (for details see chapter 7.4). The linear regions of normalised 

nii(t) were plotted together as shown in Figure 3.31 for the intermediate q-regime. Since the 

integrated intensity below the whole scattering curve must remain constant (expect for the 

change of scattering length density) it follows that, if the intensity increases in the low q-

regime (Eq. 3-6) it must decrease in the intermediate q-regime, which is indeed the case due to 

vanishing of microemulsion droplets.  

Considering the different slopes of the linear fits to the normalised scattering intensity it 

becomes obvious that the slope is steepest at i = 0.00 and most shallow for i = 0.25, which 

translates to a fast process in the cyclohexane-free system and a slow process for the system 

with 25wt% cyclohexane in the hydrophobic phase. Plotting the slopes versus the cyclohexane 

content i one finds that the dependency can be described by a mono-exponential fitting 

function with an exponential constant of z = 0.059 ± 0.004. Thus, the speed of the demixing 

process can be systematically influenced by substituting CO2 by cyclohexane. Comparing the 

absolute values one finds that the demixing speed at i = 0.0 can be reduced to 20% of its 

initial value replacing only 10% of CO2 by cyclohexane (i = 0.10) and even to 3% at 

i = 0.25.  



Cyclohexane as hydrophobic additive to supercritical fluorinated microemulsions   

116 

 

The comparability of the discussed systems is given by the fact that all demixing processes 

were performed at similar conditions. Furthermore, the demixing process was in all cases 

induced by starting from spherical structures.  

     

Figure 3.31: Left: Linear regions of normalised scattering intensity as described in section 3.2.4 for the 

intermediate q range 0.013 Å
-1

  q  0.034 Å
-1

. While nii(t) decreases (vanishing of the correlation peak) rapidly 

with t this process is considerably slowed down by successively increasing the cyclohexane content in the 

hydrophobic phase. Right: Plot of the slopes shown left against the cyclohexane mass fraction i. The 

dependency can be described by a mono-exponential function with an exponential constant z = 0.059 ± 0.004. 

This constant, however, does not give any absolute information on the demixing speed and can only be used to 

describe the data shown left. 

One difference among the systems is the droplet size which increases with increasing 

cyclohexane content (Figure 3.18). Since systems with larger droplets have a lower number 

density the probability of coagulating is lower which slows down demixing. The droplet size, 

however, is influenced by cyclohexane, which in the end is responsible for the slower kinetics. 

Diffusive processes like Ostwald ripening are also slowed down due to the low monomeric 

solubility of cyclohexane in water. This effect was reported to reduce Ostwald ripening 

processes [301, 308] and is probably the main reason for the deceleration of demixing.  

The kinetics might also be influenced by the change of volume after expansion which is smaller for a 

system containing less CO2. A smaller change of volume points to slower ageing processes. Thus, a 

droplet with a radius of 66 Å at p = 150 bar increases its volume by 28% upon expansion whereas one 

filled with 25 wt% cyclohexane and 75 wt% CO2 increases only by 19% in volume. Thereby, the 

relative change of radius upon expansion equals an increase of 5% for all cyclohexane concentrations.   
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3.3 The TISANE option 

3.3.1 TISANE experiments: State of the art 

Only recently, Bender et al. finished a manuscript on the first experimental data obtained by SANS 

using the TISANE mode [309]. Previously published data were simulations. Bender et al. investigated 

the response of a colloidal dispersion of nickel nanorods to an oscillating magnetic field which 

represents the required stroboscopic change of scattering property and is the equivalent to pressure 

jumps. In contrast to pressure jumps, it is possible to oscillate a magnetic field with frequencies of 

several thousand Hz. The maximum sample frequency presented in this manuscript is 3000 Hz which 

corresponds to a chopper frequency of about 4100 Hz.  

At the outset of this work the maximum frequency of pressure cycles was 4.5 Hz. Therefore, TISANE 

experiments were performed with a sample frequency of 4.340 Hz. This is connected to a detector 

frequency of 2.609 Hz. Although these conditions fulfil the TISANE requirements the results suffered 

from various problems.  

On one hand, the parameters mentioned above do not completely satisfy the TISANE requirements 

(fsample = 4.340 Hz instead of 4 Hz) which is due to the fact that the electronics of the SHP-SANS cell 

finished one pressure cycle before waiting for the next trigger signal. By performing various 

experiments it turned out that a few ms after the finished pressure cycle were necessary for the SHP-

SANS cell to start the next pressure cycle with the next trigger signal. Furthermore, it showed that the 

rotational speeds of 14 and 28 rpm were too slow for the chopper wheels to keep a constant velocity 

since the chopper is designed to operate at several thousand Hz. Irregularities of the chopper mean that 

the neutron beam approaching the sample is of fluctuating intensity. 

Overall, the main result from these measurements was that both the electronic communication as well 

as the frequency of the pressure jumps need to be improved, especially since it was shown by Bender 

et al. that the TISANE principle can be successfully applied at high frequencies [309].  

3.3.2 Improvements of the SHP-SANS cell 

The maximum pressure jump frequency was 4.5 Hz at the outset of this work. Thereby, the pneumatic 

valves controlling the opening and closing of the hydraulic valves were the limiting factor. This was 

determined by lowering the opening times of the valves until the pressure was not transferred to the 

sample any more, i.e. until the opening time was too short to open the valves. In order to improve the 

time needed to transfer the pressure jump the valves were modified as shown in Figure 3.32. 

Beforehand, the functioning of such a valve is briefly described. 

The part of the valve which connects or disconnects the bellow from the hydraulic pump is the ball 

valve which, depending on its position, allows or prevents the contact of bellow and pump through 
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flow of hydraulic oil. The position of the ball valve can be changed by the pneumatic setup at the top. 

The ball is connected to a toothed wheel by a rod. This wheel is clicked into a gear rack which is 

connected to a movable disk in the air storage room (black part of the valves in Figure 3.32). By 

applying an impulse of pressurised air from the side of the valve, as indicated by the blue arrows in 

Figure 3.32, the disk is moved to the back (right) side, which brings the ball valve to an open position. 

Applying the impulse of pressurised air from the back side of the valve has the opposite effect: The 

disk is moved to the front (left) and the toothed wheel turns the ball valve to a closed position.  

 

Figure 3.32: Technical drawing of the hydraulic valves which connect the bellow to the hydraulic pump, 

prepared by the internal mechanical workshop. Top valves: The oil canal is open if the ball valve channel is 

aligned with the flow (top left). It is closed if it is in a position perpendicular to the flow of hydraulic oil (top 

right). Thus, the ball valve needs to be turned by 90° to be opened. Bottom Valves: A metal disks is inserted 

inside the pneumatic part of the valve which limits the possible positions of the ball valve. Here, the valve is 

open if it is turned by an angle of 36.5° from the flow direction, and closed if its position 45° from the open 

position, as indicated in the 2D drawing at the bottom.  

The modification of the valves consists of inserting a metal disk into the upper, pneumatic part of the 

valve that limits the way the movable disks can be pushed in either direction. Thus, the new opening 

position is reached if the ball valve is positioned at an angle of 36.5° to the direction of the flow. 

Therefore, the ball valve needs to be turned only by 45° instead of 90°. Although the opening for the 

hydraulic oil to flow through is considerably narrower compared to the ball valve at the completely 

open position it was thoroughly tested that the opening allows enough oil to flow through to enable 

any desired pressure jump.  
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The new orientation of the valves also has the additional advantage that less air is needed at the top of 

the valve to induce the opening or closing, respectively. This can also be a limiting factor since the 

valves are not air-tight at the top and thus an enormous amount of compressed air is needed to switch 

the valves, especially at higher frequencies.  

The new orientation of the valves enabled pressure jumps with a frequency of 19.2 Hz for a non-

compressible sample. Thereby, the minimum opening times of the valves were found to be 13 ms and 

thus the whole pressure cycle took 222 ms to be completed if equal times for ´valve open´ and ´valve 

closed´ are chosen. However, it turned out that the response of the bellow with samples with a high 

compressibility, such as CO2, is much slower due to the fact that the change of size the bellow 

performs is much higher. Therefore, the maximum frequency for microemulsions containing 10 wt% 

CO2 was 10 Hz in August 2013. This is an improvement of more than a factor 2. 

To further improve the cell four pneumatic valves instead of two were implemented into the setup, 

whereby two pneumatic valves control one hydraulic ball valve. Thereby, one pneumatic valve applies 

the impulse to open the ball valve whereas the other one controls the closing of this ball valve. This 

enables the ball valves to switch faster because each valve has more time to be refilled with 

compressed air after releasing an impulse. 

Furthermore, the inner part of the SHP-SANS cell was modified so that the volume is smaller by about 

6 mL compared to the previous cell. A smaller overall volume means a lower amount of compressible 

substance (CO2) which in turn means that the bellow has to elongate or shrink less to transfer the 

desired pressure.  

Combining the smaller sample volume with the newly implemented valves a frequency as high as 

22.7 Hz was possible using water as an incompressible sample. Thereby, the minimum opening times 

of the valves was improved to 11 ms. To stress the enormous improvement the pressure profile of a 

pressure jump with 22.7 Hz is shown together with the maximum frequency at the outset of this work 

in Figure 3.33.  

The frequency of 22.7 Hz is, however, only possible with incompressible substances. The fastest 

pressure jump which can be applied to a sample containing 10 wt% CO2 is 19.2 Hz, with the four 

times being 13 ms each. This is an improvement of a factor of 3.8 compared to the start of this work 

and also an improvement of a factor of almost 2 compared to the last measurements in August 2013. 

After that, however, the potential for further improvement is likely very low. The switching times of 

the valves have probably reached a minimum, and the experiment will always be limited by the flow 

rate of the hydraulic oil. Only a considerable reduction of the sample volume offers the possibility for 

further improvement, but this challenge is difficult to reconcile with the requirement of a good mixing 

of the microemulsion sample.  
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Figure 3.33: Comparison of pressure profiles at two different frequencies. While the red line indicates the 

highest possible frequency at the outset of this work (5 Hz) this was improved to 22.7 Hz (blue line).  

3.3.3 Applying the TISANE option to microemulsions 

The TISANE option was tested with the microemulsion system D2O/NaCl – CO2/cyclohexane – Zonyl 

FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at wB = 0.10, T = 28°C and i = 0.10 

(characterisation see Figure 3.13). Thereby, the pressure jump was fixed to be from phigh = 250 bar to 

plow = 150 bar for all experiments shown in the following. First, a measurement applying the 

LISTMODE counting mode with a sample frequency of 9.77 Hz was performed for comparison. 

Second, a TISANE experiment was applied with the same sample frequency and a detector frequency 

of fdetector = 6.36 Hz. The second chopper wheel was rotated at a speed of 17 rpm which complies with 

the TISANE conditions. Note that it was not possible to deploy both chopper wheels due to a technical 

problem with the first chopper wheel. The normalised integrated intensities obtained from these two 

experiments as a function of time · fdetector are shown in Figure 3.34.  
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Figure 3.34: Comparison of two measurements at the same sample frequency (fsample = 9.77 Hz) for a pressure 

jump from phigh = 300 bar to plow = 200 bar, performed with the microemulsion system D2O/NaCl – 

CO2/cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 (a = 0.08, FSN = 0.75,  = 0.01) at wB = 0.1, T = 28°C and 

i = 0.10. The first measurement was performed with a usual LISTMODE count without the chopper (blue 

circles) while the second experiment was performed at TISANE conditions (red sqaures) with a detector 

frequency of fdetector = 6.37 and a rotational speed of the second chopper disk of 17 rpm. Although a plateau at 

high scattering intensity can also be observed for the TISANE measurement it is smeared out and the peak shape 

is very different. 

The results in Figure 3.34 of the two experiments differ considerably from each other. While the 

results obtained from a common LISTMODE experiment show a plateau of scattering intensity both at 

high scattering intensity (starting at time · fdetector ≈ 0.3) as well as at low scattering intensity (starting at 

time · fdetector ≈ 0.75) the first plateau is considerably shorter in the TISANE experiment, the second 

plateau is hardly noticeable and the peak of scattering intensity is considerably broader. Despite these 

differences, this result represents a major improvement compared to the TISANE experiments with a 

maximum sample frequency of 4.5 Hz. Here, the plateau of scattering intensity is noticeable and not 

completely smeared out, which clearly points to the fact that the TISANE conditions were almost met. 

To identify the remaining problems more test experiments were performed. First, the experiment 

shown in Figure 3.34 was reproduced successfully (Figure 3.35 left). 
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Figure 3.35: Left: Comparison of two separately performed TISANE experiments with fsample = 9.77 Hz, 

fdetector = 6.37 Hz and a rotational speed of the second chopper disk of 17 rpm. Both experiments led to exactly 

the same results. Right: Comparison of different counting modes. While the blue triangles represent one 

measurement of 5 minutes the red squares show the result of a loop measurement of 5 measurements which each 

lasts 1 minute. This loop function allows for the devices to synchronise every minute which obviously improves 

the result since the peak in the single 5-minute measurement is considerably more smeared out. Note that the red 

circles in both plot represent the same measurement. 

To test the synchronisation of the devices acquisition of data was varied. The first measurement was 

performed continuously for 5 minutes while the second measurement was divided into 5 single 

measurements each lasting 1 minute. Such a loop-function means that all devices are synchronised 

every minute. The results shown in Figure 3.35 right differ considerably from each other, indicating 

that the frequencies of chopper, sample and detector drift apart with time. This may be one reason for 

the discrepancy of the TISANE and the LISTMODE experiment as shown in Figure 3.34.  

Another problem is the frequency of the chopper wheels. To meet the TISANE conditions with a 

maximum sample frequency of 10 Hz the chopper wheel should rotate with a velocity of 17 rpm. This 

is very low since the wheels are designed to rotate at a speed of several thousand rpm. To test the 

evenness of the chopper rotation a TISANE experiment without pressure jumps was performed so that 

the scattering properties do change with time. Any deviations of the scattering intensity detected in 

this experiment can thus be attributed to irregularities of the chopper rotation. The results are shown in 

Figure 3.36. Clearly there are considerable fluctuations of intensity, as in each experiment a peak of 

scattering intensity is noticeable. On top of that, these peaks have completely different shapes for 

different experiments. Since a reproducible intensity is a precondition for TISANE experiments these 

fluctuations are likely to prevent the results from being reliable. Since the fluctuations are caused by 

the low and thus unstable rotational speed of the chopper wheel the only solution towards a more 

constant neutron beam is a higher chopper frequency which in turn requires a higher sample 

frequency.  
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Figure 3.36: Comparison of the scattering intensity recorded at TISANE counting mode but without a pressure 

jump so that the scattering intensity should not change with time. Five experiments, each lasting one minute, are 

shown next to each other. While experiment one displays a peak of scattering intensity experiment 3 starts with a 

considerably loss of intensity, which indicates that the rotational speed of the chopper disks (17 rpm) is not 

stable and thus not reliable. 

The low chopper frequency is also the reason for the observed smearing of the signal since the chopper 

frequency is directly connected to the time resolution of a TISANE experiment. Thereby, the time 

resolution scales inversely with the chopper frequency which means that such a low frequency as 

applied here leads to only a high time resolution [310]. The time resolution can be calculated 

according to  

   
  

         
 Eq. 3-7 

where the duty cycle (DC) is defined as  

   
   
   

 Eq. 3-8. 

Here, tC is the opening time of the chopper (in this case 12 · 1.577 ms) and TC is the rotational time 

of the chopper wheel (for 17 rpm TC ≈ 3.53 s). Thus the duty cycle is 0.22 and subsequently the time 

resolution is about 43 ms. This leads to a smearing of the signal.  

The time resolution of a common kinetic experiment can be calculated according in to 

   
      

 
 Eq. 3-9. 

where LSD is the sample-to-detector distance (11.2 m). The wavelength distribution is specified by the 

ILL to 0.1, i.e. 0.1 · 6 Å = 0.6 Å. Thus, the time resolution is 1.7 ms which is 25 times better than for a 

comparable TISANE experiment. Finally, it should be noted that for the sample frequencies which are 

so far possible a common kinetic experiment without a pulsed neutron beam leads to considerably 

more reliable results.   
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3.4 Conclusion 

Microemulsions containing near or supercritical CO2 are of interest for both fundamental 

research and technical applications. A new way to improve the efficiency of non-biodegradable 

and therefore environmentally questionable fluorinated surfactants to formulate balanced CO2-

microemulsions was found. This is obtained by partially replacing CO2 by cyclohexane. Thus, 

the substitution of 20 wt% of CO2 by cyclohexane reduces the amount of surfactant needed to 

formulate a one-phase microemulsion by a factor of two to five, depending on the pressure. 

However, at first sight this result is surprising because cyclohexane and the fluorinated alkyl 

chains of the surfactants are not compatible. Therefore, it was postulated that the distribution 

of cyclohexane within CO2 is not homogeneous but that a depletion zone of cyclohexane close 

to the surfactants forms to spatially avoid repulsive interactions.  

To verify this hypothesis SANS experiments were performed using the contrast variation 

technique, which is known to be a powerful tool not only to investigate the microstructure but 

also the spatial distribution of the various components in microemulsion domains. The 

scattering data of a fluorinated CO2-microemulsion with 20 wt% cyclohexane in the 

hydrophobic phase recorded at four different pressures and four contrasts could be almost 

quantitatively described using the form factor Pdroplet(q) of polydisperse spherical droplets and 

the polydisperse Percus-Yevick structure factor SPY(q). Small but systematic deviations 

observed for q-values slightly larger than the position of the oscillation already indicate that 

the used radial density distribution function is not able to describe the distribution of CO2 and 

cyclohexane inside the micelle quantitatively. 

The pair distance distribution functions (PDDFs) were obtained applying the Generalised 

Indirect Fourier Transformation (GIFT) and were subsequently deconvoluted to radial 

scattering length density distribution profiles. In all cases, instead of a nearly constant 

scattering length density, a density profile that varies systematically over half of the droplet 

radius was detected. These results confirm the hypothesis of a concentration gradient within 

the micelle. While cyclohexane is concentrated at the centre of the swollen micelle (core ≈ 0.5 

instead of 0.2 for a homogeneous distribution), it is depleted close to the fluorinated 

amphiphilic film. Hence, it was elucidated that the observed unexpected efficiency boosting of 

CO2-microemulsions is caused by an improvement of the CO2-surfactant interactions triggered 

through repulsive interactions between cyclohexane and the fluorinated surfactant chains.  

Furthermore, systems containing 10, 15 and 25 wt% cyclohexane in the hydrophobic phase 

were investigated regarding their phase behaviour and microstructure. It was found that the 

efficiency boosting described above for balanced microemulsion exists also for diluted 

microemulsions at p  250 bar but in a less pronounced way. Comparing the radii of spherical 
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droplets found at p = 150 bar for cyclohexane contents i = 0.00, 0.10, and 0.15 and at 

p = 200 bar for i = 0.25 it turned out that the droplet radius linearly increases with i. This can 

be ascribed to the lower surface-to-volume ratio which provides better spatial possibilities for 

cyclohexane and fluorinated surfactant tails to avoid repulsive interactions.  

Furthermore, the kinetics of structural changes as a response to sudden pressure jumps were 

investigated by utilising the improved stroboscopic high-pressure SANS cell. Thereby, 

pressure jumps from elongated to spherical droplets, both at a thermodynamically stable state, 

were performed. It turned out that the breakdown of elongated droplets to cylinder fragments 

and subsequently to spherical structures after expansion is slowed down by a factor of two if 

20 wt% of CO2 are substituted by cyclohexane. Regarding the inverse process, i.e. the 

accumulation of spherical droplets with subsequent reordering to elongated micelles, seems to 

be accelerated by the same factor. Thereby, it needs to be considered that the process to which 

the new values were compared might not be the accumulation but the reordering process.  

Another set of pressure jumps to the thermodynamically unstable region was performed, thus 

inducing demixing. Thereby, a linear decrease of the scattering intensity in the medium q-

range (0.013 Å
-1

  q  0.034 Å
-1

) was found as well as a linear increase for the low q-region 

(0.005 Å
-1

  q  0.013 Å
-1

). While the low q-regime represents droplet growth processes due to 

the growth of emulsion droplets the medium q-regime can be used to follow the breakdown of 

the microemulsion microstructure. The pressure jump induces a shift of the phase boundary to 

lower wB, thus also influencing the curvature of the amphiphilic film in such a way that smaller 

droplets of the coexisting microemulsion are favoured. Since the overall interfacial area must 

remain constant the reduction of microemulsion droplets must occur together with an increase 

of the droplet number while the few emulsion droplets simultaneously grow in size. The 

comparably much higher volume fraction of the large emulsion droplets, however, is 

responsible for the fact that the scattering curves reflect mostly their contribution. Normalising 

the linear regions in the intermediate q-range showed that cyclohexane systematically 

decelerates the demixing process whereby the dependency can be described by means of an 

exponential function. The fact that demixing is decelerated at all is very likely due to the 

presence of a second dispersed phase component, i.e. cyclohexane, which is insoluble in the 

continuous phase. The difference in droplet size (larger droplets with increasing i) likely 

further promotes deceleration because ageing processes, especially coagulation, are slower for 

larger droplets. This, the lower number density of droplets at high i and the lower monomeric 

solubility of cyclohexane in water combined probably lead to the observed deceleration. The 

obtained time constants are in the order of seconds which is very fast compared to time 

constants reported for coarsening processes upon a temperature quench, which are in the order 

of minutes [173, 311]. This indicates that the processes observed here mainly represent 
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nucleation of microemulsion droplets to emulsion droplets and their growth by diffusive 

transfer of hydrophobic components from microemulsion to emulsion droplets. 

Applying the TISANE option with a maximum sample frequency of 10 Hz for the first time 

led to a reasonable result. However, a smearing of the signal also indicates that the frequency 

is still too slow for optimum TISANE conditions. The time resolution at these parameters is 

about 25 times higher than a comparable kinetic measurement without chopper. Thus, the 

SHP-SANS cell was further improved to currently enable pressure jumps with a maximum 

frequency of 22.7 Hz which will soon be tested in TISANE experiments.  
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4 Influence of hydrostatic pressure on PNIPAM particles 

The influence of stimuli like salt [312], surfactants [313, 314], pH [69] and solvent composition on 

PNIPAM particles is well examined. Using hydrostatic pressure as a stimulus for PNIPAM particles 

has so far only been investigated by Lietor-Santos et al. [67, 68, 315]. They show that the application 

of drastic hydrostatic pressure (up to 5000 bar) leads to a deswelling of the particles. Thus, they 

postulated that hydrostatic pressure has the same effect on the particles as an increase of temperature 

[67]. The measurements were, however performed at 25°C which is rather far away from the volume 

phase transition temperature (VPTT). This chapter shows that the influence of pressure has a delaying 

effect on the VPTT, which is the opposite effect of the one postulated by Lietor-Santos et al.. 

However, only recently Reinhardt et al. [75] published a neutron reflectivity study on the effect of 

moderately elevated pressure on thermoresponsive polymer brushes (polystyrene-b-poly 2-

(dimehtylamino)ethylmethacrylate) on a silicon waver. They found that the VPTT can be postponed 

by about 1 K per 100 bar which, as this chapter will show, is in good agreement with the 

measurements on PNIPAM particles presented in this work.  

In contrast to the well-known temperature dependence of the radius of PNIPAM particles there are 

only few publications on the kinetics of the structural transition. Admittedly, measuring kinetics due to 

a change of temperature provides experimental challenges. While a fast increase of temperature can be 

achieved by Joule-heating using a laser [70, 72] or by magnetic heating (if PNIPAM particles are 

coated onto magnetic particles) the reverse process, i.e. a fast cooling, is a challenge. Most 

publications on this topic simply switch thermostats to induce the temperature change [316-318] 

which is not a fast temperature jump. Furthermore, with this method it is difficult to distinguish 

between the kinetics of the temperature change and the response of the sample.  

4.1 PNIPAM particles at elevated hydrostatic pressure 

In order to systematically study the influence of hydrostatic pressure on PNIPAM particles five 

different particles were synthesised via emulsion polymerisation. By varying the crosslinker and 

surfactant content different particles were produced, as shown in. Figure 4.1. 

After synthesis the particles were dialysed against distilled water for four days to remove the 

surfactant from the polymer dispersion, changing the water twice a day.  
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Figure 4.1: Overview of the different particles which are characterised in the following. The amount of 

crosslinker BIS was varied so that particles with 1.9 wt% (A, red circle), 3.8 wt% (B, green upward triangle) and 

5.6 wt% (C1, blue downward triangle) were obtained via emulsion polymerisation with 6.2 mol% SDS. In order 

to study the effect of size and polydispersity the particles with 5.6 wt% crosslinker were synthesised again 

without surfactant (C0, violet diamond). The amounts of water, NIPAM monomer and radical initiator were the 

same for all particles. 

4.1.1 Dynamic light scattering 

The most common way to study the swelling behaviour of PNIPAM microgel particles is by dynamic 

light scattering measurements at different temperatures. Plotting the hydrodynamic radius against 

temperature in a range from 25 to 40°C one finds a linear decrease of the radius at low temperature 

[319]. This turns over to a non-linear decrease of Rh over a temperature range of about 5 K around the 

VPTT and finally results in a constant radius at temperatures well above the VPTT. The same was 

found for PNIPAM particles with 5.6 wt% crosslinker synthesised in the presence of 6.2 mol% SDS 

(particles C1 in Figure 4.1) both at normal pressure as well as at p = 300 bar (see Figure 4.2 left).  

The derivatives in Figure 4.2 right are used to determine the VPTT for the respective pressure with a 

higher accuracy. Thus, the VPTT of the particles with 5.6 wt% crosslinker was determined to be 34°C 

at atmospheric pressure and 36.5°C at p = 300 bar. Obviously, the VPTT is shifted by 2.5 K upon 

application of 300 bar. The sharpness of the peaks in Figure 4.2 right shows that the transition occurs 

within a smaller temperature frame at atmospheric pressure than at 300 bar which may be due to 

competing interactions. For this analysis it is also interesting to compare the slopes of the different 

regions of temperature dependence in Figure 4.2. Thus, the decrease of the hydrodynamic radius at 

p = 1 bar in the range from 25 to 30°C is -0.75 nm/K and -0.48 nm/K at 300 bar. The slopes in the 

transition region differ between -15 nm/K at 1 bar (for 33-35°C) and -11 nm/K at 300 bar (for 34.5 to 
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37°C) which clearly shows that the transition is sharper at atmospheric pressure. Note that the slopes 

scale with a factor of 1.5 in both cases. 

      

Figure 4.2: Left: Plot of the hydrodynamic radius of particles C1 as a function of temperature for atmospheric 

pressure (blue triangles) and at p = 300 bar (red circles) to demonstrate the swelling behaviour. Right: Using the 

derivative of the plot at the left for the determination of the VPTT one finds that the VPTT is at 34°C at p = 1 bar 

and at 36.5°C at p = 300 bar. 

The hydrodynamic radius at temperatures below the VPTT is smaller at high pressure, which is in 

consistence with the results of Lieter-Santos et al. [67]. This can be explained simply by imagining 

that the particles are compressed at high pressure, although Lieter-Santos interpret their data as 

deswelling. The cancelling effect of pressure on the VPTT leads to higher radii at temperatures around 

the VPTT at high pressure. At temperatures well above the VPTT it turns out that the particles have 

almost the same size at both pressures whereby the radii at p = 300 bar are approximately 4 nm larger 

that at atmospheric pressure, probably due to remaining pressure-induced swelling. Note that the 

swelling ratio i.e. the differences in radius at temperatures below and above the VPTT is slightly 

higher at atmospheric pressure than at elevated pressure (only 90% of the swelling at 1 bar).  

The reason for the cancellation effect is argued in literature to be due to hydrophobically associated 

hompolymers which form solvent-inaccessible cavities. Upon applying higher pressures the energy 

barrier for solvent molecules to enter these cavities can be overcome, which leads to a better hydration 

of the polymer and thus higher volume phase transition temperatures [75]. 

The same particles were synthesised again without surfactant (particles C0) since a synthesis without 

surfactant is known to lead to a broader distribution of the resulting particle radius (see section 2.3.1). 

Thus, the influence of size and polydispersity (will be discussed with Figure 4.4) on the swelling 

behaviour can be investigated. The temperature and pressure dependent DLS results which are shown 

in Figure 4.3 reveal that the VPTT is slightly affected as the according temperatures determined in 

Figure 4.3 right are approximately by 1 K higher than the ones shown in Figure 4.2. Thus the VPTT 

was estimated to be 35°C at atmospheric pressure and 37.5°C at 300 bar.  
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Figure 4.3: Left: Plot of the hydrodynamic radius of particles C0 as a function of temperature for normal 

pressure (blue downward triangles) and at p = 300 bar (red squares), indicating the swelling behaviour. Right: 

The derivatives of theses swelling curves are used to determine the VPTT for the respective pressure which is 

located at 35°C at atmospheric pressure and at 37.5°C at 300 bar. 

In contrast to the derivatives shown in Figure 4.2 the ones for the particles synthesised without 

surfactant (Figure 4.3 right) show a much broader peak which is very likely caused by polydispersity 

effects. Since the amount of surfactant is the only difference the fact that the VPTT at both pressures is 

slightly higher in this case is assumed to be due to both the higher hydrodynamic radii and the higher 

polydispersity. It is also interesting to note that the particles which were synthesised with surfactant 

are have a radius of 38 nm at atmospheric pressure and at T > VPTT whereas the particles from the 

surfactant-free synthesis have an average radius of about 45 nm. This is due to larger emulsion 

droplets in the surfactant-free polymerisation. 

Comparing the swelling degree of both particles one finds that the swelling ratio is almost the same, as 

the particles shown in Figure 4.2 swell by about 50 nm (a factor of 2.2) and the ones shown in Figure 

4.3 by about 55 nm (a factor of 2.3). This trend is, however, expected, since the main parameter which 

influences the degree of swelling is the crosslinker content [62] which is the same (5.6 wt%) for both 

particles.  

To evaluate the polydispersities the CONTIN analysis for a DLS measurement at 40°C and 

atmospheric pressure can be compared (see Figure 4.4). As expected, it is obvious that the relaxation 

rate distribution is much broader in the case of the particles which were synthesised in a surfactant-

free way.  
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Figure 4.4: Distribution of relaxation rates  for two different particles with 5.6 wt% crosslinker where one 

particle batch was synthesised with and the other without surfactant. The rates were computed by a CONTIN 

analysis of a DLS measurement at 40°C and 90°. Very obviously the distribution rates in the case of synthesis 

without surfactant is much broader, implyinga higher polydispersity of these particles.  

Beside the variation of the surfactant content also the amount of crosslinker was varied. Thus, particles 

with 1.9 wt% and with 3.8 wt% crosslinker were prepared with 6.2 mol% SDS during polymerisation. 

The results of DLS measurements at atmospheric pressure as well as at p = 300 bar are shown in 

Figure 4.5.  

      

Figure 4.5: Plot of the hydrodynamic radius of particles A with 1.9 wt% crosslinker (left) and B with 3.8 wt% 

crosslinker (right) versus temperature at atmospheric pressure (blue triangles) and at p = 300 bar (red circles). 

The VPTT was determined by means of a derivative plot (not shown) to be 34.5°C (particles A) and 34°C 

(particles B) at atmospheric pressure and 36°C for both particles at 300 bar.  

The low crosslinker content of the particles A (1.9 wt%, left) is probably the reason why the particles 

are of comparably high radius also at high temperatures, since the low crosslinker content may also 

lead to a lower particle number density since the crosslinker polymersises faster than the NIPAM 

monomer [320, 321].  
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Comparing the VPTTs of the particles with different crosslinker contents one finds that the VPTT 

does not change considerably within this variation and can be found at 34°C for the particles 

containing 3.8 wt% and 5.6 wt% crosslinker and at 34.5°C for the particles containing 1.9 wt% 

crosslinker. Considering also the difference of VPTTs among the particles with different crosslinker 

contents one finds a systematic trend of linearly increasing difference of the VPTTs at atmospheric 

pressure and 300 bar with increasing crosslinker content. The values are compared in Table 4-1. 

Table 4-1: Overview of volume phase transition temperatures of PNIPAM particles with different crosslinker 

content at atmospheric pressure and at p = 300 bar. As can be seen the temperature difference T increases with 

increasing crosslinker content. 

particles 
crosslinker 

content [wt%] 

VPTT [°C] 

p = 1 bar 

VPTT [°C] 

p = 300 bar 
 [K] 

A 1.9 34.5 36.0 1.5 

B 3.8 34.0 36.0 2.0 

C1 5.6 34.0 36.5 2.5 

C0 5.6 35.0 37.5 2.5 

Considering the swelling degree one finds a systematic trend. While the particles with 5.6 wt% 

crosslinker undergo a change from about 85 nm to 40 nm (Rh = 45 nm), this effect is more 

pronounced for the particles containing 3.8 wt% crosslinker which shrink from 80 nm to 32 nm 

(Rh = 48 nm). The biggest change of size can be found for the particles with 1.9 wt% croslinker 

(110 nm to 60 nm) which shrink by 50 nm. This trend is well-known [62]. 

4.1.2 Small Angle Neutron Scattering 

In order to investigate not only the hydrodynamic radius but also the internal structure of the particles 

small angle neutron scattering (SANS) measurements at different temperatures and pressures were 

performed. Figure 4.6 shows the neutron scattering curves of PNIPAM particles C1 with 5.6 wt% 

crosslinker at constant atmospheric pressure (left) and at constant temperature and different pressures 

(right). The temperature dependence of the hydrodynamic radius is shown in Figure 4.2. The 

scattering curves were described according to Eq. 2-57 and Eq. 2-58, i.e. by a combination of a 

spherical, a Lorentzian and a Gaussian scattering contribution whereby the Gaussian contribution was 

only used at temperatures at or below the VPTT.  

The temperature-dependent scattering curves show a clear trend to higher scattering intensities with 

increasing temperature. This is due to the increasing scattering contrast. The forward scattering 

intensity of the pressure-dependent scattering curves at T = 36.5°C (Figure 4.6 right) decreases with 

increasing pressure which is expected since the particles become more hydrated with increasing 

pressure, thus loosing scattering contrast. The fitting parameters are given in Table 4-2.  



Influence of hydrostatic pressure on PNIPAM particles   

133 

 

 

Figure 4.6: Left: Temperature-dependent scattering curves of PNIPAM particles C1 (0.5 wt% in D2O). While 

for the scattering curves at T 37°C the spherical droplet form factor in combination with the Lorentzian was 

applied the scattering curves at lower temperature were described with an additional Gaussian contribution. 

Right: Scattering curves for the same PNIPAM particles at a constant temperature of 36.5°C and different 

pressures. With increasing scattering contribution of the gel network a Gaussian scattering contribution was 

taken into account for p  200 bar to describe the scattering curves.  

Table 4-2: Overview of fit parameters to describe the scattering curves shown in Figure 4.6 of PNIPAM 

particles C1. The scattering intensity Isphere(q) was used in combination with the Lorentzian shape IL(q) at 

temperatures above the VPTT. At temperatures at or below the VPTT the Gaussian contribution IGauss(q) was 

also taken into account. Note that the scattering curves at .5 temperatures are not shown.  

parameter sphere form factor Lorentzian Gaussian 

T [°C] p [bar] R0 [Å] /R0  [10
-6

 Å
-2

] IL(0) 

[cm
-1

] 

L 

[Å] 

IGauss(0) 

[cm
-1

] 



[Å]

34.0 1 190 0.38 0.14 0.38 36.5 0.8 83 

34.5 1 175 0.37 0.17 0.40 37.5 1.3 88 

35.0 1 158 0.35 0.255 0.45 40 2.2 90 

35.5 1 146 0.34 0.370 0.48 44 3.1 97 

36.0 1 140 0.33 0.505 0.55 47 5.0 110 

36.5 1 135 0.33 0.625 0.70 60 7.0 124 

37.0 1 130 0.32 0.70 0.09 17 -- -- 

38.0 1 135 0.32 1.00 0.05 17 -- -- 

36.6 1 148 0.28 1.03 0.05 14 -- -- 

36.6 100 142 0.33 0.82 0.165 31 -- -- 

36.6 200 142 0.33 0.565 0.68 55 5.2 123 

36.6 300 142 0.36 0.425 0.57 44 2.7 108 

 

The increasing contribution of  with increasing T clearly points to an increase of scattering 

contribution of the sphere. The absolute value of  is, however, rather low for all scattering curves. 

Hellweg et al. found that PNIPAM can be matched by a mixture of 10 % H2O and 90 % D2O, 

resulting in a SLD of about 0.13 · 10
-6

 Å
-2

 [322]. The monomer has a scattering length density of 
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0.74 · 10
-6

 Å
-2

. Thus, if the particles were in pure D2O the scattering contrast should be about        

6 · 10
-6

 Å
-2

 for completely dehydrated particles. Considering that water molecules inside the polymer 

decrease the scattering contrast this value is likely a bit lower. However, the results indicate that the 

substitution of 90 % of H2O by D2O is not sufficient for a good scattering contrast.  

Furthermore, the radius of the particles continuously decreases with increasing temperature. 

Comparing the values of R0 and Rh (Figure 4.2) one finds a difference of almost 30 nm. This is 

reasonable since DLS measures the hydrodynamic radius whereas SANS tends to describe only the 

core of the scattering particle [323]. 

The parameters of the Lorentzian and the Gaussian scattering also increase with increasing 

temperature until at 37°C and higher temperatures their contribution breaks down. A plot of IL(0) and 

L, respectively, versus temperature is shown in Figure 4.7. It can be seen that the absolute values of 

both increase upon approaching 36.5°C while both contributions are considerably smaller at higher 

temperatures. This trend is known in literature [318].  

 

Figure 4.7: Plot of the fitting parameter IL(0) (left) and L (right) of the Lorentzian scattering contribution to the 

scattering curves of PNIPAM particles C1 (Figure 4.6). The values of both parameters increase up to 36.5°C. At 

higher temperatures the contribution of both breaks down.  

The data shown in Figure 4.7 clearly indicate that the VPTT is at 36.5°C which is 2.5 K higher than 

the value found from DLS (see Table 4-1). A similar discrepancy becomes obvious if the scattering 

curves at 36.5°C and various pressures (Figure 4.6 right, measured in the SHP-SANS cell) are 

compared to the scattering curves at various temperatures (Figure 4.6 left, measured in a Hellma 

cuvette). The scattering curve at 1 bar and 36.5°C should have a shape and forward scattering 

comparable to the scattering curve obtained at 36°C or 37°C. This is not the case. Considering, the 

scattering curve at p = 300 bar shows a similar forward scattering intensity as the one recorded at 

p = 1 bar and 38°C. Thus, there seems to be a temperature discrepancy between the two sample 

holders. While the temperature probe is permanently installed into the SHP-SANS cell the one for the 
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Hellma cuvette sample holder is inserted manually. Furthermore, the temperature inside the SHP-

SANS cell was double checked and verified by inserting the same temperature probe which was used 

for the cuvette holder directly into the sample volume. Thus, the temperatures obtained for the 

temperature variation are not correct, whereby the scattering curves indicate that the actual 

temperature was about 2.5°C lower than specified.  

Temperature and pressure dependent SANS experiments were also performed on the polydisperse 

particles synthesised without surfactant. The resulting scattering curves together with the fitting 

functions are shown in Figure 4.8. Only the scattering curve at T = 37°C and p = 1 bar (Figure 4.8 

right), recorded in the SHP-SANS cell, was described by the droplet form factor and the Lorentzian 

whereas for all other scattering curves also a Gaussian contribution was found. The results of the 

fitting functions are shown in Table 4-3. 

 

Figure 4.8: SANS data of PNIPAM particles C0, at atmospheric pressure and different temperatures (left) and at 

37.0°C and at different pressures (right). Only the scattering curve at p = 1 bar and 37°C (right) was described 

without a Lorentzian scattering contribution. The scattering intensity increases with increasing temperature (left) 

while the slope changes from q
-2

 to q
-4

. With increasing pressure (right) the scattering intensity decreases as the 

particles become more hydrated and thus loose scattering contrast.  

Basically, the same trends as described for the scattering curves of the particles C1 with 5.6 wt% 

crosslinker and synthesised with surfactant (Figure 4.6) can be observed. Thus, the forward scattering 

increases with increasing temperature and decreases with increasing pressure. Comparing the 

scattering curves recorded in two different sample holders one again finds a discrepancy since the 

scattering curves both recorded at 1 bar and 37°C are considerably different. Considering that the 

temperatures displayed left were about 2.5 K lower than specified it is reasonable that for all scattering 

curves a Gaussian contribution was found. The breakdown of this contribution only occurs at 

temperatures exceeding the VPTT. Since the VPTT was determined to be 35°C by means of DLS (see 

Table 4-1) it follows that the scattering curve at (apparent) T = 38°C is actually only slightly above the 

VPTT. This is also indicated by the Lorentzian fitting parameter shown in Table 4-3. As was shown in 
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Figure 4.7 the Lorentzian contribution becomes considerably weaker at T > VPTT which can be found 

at an alleged temperature of 37°C. This is 2 K higher than the VPTT determined by DLS.  

Comparing the fitting parameters shown in Table 4-2 and Table 4-3 one basically observes the same 

trends. As expected from DLS results the particles synthesised without surfactant are somewhat larger 

and display higher polydispersities. Unfortunately, the scattering contrast for these particles is even 

lower than the one found for the previously discussed particles. This is probably due to small 

differences of the exact amounts of H2O which were substituted by D2O.  

Table 4-3: Overview of the parameters used to describe the scattering curves shown in Figure 4.6 of PNIPAM 

particles C0. The scattering intensity Isphere(q) was used in combination with the Lorentzian IL(q) and the 

Gaussian intensity IG(q) for all scattering curve except the one p = 300 bar which was described without a 

Gaussian contribution. Note that the scattering curves at .5 temperatures are not shown.  

parameter sphere form factor Lorentzian Gaussian 

T [°C] p [bar] R0 [Å] /R0  [10
-6

 Å
-2

] IL(0) 

[cm
-1

] 

L 

[Å] 

IGauss(0) 

[cm
-1

] 



[Å]

34.0 1 205 0.38 0.050 0.40 47 0.60 120 

35.0 1 200 0.38 0.065 0.48 50 0.85 117 

35.5 1 192 0.37 0.070 0.52 53 1.00 115 

36.0 1 188 0.37 0.095 0.60 57 1.40 110 

36.5 1 182 0.36 0.125 0.75 65 1.78 108 

37.0 1 160 0.35 0.180 0.90 73 2.40 108 

37.5 1 140 0.35 0.300 0.22 35 2.40 102 

38.0 1 140 0.35 0.505 0.15 27 1.05 90 

37.0 1 170 0.34 0.550 0.08 20 -- -- 

37.0 100 160 0.34 0.450 0.12 22 0.30 85 

37.0 200 165 0.34 0.330 0.18 25 0.54 85 

37.0 300 170 0.34 0.240 0.40 40 0.60 95 

 

A temperature and pressure variation was also performed for the particles containing 1.9 wt% 

crosslinker. The scattering curves shown in Figure 4.9 show the expected trends of increasing forward 

scattering intensity with increasing temperature. Increasing the pressure leads to a decrease of 

scattering intensity due to a higher degree of hydration of the particles which results in a lower 

scattering contrast.  

Comparing the scattering curves at p = 1 bar and T = 36°C it is again obvious that they do not 

correspond to the same structure. The forward scattering intensity of the scattering curve recorded at 

p = 300 bar is comparable to the one at the alleged same temperature at atmospheric pressure. For the 

description of this scattering curve the Gaussian contribution was taken into account, indicating that 

the VPTT is traversed or very close.  

In contrast to previous findings the fitting parameter R0 (see Table 4-4) increases again at temperatures 

higher than the VPTT. In order to understand this effect the polymerisation kinetics need to be taken 
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into account. It is known that the polymerisation rate of the crosslinker BIS is higher than the one of 

the NIPAM monomer [320, 321], leading to polymer particles with a higher crosslinker density at the 

centre of the particle. This effect is probably more pronounced at low crosslinker concentrations. From 

a neutron point of view that means that only a small core is detected whereas a large amount of non-

crosslinked hydrated polymer chains remain undetected due to their high degree of hydration. Upon 

increasing the temperature these chains fold onto the core. Although the core also shrinks with 

increasing temperature this effect seems to be compensated by the accumulation of polymer chains 

around the core, leading to an increase of radius.  

 

Figure 4.9: Left: SANS scattering curves at atmospheric pressure and different temperatures of PNIPAM 

particles A. With increasing temperature the forward scattering intensity increases mainly due to the better 

scattering contrast. All curves were described using the combination of the Gaussian, Lorentzian and sphere 

contribution. Right: SANS scattering curves of the same particles at T = 36°C and pressures between 1 bar and 

300 bar. The scattering curves at p  200 bar were described by means of a sphere form factor and the 

Lorentzian contribution whereas the Gaussian scattering intensity was also taken into account to describe the 

scattering curve at p = 300 bar.  

As observed for the previous particles the scattering contrast is very low. This is again probably due to 

the fact that H2O was not completely substituted by D2O. Although the forward scattering intensity at 

an alleged temperature of 38°C is comparably high the Gaussian scattering contribution gives rise to 

the assumption that the VPTT was only slightly traversed.  
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Table 4-4: Overview of fit parameters to the scattering curves shown in Figure 4.9 of PNIPAM particles A. The 

scattering intensity Isphere(q) was used in combination with the Lorentzian IL(q) and the Gaussian intensity IG(q) 

for scattering curves below the VPTT. The scattering curves at .5 temperatures are not shown in Figure 4.9.  

parameter sphere form factor Lorentzian Gaussian 

T [°C] p [bar] R0 [Å] /R0  [10
-6

 Å
-2

] IL(0) 

[cm
-1

] 

L 

[Å] 

IGauss(0) 

[cm
-1

] 



[Å]

34.0 1 198 0.36 0.12 0.20 35 0.8 88 

34.5 1 166 0.36 0.19 0.22 39 1.1 93 

35.0 1 164 0.36 0.23 0.25 44 1.6 101 

35.5 1 163 0.36 0.31 0.32 50 2.0 109 

36.0 1 160 0.37 0.34 0.44 62 2.5 115 

36.5 1 163 0.38 0.38 0.10 25 2.5 108 

37.0 1 163 0.36 0.44 0.09 22 2.8 107 

37.5 1 169 0.36 0.46 0.06 18 3.0 110 

38.0 1 172 0.36 0.47 0.06 18 3.4 112 

36.0 1 178 0.32 0.61 0.035 14.5 -- -- 

36.0 100 170 0.34 0.55 0.040 16 -- -- 

36.0 200 162 0.35 0.49 0.080 23 -- -- 

36.0 300 160 0.35 0.39 0.400 54 0.9 130 

4.1.3 Static light scattering 

The temperature-dependent scattering behaviour of PNIPAM particles A, C1 and C0 was investigated 

with static light scattering (SLS) measurements at different temperatures (see Figure 4.10). Here, 

despite the title of this chapter these measurements were only performed at atmospheric pressure. The 

scattering intensities for the particles C1 (5.6 wt% crosslinker, synthesised with surfactant), display the 

same trend (not shown). 

    

Figure 4.10: Selected SLS curves of PNIPAM particles C0 (left) and particles A (right), both at 0.1 wt% in H2O 

and at different temperatures. The absolute scattering intensity increases with increasing T, and the slope at high 

q values decreases. The missing data points (left) plot are due to an instrumental error. The error bars are smaller 

than the symbols.  
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As can be seen in Figure 4.10 the most obvious trend among the data is the fact that the scattering 

intensity increases with increasing temperature, which can also be seen in the SANS curves in the low 

q-region. The reason for this is mainly the scattering contrast which increases due to a lower degree of 

hydration which results in a higher polymer concentration inside the particle and thus a higher 

scattering contrast  

The second trend in Figure 4.10 is the fact that the slope in the high q-region gradually becomes less 

steep with increasing temperature. At first sight this seems obscure because the change from q
-2

 to q
-4

 

dependence, which is expected for a change from gel-like scattering to the scattering from hard sphere, 

should lead to quite the opposite result. However, this change is not primarily connected to the 

structural changes but to the change of size of the particles. The shrinking of the particles with 

increasing temperature naturally leads to a shift of the scattering intensity to higher q-values which 

means that the q
-4

 dependences moves out of the SLS q-range. This is explained graphically in Figure 

4.11 for the two particles with 5.6 wt% crosslinker.  

 

Figure 4.11: Plot of the static light scattering intensity together with SANS data at two different temperatures 

for particles C1 (left) and C0 (right). As can be seen the overlap of the SLS intensity and SANS data is 

reasonable. The enormous increase of scattering intensity of SLS data at 37°C in the left plot is due to dust 

scattering. Note that SANS data in the left plot were measured at the D33 instrument whereas the data in the 

right plot were gained from measurements at the D11 instrument which explains the different overlap of q-range.  

Note that the q-range in which SLS and SANS data overlap in Figure 4.11 is different because the 

SANS data were collected at the D33 instrument in the left plot and at the D11 instrument in the right 

plot. The overlap is reasonable in both cases and shows very nicely that the slope in the high q-range 

of the SLS data is not connected to the power law dependence in the SANS data, especially at high 

temperatures. 

In order to obtain structural information on the particles from the SLS measurements the data shown in 

Figure 4.10 were fitted with different models. Since all data represent the scattering of spherical 

particles the monodisperse sphere form factor according to Eq. 2-37 was used. For the large particles 
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synthesised without surfactant the Guinier approximation as shown in Eq. 2-87 was applied to 

estimate the radius of gyration. Although a description of the SLS data by means of the Lorentzian 

model according to Eq. 4-1 would be possible this is not reasonable. The Lorentzian model describes 

fluctuating polymer chains which can be observed only in the high q-range. The fitting functions are 

shown in Figure 4.12.  

   

Figure 4.12: Left: Example scattering curves fitted with the sphere form factor Psphere(q). The deviations of 

Psphere(q) especially at low temperatures indicate that this model is not completely appropriate to describe 

microgel particles. Thus, these data should be treated carefully. Right: Plot of R(q) on a ln-scale against q
2
 of 

selected scattering curves and the according Guinier fits to the scattering data at low q. Note that the q-range 

used for the Guinier fits fulfils the requirement that qRG < 1 in all cases.  

As can be seen in Figure 4.12 the sphere form factor Psphere(q) deviates considerably from the 

measured scattering intensity especially at low temperatures. This is very likely due to the rather 

inappropriate choice of model since the particles at these temperatures have a gel-like structure rather 

than a hard-sphere structure. The deviations as well as the awareness of the improper fitting model 

indicate that any data obtained with this model should be treated carefully. At high temperatures, 

however, Psphere(q) shows a reasonable description of the scattering data. The Guinier approximations 

shown in Figure 4.12 right are in all cases good fits to the scattering intensity.  

The results of the different analysis methods are summarised in Figure 4.13. One finds a considerable 

difference between the hydrodynamic radius as determined via DLS measurements and the values 

obtained from SLS at low temperatures. This phenomenon is known in literature [64, 245, 323] and 

can be easily explained considering that DLS also measures the hydrate shell. 
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Figure 4.13: Plot of radii, obtained from different methods and fitting models, against temperature for particles 

C0. The hydrodynamic radius shows the highest values at low temperatures. The transition temperature and the 

radii at T > VPTT are the same for all different methods (DLS, Pdroplet(q) and the Guinier approximation). 

Additionally, SLS data at different concentrations were measured. Each concentration was measured 

at T = 25°C, i.e. below the VPTT, as well as at T = 40°C, i.e. above the VPTT. As can be expected 

higher concentrations display a higher scattering intensity (data not shown). These data were used for 

Zimm plots to obtain information on the molecular weight. The results are summarised in Table 4-5.  

Comparing the molecular weight (MW) at different temperatures it becomes obvious that an increase 

of temperatures leads to an increase of MW. This effect is likely connected to the higher scattering 

contrast and is known in literature [64]. The comparison of MW of different particles at constant 

temperature reflects the DLS results in section 4.1.1. Thus, the particles with 1.9 wt% crosslinker are 

the largest ones at high temperature and thus have the highest molecular weight. The high swelling 

degree leads to a smaller molecular weight at low temperatures. The particles with 5.6 wt% crosslinker 

with a similar swelling ratio are almost of the same molecular weight whereas the particles with less 

crosslinker swell more and show a lower MW at low temperatures. 

Table 4-5:  Overview of the results of Zimm plots obtained from SLS data at four different concentrations. Each 

measurement was performed at 25°C which is well below the VPTT and at 40°C, i.e. above the VPTT. The 

analysis reveals a higher molecular weight (MW) for all particles at T > VPTT.  

particles crosslinker 

[wt%] 

surfactant MW @ 25°C 

[g mol
-1

] 

MW @ 40°C 

[g mol
-1

] 

C1 5.6 yes (6.2 ± 0.9) · 10
6 

(1.2 ± 0.8) · 10
7
 

C0 5.6 no (6.1 ± 0.8) · 10
6
 (2.3 ± 0.1) · 10

7
 

A 1.9 yes (4.5 ± 0.8) · 10
5
 (7.9 ± 0.9) · 10

7
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4.2 Swelling and deswelling kinetics induced by sudden pressure jumps 

Pressure jump experiments using the SHP-SANS cell as described in chapter 2.4.5 were performed in 

order to obtain information on the kinetics of structural changes as a response to a sudden pressure 

jump. Pressure and temperature induce exactly the same structural changes but at different transition 

temperatures. Thus, these experiments can be compared to temperature jump experiments. Thereby, 

both structural changes, i.e. from gel to sphere and from sphere to gel, can be followed. Using 

temperature jump methods the application of fast cooling steps remains a challenge and has not yet 

been solved satisfactorily. Therefore, the measurements presented in the following contribute to the 

investigation of the kinetics of structural changes of PNIPAM microgel particles.  

The first kinetic experiments were performed at T = 36.6°C with the particles C1 with 5.6 wt% 

crosslinker. The pressure cycle was adjusted to last for 60 s with 30 s at each pressure (300 and 10 bar) 

with a time resolution of 2 s. The pressure-dependent scattering curves in Figure 4.6 indicate that this 

pressure jump traverses the change from sphere to swollen sphere, as can be seen by the Gaussian 

contribution at high pressure. The scattering curves as a function of time and pressure for are shown in 

Figure 4.14. 

  

Figure 4.14: Left: Pressure-dependent scattering curves as a function of time of PNIPAM particles C1, recorded 

at T = 36.6°C. The pressure jump takes places at t = 0 s from p = 300 bar (at t < 0 s) to p = 5 bar (at t > 0 s). Each 

pressure was kept constant for 30 s, scattering curves were recorded with a time resolution of 2 s. The change in 

forward scattering is very obvious after the pressure jump. Right: Normalised integrated intensity (nii(t)) as a 

function of time in the q-range from 0.006 – 0.017 Å
-1

 to the scattering curves shown left. The time resolution of 

nii(t) is 2 s as well. After compression and expansion two exponential fitting functions (solid lines) were 

necessary to describe the data points sufficiently. The error is within the size of the symbols.  

The scattering curves in Figure 4.14 left at times t < 0 s correspond to p = 300 bar and t > 0 to 

p = 10 bar. Especially the change of forward scattering is very obvious after the pressure jump at 

t = 0 s. Taking a closer look at the q-dependence in the medium q-range it becomes obvious that the 

slope of the scattering curves is much steeper at p = 10 bar than at 300 bar which is connected to the 
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higher sphere scattering contribution. At p = 300 bar the contribution of gel scattering is more 

pronounced. 

In order to obtain detailed information on the kinetics of structural changes the normalised integrated 

intensities as a function of time (nii(t)) are shown in Figure 4.14 right. Thereby, the q-range for the 

integration was fixed to be between 0.006 Å
-1

 and 0.017 Å
-1

 since the scattering curves show an 

isosbestic point around q ≈ 0.017 Å
-1

. It was found that for both the processes after compression and 

expansion two exponential fitting functions were necessary to describe the data in a satisfactory way. 

Thereby, the first processes occurred on a time scale of about 2.2 s and 2.3 s, respectively, after 

compression and expansion. This process likely describes the primary structural changes between 

sphere to more hydrated sphere. The second, slower processes are likely to represent reordering 

processes and temperature relaxation since they happen on a rather long time scale of 6.3 and 13 s, 

respectively.  

To gain more detailed information on the fast processes another pressure jump experiment was 

performed in which the pressure cycle was adjusted to last for 10 s with 5 s at each pressure and a time 

resolution of 0.2 s. The pressure-dependent scattering curves as a function of time are shown in Figure 

4.15 left. Here, again the increase of forward scattering after expansion is very obvious.  

 

Figure 4.15: Left: Pressure-dependent scattering curves of PNIPAM particles C1 as a function of time. A 

concentration of 0.5 wt% particles in D2O was used. The scattering curves were recorded at T = 36.6°C. The 

pressure cycle starts at p = 300 bar which was held for 5 s, until at t = 0.0 s the pressure was changed to 5 bar for 

5 s. A time resolution of 200 ms was applied. Right: Normalised integrated intensity (nii(t)) as a function of time 

for the scattering curves shown left in the q-range from 0.006 – 0.017 Å
-1

. While the data points after 

compression were described by one exponential fit two functions were necessary to describe the data points after 

expansion. The solid lines represent these exponential fitting functions and are proportional to exp(-t/). The 

pressure profile shown at the top also applies to the plot shown left. Note that the error is within the size of the 

symbols.  

Analysing nii(t) it was found that the process after compression can be described by means of one 

mono-exponential fitting function. The time constant found for this process C = (2.6 ± 0.2) s 

resembles the one found for the faster process in the longer experiment (Figure 4.14). The data points 
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obtained after expansion, however, were described by two fitting functions. Thus, a first and fast 

process occurs on a time scale of 0.5 s and is followed by a slower process ( = (4.1 ± 0.2) s). A 

single exponential fitting function would lead to  = (2.2 ± 1.2) s. Although this value is similar to the 

one obtained from the long experiment (Figure 4.14) the high error indicates that the description with 

two fitting functions is a better representation.  

A similar experiment was performed using the particles C0, also with 5.6 wt% crosslinker but 

synthesised without surfactant. Thus, the pressure cycle was also adjusted to last for 10 s with 5 s at 

300 bar and 5 bar, respectively. The resulting scattering curves as a function of time are shown in 

Figure 4.16 left. Although the absolute scattering intensity is slightly lower than in the previous 

experiment the increase of forward scattering intensity can clearly be observed after expansion, i.e. at 

t > 0 s. Furthermore, clearly the slope of scattering intensity changes from almost a straight line for 

p = 300 bar to more steep course with flattening intensity in the low q-range at p = 10 bar. 

 

Figure 4.16: Left: 3D-plot of scattering curves as a function of time for the particles C0. The temperature was 

set to 37.0°C. The pressure cycle starts at p = 300 bar at t = -5 s. The pressure jump occurs after 5 s at t = 0.0 s to 

p = 5 bar. Scattering curves were recorded with a time resolution of 0.2 s. Again, especially the forward 

scattering intensity (nii(t)) and the slope of the scattering curves in the medium q-range change. Right: 

Normalised integrated intensity as a function of time for the q-range from 0.006 – 0.017 Å
-1

, also with a time 

resolution of 0.2 s. While the process after compression was described by one mono-exponential fitting function 

two of these were necessary for the process after expansion. Note that the error bars are smaller than the 

symbols.  

The analysis of nii(t) (Figure 4.16 right) revealed a trend comparable to the previous experiment. 

Considering the similarities of both particles this is not surprising. Thus, the process after compression 

was found to have a time constant of (2.2 ± 0.2) s which is slightly lower than the one found for 

particles C1 synthesised with surfactant. For the description of nii(t) after expansion again two 

exponential fitting functions were necessary whereby the time constant describing the fast process is 

the same as the one found for the previous particles. The second time constant is (4.6 ± 0.6) s and thus 

higher than the one displayed in Figure 4.15 which might be caused by the higher polydispersity.  
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In order to investigate also the influence of the crosslinker contents pressure jumps between 300 bar 

and 5 bar were also conducted with the particles A containing 1.9 wt% crosslinker. Thereby, the same 

frequency of 0.1 Hz with 5 s at each pressure and a time resolution of 0.2 s were applied. The 

pressure-dependent scattering curves in a plot versus time (Figure 4.17 left) display the expected 

increase of forward scattering intensity after expansion.  

 

Figure 4.17: Left: Scattering curves as a function of time of PNIPAM particles A. The pressure cycle was 

adjusted to start at p = 300 bar at t = -5 s. The pressure jump occurs at t = 0.0 s to p = 150 bar which is also kept 

for 5 s. A time resolution of 0.2 s was applied. Right: Normalised integrated intensity (nii(t)) as a function of 

time, calculated for the scattering curves shown left in the q-range from 0.006 – 0.017 Å
-1

. Both the processes 

after compression and expansion were described with one mono-exponential fitting function. The error of nii(t) 

is within the symbol size.  

In contrast to previous experiments with particles with higher crosslinker contents both processes were 

described with only one exponential fitting function. Thereby, the process after compression was 

found to happen on a longer time scale than the one after expansion. Compared to previous 

experiments the time constant C = (2.3 ± 0.3) s is in the same order of magnitude than the other time 

constants describing the process after compression.  

In order to elucidate the kinetics of structural changes in dependence of the crosslinker content 

the time constants presented here can be compared to previous results [29] of particles with 

1.9 wt% and 3.8 wt% crosslinker. Thus, all time constants are summarised in Table 4-6.  

Comparing the time constants describing the processes after compression one finds only the 

particles containing 3.8 wt% crosslinker showed two processes. Re-evaluation of these data 

revealed that a description with one exponential function is also possible, leading to 

C = (1.7 ± 0.1) s for this process. Now, one finds a trend of increasing  with increasing 

crosslinker content if the particles with 1.9 wt% crosslinker presented here are not considered. 

The fact that for these particles a different time constant was found is probably due to the fact 

that the pressure jump experiment only reached the VPTT and did not traverse it (see static 

scattering curves in Figure 4.9). For the process after expansion, however, one finds exactly 
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the same time constants for both experiments with particles containing 1.9 wt% crosslinker. 

This indicates a change to dehydrated particles happens on the same time scale irrespective of 

the starting point. Considering the other particles, it shows that for all other crosslinker 

concentrations two exponential processes were found. Among these, the time constants also 

increase with increasing crosslinker content. Thus, it can be assumed that the first process is 

slowed down by the presence of crosslinker. The following, slower process shows a similar 

trend.  

Table 4-6: Overview of time constants obtained from fitting functions to the normalised integrated intensities 

(nii(t)) of the pressure jumps shown in Figure 4.15, Figure 4.16 and Figure 4.17. Especially the processes after 

expansion indicate that structural changes occur on a longer time scale with increasing crosslinker content. The 

time constants of particles without name were taken from [29]. 

particles crosslinker 

[wt%] 

surfactant  after 

compression [s] 

 after  

expansion [s] 

C1 5.6 yes 2.6 ± 0.2 
0.5 ± 0.2 

4.1 ± 0.5 

C0 5.6 no 2.2 ± 0.2 
0.5 ± 0.2 

4.6 ± 0.6 

 3.8 yes 1.7 ± 0.1 
0.4 ± 0.1 

3.8 ± 0.1 

A 1.9 yes 2.3 ± 0.3 1.6 ± 0.2 

 1.9 yes 1.2 ± 0.1 1.6 ± 0.1 

 

Having analysed the time constants for structural changes the question arises which processes are 

described. Therefore, a more detailed look at the scattering curves is reasonable. Selected scattering 

curves are shown in Figure 4.18. Regarding the process after compression, one finds that the major 

structural changes happen already during the pressure jump, i.e. with a time constant faster than 0.2 s. 

Considering the scattering curves this process can be attributed to a decrease of scattering contrast, i.e. 

to a diffusion of water molecules into the particles. The process which was described by time 

constants thus likely represents reordering processes. The processes after expansion, shown in Figure 

4.18 right, indicate that the collapsing of polymer chains is slower and distinctly passes different 

mixed structures. The second process found for this conversion can be observed as an increase of 

forward scattering intensity and can thus be ascribed to an increase of scattering contrast, i.e. to 

diffusion of water molecules out of the particles scattering volume. 

These results are very similar to the results found by Sun et al. in 2010 [324]. They investigated 

PNIPAM hydrogels by means of correlation infrared spectroscopy and proposed a mechanism of the 

volume phase transition. Their results indicate that during a heating process PNIPAM collapses along 

its backbone before water is expelled from the network, while in the cooling process, the water 

molecules diffuse into the network before the chain revival along the backbone occurs. Thereby, they 

found that in the heating process the chain collapse occurred with intermediate states while the chain 
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revival in the cooling process occurred with only conversion between two single states [324]. These 

results are in good accordance with the results obtained from pressure jump experiments.  

 

Figure 4.18: Selected scattering curves from the 3D plot shown in Figure 4.14 left of PNIPAM particles C1. 

Left: Scattering curves shortly before (red squares), during (green circles) and after compression. The major 

structural changes occur on a very fast time scale. Right: Scattering curves slightly after the pressure jump (0.2 s) 

and at subsequent times. While the first process can be observed until t = 0.6 s the process after that results only 

in a change of forward scattering intensity.  

In order to obtain more detailed information on the structural changes selected scattering curves from 

Figure 4.15, i.e. of the pressure jump experiment with particles containing 5.6 wt% crosslinker, were 

described by fitting functions. Selected parameters are shown as a function of time in Figure 4.19. 

Here, the reason for the two different processes observed by analysing nii(t) becomes obvious. First, 

the contribution of the Gaussian scattering intensity decreases after expansion until it does not 

contribute at all at t > 1.4 s. Furthermore, after the same time the decrease of Lorentzian contribution 

reaches constant values, indicating that the main part of gel-to-sphere transition is finished within this 

time frame. The main contribution to nii(t) is, however, presumably to be found in the change of 

scattering length density difference , which is shown in Figure 4.19 D. Here, it is especially 

interesting that the time constants strongly resemble the ones listed in Table 4-6. This is a good 

indication that  is the main representative of the change of nii(t).  can be translated to diffusion of 

water molecules. It was shown by Philipp et al. that the diffusion coefficient of water in PNIPAM 

particles is very low [325] which explains the fast mayor changes in scattering intensity right after the 

pressure jump. However, they also mention the existence of more tightly-bound water molecules with 

higher diffusion coefficients. Thus, it is likely that the observed changes with time constants around 

1 s are due to this class of water molecules. 

The time constants obtained for IGauss(0) and G after compression are somewhat higher, whereas the 

one for  is slightly lower than the value obtained from nii(t) analysis. Thus, it follows that nii(t) 

represent a mixture of both contributions. These findings further support the processes suggested 
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earlier, i.e. that the processes after heating occur with intermediate states (i.e. with states which 

include Gaussian contributions). The process after cooling, i.e. compression, in contrast, only shows 

one process, indicating that the diffusion of water molecules occurs with the same time constant 

during the whole observation process.  

 

Figure 4.19: Selected fit parameters as a function of time, obtained from description of the scattering curves 

shown in Figure 4.15 (particles C1). The solid lines represent exponential fitting functions whereby the 

respective time constants are given in the plot. A and B: IGauss(0) and G from the Gaussian contribution. Both 

values increase upon compression, clearly representing the hydration process, and rapidly decrease after 

expansion. Note that the Gaussian contribution was not found at t > 1.4 s after the expansion. C: IL(0) obtained 

from the Lorentzian description. Clearly, a fast change happens after expansion which is followed by a constant 

contribution. D: Scattering length density as a function of time. The decrease after compression is connected to 

hydration. Again, two processes are observed after expansion.  
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4.3 Microfluidics 

Section 4.2 gives information on the kinetics of structural changes of PNIPAM particles as a response 

to a fast pressure jump. Since the state of the particles at elevated pressure is completely comparable to 

a state at atmospheric pressure and a slightly lower temperature it is reasonable to assume that the 

sequence of structural changes is the same for fast temperature jumps. In order to also investigate the 

kinetics of structural changes as a response to a fast temperature jump, both from low to high and from 

high to low temperatures, a new device was developed. This device is based on microfluidics. 

Microfluidic setups consist of one or more narrow channels through which matter can be guided. It 

aims to investigate and develop miniature devices which can sense, pump, mix, monitor and control 

small volumes of fluids [326]. The applications include many different areas such as chemical 

synthesis, biological and chemical sensing, molecular separation or DNA sequencing [327-329]. 

The combination of microfluidics and PNIPAM is also described for various setups in literature, as for 

example the synthesis of polymer particles containing PNIPAM [330, 331]. Since it is possible to 

bring together different channels a microfluidic setup is especially well suited to investigate the 

features of co-nonsolvency [74, 332]. Temperature jumps have also been performed in a stopped-flow 

device by combining two channels with the polymer solution and hot solvent in the respective 

channels [71]. This experiment, however, does not study the pure response of the polymer particles to 

a change of temperature but the response of PNIPAM to a change of the solvent composition.  

4.3.1 Newly developed microfluidic setup for temperature jumps 

Since the information in literature is scarce on temperature jump kinetics of PNIPAM particles which 

are purely connected to a change of temperature a new approach was developed to study these 

kinetics. The newly designed setup utilises the high surface-to-volume ratio which is provided by very 

small channels and should allow to apply a different temperature in a very fast way. Thus, surrounding 

a channel with two different temperatures the response of liquid flowing through this channel can be 

followed by studying for example the transmission properties at different positions after the 

temperature jump. A schematic drawing of such a setup is shown in Figure 4.20. 

The setup shown schematically in Figure 4.20 can be devided into three different parts or purposes. 

The first part is the syringe pump at the left which provides adjustable flow rates of the polymer 

dispersion through a flexible plastic tubing. This tubing then passes throug a falcon tube which was 

modified in such a way that it can be connected to a water bath and can thus be used as a tempereing 

device for the tubing. After the tubing exits the falcon tube it passes about 2 cm of non-controlled 

temperature before it is merged with a 1 mm X-ray capillary. This capillary is stuck through a casket 

made out of poly(dimethyl)siloxane (PDMS) which is glued onto a reflective silicon waver. The waver 

and thus the casket is placed on top of a metal block which can be connected to a water bath and thus 
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provides the second temperature for the temperature setup. In order to apply a constant temperature 

around the capillary the casket was filled with transparent silicon oil. The rear end of the capillary 

leads to a falcon tube which collects the liquid. The response of the polymer solution to the 

temperature jump can be followed by focussing the microscope onto the middle of the capillary and 

measuring the absolute intensity as a function of position. This method is enabled by the fact that the 

turbidity of a dipserion of PNIPAM particles increases with increasing temperature and has been 

applied before [72]. 

 

Figure 4.20: Schematic drawing of a newly designed microfluidic device for studying temperature-induced 

structural changes of PNIPAM particles. The polymer dispersion is pumped by a syringe pump with adjustable 

flow rate through a flexible plastic tubing. This tubing is temperature-controlled by guiding it through a modified 

Falcon tube which is connected to a water bath and thus functions as a tempering device. After leaving the 

Falcon tube the liquid enters the PDMS casket which is placed on a reflective surface and is temperature-

controlled by a tempered metal block underneath it. Before entering the casket the tubing is connected to a 1 mm 

X-ray capillary to enable optical measurements. The whole setup is placed underneath a reflective microscope.  

4.3.2 Results of temperature jump experiments 

Using this setup eight positions and four different temperature jumps were studied. At each position 

five different flow rates were applied in order to be able to calculate different time intervals after the 

temperature jump. Before each measurement the applied temperatures were equilibrated for at least 

15 minutes. A picture was taken of this equilibarted state. Integration of the total intensity of that 

picture provided the reference value for normalisation of the measurements taken under flow. This 

normalisation is necessary because the microscope was focussed after each change of position. After 

switching on the syringe pump the flow was kept constant for at least two minutes before a picture was 

taken. After switching off the pump the system was left for equilibration for at least 5 minutes and 

another picture of the equilibrated state was taken. In order to determine the total reflected intensity 

the integrated area of all pictures was integrated by 100 %. The difference of the absolute intensity of 

the two equilibrium pictures was less than 1 % in most cases. By measuring the absolute intensity this 

experiment can be regarded as a transmission experiment since the microscope used was a reflective 

microscope.  
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The particles under investigation were the particles containing 1.9 wt% crosslinker. The according 

DLS, SANS and kinetic data are shown in Figure 4.5 left, Figure 4.9 and Figure 4.17, respectively. 

The concentration of the particles was fixed at 2 wt% which is much higher than the concentration 

used for DLS and SANS experiments but was necessary in order to achieve as much difference of the 

signals at different temperatures as possible.  

The results of the temperature jump experiment from 30°C to 40°C and from 40°C to 30°C are shown 

in Figure 4.21 by means of a plot of relative intensiy versus time after the temperature jump.  

 

Figure 4.21: Plot of the relative intensity of a PNIPAM dispersion with 2 wt% particles with 1.9 wt% 

crosslinker, determined by means of a reflective microscope, versus time. The time was calculated from the flow 

rate and the position after the temperature jump from 30°C to 40°C (left) and from 40°C to 30°C (right). The 

temperature jump was performed by means of the setup shown in Figure 4.20. The relative intensity describes 

the intensity during a flow experiment normalised to the equilibrium intensity whereby the deviations are rather 

small if noticeable at all. Different symbols indicate the different positions at which the experiment was 

performed. Selected data were used to determine the time constants shown in red. 

The time which is on the x-axis in Figure 4.21 was calculated from the flow rate and the position 

according to  

          
            

                 
 Eq. 4-1. 

The flow rate was adjusted at the syringe pump. The position describes the distance between the point 

at which the liquid enters the PDMS casket with the second temperature and the microscope.  

Considering the scaling of the y-axis the deviation of the absolute intensity during flow experiments 

from the absolute intensity at the respective equilibrium state is in all cases less than 10 %. 

Nevertheless, some data points seem to represent a systematic change in intensity. Fitting an 

exponential function to these data resulted in time constants of  = (2.44 ± 1.33) s for a temperature 

jump from 30°C to 45°and  = (0.92 ± 0.20) s for the experiment from 40°C to 30°C. It seems that the 

temperature jump from 40°C to 30°C is faster than the other way round by a factor of about 2.5. This 

might, however, be caused by the part of tubing between the falcon tube and the PDMS casket which 
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is not temperature controlled. This part is about 2 cm long and will very likely lead to a cooling of the 

polymer dispersion before the polymer reaches the casket and thus the second temperature. On top of 

that this effect should be more pronounced for the temperature jump from high to low temperature as 

the temperature jump from low to high temperature should be less effected by a lower temperature at 

the non-tempered piece of tubing.  

The same experiment was performed with the temperatures adjusted to 30°C and 45°C. The results in 

form of a plot of the relative intensity versus time are shown in Figure 4.22.  

    

Figure 4.22: Plot of the relative intensity of a 2 wt% PNIPAM dispersion of particles with 1.9 % crosslinker 

versus time. The relative intensity was recorded by means of a reflective microscope. The time was calculated 

from the flow rate and the position after the temperature jump, which was from 30°C to 45°C (left) and from 

45°C to 30°C (right) in this case. The relative intensity was calculated by normalising the intensity during the 

flow experiment to the intensity at the equilibrium temperature. The deviations from equilibrium intensity are, 

however, even smaller than in the previous experiment shown in Figure 4.21. The temperature jump from 45°C 

to 30°C does not allow determining a time constant since the normalised intensities are too close to equilibrium 

intensity. 

Comparing the absolute values of relative intensity of the two temperature jump experiments it is 

striking that the deviations from equilibrium intensity are higher for the temperature jumps to and 

from 40°C. Since a higher temperature difference is expected to result in a larger difference of 

intensity this trend requires further investigation.  

It was possible to determine a time constant for the temperature jump from 30°C to 45°C of 

 = (2.65 ± 1.04) s. This time constant is very close to the one determined for the temperature jump 

from 30°C to 40°C but slightly higher, indicating that a temperature jump to higher temperatures leads 

to a faster change of the structure of the polymer. For the temperature jump from 45°C to 30°C it was, 

however, not possible to determine a reasonable course of intensity with time since the difference of 

all measured relative intensities is less than 2 % (see scaling in Figure 4.22 right) which is too low to 

draw reliable conclusions. The reason for this result can very likely be found in the piece of tubing 

0.1 1 10
0.92

0.94

0.96

0.98

1.00

1.02

1.04

 

 

Positions

 0.2 cm

 0.5 cm

 0.65 cm

 1.1 cm

 1.5 cm

 2.15 cm

 3.85 cm

re
la

ti
v
e
 i

n
te

n
si

ty

time [s]

 = (2.7  1.0)  s

0.1 1 10
0.98

0.99

1.00

1.01

1.02

 

 

Positions

 0.2 cm

 0.3 cm

 0.5 cm

 0.65 cm

 1.1 cm

 1.5 cm

 2.15 cm

 3.85 cm

re
la

ti
v
e
 i

n
te

n
si

ty

time [s]



Influence of hydrostatic pressure on PNIPAM particles   

153 

 

between the falcon tube and the PDMS casket as discussed above. Compared to the temperature jump 

from 40°C this experiment with a starting temperature of 45°C should be even more effected, thus 

resulting in even lower differences of intensity. 

4.3.3 Discussion 

The experiments presented here are the first investigations of structural changes of PNIPAM particles 

which are purely induced by a fast change of temperature and can be performed in both directions. The 

novelty of these experiments naturally is accompanied by a few problems. 

Thus, the small deviations in intensity between the flow experiment and equilibrium are problematic 

because this leads to low amplitudes and high errors. This can probably be improved by using polymer 

dispersions with higher concentration or a longer light path, i.e. a higher cell. The optimum setup 

would be a channel with a width of about 100 µm but a height of about 1 cm. A capillary with a higher 

diameter would deteriorate the surface-to-volume ratio so that temperature gradients become more 

likely. The necessarily thin walls of such a channel to allow a fast and homogeneous exchange of 

temperature is, however, experimentally challenging. 

The piece of tubing between the Falcon tube and the PDMS casket provides another problem. It is 

about 2 cm long and not temperature-controlled which is probably the reason why the results of the 

temperature jumps from high to low temperature did not lead to a satisfactory result. This problem 

should be rather easy to fix with an improved setup. 

One problem in both experiments is the fact that the intensity increases with increasing temperature. 

This is expected for scattering experiments (SANS, Figure 4.9 left) but not for reflective microscope 

which is a transmission setup. The light beam from the microscope passes the sample twice, i.e. on its 

way down through the sample to the reflective surface and on its way back to the microscope which 

should only improve the deviations from equilibrium intensity.  

Comparing the obtained time constants to the results from pressure jump experiments (see Figure 

4.17) one finds considerable differences. Thus, the trend found by means of SANS that the swelling 

occurs on a longer time scale than the chain collapse was not found here but seems to be the other way 

round. Admittedly, this trend was only found for these particles where all other experiments indicate 

that the dehydration and accumulation of polymer chains is slower than the swelling. Thus, the general 

trend seems reliable. Although the absolute values of time constants differ among different 

experiments they are at least in the same order of magnitude.  

If one aims to publish data from this experimental setup one should, however, determine the time it 

takes the solvent to heat up after the pressure jump, for example by means of a temperature-sensitive 

dye such as N-acetly-L-tryptophanamide (NATA) [71]. This should be done in order to be able to 

separate the time it takes to heat up the solvent from the response of the polymer particles to the 

change of temperature.   
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4.4 Conclusion 

The interest in (PNIPAM) has grown rapidly because its characteristic volume phase transition 

temperature (VPTT) is located around 32°C and therefore very close to the temperature of the human 

body. Thereby, increasing molecular agitation with increasing temperature results in a breakdown of 

the local solvent structure around the particle which leads to a considerable decrease of the particle 

volume. Modifying these particles enables to use them for different purposes such as carrier materials 

for drugs or nano-actuators. In this work, the influence of hydrostatic pressure on the swelling 

behaviour of different PNIPAM particles was systematically investigated, whereby a cancellation 

effect of the VPTT for about 1 K per 100 bar was found. This can be explained by assuming that 

solvent molecules are pushed into polymer cavities which are solvent-inaccessible at atmospheric 

pressure. It turned out that an increase of crosslinker content leads to a higher cancellation effect, i.e. 

the VPTT was shifted to even higher temperatures, as was characterised by means of dynamic light 

scattering both at atmospheric and at elevated pressure. The analysis of temperature-dependent static 

light scattering measurements revealed a good agreement of the hydrodynamic radius and the radius of 

gyration obtained from a Guinier approximation to the scattering data. The cancellation effect of 

hydrostatic pressure was also found by means of SANS measurements which were also performed 

both at atmospheric and at high pressure. This allowed to systematically study the hydration and 

dehydration kinetics by means of periodic pressure jumps using the stroboscopic high-pressure SANS 

cell. Thereby, choosing an appropriate temperature allows accessing both states within the possible 

pressure range. The processes after compression, which represent diffusion of water molecules into the 

particle and thus swelling of the particle, happen on a time scale of 2.3 s regardless of the crosslinker 

content. In contrast to that, two processes were observed after expansion, i.e. after deswelling the 

particle, which were ascribed to be a fast (within less than 1 s) collapse of the polymer backbone 

followed by diffusion of water molecules out of the particle which happens on a time scale of 

1.5 to 4 s depending on the crosslinker content. A newly developed microfluidic setup allowed 

studying the response of PNIPAM particles to a fast temperature jump whereby the obtained time 

constants are in the same range as the ones found in SANS experiments.  
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5 Microemulsions and PNIPAM under mutual confinement 

Since the previous two chapters revolve around water-rich CO2 microemulsions and PNIPAM 

particles it is obvious to also investigate the properties of both under mutual confinement. Such 

orthogonal self-assembled systems are especially relevant to biomedical applications since the 

complex mixture of structures which exist parallel to each other in living cells is the most prominent 

example for such systems. The combination of PNIPAM and microemulsions can provide the 

possibility of drug-releasing systems of both hydrophilic components (bound by PNIPAM) and 

hydrophobic substances (stored in oil-swollen microemulsion droplets). However, information on 

phase behaviour of microemulsions in presence of PNIPAM particles is scarce [87] because most 

available publications describe the synthesis of PNIPAM particles in microemulsion droplets [82, 83].  

Therefore, the influence of PNIPAM on microemulsion systems was systematically investigated both 

for microemulsions at atmospheric and at high pressure. Although a combination of PNIPAM particles 

and CO2 microemulsions does not provide an obvious application yet, it can be utilised to investigate 

the influence of microemulsion confinement on pressure-induced structural changes and the respective 

kinetics and vice versa.  

5.1 Phase behaviour 

Prior to measurements regarding the influence of PNIPAM on microemulsion phase behaviour it was 

necessary to make sure that all surfactant remaining from synthesis is removed from the polymer 

dispersion. This was done by means of dialysis for four days against distilled water. To verify that the 

surfactant (SDS) was removed an elementary analysis was performed for dialysed particles as well as 

for particles without any purification. Unfortunately, it turned out that the weight mass fraction of 

sulphur, which is a characteristic element for SDS, was lower than the detection limit in both cases. 

Thus, two PNIPAM samples were spiked with SDS (200 mg SDS added to 2 g of a 0.5 wt% 

dispersion of PNIPAM) but only one of them was dialysed. Elementary analysis revealed a sulphur 

mass fraction of about 10 wt% where 11 wt% are expected for pure SDS in the non-dialysed sample 

whereas no sulphur was detected in the dialysed sample. Therefore, it can be assumed that can be 

successfully removed by dialysis.  

After verifying that surfactant from synthesis was successfully removed from the polymer dispersion 

the well-known microemulsion system H2O – n-octane – C12E6 (a = 0.03) was chosen as a starting 

system (Figure 5.1) [333]. The influence of PNIPAM (5.6 wt% crosslinker, compare Figure 4.2) on 

the phase behaviour was systematically investigated by increasing the amount of PNIPAM in the 

hydrophilic phase from  = 0.0 stepwise to  = 0.021 [334]. Note that the calculations of wB and a 

were performed disregarding the weight of the PNIPAM particles.  
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Figure 5.1: Temperature-dependent phase behaviour of the microemulsion H2O/ PNIPAM – n-octane – C12E6 

(a = 0.03) at different weight fractions  of PNIPAM in the hydrophilic phase. The efficiency increases from 

wB,max( = 0.0) = 0.089 to wB,max( = 0.021) = 0.143 by adding 2.1 wt% PNIPAM to the hydrophilic phase. The 

temperature of the point of maximum efficiency increases by 3°C. The crosses indicate the parameters of the 

DLS measurement presented in the following section. Taken from [334].  

As can clearly be seen in Figure 5.1 the addition of PNIPAM particles to the hydrophilic phase 

increases the efficiency of the system. Thus, applying a PNIPAM weight fraction of 2.1% the 

point of maximum efficiency was shifted to wB,max = 0.143, which is an improvement of a 

factor of 1.6 compared to the system without PNIPAM (wB,max = 0.089). This trend is 

accompanied by an increase of temperature of the point of maximum efficiency of 3 K. This 

phase behaviour strongly reminds of the influence of hydrotropic salts on microemulsions. 

Here, Tu shifts to lower temperatures and Tl to higher ones upon the addition of salts whereby 

the difference between both, i.e. the three-phase body, narrows. This trend goes along with a 

slight shift of the phase behaviour as well as an increase of efficiency [335]. 

After having characterised the influence of PNIPAM on the phase behaviour of 

microemulsions at atmospheric pressure the effect of PNIPAM on microemulsions with 

fluorinated surfactants and CO2 was also investigated. Due to the higher complexity and time 

effort of measurements at elevated pressure only a concentration of 0.5 wt% PNIPAM in the 

hydrophilic phase was investigated in the model system H2O – CO2 – Zonyl FSO 100/ Zonyl 

FSN 100 (a = 0.08, FSN = 0.75). The PNIPAM particles used in these investigations were the 

ones characterised in Figure 4.2. The phase behaviour is shown in Figure 5.2 left.  

Upon addition of PNIPAM to the microemulsions the efficiency increases significantly by a factor of 

1.6 at i = 0.0 (compare Figure 3.1 left). This is similar to the increase at ambient pressure and 

2.1 wt% PNIPAM which means that any effect is more pronounced here. Contrary to the results 

concerning the microemulsion system at atmospheric pressure a shift of the phase behaviour to lower 

temperature can be found for the microemulsion system with CO2. This might be due to the lower pH 

in this system which also influences the properties of PNIPAM [336]. It is known that the addition of 

sugar leads to a shift of the phase behaviour to lower temperatures due to hydration effects [337, 338]. 
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The effect observed here is, however, much stronger. The increase of efficiency can partly be 

attributed to the higher CO2 density at lower temperatures. Note that for the system at i = 0.0 no 

lower phase boundary was found.  

    

Figure 5.2: Temperature-dependent phase behaviour of the microemulsion system H2O/ PNIPAM – CO2/ 

cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at a = 0.08, FSN = 0.75, 0.5 wt% PNIPAM in the hydrophilic 

phase and with cyclohexane contents i = 0.0 (left) and i = 0.2 (right). The efficiency increases considerably for 

both systems, especially for the one without cyclohexane. The one-phase region becomes more narrow upon the 

substitution of 20 wt% of CO2 by cyclohexane (i.e. i = 0.2). A decrease of temperature of the upper phase 

boundary is observed in both cases. 

Surprisingly, the efficiency increases only by a factor of about 1.2 upon substitution of 20 wt% of CO2 

by cyclohexane, as shown in Figure 5.2 right. Compared to the system without cyclohexane this equals 

a slight loss of efficiency which is, however, still higher than the system with cyclohexane without 

PNIPAM. The trend of a narrower one-phase region was also observed for the system without 

PNIPAM (Figure 3.1 right). Since cyclohexane interacts only repulsively with the fluorinated 

surfactant tails it can be assumed that the addition of cyclohexane leads to a stiffer membrane which is 

less tolerable to changes of temperature. Assuming that the increase of efficiency is caused by 

interactions of PNIPAM polymer chains and the surfactant head groups the addition of cyclohexane 

may lead to counteracting forces onto the amphiphilic film. 

5.2 Light and neutron scattering 

After having characterised the influence of PNIPAM particles on the phase behaviour at atmospheric 

and elevated pressure the microemulsion systems were studied by dynamic light scattering. While the 

structure size is not of primary importance here it was to be tested if both structures coexist. This 

could be confirmed for the microemulsion system H2O – n-octane – C12E6 (a = 0.03) at wB = 0.063 as 

shown in Figure 5.3.  
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Figure 5.3: Plots of the distribution of relaxation rate  obtained from CONTIN analysis of DLS data of a 

measurement at θ = 40°. The microemulsion H2O – n-octane – C12E6 at a = 0.03, wB = 0.063 at temperatures 

close to the oefb and four different weight mass fractions of PNIPAM in the hydrophilic phase, as indicated by 

the parameter  at the top, was investigated. The measurements were performed at compositions and 

temperatures as indicated in the respective phase diagrams in Figure 5.1. For the pure microemulsion system 

only one peak of relaxation rate can be obtained while a second peak becomes more and more pronounced with 

increasing PNIPAM concentration. Taken from [334].  

In absence of PNIPAM the obtained monomodal distribution of relaxation rates corresponds to 

droplets of 5 nm (Figure 5.3 left). Upon the addition of 0.7 wt% PNIPAM to the microemulsion a 

small second peak appears which translates to a size of 67 nm and can thus be attributed to the 

polymer particles. This peak increases in height relative to the microemulsion peak with increasing 

concentration until it exceeds the microemulsion peak at a concentration of 2.1 wt% PNIPAM, clearly 

showing that two structures coexist. 

The same result was also obtained for the high-pressure systems as can be observed in Figure 5.4. 

   

Figure 5.4: Plot of the distribution of relaxation rates for the microemulsion systems H2O/ PNIPAM – CO2/ 

cyclohexane – Zonyl FSO 100/ Zonyl FSN 100 at a = 0.08, FSN = 0.75, wB = 0.1, T = 28°C and i = 0.2 at 

 = 0.0 (left) and  = 0.005 (right), obtained from CONTIN analysis of DLS measurements at θ = 40°. There is 

only one structure peak for the system without PNIPAM but two for the microemulsion with PNIPAM in the 

hydrophilic phase. The relaxation rates correspond to structural sizes which are reasonable for microemulsion 

droplets and PNIPAM particles.  
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While the pure microemulsion exhibits a monomodal distribution, the microemulsion with 0.5 wt% 

PNIPAM in the hydrophilic phase is clearly bimodal. The relaxation rates of the peak maxima 

correspond to structural sizes which are well in the range of microemulsions and PNIPAM particles, 

respectively.  

After verifying that PNIPAM particles and microemulsion droplets are present in two separate 

structures both at atmospheric as well as at elevated pressure the microemulsion system H2O/D2O/ 

PNIPAM – CO2/ cyclohexane – Zonyl FSN 100 at a = 0.08 and i = 0.2 was investigated by means of 

SANS. Note that for these investigations only Zonyl FSN 100 was used as a surfactant in order to shift 

the phase behaviour to higher temperature to ensure comparability to the phase behaviour of the 

microemulsion without cyclohexane (Figure 3.1). The scattering length density of water was adjusted 

to 1.84 10
-10

 cm
-2

 which equals the scattering length density of the surfactant mixture (not Zonyl FSN 

100 but a mixture with 75> wt% of it, see Figure 3.2). It was expected that PNIPAM does not 

contribute much to the scattering intensity at these conditions so that the main scattering pattern 

should represent the microemulsion. The scattering curves of the microemulsion system at wB = 0.10 

and T = 28°C are shown in Figure 5.5.  

 

Figure 5.5: Left: Scattering curves of the system H2O/D2O/ PNIPAM – CO2/ cyclohexane – Zonyl FSN 100 at 

a = 0.08, i = 0.2,  = 0.005, D2O = 0.35, wB = 0.1 and T = 28°C. While the absolute scattering intensity is very 

low the scattering intensity shows a pronounced oscillation in the medium q-range caused by microemulsion 

droplets. Right: The increase of forward scattering in the low q-range is caused by PNIPAM particles, as can be 

clearly seen in the scattering curve obtained from the stock solution.  

The scattering curves in Figure 5.5 strongly resemble the ones shown in Figure 3.4 D, which represent 

a non-optimum film contrast with considerable core scattering. Since the scattering length density of 

the H2O/ D2O mixture was adjusted to match the one of the surfactants the higher SLD of the 

hydrophilic phase must be due to the presence of PNIPAM particles. Although PNIPAM particles 

were already successfully matched at D2O = 0.1 [322] the present particles seem to have a higher SLD. 

This was also already indicated by the low scattering contrast observed for the temperature-dependent 
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measurements in section 4.1.2. The increase of scattering intensity in the low q-region can be 

attributed to the contribution of PNIPAM particles. This becomes especially obvious if the scattering 

curve of the stock solution of surfactant and PNIPAM (Figure 5.5 right) is compared to the scattering 

curves of surfactant stock solution as shown in Figure 3.2. Thus, the scattering curves shown in Figure 

5.5 were described with a combination of the droplet form factor and the Gaussian contribution of the 

PNIPAM particles according to 

                               
     

 
  Eq. 5-1. 

Although PNIPAM particles likely also have a Lorentzian scattering contribution in the high q-region 

this is probably covered by the microemulsion scattering and was therefore neglected.  

The parameters according to the fitting functions shown in Figure 5.5 are displayed in Table 5-1. The 

rather small radius found for the microemulsion droplets indicates that the surfactant film does not 

contribute to the scattering intensity, i.e. the SLD of the surfactants was successfully matched. The 

high values found for the thickness of the parameter d, however, combined with the low diffusivity 

parameter  indicates that the radius represents the cyclohexane-rich core of the micelle with a high 

scattering length density rather than the whole micelle. The film scattering contribution was found to 

be in the range of the one applied for the film contrast experiment (Table 3-3). The core scattering, 

surprisingly, does not change as much as was observed for the system without cyclohexane. 

Considering the parameters of the Gaussian description it becomes obvious that the contribution 

decreases with increasing pressure while simultaneously the correlation length increases. This is 

reasonable considering that the particles become more hydrated with increasing pressure.  

Table 5-1: Overview of fitting parameter to describe the scattering curves shown in Figure 5.5 for the system 

H2O/D2O/ PNIPAM – CO2/ cyclohexane – Zonyl FSN 100 at a = 0.08, i = 0.2,  = 0.005, D2O = 0.35, wB = 0.1 

and T = 28°C. The fitting functions were used according to Eq. 5-1.  

p 

[bar] 

R0 

[Å] 
/R0 



[Å]

d 

[Å] 

core 

[10
-6 Å-2

] 

film 

[10
-6 Å-2

] 

IGauss(0) 

[cm
-1

] 



[Å] 

100 44 0.328 3.2 15.0 -1.42 1.15 1.85 180 

150 44 0.325 3.0 15.3 -1.44 1.15 1.60 185 

200 43 0.320 2.7 16.0 -1.46 1.15 1.20 200 

300 43 0.320 2 16.3 -1.45 1.15 0.70 250 
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5.3 First kinetic experiment with microemulsions and PNIPAM 

The combination of PNIPAM particles and a CO2 microemulsion was chosen in order to obtain 

information on the influence of the respective structure on the kinetics of structural changes of the 

other system. Although the static scattering curves showed a very low scattering intensity a first 

pressure jump experiment was performed. Thereby, phigh was adjusted to 150 bar at which the 

microemulsion is in a thermodynamically stable state (see Figure 5.2). However, preliminary 

experiments and visual inspection thereof showed that a pressure jump to plow = 70 bar did not induce 

a demixing process. Lowering plow to 65 bar lead to the appearance of a few emulsion droplets. Thus, 

plow was adjusted to 60 bar for the scattering experiment to ensure that demixing can be detected. The 

scattering curves to this experiment as a function of time are shown in Figure 5.6 left. The results of 

this experiment in form of the normalised integrated intensity, as can be seen in Figure 5.6 right, do 

not reflect a reliable increase of scattering intensity which is probably due to the low scattering 

intensity of the system.  

 

Figure 5.6: Left: Pressure-dependent scattering curves as a function of time for the system H2O/D2O/ PNIPAM 

– CO2/ cyclohexane – Zonyl FSN 100 at a = 0.08, i = 0.2,  = 0.005, D2O = 0.35, wB = 0.1 and T = 28°C. The 

pressure cycle starts at t = -5 s at p = 150 bar until after 5 s (t = 0 s) the pressure is changed to 60 bar. The 

scattering curves are shown with a time resolution of 0.25 s. As can clearly be seen the overall scattering 

intensity is very low. Right: Normalised integrated intensity (nii(t)) as a function of time for the q-range from 

0.006 Å
-1

  q  0.017 Å
-1

, also with a time resolution of 0.25 s. No reliable conclusion can be drawn due to the 

low scattering intensity. 

5.4 Conclusion 

Orthogonal self-assembled systems are a major issue in the field of science since the most important 

example for this topic is the living cell and the multiplicity of structures therein. Coexisting structures 

can also be expected for a combination of PNIPAM nanoparticles and diluted water-rich 

microemulsions. With PNIPAM being a promising substance for drug release purposes of hydrophilic 
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substances a combination of PNIPAM and microemulsions might allow to simultaneously release both 

hydrophilic and hydrophobic substances if the hydrophobic substance is kept inside an oil-swollen 

micelle. Thus, studying the microemulsion system H2O/ PNIPAM – n-octane – C12E6 with increasing 

PNIPAM concentrations  from 0 wt% to 2.1 wt% showed an increase of efficiency which is 

accompanied by an increase of temperature. This effect might be compared to the effect of hydrotropic 

salts on microemulsions which induces a raise in temperature and a narrowing of the three-phase body. 

A similar but more pronounced effect was found for the microemulsion system H2O/ PNIPAM – CO2 

– Zonyl FSO 100/ Zonyl FSN 100 where an increase of efficiency by a factor of 1.6 was achieved 

already for 0.5 wt% PNIPAM in the hydrophilic phase. In contrast, this effect is accompanied by a 

shift of phase behaviour to lower temperatures. The addition of cyclohexane, however, slightly 

decreased the efficiency. More detailed analysis of the phase behaviour and microstructure is required 

to explain this effect and to test if polymer chains influence or even penetrate the interface. As 

expected, dynamic light scattering measurements revealed the presence of two separate structures for 

both microemulsions at atmospheric and at elevated pressure. SANS measurements of the system 

H2O/ D2O/ PNIPAM – CO2/ cyclohexane –Zonyl FSN 100 at i = 0.2, D2O = 0.35 wB = 0.1 and 

T = 28°C revealed a contrast situation which indicates that the PNIPAM particles have a higher 

scattering length density than expected. The overall scattering intensity, however, was very low so that 

no reliable results were obtained from pressure jump experiments. The visual inspection of these 

experiments, however, revealed that demixing processes were only induced if the pressure plow was 

lowered to 65 bar. Considering this in combination with the improvement of efficiency it shows that 

PNIPAM can be used as a hydrophilic stabilising agent for fluorinated CO2-microemulsions. 
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6 Summary 

The production of highly porous foams with nano-sized bubbles is currently investigated by 

science and industry. The effort is motivated by the prospect of a huge energy saving potential 

due to high-performance insulation capacities of nanoporous foams. On one hand, a simple and 

low-cost procedure is required and on the other hand current foaming procedures often suffer 

from coarsening of the foam pores during expansion. This also applies to the Principle of 

Supercritical Microemulsions (Figure 2.8) which utilises the high number density of CO2-

swollen microemulsion droplets with a size of about 10 nm as a template for nanoporous 

materials. To meet the challenges provided by coarsening a more detailed understanding of 

structure and dynamics of the underlying microemulsions is necessary.  

The balanced microemulsion system brine – CO2/ cyclohexane – Zonyl FSO 100/ Zonyl FSN 

100 was systematically investigated at different cyclohexane mass fractions i in the 

hydrophobic phase prior to this thesis. It was found that replacing 20 wt% of CO2 by 

cyclohexane allows to reduce the amount of surfactant by a factor of two to five, depending on 

the pressure (Figure 1.1 left) which is surprising due to repulsive interactions of cyclohexane 

and the fluorinated surfactant tails. A non-homogeneous distribution of cyclohexane with a 

depletion of cyclohexane close to the surfactants was proposed to explain this unexpected 

efficiency boosting. Thus, the first aim of this work was to perform a systematic small-angle 

neutron scattering contrast variation to elucidate the distribution of cyclohexane and CO2 in a 

microemulsion droplet formed with fluorinated surfactants. The quantitative description of 

pressure-dependent scattering curves at four different contrast conditions by means of a 

spherical droplet form factor already indicated that the applied radial density distribution 

function is not able to describe the distribution of cyclohexane and CO2 quantitatively over the 

whole q-range, since small but systematic deviations in the q-range slightly larger than the 

oscillation were observed (Figure 3.4). By means of a model-independent Fourier 

transformation the pair distance distribution functions in real space were obtained (Figure 3.6) 

and subsequently deconvoluted to radial scattering length density profiles (Figure 3.8). 

Thereby, a density profile that varies systematically over half of the droplet radius instead of a 

nearly constant scattering length density was found. These results confirm that a concentration 

gradient of cyclohexane is formed within the micelle with a high concentration of cyclohexane 

at the centre (core ≈ 0.5 instead of 0.2 for a hypothetic homogeneous distribution) and a 

depletion of cyclohexane close to the amphiphilic film. Hence, the observed unexpected 

efficiency boosting of CO2-microemulsions is caused by an improvement of the interactions of 

CO2 and the fluorinated surfactant tails triggered by repulsive interactions between 

cyclohexane and the surfactants.  
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Having thoroughly examined the distribution of cyclohexane in a micelle swollen with CO2 

and cyclohexane the influence of cyclohexane in diluted microemulsions on phase behaviour 

and microstructure was systematically investigated for systems containing 10, 15 and 25 wt% 

cyclohexane in the hydrophobic phase (Figure 3.13, Figure 3.14 and Figure 3.16). It was found 

that the efficiency boosting described above for balanced microemulsion exists also for diluted 

microemulsions at p  250 bar but in a less pronounced way. Thereby, spherical droplets were 

found at p = 150 bar which elongate at higher pressure and which grow in radius with 

increasing cyclohexane content. Using the improved stroboscopic high-pressure SANS cell 

(section 2.4.5), which allows to perform periodic pressure jumps, the kinetics of elongation 

within the thermodynamically stable state were investigated (section 3.2.2). It turned out that 

reordering processes from cylinder fragments to spherical droplets are slowed down. Thus, the 

time constant for this process was increased from smaller than 0.1 s to (0.80 ± 0.03) s at 

i = 0.15 (Figure 3.26). Studying the inverse process, i.e. the elongation and accumulation of 

spherical droplets with subsequent reordering to elongated structures, two processes were 

found whereby both were decelerated with increasing cyclohexane concentration. Thus, the 

structural changes were slowed down from (0.59 ± 0.05) s at i = 0.0 to (1.8 ± 0.3) s at 

i = 0.15.  

In another set of experiments demixing was induced by performing pressure jumps to 70 bar at 

which a CO2-in-water microemulsion coexists with a CO2-excess phase (section 3.2.4). 

Thereby, a linear decrease of the scattering intensity in the medium q-range                  

(0.013 Å
-1

  q  0.034 Å
-1

) as well as a linear increase in the low q-region                    

(0.005 Å
-1

  q  0.013 Å
-1

) after expansion was found. Normalising the linear regions in the 

medium q-range to each other showed that cyclohexane systematically slows down demixing 

processes. This dependency can be described by an exponential function (Figure 3.31). 

Already 15 wt% of cyclohexane in the hydrophobic phase slow down the process by one order 

of magnitude. This is very likely due to the presence of a second dispersed phase component, 

i.e. cyclohexane, which is insoluble in the continuous phase and thus has a lower diffusion rate. 

Since the surface area must remain constant the growth of large emulsion droplets must be 

connected to a shrinking of microemulsion droplets and simultaneously to an increase of the 

particle number density. Lowering the monomeric solubility of the additive further by using 

higher oils (e.g. decane) may further decreases the demixing speed. Studying the influence of 

hydrophobicity of the additive is the subject of further experiments. 

To enable measurements with a time resolution lower than 5 ms the TISANE option (section 

2.4.7) was recently installed at the D22 instrument (Institute Laue-Langevin, Grenoble, 

France). By improving the maximum frequency of the stroboscopic high-pressure SANS cell 

from 4.3 Hz to 10 Hz it was for the first time possible to obtain a reasonable result from kinetic 
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measurements using the TISANE option (Figure 3.34). The remaining smearing of the signal 

was found to occur due to the high error of time resolution at experimental conditions which 

are too slow to satisfy the TISANE principle. Thus, the stroboscopic high-pressure SANS cell 

was constantly improved throughout this work so that pressure jumps with a maximum 

frequency of 22.7 Hz are possible (Figure 3.33). The combination of the further improved cell 

and TISANE experiments remains for future work.  

Besides CO2-microemulsions it was one goal to systematically examine the influence of 

hydrostatic pressure on poly-(N-isopropylacrylamid) (PNIPAM) microgel particles. The 

interest in PNIPAM has grown rapidly because its characteristic volume phase transition 

temperature (VPTT), which is connected to a considerable decrease of particle volume with 

increasing temperature, is located around 32°C and therefore very close to the temperature of 

the human body. Modifying these particles enables to use them for different purposes such as 

carrier materials for drugs or nano-actuators. A cancellation effect of the VPTT of about 1 K 

per 100 bar was found. Increasing the crosslinker content shifted the VPTT to even higher 

temperatures, as was characterised by means of dynamic light scattering both at atmospheric 

and at high pressure (Table 4-1). The analysis of temperature-dependent static light scattering 

measurements revealed a good agreement of the hydrodynamic radius and the radius of 

gyration obtained from a Guinier approximation (Figure 4.13). The shift of VPTT by 

hydrostatic pressure was also verified by SANS measurements at atmospheric and high 

pressure (section 4.1.2). Choosing an appropriate temperature at which both the swollen and 

the shrunken state are accessible at different pressures allowed to systematically study the 

hydration and dehydration kinetics by utilising the stroboscopic high-pressure SANS cell. The 

processes after compression, which represent diffusion of water molecules into the particle i.e. 

swelling, happen on a time scale of  = (2.3 ± 0.3) s regardless of the crosslinker content. In 

contrast to that, two processes were observed after expansion, i.e. after deswelling. While the 

first process is very fast ( < 0.6 s) it is followed by a slower one which happens on a time 

scale of 1.5 to 4 s (Table 4-6), depending on the crosslinker content, and is likely to represent 

diffusion of water molecules out of the polymer. A newly developed microfluidic setup 

allowed studying the response of PNIPAM particles to a fast temperature jump. The obtained 

time constants are in the same range as the ones found in SANS experiments (section 4.3).  

Having examined both microemulsions and PNIPAM particles it is reasonable to also study 

mixtures of both as orthogonal self-assembled systems. Such systems represent a major issue 

in science since the most important example for this topic are living cells. With PNIPAM 

being a promising substance for drug release purposes of hydrophilic substance a combination 

of PNIPAM and microemulsions might allow to simultaneously release both hydrophilic and 

hydrophobic substances if the hydrophobic substance is kept inside an oil-swollen micelle. 
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Thus, by studying the phase behaviour of diluted microemulsions both at atmospheric and at 

elevated pressure an increase of efficiency was found in both cases (Figure 5.1 and Figure 5.2). 

The effect was more pronounced for the CO2 microemulsion where the addition of 0.5 wt% 

PNIPAM particles improved the efficiency by a factor of 1.6. By analysing dynamic light 

scattering measurements close to the oil emulsification failure boundary the coexistence of 

PNIPAM particles and microemulsion droplets was verified for both types of microemulsions 

(Figure 5.3, Figure 5.4). SANS experiments performed at the mixture of CO2 microemulsions 

and PNIPAM particles also revealed that two structures contribute to the scattering intensity 

(Figure 5.5). First kinetic experiments showed that demixing only occurs upon pressure jumps 

to 60 bar which is low compared to the PNIPAM-free system. Considering this and the higher 

efficiency PNIPAM seems to stabilise the microemulsion.  
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7 Appendix 

7.1  Abbreviations and Symbols 

1   index of the one phase state 

2   index of a two phase state 

2   index of an oil-in-water microemulsion 

     index of a water-in-oil microemulsion 

3   index of the three phase state 

   weight fraction of oil in the binary mixture of water and oil 

a   water excess phase 

ac   head group area of a single surfactant molecule 

A   index of the hydrophilic microemulsion sub-phase 

AAA   Anti-Ageing Agent 

A(q)   scattering amplitude of a particle 

AOT   Bis-(2-ethylhexyl) sulfosuccinate sodium salt 

   mass fraction of co-oil in a binary oil-mixture 

i   effective mass fraction of co-oil in a binary mixture, monomeric solubilties  

  considered 

G   geometry factor in dynamic light scattering experiments 

bi   scattering length of an atom 

B   index of the hydrophobic microemulsion sub-phase 

B1   value of autocorrelation function at infinite delay times 

BIS   N,N`-bis-methylenacrylamide 

BMBF   German Bundesministerium für Bildung und Forschung 

   parameter that describes the diffusivity of the droplet interface in the  

   analytical density distribution function fdroplet(r,R) 

ca   oil-in-water microemulsion coexisting with an oil excess phase 

cb   water-in-oil microemulsion coexisting with a water excess phase 

c(  )   direct correlation function  

c1, c2   principle curvatures 

CiEj   non-ionic surfactant of the general structure n-alkyl polyglycol ether 

cep   upper critical end point 

cep   lower critical end point 

cmc   critical micelle concentration 

cp   critical point of the binary oil-surfactant mixture 

cp   critical point of the binary water-surfactant mixture 

C   index of the amphiphilic microemulsion sub-phase 

dBragg   spacing between planes of lattice 

dsample   thickness of the sample 

D   diffusion coefficient 

D0   Diameter of a particle or micelle 

DC   duty cycle of the chopper in a TISANE experiment 

DECON  program package for deconvolution of scattering data into real space 

DLS   dynamic light scattering 
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   weight fraction of the co-surfactant in the surfactant/co-surfactant mixture 

d   effective thickness of the surfactant shell, used in fdroplet(r,R) 

dn/dc   refractive index increment 

d/d   differential scattering cross-section 

ds   structural length according to Bragg’s law 

   salt weight fraction in the hydrophilic sub-phase of a microemulsion 

P   efficiency of a detector pixel 

efb   emulsification failure boundary 

E(t)   electric field amplitude in dynamic light scattering experiments 

   volume fraction of oil in the binary mixture of water and oil 

D2O   volume fraction of D2O in the H2O/D2O mixture 

c,i   volume fraction of the surfactant in the internal interface 

disp   volume fraction of the dispersed phase 

k   volume fraction of the component k 

f(  ), f(r,R)  normalized radial density distribution function  

fa   amphiphilicity factor 

fC   chopper frequency 

fD   detector frequency 

fS   sample frequency 

fcore(r,R)   radial density distribution function for the density profile of the droplet core 

fdroplet(r,R)   analytical radial density distribution function for the density profile of droplets  

   with core-shell architecture and diffuse interfaces 

ffilm(r,R)  Gaussian radial density distribution function for the density profile of the 

 amphiphilic film 

   overall surfactant weight fraction in a microemulsion  

~    surfactant weight fraction at the   -point 

mon   weight fraction of surfactant monomers in a water-oil mixture 

a   surfactant weight fraction in a binary water-surfactant mixture 

c,mon,b   weight fraction of surfactant monomers in oil 

m   surfactant weight fraction at the optimum point 

(r)   one-dimensional spatial autocorrelation function 

   inverse relaxation time 

g1()   normalised field-time-autocorrelation function 

g2()   normalised intensity-field-autocorrelation function 

GM   free mixing energy 

G(  )   spatial autocorrelation function  

GIFT   generalised indirect Fourier transformation 

   viscosity 

h    Planck’s constant = 6.626
.
10

-34
 Js 

    reduced Planck constant = h/2

HM   mixing enthalpy 

H   mean curvature of the amphiphilic film 

H0   spontaneous curvature of the amphiphilic film 

HLB   hydrophilic lipophilic balance 

Hz   Hertz 
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I   initiator molecule 

I(q)   q-dependent scattering intensity 

IBG   background scattering intensity 

IEC   scattering intensity from the empty sample-cell 

IEC,H2O   scattering intensity from the empty cell of the calibration standard H2O 

IGauss(q)   Gaussian spatial distribution 

IH2O   scattering intensity from calibration standard H2O 

Iincoh   environmental background intensity 

IL(q)   Lorentzian scattering contribution 

IOZ(0)   Ornstein-Zernicke parameter 

ILL   Institut Laue-Langevin 

Isample   scattering intensity from the sample 

Isphere(q)   description of scattering intensity of a sphere 

J0   incident neutron flux 

J0(qr)   zeroth order Bessel function of first kind 

i   cumulant parameter 

kB   Boltzmann constant 

kd   rate constant for dissociation of initiator 

       wave vector of the incident neutron wave 

ki   rate constant of initiation 

       wave vector of the scattered neutron wave 

kP   rate constant of propagation 

kt   rate constant of termination 

K   contrast factor in static light scattering 

   wavelength 

M   mean free path length 

 characteristic length scale of static heterogeneities of the Gaussian spatial 

distribution 

lc   length of a single surfactant molecule 

L   cylinder length 

L3   L3-phase 

L   lamellar phase 

LCS   chopper-to-sample distance 

LSD   sample-to-detector distance 

LCST   lower critical solution temperature 

mi    mass of the component i 

mn   neutron mass = 1.675
.
10

-27
 kg 

M   molar mass  

n   particle number density 

nS   number of segments in a kinetic SANS experiment or in DLS 

N   total number of particles 

ncb   near critical boundary 

nii(t)   normalised integrated intensity as a function of time 

NF-CID  Nano-Foams by Continuity Inversion of Dispersions 

NIPAM  N-ispropylacrylamide 

NA   Avogadro’s constant = 6.022
.
10

23
 mol

-1 
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oefb   oil emulsification failure boundary 

o/w   oil-in-water 

p   pressure 

phigh, plow  pressures adjusted for a pressure jump experiment 

pLaplace   Laplace pressure 

p(r)   pair distance distribution function 

pc   critical pressure 

pR   polydispersity index 

P(q)   monodisperse particle form factor 

             averaged particle form factor 

PCS,M(q)  monodisperse form factor for a spherical particle with core-shell  

   architecture and a Gaussian density profile of the amphiphilic film 

PCS(q)  polydisperse form factor for a spherical particles with core-shell  

 architecture and a Gaussian density profile of the amphiphilic film 

Pcross(q)   scattering function for a cylinder cross-section with core-shell  

  architecture and diffuse interfaces; based on the density distribution  

  function fdroplet(r,R) 

Pcylinder(q)   polydisperse form factor for a cylinder; only the polydispersity of the cylinder  

  radius is taken into account 

Pdroplet(q)  polydisperse form factor for spherical droplets with core-architecture and  

 diffuse interfaces; based on the density distribution function fdroplet(r,R) 

Prod(q)   monodisperse form factor of an infinitely thin rod 

PDDF   pair distance distribution function 

PIT   phase inversion temperature 

PMMA   Poly-methylmethacrylate 

PNIPAM  Poly-(N-isopropylacrylamide) 

POSME  Principle of Supercritical Microemulsion Expansion 

PS   Polystyrene 

θ   scattering angle 

q   absolute value of the scattering vector 

     scattering vector; also called momentum transfer vector 

   scattering length density 


0
   macroscopic or mass density 

bulk   scattering length density of the continuous bulk-phase of a droplet  

  microemulsion 

core   scattering length density of the droplet core 

film   scattering length density of the amphiphilic film 

k   scattering length density of the component k 

domain   scattering length density of a domain or subphase 

   scattering length density difference 

(  )   scattering length density distribution function 

core  difference in the scattering length densities of the droplet core and the  

 surrounding bulk-medium 

droplet(r)   scattering length density profile of droplets with core-shell architecture and  

  diffuse interfaces, based on the density distribution function fdroplet(r,R) 
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film   difference in the scattering length densities of the amphiphilic film and the  

  surrounding bulk-medium 

     position vector in real space 

R   droplet radius 

R•   radical molecule 

R0   mean droplet radius 

R1, R2   principle curvature radii 

RG   radius of gyration 

RHS   interaction radius of hard spheres 

Ri   rate of initiation 

RP   rate of propagation 

Rt   rate of termination 

R(q)   Raleigh ratio 

rpm   rounds per minute 

   standard variation of the distribution function W(R,R0,) of the radius 

HS standard variation of the distribution function W(RHS,R0,HS) of the  

hard-sphere radius 

L standard variation of the distribution function WL(L,L0,L) of cylinder length 

SM mixing entropy 

S(q)   monodisperse interparticle structure factor 

Si(q)   static light scattering intensity 

SOZ(q)   Ornstein-Zernicke structure factor for critical fluctuations  

SPY(q)   Percus-Yevick structure factor for interacting hard spheres 

SANS   small angle neutron scattering 

sc   supercritical 

SDS   Sodium-dodecylsulfate 

SHP-SANS cell  stroboscopic high pressure cell for small angle neutron scattering 

SLD   scattering length density 

SLS   static light scattering 

   delay time 

t   time 

tC   opening time of the chopper 

tcount   counting time of kinetic SANS experiment 

tS   time of segment of a kinetic SANS experiment 

T   temperature 

     temperature at the   -point 

T   critical temperature of the binary oil-surfactant mixture 

T   critical temperature of the binary water-surfactant mixture 

Tc   critical temperature 

TC   chopper cycle in a TISANE experiment 

TD   detector cycle in a TISANE experiment 

TEC   Transmission of empty cell 

Tg   glass transition temperature 

Tl   lower critical end point temperature 

tM   measurement time of a DLS experiment 

Tm   mean temperature, i.e. temperature at the optimum point 
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TS   sample cycle in a TISANE experiment 

Tu   upper critical end point temperature 

T()   phase diagram depending on temperature and surfactant mass fraction 

T(wB)   phase diagram depending on temperature and oil mass fraction 

TISANE  Time-Involved Small Angle Neutron scattering Experiments 

v   velocity of a neutron 

vc   volume of a single surfactant molecule  

V   volume 

V1, V2   valves of the stroboscopic high-pressure SANS cell 

Vi   volume of component i 

Vpart   volume of a particle 

VPTT   volume phase transition temperature 

wB   overall oil weight fraction 

wB,max   oil mass fraction at the point of maximum efficient in a T(wB) section 

w/o   water in oil 

wt   weight 

WL(L,L0,L) distribution function of the radius R around the mean value R0 

(polydispersity ) 

WR(R,R,) distribution function of the radius R around the mean value R0 

(polydispersity ) 

WP(RHS,RHS,0,HS) distribution function of the hard sphere radius RHS around the mean value RHS,0 

(polydispersity HS) 

   mass fraction of polymer particles in water 

L   Lorentzian correlation lenght 

OZ   correlation length of critical fluctuations  

x   mole fraction 

Xm   optimum point, i.e. fish tail point of a balanced microemulsion 

     fish tail point of a microemulsion with arbitrary 

z   constant describing the dependence of slope on cyclohexane content i 

7.2 Experimental methods 

7.2.1 Determination of the phase boundaries of microemulsions 

All phase boundaries of microemulsions under high pressure were determined in a house-in high-

pressure view cell which was designed by Schwan [339]. A technical drawing as well as a photograph 

of this cell is shown in Figure 7.1.  
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Figure 7.1: Technical sketch (left) and photograph (right) of the house-in built view cell for performing 

measurements under high pressure. The sapphire cylinder (blue in the technical drawing) allows visual 

inspection of the sample. The piston at the top is used to regulate the pressure. The valve at the right part of the 

cell connects to a capillary inlet at the bottom of the cell and is used for filling. The pressure gauge is also 

connected to the bottom of the cell. Taken from [32].  

The most important part of the high-pressure view cell is the sapphire cylinder (Øoutside = 40 mm, 

Øinside = 10 mm) which is marked in blue in the technical drawing in Figure 7.1 left. Due to its 

transparency it is possible to determine the number and type of coexisting microemulsion phases 

visually. The volume of this cell and therefore the pressure is variable and can be controlled by a 

movable piston. The pressure is measured by a pressure transducer (Type 81530, Burster, Germany) 

which is inserted into the bottom of the cell.  

All samples were prepared directly inside the view cell. The amount of brine, surfactants and 

cyclohexane was controlled by weight with an accuracy of ± 0.001 g. A stir bar was added for 

homogenisation. After sealing the cell with the piston liquid CO2 was added to the cell using a custom 

made filling apparatus equipped with a membrane reservoir. The amount of CO2 was calculated from 

the volume of the cell and the density of CO2 under the given conditions. The temperature variation 

was performed using a tempered water bath in which the view cell was placed (Figure 7.2).  



Appendix   

174 

 

 

Figure 7.2: Experimental setup for the characterisation of the phase boundaries of a microemulsion system 

under high pressure. The view cell is placed into a temperature-controlled water bath which is also equipped 

with a magnetic stirrer. Taken from [39]. 

The water bath is equipped with a magnetic stirring device for homogenisation of the sample and a 

thermostat (DC 30, Thermo Haake) which allows to adjust the temperature with a precision of 

T = ± 0.1°C. After placing the sample in the water bath the pressure was adjusted under magnetic 

stirring. The evaluation of the type and number of the coexisting phases was performed by visual 

inspection of both the transmitted and the scattered light, whereby a microscope lamp (Belani, Gerhard 

Optik) was used to simplify the characterisation. To determine the existence of anisotropic phases two 

polarizer were placed in front of and behind the sample. The phase boundaries of multiple phases were 

determined by awaiting phase separation. After readjusting temperature and pressure this procedure 

was repeated until all phase boundaries were determined. The accuracy of the phase boundaries was 

± 0.1°C.  

Basically the same setup was used to temperature-control samples at atmospheric pressure. A sealable 

sample tube with a total volume of 10 mL and equipped with a magnetic stirrer was used as a sample 

holder. All amounts were controlled by weight.  

7.2.2 Neutron Scattering 

The neutron scattering data presented in this thesis were exclusively collected at the Institut Laue-

Langevin in Grenoble, France. Since three different instruments, two different sample holders and a 
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number of different instrumental parameters were applied during different beam times these 

parameters are summarised in Table 7-1 and Table 7-2.  

All measurements at normal pressure were performed in a 1 mm quartz cuvette of the type 404.000-

QX designed by Hellma® made out of Suprasil® 300. The aperture in front of the sample holder 

always had a diameter of 13 mm.  

The high-pressure sample holder and its developments are described in section 2.4.5. The different 

kinetic data recording modes are described in section 2.4.6 and section 2.4.7, respectively.  

Note that the detector at the D22 instrument was used in an off-axis position to have access to a wider 

q-range. Thus, the beam centre was positioned about 400 mm left of the centre of the detector. The 

data treatment software GRASP accounts for that automatically.  

The TISANE measurements described in section 3.3 also used the chopper system. The according 

parameters for the chopper are mentioned together with the respective experiments.  

Table 7-1: Overview of instrumental parameters used for measurements at normal pressure at the Institut Laue-

Langevin, Grenoble, France. 

 D11, Hellma cuvette D33, stopped flow cuvette 

Detector 

distance [m] 

1.75 10 10 39 2 7.8 7.8 12.8 

Collimation 

length [m] 

10.5 8 10.5 40.5 7.8 7.8 7.8 12.8 

Wavelength [Å] 6 6 6 6 6 6 6 6 

Attenuator -- 3 -- -- -- 2 -- -- 

Comments  TR    TR   

Table 7-2: Overview of instrumental parameters used for measurements at high pressure at the Institut Laue-

Langevin, Grenoble, France, using the sample holder described in section 2.4.5.  

Instrument D22 D11 

Detector 

distance [m] 
3 11.2 11.2 17.6 1.75 10 10 39 

Collimation 

length [m] 
11.2 11.2 11.2 17.6 10.5 8 10.5 40.5 

Wavelength 

[Å] 
6 6 6 6 6 6 6 6 

Attenuator -- 2 -- -- -- 3 -- -- 

Comments  TR    TR   

Kinetic 

counting mode 

TISANE count/ KINETIC count/ 

LISTMODE count 
KINETIC count 
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7.2.3 Light Scattering  

DYNAMIC LIGHT SCATTERING 

All dynamic light scattering experiments were performed in a modified Brookhaven light scattering 

setup combined with a Helium-Neon Laser (GLG 5731, NEC co.) which produces a laser beam with a 

wavelength of  = 633 nm. The goniometer setup, the photomultiplier and the detection system were 

used from the original setup, but the sample holder was completely exchanged as described in section 

2.5.2. A cross section of this setup is shown in Figure 7.3. The preparation of microemulsion samples 

is very similar to the one described for the determination of phase boundaries in section 7.2.1. The 

volume of the device and thus the pressure can be controlled by a tunable piston (Figure 7.3 top 

middle). Knowing its exact position and thus also the exact volume of the cell CO2 can be filled into 

the device. Prior to that the liquid stock solution is filled into the sample holder. The upper valve is 

used to fill in CO2 while the lower valve is used for cleaning. In order to be able to homogenise the 

sample a magnetic stirrer was implemented below the sample volume. To control the temperature of 

the sample the outer ring of the sample holder is partly hollow and can be connected to an external 

water bath using the two connections at the top (gold in Figure 7.3). 

 

Figure 7.3: Cross section of the sample holding system of the modified Brookhaven Instruments Dynamic Light 

Scattering device. The laser beam (red) passes an optically cut sapphire disc and the scattered light can be 

detected continuously at angles between 30° and 150°.  

A windows-based software provided by Brookhaven Instruments was used to control the goniometer 

setup and the measurements. Data analysis was performed using a house-in written iterative program 

package which applies the CONTIN method (Eq. 2-85) to all autocorrelation functions.  
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The deviations of absolute, volume-corrected scattering intensity are shown in Figure 7.4 left. As can 

be seen the scattering intensity deviates less than 2% from the intensity at 90° which is a very good 

result for a setup without index matching bath. The plot at the right shows that also the analysis of the 

data obtained from a dynamic light scattering experiment leads to reliable results.  

 

Figure 7.4: Left: Deviation of the volume-corrected scattering intensity at angle θ compared to θ = 90° in 

percent. As can be seen, all values deviate less than 5% from the scattering intensity at 90°, most deviations are 

even below 2%. Right: Plot of the inverse relaxation time  against q
2
 which results in a perfect linear trend.  

STATIC LIGHT SCATTERING 

The static light scattering setup used in this thesis is located at Imperial College, London, UK, in the 

Polymer and Microfluidics group in which Dr. Joa  o Cabral is group leader. The device is a SOFICA 

(Societé Francais d’Instrumentes de Conrole et d’Analyses, Le Mesnil Saint-Denis, S. et O., France) 

photometer with a HeNe laser ( = 633 nm), with modifications made by SLS Systemtechnik (G. 

Bauer, Denzlingen, Germany). It has a θ range of 15 to 105°, corresponding to a q range of 0.4 to 

3 · 10
-3

 Å
-1

. A sealable cylindrical quartz cell manufactured by Hellma with a diameter of 3 cm was 

placed into a temperature-controlled toluene bath. The photomultiplier tube is calibrated to toluene 

(p.a. grade  99.7 %, Sigma Aldrich) standard and is the reason for the high sensitivity of the SLS 

detection system when characterising low scattering or high absorbing samples. 

7.2.4 Emulsion polymerisation 

A three-necked 250 mL flask was equipped with a magnetic stir bar, a reflux condenser and a 

thermometer. 120 mL of distilled water was added to the flask and degassed for two hours. 0.510 g 

NIPAM monomer and the respective amounts of crosslinker N,N´-Methylenbisacrylamide (BIS) and 

sodiumdocylsulfate (SDS) were added. After reaching thermal equilibrium at 78°C in an oil bath 

0.024 g potassium persulfate as radical initiator were added to start polymerisation. The reaction was 

carried out for 5 h at constant temperature. The resulting solution was filtered over a folded filter. The 
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size of the particles was controlled by DLS to ensure that the reaction had taken place completely. All 

particle dispersions were dialysed for four days against distilled water to remove surfactant and non-

reacted monomer. For this purpose a dialysis hose for polymers and proteins with a size of 6-8 kDa 

was used which was purchased from scienova, Jena, Germany. The water was changed twice a day. 

7.2.5 Microfluidics 

A self-made setup was used to perform the temperature jump experiments. A schematic 

drawing of the setup is shown in Figure 4.20 and photographs of this setup are displayed in 

Figure 7.5. The microscope is a Olympus BX41M reflected light upright microscope. The 

syringe pump was produced by Braintree Scientific and is the type BS-800 2X.  

The microscope was focussed onto the outer walls of the capillary. The distance between the two walls 

was determined using the movable stage of the microscope, which gives numerical information on the 

position of the stage, and the focus was placed at the exact middle between the two walls. A 50X long 

working distance objective was used for all experiments.  

 

Figure 7.5: Photographs of the self-made device to perform fast temperature jumps. Top: Setup alignment with 

microscope and syringe pump (left). Bottom: Two different ways of applying temperatures. The Falcon tube 

(left, green frame) was modified so that it is connected to a water bath and tempers the tubing inside. After the 

Falcon tube the liquid enters a PDMS casket on top of a metal block which can be temperature-controlled and 

provides the second temperature. The tubing crosses over to a 1 mm X-ray capillary. 

Setup

capillaryFalcon Tube 
used as water
tank
for tempering

Tubing
connected to
capillary

Metal
block for
second
tempering

Syringe pump
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7.3 Chemicals and Substances 

Table 7-3: Overview of all chemicals used in this thesis. 

Substance Chemical formula producer 
molar mass       

[g mol
-1

] 
purity  

water H2O -- 18.02 double distilled 

heavy water D2O Eurisotop 20.03 99.1% 

cyclohexane-h12 C6H12 Sigma Aldrich 84.16 99.0% 

cyclohexane-d12 C6D12 Eurisotop 96.23 99.5% 

Sodiumchloride NaCl Fluka 58.44 99.5% 

sodium dodecyl 

sulphate (SDS) 
CH3(CH2)11OSO3Na Sigma Aldrich 288.38 99.0% 

Potassium 

peroxodisulfate 
K2S2O8 Merck 270.32 99.0 

Zonyl FSN 100 CF6-8E8-12 Sigma Aldrich ≈ 950 tech. pure 

Zonyl FSO 100 CF6-8E6-10 Sigma Aldrich ≈ 725 tech. pure 

N-

isopropylacrylamide 

(NIPAM) 

C6H11NO Arcos Organics 113.13 99.0% 

 

7.4 Tables 

EFFICIENCY BOOSTING IN BALANCED MICROEMULSIONS  

Table 7-4: Points of maximum efficiency for the balanced microemulsion systems H2O/ NaCl – CO2/ 

cyclohexane – Zonyl FSN 100/ Zonyl FSO 100 at  = 0.4, FSN = 0.75,  = 0.01, different cyclohexane values and 

pressures. The phase diagrams are shown in [52]. The data points are shown graphically in Figure 1.1 left.  

 surfactant mass fraction    temperature at efficiency point T  [°C] 

cyclohexane 150 bar 200 bar 250 bar 300 bar 150 bar 200 bar 250 bar 300 bar 

0 0.492 0.402 0.295 0.225 25.8 45.5 45.2 44.8 

0.05 0.432 0.292 0.204 0.191 43.4 44.7 41.9 41.8 

0.1 0.283 0.205 0.152 0.143 40.7 44.2 43.3 41.8 

0.15 0.196 0.145 0.113 0.115 38.3 41.3 42.3 41.8 

0.2 0.160 0.115 0.114 0.114 42.7 44.4 44.3 44.0 

0.25 0.111 0.110 0.120 0.123 44.9 45.3 43.9 43.9 

0.3 0.111 0.124 0.129 0.188 46.3 45.4 46.3 41.6 

0.35 0.130 0.130 0.188 0.192 45.8 45.8 42.4 42.1 

0.4 0.178 0.181 0.248 0.312 44.5 44.2 43.3 41.1 
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PHASE BEHAVIOUR OF WATER-RICH DILUTED MICROEMULSIONS 

Table 7-5: Points of maximum efficiency for the diluted microemulsion systems H2O/ NaCl – CO2/ cyclohexane 

– Zonyl FSN 100/ Zonyl FSO 100 at a = 0.08, FSN = 0.75,  = 0.01 and different cyclohexane values and 

pressures. The column at the right indicates the figures in which the respective phase behaviour is shown.  

 wB,max T at wB,max [°C]  

cyclohexane 

150 

bar 

200 

bar 

250 

bar 

300 

bar 

150 

bar 

200 

bar 

250 

bar 

300 

bar 

 

0.00 0.100 0.118 0.132 0.147 28.6 33.0 35.5 36.9 
Figure 

3.1 

0.10 0.103 0.107 0.122 0.147 32.4 34.5 36.0 39.1 
Figure 

3.13 

0.15 0.108 0.125 0.134 0.140 32.5 37.0 36.9 37.0 
Figure 

3.14 

0.20 0.148 0.141 0.137 0.137 38.6 36.3 35.4 36.0 
Figure 

3.1 

0.25 0.112 0.130 0.131 0.137 34.3 38.4 37.7 37.6 
Figure 

3.16 

DEMIXING KINETICS OF CO2-MICROEMULSIONS 

Time constants according to exponential fitting functions can easily be compared disregarding the 

amplitude of the change of scattering intensity. For linear dependencies, in contrast, the slope strongly 

depends on the amplitude of the described dependency. In order to enable a comparison of the slopes 

of the linear regions of nii(t) the integrated intensities were normalised to 0 and 1 as described in the 

following. The highest integrated intensity of a system was divided by the highest intensity among all 

systems under consideration, and the data points of each system were multiplied with the respective 

quotient. Each series was normalised to zero by subtracting the lowest value of this series. The 

normalisation to 1 was conducted with respect to the highest value of all data points. 

Table 7-6: Overview of slopes obtained from normalised nii(t) (Figure 3.31) from pressure jumps to the 

thermodynamically unstable state for microemulsion systems with different cyclohexane contents.  

i 0.00 0.10 0.15 0.20 0.25 

slope [1/s] -2.99 ± 0.15 -0.586 ± 0.033 -0.198 ± 0.008 0.152 ± 0.009 -0.068 ± 0.014 

MICROEMULSIONS WITH PNIPAM PARTICLES AT ATMOSPHERIC PRESSURE 

Table 7-7: Points of maximum efficiency of the microemulsion system H2O/ PNIPAM – n-octane – C12E6 at 

a = 0.03 and different weight mass fractions of PNIPAM particles (with 5.6 wt% crosslinker) in the hydrophilic 

phase. The phase behaviour is shown in Figure 5.1. Taken from [334].  

wt% 

PNIPAM 
0.000 0.007 0.014 0.021 

wB,max 0.089 0.097 0.104 0.143 

T at wB,max [°C] 43.0 43.8 44.8 46.0 
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CO2-MICROEMULSIONS WITH PNIPAM PARTICLES  

Table 7-8: Characteristics of the points of maximum efficiency  

 wB,max T at wB,max [°C] 

cyclohexane 150 bar 200 bar 250 bar 300 bar 150 bar 200 bar 250 bar 300 bar 

0.00 0.175 0.207 0.221 0.222 25.47 23.7 26.4 27.6 

0.20 0.162 0.182 0.185 0.180 26.6 27.1 27.1 28.1 

STATIC LIGHT SCATTERING RESULTS 

Table 7-9: Overview of static light scattering results shown in Figure 4.13. 

T [°C] 11.6 24.6 26.1 31.1 33.1 34.8 35.0 35.8 36.6 

RG 

[nm] 

94.2 ± 

3.8 

85.8 ± 

4.5  

83.7 ± 

1.5 

83.2 ± 

3.1 

82.6 ± 

4.7 

81.0 ± 

3.2 

80.9 ± 

3.9 

69.0 ± 

1.6 

66.3 ± 

1.6 

Rsphere 

[nm] 

92.3 ± 

2.4 

90.0 ± 

2.3 

89.5 ± 

1.9 

87.3 ± 

2.0 

86.3 ± 

2.2 

86.3 ± 

2.2 

85.5 ± 

1.9 
 

83.8 ± 

2.1 

T [°C] 36.8 38.0 39.5 40.5 41.4 43.6 45.2 46.4 

RG 

[nm] 

58.5 ± 

2.4 

50.3 ± 

2.5 

43.1 

±5.3 

41.3 ± 

6.3 

43.1 ± 

4.6 

39.1 ± 

1.1 

43.9 ± 

1.7 

44.0 ± 

3.5 

Rsphere 

[nm] 
 

74.6 ± 

1.6 

48.9 ± 

1.3 

41.9 ± 

1.1 

45.3 ± 

1.0 

51.4 ± 

1.2 

55.7 ± 

1.4 

48.6 ± 

0.7 

PRESSURE-DEPENDENT SWELLING BEHAVIOUR OF PNIPAM PARTICLES 

Table 7-10: Overview of hydrodynamic radii of particles with 5.6 wt% crosslinker, synthesised with (C1 in 

Figure 4.1, left) and without (C0, right) surfactant. The radii were measured at atmospheric pressure as well as at 

300 bar. The temperature-dependent radii are shown in Figure 4.2 and Figure 4.3, respectively.  

C1, 5.6 wt% crosslinker, with surfactant C0, 5.6 wt% crosslinker, without surfactant 

T [°C] Rh (1 bar)  

[nm] 

Rh (300 bar) 

[nm] 
T [°C] Rh (1 bar) 

[nm] 

Rh (300 bar) 

[nm] 

25.0 86.2 ± 4.5 82.0 ± 3.7 25.0 113.1 ± 4.6 110.3 ± 5.0 

27.5 84.2 ± 3.6 79.5 ± 3.2 27.5 110.6 ± 3.6 107.5 ± 3.8 

30.0 82.4 ± 2.4 79.5 ± 3.2 30.0 107.6 ± 6.2 104.9 ± 5.2 

32.0 75.3 ± 1.8 77.0 ± 2.3 32.0 106.5 ± 3.3 103.9 ± 6.6 

33.0 70.7 ± 2.0 72.5 ±2.1 33.0 104.2 ± 3.6 104.7 ± 3.9 

33.5 67.3 ± 2.9 71.5 ± 3.0 34.0 104.2 ± 3.5 105.3 ± 3.1 

34.0 60.0 ± 1.9 70.8 ± 2.6 35.0 88.6 ± 3.5 100.6 ± 4.0 

34.5 52.4 ± 1.4 69.6 ± 3.6 36.0 75.6 ± 3.7 100.1 ± 5.7 

35.0 39.7 ± 0.7 64.1 ± 2.0 37.0 65.1 ±2.8 93.7 ± 5.7 

35.5 38.3 ± 0.6 59.8 ± 1.5 37.5 58.8 ± 1.5 84.4 ± 3.8 

36.0 40.6 ± 0.7 53.9 ± 2.5 38.0 50.6 ± 0.8 78.5 ± 3.1 

36.5 40.4 ± 0.3 48.0 ± 1.1 38.5 48.3 ± 0.5 68.0 ± 2.6 

37.0 38.3 ±0.6 41.6 ± 1.0 39.0 47.1 ± 0.6  

37.5  40.8 ± 1.0 40.0 44.6 ± 0.6 51.0 ± 1.4 

38.0 38.0 ± 0.4 41.8 ± 1.0 42.5 45.5 ± 0.5 42.5 ± 1.0 

39.0 37.6 ± 0.5 42.3 ± 1.0 45.0 44.0 ± 0.6 42.5 ± 1.0 

40.0  43.0 ± 1.0    

41.0 39.2 ± 0.4 43.4 ± 1.0    

42.5 36.2 ± 0.6 40.5 ± 1.0    



Appendix   

182 

 

Table 7-11: Overview of temperature- and pressure-dependent hydrodynamic radii of PNIPAM particles 

containing 1.9 wt% crosslinker (particles A in Figure 4.1, left) and 3.8 wt% crosslinker (particles B in Figure 

4.1). The graphical plots are shown in Figure 4.5.  

A, 1.9 wt% crosslinker  B, 3.8 wt% crosslinker  

T [°C] Rh (1 bar)  

[nm] 

Rh (300 bar) 

[nm] 
T [°C] Rh (1 bar) 

[nm] 

Rh (300 bar) 

[nm] 

25.0 113.0 ± 4.5 114.9 ± 7.3 25.0 79.5 ± 7.3 78.0 ± 3.8 

27.5 110.6 ± 3.6 104.0 ± 3.6 27.5 79.7 ± 5.6 76.4 ± 3.4 

30.0 114.2 ± 9.8 106.1 ± 7.6 30.0 77.6 ± 7.3 73.1 ± 2.0 

31.0 104.8 ± 7.7 103.6 ±8.5 31.0 74.2 ± 3.4 71.7 ± 4.1 

32.0 101.2 ± 2.9 105.8 ± 8.0 32.0 65.6 ± 4.3 72.5 ± 1.1 

33.0 103.1 ± 2.6 102.3 ± 3.2 33.0 59.8 ± 5.3 69.6 ± 5.2 

33.5 101.3 ± 2.3 105.1 ± 4.1 34.0 52.4 ± 1.5 65.9 ± 2.4 

34.0 97.2 ± 2.6 102.3 ± 2.8 35.0 40.9 ± 1.3 64.0 ± 2.4 

34.5 94.0 ± 1.1 101.3 ± 2.2 35.5 36.8 ± 1.0 59.9 ± 6.8 

35.0 68.5 ± 3.9 94.6 ± 1.4 36.0 37.1 ± 1.0 51.7 ± 2.4 

35.5  90.7 ± 1.4 36.5 35.4 ± 1.0  

36.0 64.4 ± 1.7 79.0 ±3.1 37.0 34.9 ± 0.9 46.9 ± 1.2 

36.5 58.0 ± 0.7 64.0 ± 1.0 37.5 35.5 ± 0.7 41.4 ± 1.8 

37.0 65.5 ± 1.6 61.5 ± 1.8 38.0 33.1 ± 0.7 38.5 ± 1.2 

37.5 68.5 ± 1.1 58.7 ± 1.0 39.0 33.0 ± 1.0 38.3 ± 1.1 

38.0 63.1 ± 2.6 62.0 ± 1.8 40.0 35.5 ± 0.8 36.2 ± 1.0 

39.0 57.7 ± 2.5 63.2 ± 1.8    

40.0 58.8 ± 2.7 58.2 ± 3.6    
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