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                  ABSTRACT 
 

The goal of this Master’s Thesis has been to interpret the phase behavior of the cesium dodecyl 
sulphate/water system and compare the findings with the analogous findings of the SDS/water system. 
The synthesis of CsDS has been examined through 2 different methods: recrystallization and ion 
exchange. The phase behavior of the CsDS/water system has been examined, using several 
characterization methods. Macroscopic observation with cross-polarized light was used to interpret the 
solubility curve in the concentration region 1 wt % - 30 wt % CsDS. X-ray Diffraction was used in 
order to identify the unit cell crystal structure of CsDS and deduce conclusions about similarities and 
differences among different CsDS samples, unheated and heated. Cryo-TEM was used in order to 
observe the CsDS micellar nanostructures in an aqueous CsDS solution at a concentration higher than 
the CMC of CsDS for the given temperature. Optical microscopy with cross-polarized light was used 
in order to check for presence of liquid crystals, as well as to verify the solubility curve observed by 
the macroscopic observation. Small Angle X-ray Scattering was used in order to identify the phase of 
the liquid crystal structure (hexagonal or lamellar) in the intermediate concentration region (30-50 wt 
%).This study also includes the examination of possible organic and/or inorganic impunities in the 
CsDS/water phase behavior in the low concentration region (5-40 wt%) using macroscopic 
observation with cross-polarized light. The studies have indicated certain differences between the Cs+ 
and the Na+ system. The solubility curve of the CsDS/water system in the concentration region 1 wt % 
- 40 wt % CsDS is relatively flat, characterized by higher Krafft temperatures than the SDS/water 
system, for the same concentration region. This can be explained by the differences in the hydrated 
radii between the alkali metals, Cs+ and Na+ .The larger ionic radius of Cs+ attracts weaker the 
electrons of the water molecules. This corresponds to a smaller hydrated radius for Cs+ compared to 
Na+ and therefore to less hydrophilicity and lower solubility (higher Krafft temperature) for a given 
concentration, for the CsDS/water system compared to the SDS/water system. Another difference is 
the width in terms of concentration of the two-phase region of liquid crystals and micelles. This is 
larger for the Cs+

 

 system and it indicates stronger van der Waals forces between the less ordered 
micellar phase and the more ordered liquid crystal phase. Both ellipsoidal micelles and threadlike 
structures were observed on the same grid in a CsDS/water solution, using Cryo-TEM. The ellipsoidal 
micelles that were observed for the CsDS/water system are twice as large as the ones observed for the 
SDS/water system, while it is very likely that the threadlike structures  are related to some 
birefringent, intermediate liquid crystals that were observed by the macroscopic observation with 
cross–polarized light, when the heating rate was larger than 0.2[°C/min]. Therefore, it is concluded 
that heating rates larger than that value can affect the structures observed macroscopically, as well as 
microscopically. The X–ray Diffractograms of all CsDS samples had similar 2·θ diffraction angles 
which may indicate similar unit cell crystal structures. The diffractograms of the unheated CsDS and 
SDS crystals also exhibit similarities in their diffraction angles in the diffraction angle examined.  
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 1 

Scientific purpose & techniques 

The goal of this Master’s Thesis is to investigate the phase behavior of Cesium Dodecyl 

Sulphate/water system at different temperatures and concentration. At first, the study 

involved the synthesis of the CsDS surfactant through aqueous recrystallization and ion 

exchange. Then, the phase behavior of the CsDS/water system was explored, using a variety 

of characterization techniques. The exploration of the CsDS/water phase behavior comprised 

of the following goals: 

1. To identify the solubility curve (transition of solid crystals and micelles to neat 

micellar solution). 

2. To interpret the size and shape of the micellar structures. 

3. To locate the concentration and temperature for the onset of liquid crystals. 

4. To identify the liquid crystal phases. 

There has also been an attempt to identify the CsDS solid crystal structure 

characteristics; the unit cell type, space group, unit cell angles and unit cell volume. 

The characterization techniques that were used, are the following: 

• Macroscopic observation using cross-polarized light, in order to interpret the 

solubility curve (region 1 wt% - 40 wt% CsDS), as well as to explore the presence of 

birefringent liquid crystals in the system. 

• Microscopic observation using cross-polarized light, in an attempt to verify the 

findings of the macroscopic observations regarding the solubility curve (region 1 wt% - 40 

wt %), as well as to check the possibility of presence of birefringent liquid crystals in the 

system. 

• Cryo Transmission Electron Microscopy experiments, performed by 

Arunagirinathan M.A. and Bellare J.R. and the instrument was operated by both 

Arunagirinathan M.A. and Bellare J.R., in order to observe the micellar structures of the 

CsDS/water system in the region 1 wt% - 30 wt% CsDS. 

• Small Angle X-ray Scattering, performed by Torija M.J., in an attempt to identify 

the concentration and temperature where the liquid crystal phase first appears in the 
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CsDS/water system. 

• X-ray Diffraction experiments, performed by Torija M.J., which would help to 

explore the unit cell crystal structure of impure and purified, unheated and heated CsDS (see 

sections: 2.2.1.2, 2.2.1.3., 5.5 and 7.6). 

Having accomplished the above goals for the CsDS/water system, certain features of 

the CsDS/water system are compared with the analogous features of the SDS/water phase 

diagram. A reason of interest is to explore if the change in the alkali metal counter ion might 

affect the phase behavior of the corresponding surfactant/water system. This is because a 

change in the counterion might result in weaker or stronger interaction with the Dodecyl 

Sulphate chain upon binding, depending on its ionic radius. 
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Organization of the thesis 

Chapter 1 provides a theoretical background in colloidal systems. Certain nanostructural 

concepts are defined; the terms colloid, amphiphile, surfactant, liquid and solid crystal and 

the phase behavior are presented. 

Chapter 2 includes a presentation of the materials and methods used to synthesize CsDS, 

as well as the characterization techniques that were used to interpret the CsDS/water phase 

behavior in the various regions.  

The estimation of the resulting CsDS/water phase diagram is reported in chapter 3. This 

diagram depicts certain structures formed at the analogous concentration and temperature 

regions. A summarized report of the results is also provided. Analogous features of the 

SDS/water system are also outlined, as reported by [1], [2] and [3]. 

Chapter 4 presents the results of each characterization method used for a certain 

concentration and temperature region, more elaborately. 

Chapter 5 includes the discussions of the results presented in chapter 4 and the 

connection with their physical meaning. A comparison between the CsDS/water system and 

the SDS/ water system is also provided.  

Chapter 6 is a conclusion of the discussions on the CsDS/water system and its 

comparison with the SDS/water system, while chapter 7 is an assembly of future 

perspectives and future ideas about these experiments. Following this conclusion, the 

bibliography is reported.  

After the bibliography, the appendixes are provided. These appendixes include theories 

not directly related with the thesis, tables with calculations for experiments of the thesis and 

experiments that were not part of the thesis, but have helped to gain a further insight about 

future perspectives.  
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In the introductory chapter, certain fundamental principles of nanostructured fluids are 

defined. The chapter begins with the definition of a colloidal substance. Having defined what 

a colloidal substance is, the description proceeds in the definition of the amphiphile, a 

subcategory of which are the surface active agents, or ‘surfactants’.  

As the surfactant concentration in water increases, the nanostructural order of the 

surfactants in the solution increases correspondingly. The surfactants self-assemble into 

micelles, which are single-layered, enclosed cavities (Scriven, 1990). As surfactant 

concentration increases, the order for the surfactant molecules also increases and  

intermediate mesophases appear; the hexagonal phase, the mesomorphic phase, the cubic 

phase, the tetragonal phase and the lamellar phase [4]. These mesophases have been reported 

by Kekicheff et al. (1981), (1987) in their studies about the SDS/water phase diagram [1], [2] 

and [3]. The same authors report that at even higher surfactant concentrations, the 

nanostructures that formed are solid crystal polymorphs with variable degree of hydration [2], 

[3].  

This chapter also includes a definition of the phase diagram and certain mathematical 

equations that are used to interpret phase diagram characteristics. A relation of the phase 

diagram with the concept of thermodynamic equilibrium (equality of chemical potentials) is 

also provided. 

 

1.1. Introduction to colloids: A definition and classification into categories                            

                   

The definition of colloid by Graham is a fundamental definition that is referred here 

for scientific history purposes. Graham (1861) was the first to introduce the term ‘colloids’ 

[5]. According to what Norde (2005) has reported, Graham defined as ‘colloids’ (in Greek 

the word means gluish), systems that are comprised of a continuous phase and a dispersed 

phase [5]. A more precise definition for the colloid has been given by Davis (1990), who 

defined the colloid as a ‘fluid-bounded, persistent structure that is submicroscopically small 

in at least one dimension’. The definition of a microstructure is reported in Peter Kelley 

Kilpatrick’s PhD Thesis (University of Minnesota, 1983) as ‘the spatial variation in chemical 
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composition for a substance which is larger than the molecular dimensions, but smaller than 

the macroscopic dimensions (i.e. less than 0.5[μm])’ [6]. Another definition of colloid has 

been provided by Hiemenz, who stated that ‘a colloid is a particle whose one linear 

dimension is between 10^-⁶ to 10^-⁹ [m]’ [7]. 

The colloids were classified by Ostwald and Perrin (beginning of the 20th

Another category consists of the association colloids (Mukerjee, 1967), which are 

colloidal systems where each molecule of the dispersed phase consists of a lyophilic part and 

a lyophobic part [8]. Because of their binary properties, when the molecules of the dispersed 

phase are dispersed into the continuous phase, they tend to satisfy the properties of each 

compartment and they associate into larger compartments, called aggregates [8]. These 

structures consist of two parts. One part has incorporated all the hydrophobic moieties, while 

all hydrophilic moieties have been oriented towards the hydrophilic part [8]. An example of 

such an association formation can be a micelle (see 1.2 and 1.3), with a hydrophilic core and 

a hydrophobic shell [8]. Following Mukerjee (1967), ‘in the association colloids, the 

molecules of the dispersed phase are soluble in the continuous phase and spontaneously 

self–assemble to form micelles in the colloidal size range’ [8]. As it has been reported in the 

PhD Thesis of Kilpatrick P. (1982), when the solvent is water, the terms ‘lyophilic’ and 

‘lyophobic’ become ‘hydrophilic’ and ‘hydrophobic’, respectively [5]. 

 century) into 

lyophilic and lyophobic. According to Ostwald and Perrin (early1900s’), ‘lyophilic colloids 

are the ones for which the dissolution in solvent is favored, while the opposite holds for the 

lyophobic colloids’ [5]. 

 

1.2. Amphiphiles and Surfactants 

 

1.2.1. Amphiphiles 

According to Mukerjee et al. (1967), the amphiphilic solutions represent a subcategory 

of colloidal systems [8]. Following Mukerjee’ s report, the amphiphiles are molecules which 

are composed of a hydrophilic part and a hydrophobic part (polar head group and 
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hydrocarbon chain, respectively) [8]. In presence of water, as presented by Mukerjee et al. 

(1967), amphiphiles  self-assemble into structures, called micelles, in order to reduce 

contact between polar head groups and non-polar environments, or vice-versa (see 1.3.1) [8].  

 

1.2.2. Surfactants 

Following Zuchen Lin’s description (PhD Thesis, University of Minnesota,1993), ‘the 

surfactants (contracted word for ‘surface active agents’) are amphiphilic molecules that 

decrease the surface free energy of the system they comprise, by lowering the surface tension 

of the continuous medium in which they become dissolved (environment) and the interfacial 

tension between liquid phases’ [9]. 

The surfactants are a representative subclass of the amphiphiles. Surfactants have a 

breadth of applications in cosmetics [10], pharmaceuticals [11], drug delivery [12], water 

ultra filtration [13] and nanoscale particle production [14]. Based on the charge of the polar 

head group of the surfactant, they can be classified into the following categories: anionic, 

cationic, non-ionic and zwitterionic [15].  

An anionic surfactant has a negative charge on its polar head group; two examples can 

be both sodium dodecyl sulfate, as reported by Kekicheff et al. [2] and cesium dodecyl 

sulfate [16]. Similarly, a cationic surfactant has a positive charge on the polar head group, 

such as in cetyl trimethylammonium bromide (the polar head group is an ammonium cation) 

[17]. According to Holmberg K. (2003), ‘a zwitterionic surfactant consists of two 

compartments that have opposite charge with each other; a cationic (usually an amine group) 

and an anionic (for example, carboxylate) compartment’ [18]. In zwitterionic surfactants, 

each compartment can be considered an ionic, polar head group. Holmberg K.(2003) also 

claims that glycine (NH2CH2

A nonionic surfactant’s polar head group has no net charge, following Kalfayan L. 

[19]. According to Makievski A.V. et al., alkyl dimethyl phosphine oxides (for example, decyl 

dimethyl phosphine oxide) belong to nonionic surfactants [20].   

OOH), which is a molecule with two ionic groups that carry 

opposite charges, might be considered an example of a zwitterionic surfactant [18]. 
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Molecular structures with the individual compartments of a typical cationic and an 

anionic surfactant are presented in Figures 1.1 [17] and 1.2 [21] respectively. These 

compartments include the hydrocarbon chain, the polar head group and the bound counter 

ion.  

 

 

Fig.1.1. CTAB molecule reported by [17]. The Figure has been reproduced with permission 

that has been granted from the copyright holder (see Appendix G for permission). 

.               

 Figure 1.1 depicts the CTAB (Cetyl Trimethyl Ammonium Bromide) molecule as a 

cationic surfactant where the polar head group has a positive sign and the counterion has a 

negative sign [17].  

 

Fig.1.2. SDS Molecule adapted from [21].No permission is required to reproduced the 

Figure, according to [21]. 

 

 Figure 1.2 is an example of an anionic surfactant (Sodium Dodecyl Sulphate) where 

the polar head group has a negative sign and the counter ion has a positive sign [21]. 

 

1.3. Micelles, bilayers, liquid and solid crystals, phase behavior 

 

1.3.1. Micelles and critical micelle concentration (CMC)  

As mentioned in 1.2.1 according to Mukerjee (1967), surfactant solutions belong to 

association colloids [8]. The cooperative association of the surfactant molecules, following 

http://upload.wikimedia.org/wikipedia/commons/a/ae/SDS-2D-skeletal.png�
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the description by Zuchen Lin (PhD Thesis, University of Minnesota, 1993), is related with 

favorable free energies of association of the molecules into certain structures[9]. As it has 

been reported by Zuchen Lin (1993), the structure with the most favorable association energy 

is the micelle, where lyophobic parts are not exposed to water and lyophilic parts come into 

contact with water [9]. A definition has been given by Scriven (1990), according to which 

‘the micelle is defined to be a cooperative association of amphiphilic molecules or ions into 

an enclosed single-layered structure at equilibrium’ [9]. ‘The micelles represent a 

thermodynamically equilibrated, stable phase that remains steady, independent of preparation 

history and treatment’, as Scriven (1990) has stated[9] and according to Mukerjee (1967) 

they (micelles form in dynamic equilibrium with ‘n’ surfactant monomers from the bulk  

solution [8]. As such, micelles: 

i. Adsorb at the interfaces.   

ii. Form association colloids in organic and aqueous bulk phases.  

 Since CsDS/water is an alkali metal anionic sulfate surfactant, it might be useful to 

provide the definition of the Krafft temperature for the sodium soaps by R.G. Laughlin 

(1994), as it has been reported by Lin et al. (2005) [24]. According to the definition of 

Laughlin (1994), the Krafft temperature for a sodium soap solution represents the 

temperature, at which the solubility of the surfactant in water is 1 wt % [24]. ‘Since the 

Critical Micelle Concentration for a surfactant in water is far less than 1 wt %’, R. G. 

Laughlin continues, ‘the Krafft temperature is defined as an upper boundary value, where the 

solubility equals the Critical Micelle Concentration’ [23], [24] and [25]. At concentrations 

lower than the Critical Micelle Concentration (CMC), according to Candau (1990), no 

micelles are formed, while above the CMC, any additional ‘n’ surfactant molecules will 

either incorporate themselves into an aggregate with aggregation number ‘n’, or dynamically 

equilibrate with the micellar unit [26]. 

The surfactant molecules, following Hiemenz (1997), arrange themselves into a 

micellar configuration, according to the reaction scheme: 

         n · M ⇆Mn,  
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where the index “n” at the right part of the reaction is the micelle aggregation number [27]. 

For the SDS/water system, Shah et al. (2001) have reported that the aggregation 

number ‘n’ is between 40 and 60, where ‘n’ kinetically independent surfactant molecules 

self-assemble to form a larger kinetically independent colloidal unit (the micelle), comprised 

of these n surfactant molecules [28]. When certain physical properties of an aqueous 

surfactant system (such as the electrical/equivalent conductivity, the mobility or the surface 

tension) are plotted versus the surfactant concentration, they indicate a sudden breakup 

(discontinuity), at the CMC [22]. 

         

Fig.1.3. Mobility of the solute (chloropyridine) vs. SDS concentration in the solution, 

reported by C. Erh –Lin et al. and references therein [22]. The Figure has been reproduced 

with permission (license agreement) that has been granted from the Copyright Clearance 

Center, Inc. (see Appendix G for permission) 

 

 Figure 1.3 depicts the mobility curve (a physical property of the system) of 

chloropyridine (a solute) versus the surfactant concentration (SDS is another co-solute). In 

the corresponding system, the surfactant (SDS Sodium Dodecyl Sulfate) interacts with the 

other solute (chloropyridine, in this case) [22]. The Critical Micelle Concentration of the 

surfactant can be estimated, as the concentration where the curve of the diagram exhibits a 

sudden discontinuity and decrease [22]. For the given system (Figure 1.3), the CMC of SDS 

is about 5 [mM] [22]. 
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The reason why the mobility exhibits this sudden decrease at the CMC region is 

related with the surfactant molecules’ aggregation into micelles. When the surfactant 

molecules aggregate, they self-assemble into micelles and the kinetically independent 

surfactant units decrease from n to 1. This corresponds to an increase in the radius of the 

kinetically independent unit (which is now the micelle), as described by the equilibrium 

reaction[27]: 

nM ⇆M

As the surfactant molecules self-assemble into a micelle, the radius of the charged unit 

becomes larger as well; the mobility ‘V’ of the colloidal particles will decrease 

correspondingly [22]. The surfactant molecules are more mobile than the micelle, according 

to the following formula by Hiemenz et al. (1997) for the mobility: 

n, 

V=q∙ E / [6∙π∙η∙Rs

where R

] 

s

The discontinuity of the mobility curve at the CMC is due to the fact that the 

micellization process of the surfactants is a thermodynamic transition of 1

 is the radius of the colloidal particle, E is the electrical potential of the 

solution, q is the charge of the colloidal particle and η is the viscosity of the medium (water) 

[29].  

st order. When the 

1st derivative of the system’s Gibbs free energy over the number of moles - the chemical 

potential - is plotted versus a certain thermodynamic quantity, as Linder has stated (2004), 

the graph exhibits a discontinuity, at exactly the CMC. For instance, when the chemical 

potential (μ= [∂∆G/∂∆nα] T, P

 

), is plotted versus the temperature of the solution the graph 

exhibit a discontinuity at the transition temperature and this can be assigned to the Krafft 

temperature, if the transition is the micellization process [30]. 

1.3.2. Reasons behind micelle formation - the hydrophobic effect 

According to Mukerjee (1967), in order for the hydrophobic moieties to minimize interaction 

with water, the surfactants self-assemble into micelles, which (micelles) have a hydrophobic 

core (hydrocarbon tails) and two hydrophilic compartments; a hydrophilic shell and the 
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hydrophilic polar head groups[8]. The cause for the micellization from a thermodynamic 

point of view, as it has been reported in the notes of Class #104: ‘Physical Chemistry of 

Macromolecules’ at the Biochemical Engineering Graduate Program at Brandeis University, 

is the increase in the solvent entropy and the micelle formation can be explained by the 

hydrophobic effect [31]. 

Practically, when a surfactant is dissolved in water, its hydrophobic tails do not favor 

interaction with water molecules [31]. 

As it has been presented in the notes of the class #104: ‘Physical Chemistry of 

Macromolecules’ at the Biochemical Engineering Graduate Program at Brandeis University, 

in an aqueous solution with water neighbors only, each water molecule is considered to be 

inscribed into a tetrahedron, where the oxygen atom lies in the center and the two hydrogen 

molecules point towards the 2 apex of the tetrahedron (The 2 hydrogen molecules weakly 

attract 2 other water molecules through Van der Waals forces) [31]. The 2 unbound electrons 

of the oxygen atom, as reported in these notes, form hydrogen bonds with another 2 

hydrogen molecules, each bond with a different water molecule [31]. Therefore, according to 

the notes from Brandeis University, in an aqueous solution, each water molecule has four 

nearest neighbors and forms hydrogen bond with only two of them, having totally six 

different ways to make bonds with two of its nearest neighbors (six different ways, for three 

neighbors) [31].  

 

 

 

 

 

 

 

 

 



 13 

 

 

 

 

 

 

Fig.1.4. Tetrahedral conformation for the water molecule in the water network; Figure 

reported in the Class #104: ‘Physical Chemistry of Macromolecules’, at the Biochemistry 

Graduate Program, at Brandeis University [31]. The Figure has been reproduced with 

permission that has been granted from the copyright holder himself: Professor Gregory A. 

Petsko (see Appendix G for permission).  

 

Following the notes of the class #104: ‘Physical Chemistry of Macromolecules’ at the 

Biochemical Engineering Graduate Program at Brandeis University, ‘if one water molecule 

is replaced by a hydrophobic compound, then, the number of available bonds decreases by 

one; three water neighbors and one hydrophobic neighbor’ [31]. The smaller number of 

available neighbors for bonding, changes the geometric configuration from a tetrahedron to a 

triangle, which reduces the number of conformations in terms of different possible bonds that 

a water molecule can have, from six to four [31]. This is an entropic penalty for water, 

because this presence of hydrophobic molecules will also result in some hydrophobic cavity 

formations (unfavorable interactions with water) [31]. 

 As presented by Alberts (1989), in the case of pure water, each water molecule is 

inscribed in a tetrahedron and is connected with other water molecules, through 

hydrogen-bond network [32]. In this network, the molecules can have 3 degrees of freedom; 

rotational, vibrational and translational [32]. Because of thermal motion (kB· T) of some 

water molecules, the degrees of freedom of some other water molecules might be 

temporarily reduced and also because of the formation of each hydrophobic cavity at first, 

when a hydrophobic molecule will be inserted in the water network, the solvent entropy 
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seems to decrease (entropic loss) [32]. The hydrogen network is strong enough, however, 

that, as Alberts has reported (1989) it will outbalance any of these perturbations (decreases in 

the number of conformations) in the long term [32] and will increase the solvent entropy and 

minimize the Gibbs Surface energy. 

This entropy gain is larger compared to the entropic losses, as they were described by 

the reasons that Albert (1989) has reported and they were mentioned above [32].The solvent 

will force the hydrophobic units to cluster together into an enclosed single unit assembly, 

where the interfacial area between solvent and solute will decrease (smaller than the sum of 

the surface areas of the multiple individual cavities) [32]. This conformation will minimize 

interactions between water molecules and hydrophobic groups, as the water molecules will 

have to arrange themselves around fewer kinetically independent units (n surfactant 

molecules will comprise a kinetically independent unit of aggregation number, n) [33]. 

Therefore, the water molecules had lost some of their degrees of freedom, will regain them. 

This micellization action will result in an overall increase in solvent entropy, as there 

will be more space available for the water molecules to move and this will assist the 

corresponding water molecules to gain again their lost degrees of freedom [33], [34], [35], 

[36], [37]. Therefore, the micellization process is a spontaneous process. 

 

1.3.3. Definition of crystal classes 

A crystal class can be fully defined by a Latin letter followed by a Greek subscript, 

according to Tardieu et al. (1973), where the Latin letter depicts the long-range organization 

(space group, 1-dimensional, 2-dimensional or 3-dimensional lattices) for the different 

crystalline structures: 

L is used for 1-dimensional lamellar phase (1-dimensional order) 

H is used for 2-dimensional hexagonal phase (2-dimensional order) 

P for 2-dimensional oblique or centered phase 

M for 2-dimensional monoclinic phase 

R for rhombohedral phase 
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Q, cubic phase  

C, 3-dimensional crystal phase 

Always according to Tardieu et al. (1973), the Greek letter (subscript) characterizes 

the short-range conformation of the hydrocarbon chain (if it is a liquid-like, or a solid-like 

conformation), where ‘α’ (alpha) corresponds to liquid-like state, whereas β, β’, δ (vita, 

vita-prime, or delta), correspond to partial order of matter (more ordered than the alpha state) 

[39]. 

 Various crystal classes have been reported by Kekicheff et al. (1981), (1987) for the 

SDS/water system at surfactant concentrations higher than 70 wt%, where these classes are 

indicated by the symbols (C, C΄, C΄΄, and C΄΄΄)[2], [3]. These symbols correspond to 

different 3-dimensional crystal structures (polymorphs), where the superscripts ‘΄’, ‘΄΄’, ‘΄΄΄’ 

indicate different organization of the surfactant molecules in space (unit cell crystal structure) 

and the subscript (Cx, C1/8

 

, and C2) corresponds to different degrees of hydration in the 

3-dimensional hydrated crystal structures [2], [3]. For example, the subscript ‘1/8’ means 

that in the hydrated crystal network, there will be 1 water molecule per 8 SDS molecules. 

1.3.4. Liquid crystals 

Following the description by Kilpatrick (1983), the liquid crystals exhibit intermediate 

behavior between solid crystals and liquid state of matter and the difference between solid 

and liquid crystals lies at the molecular level order (the order consists of positional and 

orientational order), where solid crystals possess positional as well as orientational order; 

liquid crystals possess orientational order, but do not always possess positional order. 

According to the description presented by Kilpatrick (1983), the lack of positional order for 

the liquid crystals means that they can flow and they can be subject to deformation of flow 

(shear forces) [6]. Macroscopically, the liquid crystals can possess 1-dimensional or 

2-dimensional order, in terms of how the pattern is formed. From the liquid crystals, the 

lamellar structures possess 1-dimensional geometric order, while the hexagonal structure 

possesses 2-dimensional geometric order [6]. 
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The liquid crystals are also called mesomorphic crystals. According to Stegemeyer 

(1994), there are two types of liquid crystals; the thermotropic liquid crystals, which result 

upon heating of the surfactant system, as well as the lyotropic liquid crystals, which are 

formed upon addition of solvent [40]. 

Two examples of lyotropic liquid crystals are the hexagonal liquid crystal (which is an 

aggregate of 6 rod-like micelles assembling a hexagon) and the lamellar liquid crystal. 

According to Kilpatrick (1983), the hexagonal liquid crystal has 2-dimensional geometric 

order and only orientational order, while the lamellar liquid crystal has 1-dimensional 

geometric order (as well as both 1-dimensional positional and orientational order) and 

consists of a parallel set of two surfactant monolayer sheets, sheets that are separated by a 

water layer [6]. Surfactant molecules within the bilayer structure are prone to thermal 

fluctuations, but they cannot escape the bilayer (see Appendix F). This is because of the 

surfactant positional order in the bilayer, as has been mentioned above [6]. Moreover, all 

liquid crystal phases but the cubic phase (Q α

According to the classification by Ranck et al. (1974), the lamellar phases can be 

either: 

) are optically anisotropic, which means that all 

phases but the cubic, exhibit birefringence and magnetic and electric polarization, when 

these phases are observed through cross-polarized light see [38], [40], [41], [42] and[43].  

i. Type Lα

ii. Of type L

, which has a “liquid-like” chain conformation. In that conformation, the 

bilayers are separated by water molecules. The structure exhibits 1-dimensional periodicity 

as it consists of repeating surfactant bimolecular lamellae. These lamellae can be parallel, 

curved or semi-planar. 

β’, 

iii. Of type L

which has a gel-like chain conformation.  

δ

The phases L

, which has a coil-like chain conformation [41]. 

β, Lβ’ and Lδ exhibit more order in their short-range conformation 

compared to the Lα

 

 phase [41]. 
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Table 1.1.Various solid and liquid-like lamellar phases with their corresponding geometric 

order and phase structure [41], [44] 

Intermediate phase type  Geometric order, in dimensions Phase structure 

L 1-D β Untilted gel 

L 1-D β’ Tilted gel 

L 2-D δ 2-D crystal 

L 1-D α Fluid lamellar 

H 2-D Hexagonal 

 

1.3.5. Critical Packing Parameter (P) 

In dilute aqueous solutions, as presented by Zuchen Lin (1994), the packing of surfactant 

molecules into larger aggregates consists of the following three terms: 

i. A favorable lyophilic contribution, due to Van der Waals attractive forces between 

the polar head groups and water. [9]. 

ii. A surface term that reflects the opposing trends between the crowding of the 

surfactant head groups closer together to minimize hydrocarbon/water contacts and their 

splitting apart due to steric (excluded volume effects) and electrostatic repulsion[9]. 

iii. A packing term which requires that water molecules and polar head groups are 

excluded from the hydrophobic interior of the aggregate - (limitation of geometrically 

accessible forms available to aggregates) [9]. The opposite holds for reverse micelles, where 

the hydrophilic core does not allow lyophobic groups to approach it [9]. 

 

According to Israelachvili J.N (1992), these three factors can be summarized into a 

single parameter, the Critical Packing Parameter, ‘P’ and P can predict the corresponding 

shape of the aggregate conformation [45].: 

P= V-t / [a_ o∙ l_c, t

     , where V

] [45] 

t is the volume of the hydrocarbon chain

       a_ 

,  

o is the optimal head group area 
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       l_c, t

The value of the critical packing parameter ‘P’, can predict the form that the surfactant 

aggregate will have. For example,  

 is the critical hydrocarbon chain length 

i. A regular spherical micelle (single-layered) with hydrophobic interior and 

hydrophilic environment 

ii. A rod-like micelle (single-layered). 

iii. A planar or curved bilayer 

iv. An inverted micelle with hydrophobic environment and hydrophilic interior 

The parameter ‘P’ may be used to explain differences in the phase behavior between the 

SDS/water system and the CsDS/water system in general, but especially as far as the 

micellar behavior is concerned (see 5.7, 5.8 and 5.9).  

 

                                       
Fig.1.5. Critical Packing Parameters and the corresponding aggregate shape adapted with 

permission that has been granted from the copyright holder himself: Professor Israelachvili 

J.N. [45]. (see Appendix G for permission) 
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1.3.6. Phase behavior 

1.3.6.1. The phase diagram  

 As it is presented by Stølen, S. et al. (2004) –and their definition has been mentioned in the 

introductory paragraphs of this first chapter-, ‘t

In the case of this study, a surfactant/water system is represented by a temperature vs. 

concentration phase diagram. The various regions of the diagram represent stable phases of 

the components [46]. Regarding a phase and its properties, 

he phase diagram is a map that displays potential 

space regions where the various phases of the system are stable. The potential space is given 

by the following system variables: temperature, pressure and composition’ [46].  

Stølen, S. et al (2004) have defined 

as phase, a state that has particular composition and definite physicochemical properties. 

Stølen, S. et al. (2004) in their discussion about phases indicate that 

For a two-phase region in a surfactant/water system, the thermodynamic equilibrium 

between the two corresponding phases can be mathematically described as an equality in 

chemical potentials between a phase ‘α’ and a phase ‘β’, for the 2 coexisting phases ‘α’ and 

‘β’, where T

different phases might be 

identical in composition, but may have different physical properties [46]. As Lavis D.A. et al. 

have stated (1999): ‘each phase results in different molecular arrangements. This difference in 

arrangements, in turns, results in differences in the spatial or orientational order’ [47]. Some 

characteristic phases for a surfactant/water system that are indicated can be the micellar 

phase, the hexagonal phase and the lamellar phase [48].  

α =Tβ, as well as Pα =Pβ

[∂∆G/∂∆n

 [46]: 

α]T, P = [∂∆G/∂∆nβ] T, P = μi, α =μ

 ‘i’ represents a single component in the 2 phase region. 

i, β  

In equation 1, ∆G is the Gibbs free energy of the mixture and [∂∆G/∂∆nα] T, P is the 

partial molar Gibbs Free Energy of the mixture with respect to a certain phase (a phase α, or 

a phase β) at constant temperature and pressure. The partial molar Gibbs free energy of the 

mixture with respect to the phase α is equal to the chemical potential of that phase in the 

mixture. In the case of thermodynamic equilibrium between two phases, molecules or 

aggregates travel from one phase to another, but the net flux of molecules in each phase is 
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zero [49]. 

Following Stølen S. et al. (2004), ‘the p

The system will revert to its initial thermodynamic state. In the case of 

thermodynamically metastable states, the system might initially lie in a local thermodynamic 

Gibbs free energy minimum. The initial state of thermodynamic minimum is local, because 

any perturbation of the system by this thermodynamic minimum, via one of the above 

mentioned methods, will not bring the system back to this same initial state but it will drive 

it to a different, more stable state. The new final state might macroscopically look different 

than the initial (local minimum of Gibbs free energy) and for sure, the system in the initial, 

metastable state will have a higher chemical potential value than the analogous chemical 

potential value of the global thermodynamic minimum state. The definition of metastabilities 

is necessary, as samples were examined for their metastability (see 4.2.3, 5.4.2, 5.7 and 5.9).   

hases ‘α’ and ‘β’ can be any two coexisting 

phases in thermodynamic equilibrium with each other’ [49]. The system lies at its 

thermodynamic equilibrium, when the partial molar Gibbs free energy has a global minimum 

in the potential space. Another way to express the thermodynamic minimum is to express 

that, having been perturbed by its thermodynamic equilibrium via one of the following 

methods: dilution, condensation, heating, cooling 

Certain examples of 2 phase region (phases α and β in phase equilibria) can be: 

i. Micellar aggregates (phase ‘α’) and hexagonal phase aggregates (phase ‘β’), in a 

two-phase coexistence region of α and β 

ii. Coexistence of two different liquid crystal aggregates (for example, hexagonal 

phase and cubic phase)  

iii. Coexistence of liquid crystal aggregates and solid crystals (for example, hexagonal 

phase coexisting with some solid crystal)  

iv. Coexistence of different polymorphs (solid crystals with different unit cell crystal 

structures) and/or different degree of hydration in the unit cell [2]. 

   

Following the description about phase transitions by Lavis, D.A. and McDonald Bell, 
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G. (1999), the boundary lines that separate different phases in a phase diagram, indicate 

thermodynamic transitions [47]. When a thermodynamic transition occurs, the 

thermodynamic order of state in the system changes, as presented by Lavis, D.A. and 

McDonald Bell, G., (1999) and the system exhibits different degree of order in the phase 

regions that the phase transition spans [47]. With increasing temperature, the order decreases. 

When it is heated, the system moves from anisotropic state of ordered crystals to some less 

ordered state, such as a neat micellar solution (see the SDS/water phase diagram that has 

been reported by Kekicheff et al. [1]). Certain thermodynamic variables, such as the 

chemical potential or the entropy, exhibit a discontinuity in their curve, when these variables 

are plotted versus another independent variable (temperature and pressure, respectively), as 

presented by Stølen, S. and Grande, T., (2004)

As indicated by Israelachvili J.N. (1992), the following series depicts an arrangement 

of surfactant nanostructures in terms of increasing packing [45]. As the packing of more 

surfactant molecules with each other into aggregate s increases, the order in the 

corresponding phases also increases. The interactions between surfactant molecules and 

water molecules become weaker and the spatial degrees of freedom for the surfactant 

molecules decrease as one moves from left to right: 

 [46]. And as shown by the same authors, the 

slope that is defined as the chemical potential versus the systems’ temperature is the entropy 

of the system. A change in entropy occurs at the temperature of phase transition.  

Ellipsoidal micelles << Rod-like micelles << liquid crystals << lamellae [45] 

This series of increasing order is presented at this point, to connect with the discussion about 

certain features of the CsDS/water phase diagram and its comparison with the SDS/water 

phase diagram that is presented in sections 5.7 and 5.9. Certain differences in the discussion 

of these sections will be explained according to this series. The term ‘ellipsoidal’ 

corresponds to micelles that have either spherical shape or their shape corresponds to an 

ellipsis.  
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1.3.6.2. The lever rule  

In a two-phase coexistence region of ‘α’ and ‘β’ and a given temperature, the lever rule 

will determine the amounts of each phase (phases ‘α’ and ‘β’) for a certain composite 

concentration. 

 

Fig.1.6. The lever rule. The figure has been constructed from scratch, based on the lever 

rule’s description provided by Stølen, S. and Grande, T., (2004) in their book with 

title: ‘

 

Chemical thermodynamics of materials: macroscopic and microscopic aspects’ [46].  

Figure 1.6 shows the lever rule in the case of a two-phase region in a surfactant /water 

system. A horizontal line of constant temperature (tie line) will intersect the 2-phase region 

(coexisting phases ‘α’ and ‘β’). The perpendicular intersections at the edges of the two phase 

region will provide the corresponding concentration for each single phase (Cα and Cβ). The 

concentration of the mixture that corresponds to that tie line is given by a perpendicular 

projection from point O. When the total number of moles in the system (no) is known, the 

corresponding mole fractions χα and χβ, can be determined. The number of moles in each 

phase can be determined, using the concentrations Cα and Cβ (Cα = nα /V, where V is the 

solution volume) and the mole fractions χα and χβ

      C

, The relations that have been used are:  

o = χα· Ca+ χβ· C

χ

β 

α = nα/no

χ

  

β = nβ/n

χ

o 

β+ χα

 

 =1 
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The Gibbs phase rule is written as: F = C – P +2, where ‘F’ are the degrees of freedom, 

‘C’ is the number of components and ‘P’ the number of phases and the value of ‘2’ represents 

the two independent potential space variables (pressure and temperature ). Using the Gibbs 

phase rule, one can identify the number of degrees of freedom in the system for a fixed 

number of phases and components [49]. The phase diagram of a surfactant/water system can 

predict how many phases and what types of phases coexist at certain regions of temperature 

and concentration; for example, micellar phase and/or other mesophases. This is one way of 

using the Gibbs phase rule, where the number of components in the mixture and the number 

of degrees of freedom are known. Another way to use the Gibbs rule would be to identify the 

number of phases in a region for a fixed number of degrees of freedom and a fixed number 

of components. As it was mentioned before, the lever rule can provide the relative amounts 

of each compound in a two-phase region, for a certain composite concentration of the 

mixture. For the surfactant/water systems, the phase diagram can also provide the location of 

the solubility curve. This curve represents the thermodynamic transition line from solid 

crystals and micelles (two phase region) to neat micellar solution (one phase region), as 

temperature increases. Also, the phase diagram can depict the concentration width for any 

two-phase region, such as the coexistence region of liquid crystals and micelles. 

A characteristic example of an anionic surfactant/water phase diagram is the 

SDS/water system, where studies have been reported by Fontell et al., Kekicheff et al. [1], [2] 

and [3]. Similarly to SDS, CsDS is a single tail anionic sulfate surfactant where the anionic 

polar head group is a sulfate group and the single hydrocarbon chain consists of 12 carbon 

atoms [16]. Another group of anionic surfactants are the carboxylic surfactants [50].  

 

 1.4. Summary 

 Certain concepts of nanostructured fluids have been defined in this 1st chapter; the 

terms of the colloidal substance, of the amphiphile and the surfactants. As the concentration 

of surfactant in water increases, the nanostructural order of the surfactants in the solution 

increases accordingly. At first, the surfactants self assemble into micelles. The micelles are 
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single-layered enclosed cavities. As order increases, intermediate mesophases appear; the 

hexagonal phase, the mesomorphic phase, the cubic phase, the tetragonal phase and the 

lamellar phase. At very high surfactant concentrations in the system, solid crystal 

polymorphs with variable degree of hydration are expected. For all liquid and solid crystals, 

their name is given by a Latin letter followed by a Greek subscript, indicating long range 

order and short range hydrocarbon chain conformation, respectively. The phase diagram is a 

diagram with potential space variables as its coordinates. In this diagram, certain phases 

coexist in thermodynamic equilibrium. The chemical potentials are equal and the net flux of 

the chemical potential between the two phases in thermodynamic equilibrium is zero. 
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Chapter 2 presents the materials and experimental methods used to synthesize CsDS 

and to characterize its phase behavior in water. Specifically, section 2.2 outlines the methods 

of synthesis of CsDS. Section 2.2.1.3. presents the recrystallization (of SDS in an aqueous 

CsCl solution into CsDS) and section 2.2.2. the ion exchange of SDS into HDS and the 

neutralization with CsOH into CsDS. The sample preparation method, the goal of each 

experiment, the analogous technique of each characterization experiment, as well as 

limitations of the instruments, are described in this chapter.  

 

2.1. Preparation methods 

 Two methods have been examined for the preparation of Cesium Dodecyl Sulphate, in 

this project. These are: 

• Recrystallization of aqueous CsCl solution with SDS into CsDS. All CsDS 

samples that were examined in this phase behavior study were synthesized by 

recrystallization. 

• Ion exchange of SDS into HDS followed by neutralization of HDS with CsOH 

into CsDS (batch processes and a continuous process (see appendix A for the 

continuous process)). 

 

2.2.1. Recrystallization 

2.2.1.1. Introduction to recrystallization 

Recrystallization, according to Anne Marie Helmenstine, is a purification method of 

solid crystals [51]. In a solution where solid crystals (‘A’) have already been dissolved, 

different solid crystals (‘B’) are added and new solid crystals form (‘C’ and ‘D’) [51]. For the 

one type of new crystals formed (‘C’), precipitation is favored and for the other type (‘D’), it 

is more favorable to dissolve in the solvent [51]. The purification principle of (‘A’) into (‘C’) 

is based on the different solubility of these crystals in the solvent, at certain temperature [51].  

 

http://chemistry.about.com/bio/Anne-Marie-Helmenstine-Ph-D-7815.htm�
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The following reaction represents the recrystallization:  

A + B → C + D 

New solid crystals form (‘C’ and ‘D’) and they keep forming, until all the old crystals 

(‘A’ and ‘B’) have been completely dissociated [51]. It should be mentioned that the term 

“recrystallization” is used to define two different processes in this thesis; ethanolic 

recrystallization in the purification of SDS and aqueous recrystallization in the synthesis of CsDS. 

 

2.2.1.2. Ethanolic recrystallization in the purification of SDS  

 All the CsDS samples that were used to examine the phase behavior were purified 

according to this method, as it is described in 2.2.1.2. As Kekicheff et al (1981) and 

Muramatsu et al. (1976) have reported by relative studies on SDS, organic impurities can be 

present in SDS [2], [52]. The yield in purified SDS is reported in 5.5. and the results of the 

comparison in the phase behavior between  purified and impure CsDS in the concentration 

region 1 wt% -40 wt% CsDS, as they has been observed by the macroscopic experiments 

with cross-polarized light, are presented and discussed in sections 5.5. and 7.6. Because of 

the solubility difference in ethanol between possible organic impurities and SDS, the organic 

impurities can be dissolved and SDS can precipitate in the ethanolic solution [51] .  

The SDS (Sigma-Aldrich, Inc.) had the following identity:  

L4509 (Product number) Sigma-Aldrich Sodium dodecyl sulfate Reagent Plus®, 98.5 

wt % pure (Gas Chromatography Analysis).  

The purification process of organic impurities from SDS involved: 

i. Dissolution of 40.5572 [g] of SDS into 400 [ml] of ethanol at T=25 [ºC]. The 

solubility of SDS in methanol is equal to the solubility of SDS in water. The latter is about 

10% [wt/v] at T=25 [ºC]. The solubility of SDS in ethanol at T=25 [ºC] is the same. 

ii . The solution is heated up to 50 [ºC] and stays at that temperature for 1’. The system 

is cooled down to T=0 [ºC] for 8 [hrs]. 

iii. The suspension is vacuum filtered at 0 [ºC] with cold water at around 0 [ºC]. The 

filtrand is collected, while the filtrate is thrown. 
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iv. The filtrand is stored in the desiccator for 2 days. 

   

2.2.1.3. Aqueous recrystallization in the synthesis of CsDS: the synthesis of CsDS 

by dissolution of solid SDS into an aqueous CsCl solution. 

Regarding the CsDS preparation, the aqueous recrystallization is represented by the 

reaction: 

Cs Cl (aq) + NaDS (aq) → CsDS (aq) + NaCl (aq) 

Recrystallization was selected as a method to synthesize CsDS in order to be able to 

compare the purity of the produced CsDS with an existing study (see Appendix C). A reason 

of interest for synthesizing CsDS is to compare the micellar nanostructures of CsDS that are 

formed at the Krafft temperature of the system at certain concentration above the critical 

micelle concentration value, with existing studies [53] and [54]. The materials and 

preparation method are presented below: 

Materials used (All the reagents were ordered by Sigma Aldrich Corporation): 

C3011 (Product number) Sigma - Aldrich Cesium chloride Grade I, ≥ 99.0 wt %; L4509 

(Product number) Sigma - Aldrich Sodium dodecyl sulfate Reagent Plus®, 98.5 wt % (GC) 

Preparation method (time: 8 hours): 

a. Dissolution of 0.377 moles of CsCl into 200 ml of water (solution A). 

b. Addition of 0.0377 mol of SDS into Solution A, which is 10 % of the quantity of 

CsCl in the solution, or, 0.1 [mol] Na+ ions for 1 [mol] Cs+

c. In case of a transparent solution at T=25 [ºC], the solution would be cooled down 

to 0 [ºC]. 

 in the solution.  

d. In case if a non-transparent solution at T=25 [ºC], the suspension would be heated 

up to 60 [ºC]. Then, it would be cooled down to 0 [ºC]. 

e. The suspension would be vacuum filtered at 0 [ºC]. During vacuum filtration, the 

filtrand was washed thoroughly with 4 batches of cold water at about 0 [ºC] - 150 ml each 

batch. Since the recrystallization’ s efficiency, for the procedure from step ‘a’ to ‘e’, is 

defined as: ([moles of CsCl] –[Moles of SDS])/[moles of CsCl], 0.0377 [mol] SDS would 
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recrystallize 0.0377 [mol] of CsCl into 0.0377 [moles] CsDS. In other words, for 1 [mol] of 

Cs+

f. The filtrand, that contains 90 wt% recrystallized, purified product, is received and 

is dissolved into a flask that contains 0.377 [moles] of CsCl; steps a through e are 

repeated.99 wt % of the CsCl of the feed is recrystallized and likewise, the purity of the 

CsDS product would be 99 wt % in CsDS). 

 in the solution after recrystallization, the recrystallized CsCl sample that dissolves in 

water again, would be the 90 wt % of the initial feed of CsCl. The purity in the CsDS 

product would be 90 wt %. Proportionally, the experiment would produce a CsDS product 90 

wt % pure. 

g. The filtrand is stored in the desiccator for 2 days. 

 

2.2.2. Ion exchange 

The ion exchange is a mass transfer process between a liquid stream and a solid surface. 

Solid is the ion exchange bed and the liquid is the aqueous solution that is ion exchanged 

[55]. 

2.2.2.1. Introduction to ion exchange 

Both for the batch and the continuous processes, the ion exchange mechanism involves the 

following mechanism: 

i. Ions that are supposed to be exchanged, undergo simultaneous diffusion and 

convection from the bulk solution region to the interface between the bulk solution and the 

surface of the resin particles. 

ii. The ions diffuse from the resin surface (outside) towards the macropores of the ion 

exchange resin (inside). It is assumed that the only pores towards which the ions diffuse, are 

the macropores of the resin. 

iii. Then, the ions react at the sites of the functional groups within the matrix of the 

resin and ion exchange takes place. 

iv. Finally, the ion exchanged product moves with coupled diffusion and convection 

back to the interface between the surface of the resin and the bulk solution [55]. 
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The ion exchange is an equilibrated process, described by the following equilibrium 

reaction scheme: 

R⁻-H⁺ (s) + Na⁺-DS⁻ (l) ↔ R⁻-Na⁺ (s) + H⁺-DS⁻ (l) 

The indices (l) and (s) correspond to the liquid phase and the solid phase, respectively. 

The resin that has been used, was initially in the protonated form (H+

K 

).The following  

equilibrium reaction scheme is characterized by its equilibrium constant: 

H
Na 

where the quantities in the brackets “[]” can be expressed by one of the following 

quantities: activity coefficients, mole fractions, and/or concentrations – the concentrations  

are expressed as molalities.  

=[ R⁻-Na⁺]∙[ H⁺-DS⁻]/([ R⁻-H⁺]∙[ Na⁺-DS⁻]) 

As K H
Na becomes larger than 1, the resin - Na+ attraction is favored more, compared to 

the resin - H+ attraction. In this case, it becomes favorable for the solid resin particles to 

uptake Na+ and release H+

i. The percent of divinylbenzene cross-linkage in the resin [55]. According to Harland 

C. E. (1994), the resin particles are constituted by a network of polystyrene 

molecules, called a ‘polystyrene matrix’. Divinylbenzene molecules have been 

inserted by the manufacturer between the styrene molecules (within the ‘polystyrene 

matrix’), in order to increase the cross-linkage within the polystyrene network [55]. 

These divinylbenzene molecules are linked with each other with sulfonic groups, 

forming sulphur bridges [55]. Due to these bonds between the divinylbenzene 

molecules, the resin network forms the so-called ‘cross-linkage’ [55]. According to 

the description provided by Harland C. E. (1994), by adding more divinylbenzene 

molecules, the cross-linkage between the divinylbenzene molecules increases [55]. 

With increasing divinylbenzene cross-linkage, the resin matrix becomes denser, the 

porosity of the bed is decreased and the mobility of ions inside the resin matrix is 

also decreased [55]. To relate with the experiment provided in Appendix A (where 

 in the solution. The efficiency of the ion exchange process at 

equilibrium, described in the scheme above, depends on a number of factors, such as: 
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Na+ ions are adsorbed by the resin and H+ ions are released in the solution), the 

percent of divinylbenzene cross-linkage in Amberlyst 15-Wet is about 12% wt. The 

larger the value of K H
Na, the higher the ion exchange efficiency will be (or the 

higher the release of H⁺-DS⁻ in the aqueous solution).For a given amount of ions 

adsorbed onto the polystyrene matrix of the resin, a larger degree of divinylbenzene 

cross-linkage would be related to a larger K H
Na value (See Figure A.1, Appendix A). 

Another way to interpret Figure A.1. is that for a fixed value of divinylbenzene 

cross-linkage, the smaller the mole fraction of ions adsorbed on the resin, the larger 

the value of K H
Na 

ii. In general, the ion exchange efficiency may be related with the bead size (resin 

particle’s characteristic diameter). As the bead size becomes smaller, there is less 

resistance for the ions to diffuse towards the macropores in the interior of the 

particles and the ions will diffuse faster onto the active sites of the bead.  

will be. 

iii. The size of the ions that are exchanged. An example can be the case of ion exchange 

for alkali metals. This factor (size of the alkali metal ions that are exchanged) is 

related with the thesis and can be used to estimate the most efficient method to use 

ion exchange, in an attempt to retrieve CsDS as the final product (section 7.7 and 

Appendix A). The lyotropic series of the alkali metals can help to explain the effect 

of the ionic size on the ion exchange process: Na+ is a cation with a larger charge 

density compared to Cs+, so the former has a larger ionic radius than the latter [56]. 

This difference in ionic radii means that, in an aqueous solution, the former attracts 

the electrons of neighboring water molecules stronger than the latter, resulting in a 

larger hydrated ionic radius for Na+ compared to Cs+, eventually [56]. As the 

hydrated Na+ ion is a larger cation compared to the hydrated Cs+

iv. The acidic strength of the resin. To relate this with the experiment that is presented 

in Appendix A, a resin with a stronger acidic character has more

, the former is 

attracted weaker by the resin compared to the latter [56].  

 H+ ions available at 

the active sites, compared to a resin of a weaker acidic character. 
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v. The feed concentration. The concentration of SDS in the solution feed should be 

carefully selected, in order to maximize K H
Na and to receive the largest possible 

yield of HDS. One thing that should be considered is that if the concentration of 

SDS in the solution increases, the equilibrium of the ion exchange reaction presented 

in point ‘i’ (previous page) will be shifted to the right, according to Le Chatelier’ s 

principle [57]. In an attempt to select the correct concentration of SDS in the feed 

solution, another thing that should be taken into account is the set of data regarding 

the equilibrium constant in the ion exchange reaction (see Figure A.1. in Appendix 

A). According to these data of Appendix A and the stoichiometry of the ion exchange 

reaction, in order for the yield of HDS at equilibrium to be maximized, the 

concentration of SDS in the feed solution should be about 0.1 [M] (or less than 0.1 

[M]). Moreover, when the feed concentration of SDS is 0.1 [M] or less, the 

possibility for the ion exchanged product in the solution to contain Na+

 

 ions is 

minimized. Finally, certain studies of polystyrene–divinylbenzene resin applications 

have been included in the bibliography; [58], [59] and [60]. 

2.2.2.2. Materials and methods 

The following materials were bought from Sigma-Aldrich Inc: 

Amberlyst 15 - Wet (strongly acidic, Industrial Grade Strongly Acidic Polymeric Resin); 

C8518 (Product number) Sigma - Aldrich Cesium hydroxide hydrate ≥  90 wt %; L4509 

(Product number) Sigma-Aldrich Sodium dodecyl sulfate Reagent Plus®, 98.5 wt % pure 

(Gas Chromatography). 

Preparation method: 

For the batch experiments, the mass balance can be written as: 

[∂c/∂t] = [rate of the ion exchange reaction] ≠0, (transient process) (no flow into or 

outwards from the reactor) [61].Two different batch experiments are described below: one in 

a single flask and one in three flasks in series. 

1. In a single conic flask  
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50 [g] of new (unused) Amberlyst 15-Wet resin is weighed on an analytical balance. This 

unused mass of resin is inserted in a conic flask. Deionized water is added in 7 batches of 

100 [ml], in order to wash the quantity several times for any ultra fine particles to be 

removed- particles with size less than the acceptable size according to the manufacturer’s 

standards (cutoff particle characteristic dimension: less than 0.355 [nm]) [62]. During this 

step ‘a’, the resin also increases to its final swollen volume, where solvent molecules would 

swell the polymer matrix of the resin. 

a. A volume of 250 [ml] of a HCl 1.88 [M] solution (~7% v/v) is added to the flask 

with the resin for a contact time of about 30’. During that time, slight agitation by hand is 

used. The HCl supernatant is discarded. 

b. Totally 7 batches of 100 [ml] deionized water each, are added to the flask with the 

resin, where each batch stays for a contact time of 20’. Over that time, slight agitation by 

hand is used. The total time that the resin is in contact with water is 2 hours 30’. 

c. A volume of 100 [ml] SDS 0.04 [M] solution is added to the ion exchange resin, 

for a contact time of 30’. During that time, slight agitation by hand is used. 

d. The supernatant is poured off and it is collected. This is the received product (HDS). 

Vacuum filtration is avoided, to overcome the possibility of foaming by expansion of the 

dodecyl sulfate acid, an acid with low surface tension. 

The time for a complete experiment is 3 hours 30’. 

2. Three consecutive conic flasks; A, B and C  

The 3 flasks in series scheme represents a batch process where the ion exchange 

efficiency is expected to be larger compared to the single flask experiment (see Appendix A). 

The process might be also considered as a semi - batch process. The product as supernatant 

is collected every time from the first flask and added in the consecutive flask, without using 

the first flask again for the same experiment [63].   

Preparation method: 

a. This is the same step, as step ‘a’ for the preparation method of the single flask. This 

step is followed for the flasks B and C. 
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b. 7 batches of 100 [ml] deionized water are added to flask A. Each batch stays for a 

contact time of 20’ – the total contact time is 2 hours 30’. The same step is followed for 

flasks B and C, simultaneously. 

c. A volume of 100 [ml] SDS 0.04 [M] solution is added in flask A, for a contact time 

of 8 hours. During that time, slight agitation by hand is used. 

d. The supernatant - ion exchanged solution - is poured off from flask A and is 

inserted into flask B. Vacuum filtration is avoided, to overcome foaming by expansion of the 

dodecyl sulfate acid, because it is an acid with low surface tension.    

e. Steps ‘d’ and ‘e’ are followed for flask B. Then, the supernatant is inserted in flask 

C. 

f. Steps ‘d’ and ‘e’ are followed for flask C. Then, the supernatant is collected. 

The supernatant from flask C is the final product - the ion exchanged HDS solution. 

The time for a complete run is 55 hours 30’. 

3. Continuous experiment design (basic design provided by Professor Raul Caretta). A 

continuous ion exchange experiment is provided in Appendix A, where NaCl solution is used 

as the feed solution and HCl is collected as the product. The reason why NaCl was selected 

as the feed solution, is because NaCl is a chemical reagent relatively available in every 

laboratory. In contrast to the batch experiments, the mass balance for the continuous 

experiment is written as: 

[∂C/∂t] = [rate of the ion exchange reaction] + [Cin] - [Cout] ≠ 0 (transient process) , 

where C is the concentration of the feed [61].  
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Fig.2.1. Continuous setup for the ion exchange synthesis method. 

Description of the equipment: 

A waste tank (TK-1) is used to remove excess solution from the equipment.  

A feed tank (TK-2) holds the feed solution.  

A peristaltic pump (P-1) is used to pump fed solution from the feed tank (TK-2).  

A dampener (next to the peristaltic pump) absorbs the oscillations of the peristaltic 

pump and helps to provide a smooth pulsation of the peristaltic pump. 

A pressure relief valve directs air bubbles to the atmosphere and excess solution to the 

waste tank (TK-1). 

A rotameter (flow indicator, FI) measures the flow rate in the equipment. 

An ion exchange column (C-1) is the column filled with the ion exchange resin 

particles. 

A tank (TK-3) collects the product (ion exchanged solution).   

The column (C-1) was loaded with swollen resin. The resin swelling ratio is 50%. This 
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means that a quantity of 10 [g] fresh resin, for example, would swell to a final mass of 15 [g] 

after washing. In that experiment, 25.5 [g] of swollen mass was measured, as wet bed 

(Certain studies for the swelling of polymeric resins are provided; [55] and [66]). Having 

loaded the column with that mass of wet bed, the next step involved the calculation of the 

setup parameters.  

Resin properties: 

• Surface Area = 53 [m^2 

• Total Pore Volume = 0.4 [ml / gram] 

/ gram] 

• Shipping weight = 770 [g / L] 

• Porosity = 0.20 

• Active sites = 4.7 [meq / ml] 

• Moisture holding capacity = 50 wt % 

• Particle diameter, dp = {6·Vp 

Column dimensions: 

/ [surface area of a particle]}=147 [nm] 

• height of the column, H = 30 [cm]  

• diameter of the column, D = 2.2 [cm] 

Given the above mentioned values for the resin properties and the column dimensions, 

the following parameters were calculated: 

• Aspect ratio, L = H/D = 15 

• Wet bed volume = 26.17 [ml] 

• Active sites of the bed used = 122 [meq] 

• Hold-up volume of the Tygon® tubing = 52 [ml] 

Finally, having operated at a flow rate of 2.3 [ml/sec] (measured with the calibrated 

rotameter -see Appendix A), the following parameters were also calculated: 

• Residence time of the system = 26.17 [ml] / 2.34 [ml/sec] = 12 [sec] 

• Superficial Velocity = 2.34 [cm³/sec] · 30 [cm] / 26.17 [cm³] = 2.68 [cm/sec] 

• Reynolds Number = 0.005 (Laminar flow, for the given Superficial Velocity) 

 



 37 

Procedure: 

1. The peristaltic pump (P-1) starts and pumps solution from the feed tank (TK-2). A 

pulsation dampener absorbs oscillations of the peristaltic pump and guarantees smooth 

pulsations [64]. 

2. The pumped solution travels through the tubing and it arrives at the pressure relief 

valve. 

3. At the pressure relief valve, air bubbles and excess liquid volume (more liquid 

volume than what volume the tube can hold) are sent back to the “waste” tank (TK-1). 

4. Solution, which has not been sent to the “waste” tank (TK-1) will pass through the 

rotameter (FI). Then, it will enter the ion exchange column (C-1) - see Appendix A for the 

calibration of the rotameter. 

5. The product is collected at the outlet into a product collection tank (TK-3). 

In all the connections, Tygon® tubing was used [65]. 

2.2.2.3. How to secure feed purity  

Figure 2.1 demonstrates the setup of the continuous experiment for the ion exchange 

synthesis process. This setup, however, has not been used in the CsDS synthesis for the 

CsDS/water phase behavior (section 7.7). This setup was used in an experiment that was 

performed to retrieve HCl solution from an initial NaCl feed solution (see Appendix A). 

The advantage behind the use of the waste tank (TK-2) with the relevant tubing is the 

prevention of feed pollution (see red line, Figure 2.1). Feed pollution could be caused by 

excess liquid being held up in the Tygon® tubing between the positive displacement pump 

and the pressure relief valve [65]. The following example illustrates the significance of the 

problem of feed pollution. 

Assuming that there is no waste tank and a single feed tank is used, feed from (TK-2) 

supplies the system with HCl (during activation of the resin). When the pump (P-1) shuts 

down temporarily, in order for the system to be washed with deionized water, the hold-up 

volume of the liquid on the Tygon® tubing in the red region contains a strong acid; HCl. 

When the feed solution in tank (TK-2) is switched to deionized water, the hold-up volume in 
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the red marked region will enter the tank (TK-2) and the initial solution contained in the feed 

tank (TK-2) will be polluted by HCl. The use of the waste tank (TK-1) will prevent possible 

contamination of the tank (TK-2), as tank (TK-1) collects any excess liquid being held up 

along the way of the red tubing. The problem of pollution is avoided by directing the excess 

liquid volume to the ‘waste’ chamber, (TK-1). 

 

2.3. Characterization Methods 

 

2.3.1. Introduction 

The phase behavior of CsDS/water has been explored with various characterization 

techniques. Each technique was used to provide information about the phase behavior at 

different concentration and temperature regions. The techniques attempted to provide 

information about the micellar structures (single phase region), the two-phase region of 

solid crystal and micelles, the two-phase region of liquid crystals and micelles, the liquid 

crystal phase (single phase region), as well as information about the unit cell crystal 

structure. The techniques that were used have been: 

• Macroscopic observation with cross-polarized light, in order to identify the 

solubility curve and to check the existence of birefringence.  

• Optical microscopy with cross-polarized light, to examine multiple phase 

transitions on a single slide, simultaneously.   

• Cryo-TEM that has been performed by Arunagirinathan M.A. and Bellare J.R., 

in order to observe CsDS micellar nanostructures in aqueous solutions [16]. 

• X-ray Diffraction that has been performed by Torija M.J., in an attempt to 

examine the unit cell crystal structure of CsDS. 

• Small-Angle X-ray Scattering that has been performed by Torija M.J., in an 

attempt to identify the type of some liquid crystal phase.  

In all these techniques, the association of certain research fellows was helpful. 

Specifically, Suszynski W. has provided help in the setup of the equipment and the camera 
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in the macroscopic observation with cross-polarized light. The same fellow has also 

contributed to a major extend in the visualization experiment, by helping to design the 

visualization slide and by providing the camera, the slides of the analyzer and the polarizer, 

as well as the actual optical microscope. Bellare J.R. and Arunagirinathan M.A. performed 

the Cryo-TEM sessions [16], while Torija M. J. performed the X-ray Diffraction and Small 

Angle X-ray Scattering experiments. 

 

2.3.2. Cryo-TEM experiments (These experiments were performed by 

Arunagirinathan MA. and Bellare J.R. and the instrument was operated by both 

Arunagirinathan M.A. and Bellare J.R. and the results are provided by their 

permission) 

2.3.2.1. Goal 

 The goal of these experiments was to identify the representative micellar 

nanostructures of CsDS in water at certain concentration and temperature (higher than the 

CMC of CsDS for the given temperature (a related study about critical micelle 

concentrations is provided by Mukerjee (1967) [16]) and, after having identified them, to 

compare these structures with the analogous structures of the SDS/water system, at the 

same concentration and temperature. Cryo-TEM is a characterization technique that 

provides the possibility to observe directly the existing micellar nanostructures at a given 

temperature, by preserving the aqueous samples through ice vitrification.  

 

2.3.2.2. Technique 

 The electron beam is produced in the filament source (indicated yellow) and is 

driven from the top of the column to the bottom of it, by the action of an accelerating 

voltage. The voltage is produced between the anode and the cathode of a bias shield [68]. 

On its way down the column, the beam passes through pairs of gun alignment coils and 

sets of apertures. The set of coils ensures that the beam is symmetrical, while the apertures 

magnify and illuminate the specimen’s image on the fluorescent screen [68]. 
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Figure 2.2 presents parts of the Transmission Electron Microscope; ‘Transmission’ 

means that the electron beam penetrates into the specimen’s structure. The resulting image 

on the fluorescent screen is the 2-dimensional projection of a 3-dimensional structure. 

 

 

 

 

 

 

 

 

 

 

Fig.2.2. The Transmission Electron Microscope. The Figure has been reported by Robert 

Hafner [68]. The permission to reproduce the figure has been granted by Robert Hafner. 

2.3.2.3. Materials and methods 

Sample preparation: 

The CsDS was synthesized by recrystallization of an aqueous CsCl solution into 

CsDS, using SDS (analyzed in 2.2.1.3). The crystals were initially weighed in order for the 

sample to reach 12 wt % CsDS final concentration of the suspension (or 0.34 [M]). Then, 

the crystals were dissolved in water at T =25 [ºC], to a 12 wt % CsDS final concentration 

of the suspension (or 0.34 [M]). At that temperature, the sample was not a neat solution, 

but was instead a 2 phase system (solid crystals and micelles). The sample was then heated 

to a temperature, where the system would become a single phase isotropic micellar 

solution. 

Methods (Performed by Arunagirinathan, M.A.; Bellare, J.R. and included with their 

permission): 

1. A 0.34 [M] CsDS solution was prepared at T =25 [ºC]. The samples were taken to 
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Niels Hasselmo Hall, at the Biomedical Engineering School of the University of 

Minnesota (part of the Characterization Facility). They were heated in a heating water bath 

from T=25 [ºC] to T >35 [ºC] (the heating rate was not mentioned). 

2. Part of the solution was transferred in a microcentrifuge tube. The tube was 

inserted in the VITROBOT device that has a CEVS (Controlled Environment Vitrification 

Chamber) [48] at T=35 [ºC] and Relative Humidity =100%. Having stayed for 30’ at these 

conditions, the sample became a neat solution and was ready for the next step of the 

sample preparation. A lacey formvar carbon coated grid by Ted Pella® was mounted on a 

pair of tweezers which (tweezers) were inserted in the VITROBOT. 

3. The tweezers (with the grid mounted) were dipped into the microcentrifuge tube 

that contained the sample. The time over which the sample is in contact with the 

Cryo-TEM grid, is called plunge time. The grid was lifted from the sample solution, 

allowed to wait for 1 [sec] (wait time) and blotted for a certain period of time (blot time). 

During the blotting process, blotting drums with filter papers mounted on them forced the 

sample to compress (shear forces that cause shear flow). The strength of the blotting forces 

is represented by the blot offset parameter in table 3.1. By blotting, the excess liquid was 

removed, from the front and the rear sides of the grid. The blotting process resulted in a 

thinned solution with an average thickness of about 100 [nm], as Hansen et al. (1993) have 

reported [69]. The blotted film lies only within the holes of the grid [69].   

4. Then, a drain time was maintained that would allow for any shear forces, which 

had been applied during blotting on the compressed sample, to relax [48].  

5. A polymer vessel, with a small brass cap in the center of it, was used. The polymer 

vessel was filled with liquid nitrogen at its boiling point, while the brass cap was filled 

with liquid ethane at its freezing point [16]. Then, the grid was plunge frozen into liquid 

ethane at its freezing point (plunge time). The large heat capacity of liquid hydrocarbons 

enables the sample to be rapidly vitrified to liquid ethane solidification temperature (ultra 

rapid freezing of water with cooling rates of about 1000000 [K/sec]) [69]. Almost instantly, 

the grid is transferred into the liquid nitrogen chamber of the same brass cap, in order for 
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the sample to reach the boiling temperature of liquid nitrogen, a temperature which is 

lower than the solidification temperature of liquid ethane [69]. The transfer from the brass 

cup into the liquid nitrogen is fast, in order to avoid any humidity from the environment to 

condense on the sample. That would cause, according to Arunagirinathan M.A. and 

Bellare J.R., formation of ice layer above the vitrified region of the sample and the ice 

formation would result in problem during the visualization of the sample, during 

Cryo-TEM [16].   

6. The grids were then inserted in a Cryo grid box. This device helps to transfer the 

grids into a liquid nitrogen dewar or into a small thermo flask [16]. 

7. The grids were carefully transferred from the small thermo flask onto the Cryo 

Transfer station. This transfer should also be fast enough, so that ice crystallization (from 

water in the form of humidity in the environment), is prevented, here as well. The sample 

(grid) was consecutively loaded from the Cryo Transfer station onto the Cryo Grid holder. 

Then, the grids were directly loaded onto the microscope cold stage (T ~ -175 [°C]) [69]. 

 

Table 2.1. Parameters for the Cryo-TEM sample preparation of a 12 wt % (0.34 [M]) 

CsDS/water solution at VITROBOT (micellar region) 

Blot Tim e (sec) 5 

Wait Time (sec) 1 

Blot Offset (mm) -1 

Drain Time (sec) 25 

Plunge Time (sec) 5 

 

2.3.2.4. Limitations 

The sample preparation of the Cryo-TEM session can experience certain difficulties 

due to: 

 1. Ice crystallization. Ice crystallization (instead of vitrification) may happen during 

the several transfers of the grid; from the VITROBOT to the dewar, from the dewar to the 
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station and from the station to the microscope. The water has to be vitrified in order for the 

actual nanostructures (that are formed at the sample preparation temperature) to be 

preserved. Liquid ethane is used as a cryogen, in order for bubble formation to be avoided; 

bubble formation would retard the sample’s freezing rate. Therefore, ultra-fast vitrification 

is used (freezing rates on the order of 1000000 [K/sec] are used) [69]. Moreover, 

crystalline ice that is present in the grid holes might melt after the grid has been loaded on 

the microscope. The ice that melts can cause drifting of the grid [16]. This makes more 

difficult to focus on a certain location of the grid with the Digital Microscope Camera, 

because the grid is moving [16]. Crystallized water and other impurities absorbed by the 

grid during the multiple transfer processes might also affect the vacuum quality in the 

instrument, as it might not be possible to reach the high vacuum needed for the operation 

of the microscope (10^-11

2. Menisci formation. The film blotting procedure might cause a thickness gradient 

across the holey polymer grid. As Hansen et al. (1993) have reported, depending on the 

amount of dispersion in the grid holes after blotting, different menisci might be formed; 

biconcave, biconvex or biplanar [69]. In biconcave menisci, surface tension effects cause 

segregation of particles towards the outer edge of the sample hole [69]. On the contrary, 

biplanar and biconvex menisci form thicker films that do not cause particle segregation, 

but a more uniform distribution of particles in the hole [69]. 

Torr) [68]. It might be also possible to induce severe problems on 

the pumping system [16].  

3. Radiation damage and low contrast. Radiation damage is caused by electrons 

impinging on the sample. This process generates heat and free radicals [69]. As mentioned 

in [69], vitreous ice is 10 times more resistant to beam damage than crystalline ice. An 

explanation is that free radicals, which have been generated by the interaction of the 

electron beam with the sample, diffuse faster in the case of the amorphous ice compared to 

the crystalline ice, in which case (crystalline ice) they become trapped at crystal 

boundaries and the sample warms up. This is why ice crystallization should be avoided. 

One way to decrease electron beam damage is to operate the microscope in a dark room 
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(lights turned off) in order to decrease the electron beam current. A way to decrease 

radiation is by operating the microscope at low beam current (high acceleration voltage). 

This will ensure that the beam will neither heat the sample, nor distort the microstructures 

[69].  

  Regarding phase contrast enhancement, this is important for systems that exhibit 

low phase contrast, because of water presence, such as the surfactant/ water systems. In 

these systems, the microscope should be operated in slight defocus ([69], [16] and [48]). 

4. Instrument resolution. A very important parameter for the Cryo-TEM experiments 

is the microscope’s resolution. For the microscope that was used for the experiments, the 

resolution is less than 1 [nm] [68]. 

 

2.3.3. Macroscopic observation using cross-polarized light (concentration 

region 1 wt % - 30 wt %) 

2.3.3.1. Goal 

The macroscopic observation using cross-polarized light would help to: 

• determine the exact location of the solubility curve (identification of the 

transition temperature from solid crystals and micelles to neat micellar solution) 

• identify the presence of anisotropic crystals using cross-polarized light 

• define the concentration boundaries between the neat micellar solution 

(single phase region) and the two-phase region of liquid crystals coexisting with 

micelles 

 

2.3.3.2. Technique 

The description (Figure 2.3) starts from the light source (back) towards the camera 

(front):  

1. A uniform, white light beam is emitted from a regular light source (lamp). It is 

assumed that the horizontal level represents the reference plane and that the light bulb 

(source) has an inclination with respect to the horizontal level. The several light beams will 
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be scattered away from the source in a semi-circular fashion, towards the air. Apart from the 

beam that propagates along the horizontal level (parallel to the reference plane), the angle 

with respect to the horizontal level that all the other light beams form, beams which are 

transmitted from the light source (from the air) and become incident onto the glass surface of 

the water tank, is the same with the back reflecting angle, as Snell’s law governs the 

interaction of the media (air/glass and/or sample) with beams that come at an angle with 

respect to the horizontal level [70]. 

2. The light beam first passes through a polarizer. The polarizer is a glass filter that 

allows wavelengths that propagate along certain planes only, to pass through. 

3. Refraction 1. At the air/glass interface, Snell’s Law for refraction holds: 

n1/ n2 = sinθ2 /sinθ

where n

1 

1 and n2 are the refractive indices of air and glass, respectively [70]. The 

wavelengths of light propagate along different planes. Different planes have different 

refractive indices. The plane-polarized light arrives at the glass surface of the water tank, 

where part of it gets transmitted, another part of it gets refracted for the 1st

The angle of the light beam, which is formed between the horizontal axis and the 

incident light beam that passes through the air/glass surface, is larger compared to the 

analogous angle - with respect to the horizontal level - that the refracted beam forms. The 

refracted beam converges more towards the horizontal axis compared to the light beam that 

passes through the air/glass (water tank) surface. 

 time (air/glass 

refraction) and the remaining part of it gets back-reflected towards the air.  

4. Next refractions. On its way to the sample, the plane-polarized light that has been 

first refracted at the air/glass container interface (2nd refraction), passes through the glass 

container/tank water interface (3rd refraction). Next, the beam passes through the tank 

water/glass Pyrex® tube/sample interface (4th refraction) and finally this refracted 

plane-polarized light beam enters the sample. If the sample is anisotropic, it will exhibit 

birefringence. Birefringence is a physical property of materials that are optically anisotropic. 

The optical properties of anisotropic materials vary along different crystallographic 
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directions and the polarized beam is split in two wavelengths, where each wavelength 

propagates along a different crystallographic plane (these planes are perpendicular with each 

other).All liquid crystal phases but the cubic phase (the cubic phase is isotropic) are 

anisotropic. Solid crystals can also be anisotropic and therefore birefringent, as well. Some 

examples of inorganic birefringent solid crystals are the calcite [71] and the barium titanate 

(BaTiO3

 5. While propagating towards the camera, the two split light beams undergo several 

refractions (the reverse process with respect to step 4).  They undergo a 1

) [72], while an example of an anisotropic, organic birefringent solid crystal is a 

coordination polymer based on terpyridine and dicyanoaurate anion [73]. 

st refraction at the 

glass Pyrex ® tube/sample interface, then a 2nd refraction at the glass Pyrex ® tube/water 

tank interface, a 3rd refraction at the tank water/glass container interface and a 4th

6. When they are at the air and as they approach the camera, the two split light beams 

arrive at the analyzer (2

 one at the  

interface between glass and air.  

nd

7. The total, recombined beam (the two split beams that have been interfered 

constructively) arrives at the camera for visualization [74]. 

 polar filter). The analyzer, which is mounted on the camera, will 

recombine the two light beams into a single beam, according to constructive and destructive 

interference. Constructive interference means that wavelengths propagating with the same 

phase will add up in magnitude, while destructive means that waves out of phase will cancel 

out each other [74].  

8. If the structure is an anisotropic crystal, the sample will exhibit birefringence. 

 

Fig.2.3. Instrument setup of the macroscopic observations. Size scale: The height of the 

water tank is 8 [inches] and the width is 12 [inches]. 
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2.3.3.3. Materials and methods 

 Sample preparation: 

  The CsDS was synthesized by recrystallization of an aqueous CsCl solution with 

SDS (see 2.2.1.3) [16], [42]. The samples used in these experiments were manually 

ground CsDS crystals, inserted in Glass Pyrex® Tubes (Internal Diameter = 15 [mm], 

Length = 80[mm]). 

 Then, water was added at T = 25 [ºC] and the samples were sealed with screw caps. 

In certain cases, the sample preparation involved that the solid crystals be manually  

ground using a grinding mortar and pestle, by which process the solid crystal size would 

be more finely dispersed in water and this process would increase the chances that the 

system could approach thermodynamic equilibrium (See 5.2.2.) it is also likely that with 

increased dispersion in water, the solid crystal size have satisfied the powder limit in size, 

as well(particle size: 0.8 - 75 [μm]) [75].The powder limit is a necessary condition for the 

X-ray Diffraction experiments and is mainly discussed in sections 2.4.3 and 5.4.2., 5.7. 

and 5.9 The sealed tubes would be ready for visualization. 

Methods: 

 The tubes were submerged in a water tank at T = 25 [ºC]. The tank was connected with 

a heating source. An agitator had a spinning speed at 45 [rpm]. This ensured uniformity in 

the tank temperature. Cross-polarized light would used to check for birefringence (because 

of presence of anisotropic crystals in the samples).  

At this point, certain terms that are used throughout in the thesis are defined; these are 

the terms: ‘run’, ‘cycle’ and ‘set’. According to their usage throughout the thesis, a ‘cycle’ is 

the thermal protocol that was used for the samples. A ‘run’ is a single experimental session, 

at which at least one set was examined. A ‘set’ is the number of samples examined at each 

concentration, simultaneously. In cases where there was a single sample at a concentration, 

the terms ‘sample’ and ‘set’ coincide. 

Two different cycles of experiments have been included: 

The 1st cycle involved periodic heating and cooling (no seed added). In fact, a certain 



 48 

time needed to elapse for the temperature of the water tank to be the same as the temperature 

of the glass Pyrex® tube. Later on, however, this was taken into account. Both in the 

methods in Chapter 2 and in the results reported in Chapter 4, the actual sample temperatures 

as well as the water tank temperature have been included (see 4.2.1 and 5.2).   

In the 2nd

The differences between the 1

 cycle the samples were heated, at first. Then, they were cooled and seed was 

added in them. The samples were then heated again (in fact, this is the correct way for the 

system to approach thermodynamic equilibrium). The time needed to elapse, for the 

temperature difference between the water tank and the glass Pyrex® tube to become zero, 

has been taken into account. The temperatures that are mentioned for that cycle are the 

temperatures of the glass Pyrex® tube. 

st and the 2nd cycle are described in Chapter 5.2. The 

major difference, however, between the 1st and the 2nd cycle is the use of a tiny solid seed. 

The use of a seed helps to prove that the system has reached thermodynamic equilibrium (see 

4.2.1, 5.2.1). As mentioned previously in brief, in a more careful examination of the Krafft 

temperature for the 1st

By using the following constants: 

 heating cycle in the 5 wt % - 20 wt % concentration region, the 

estimation for the time needed for the center of the glass Pyrex ® tube to reach the 

temperature of the water tank was included. To find that time, dimensionless heat transfer 

charts were used (Heisler diagrams) [76]. The temperature field within the control volume of 

the glass tube is described as a function of the radial distance and time, T = T(r, t).The 

Pyrex® tube is considered an intersection of an infinite cylinder and an infinite slab. Using 

the Heisler Diagrams [76], the time is calculated for each object (once for the infinite 

cylinder and once for the infinite slab). Using superposition, the solution for the finite 

cylinder will be the product of the 2 above solutions. When the Fourier Number for the 

system at a certain dimensionless temperature Y is known, that time can be found.  

  Density = 1000 [kg /m3

  Cp = 4.05 [kJ/Kg] (thermal heat capacity of the medium - water) [77] 

] (density of water) [77] 

  R = 0.5 [cm] (radius of the glass tube) 
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  α= 1.36∙10^-3 [cm2 

the Biot Number and the dimensionless Temperature Y for the system were calculated. 

For these values, the time (either for the infinite slab or for the infinite cylinder) for the 

center of the control volume to reach the temperature of the water tank was estimated to be 

about 12’.  

/sec] = k /[density ∙ Cp] (thermal diffusivity of a glass) [78]  

As far as the time needed for the center of the sample to reach thermodynamic 

equilibrium at certain temperature, it is assumed that this time is about 30 minutes, after the 

center of the sample has reached the water tank temperature. 

The digital thermometer (thermometer ‘A’), which was used, had been bought at the 

stockroom of the Chemistry Department at the University of Minnesota. This thermometer 

had an accuracy of ±0.1 [ºC]. Before inserting in the water tank, thermometer ‘A’ measured 

the ambient temperature, at T = 25[ºC]. This measurement was compared with the 

temperature, measured by a thermometer in the ambient space (thermometer ‘B’). The 

measurements of the 2 thermometers were in good agreement. After having inserted 

thermometer ‘A’ and another thermometer (thermometer ‘C’) in the water tank, 

thermometers measured the temperatures within the following temperature regions: T < 25 

[ºC] and at T > 25 [ºC]. In either temperature region (at T < 25 [ºC] and at T > 25 [ºC]), the 

temperature, that was measured by either thermometer ‘A’ or ‘C’ simultaneously, was the 

same. The comparison between thermometers ‘A’, ‘B’ and ‘C‘, at different temperatures and 

different environments, showed that the indications of the thermometers match.  

Thermometer ‘A’ has also measured the temperature of an ice/water bath, a mixture 

where its temperature is a superior standard. Considering the thermometer’s accuracy of ±0.1 

[ºC], this thermometer measured the ice/water mixture within its accuracy (0.2±0.1 [ºC]). 

This effective comparison between the three thermometers, as well as the accuracy of 

thermometer ‘A’ in the determination of the ice/water bath temperature, are two facts that 

strengthen the support of the measurements of thermometer ‘A’  and, therefore, the findings 

of these experiments.  
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2.3.3.3.1. 1st

Concentration region: 5 wt % - 20 wt % CsDS 

 Cycle: periodic heating and cooling only (no seed added)  

A single run was performed, with one sample at every concentration 5 wt %, 10 wt %, 

15 wt % and 20 wt % CsDS. All 4 samples were thermally treated simultaneously. In this 

experiment, periodic cooling and heating were performed in this temperature region with the 

same heating and cooling rates. The samples were prepared at T = 25 [ºC] and they were 

submerged in the immersion bath, at T = 31±0.1 [ºC] (water tank temperature). Starting 

from T = 25 [ºC], the samples were heated with a large heating rate (0.2 [ºC/min]) up to T ~ 

31 [ºC] (solution temperature) and T = 34.2±0.1 [ºC] (water tank temperature). Then, a 

lower heating rate (0.05 [ºC/min]) was selected in the temperature region between T ~ 31 [ºC] 

(solution temperature) and T = 34.2±0.1 [ºC] (water tank temperature), to T ~ 35 [ºC] 

(solution temperature) and T = 38.2±0.1 [ºC] (water tank temperature).  

Concentration region: 25 wt % - 40 wt % CsDS 

The time needed for the temperature of the tank to be the same as the temperature of the 

glass Pyrex® tube, was taken into account. The samples started as solid crystals dissolved in 

water at T = 25 [ºC]. In this intermediate concentration region 25% wt - 40% wt CsDS, two 

independent sets were performed, each set consisted of one sample at every concentration; 

25%, 30%, 35%, 40 wt % CsDS.  

Concentration region: 45 wt % - 60 wt % CsDS 

The time needed for the temperature of the water tank to become the temperature of the 

glass Pyrex® tube was taken into account. Three independent sets have been performed, 

each set consisted of one sample at every concentration; 45%, 50% and 55 wt % CsDS. For 

the concentration 60 wt %, a single sample was examined in a different run. At T = 25 [ºC], 

all samples consisted of two phases (solid crystals and micelles), mainly solid crystals. The 

samples were heated from T = 26 [ºC] up to T = 39.2 [ºC], with a heating rate ofΔT/Δt = 

0.08 [ºC/min]. The heating rate to approach thermodynamic equilibrium was the same as the 

one used by Kekicheff et al. [2] in their findings for the SDS/water phase diagram.  
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2.3.3.3.2. 2nd

The 2

 Cycle: the correction by a tiny solid seed  

nd

1. A 1

 cycle involved: heating, cooling with seed addition and reheating. This protocol 

provides more chances for the system to approach thermodynamic equilibrium - which is a 

necessary condition to calculate the Krafft temperature at the corresponding concentration. 

The process is provided below: 

st

2. Cooling with seed addition; the sample was cooled to a certain temperature (T < T1). At 

that same temperature, the seed that had been added did not dissolve after certain time 

(~30’). 

 heating had a measured transition temperature T1 (candidate Krafft temperature) at 

which temperature the teeny tiny solid crystal has disappeared (at least for the macroscopic 

observation). 

3. A 2nd

The matching of the 2 temperatures with each other (T1 = T2), suggests that this temperature 

is indeed the Krafft temperature.  

 heating followed, where a transition temperature T2 was measured (at which 

temperature the teeny tiny solid crystal had disappeared). 

 

 

 

 

 

 

 

 

Fig.2.4. Thermodynamic equilibrium approach for the 2nd

 

 cycle. 

Concentration region 5 wt % - 20 wt % CsDS 

A single run was performed, with a set of three samples at every concentration; 5%, 

10%, 15% and 20 wt % CsDS. At T = 25 [ºC], the samples consisted of two coexisting 
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phases (solid crystals and micelles). The samples were heated with a rate of 0.2 [ºC/min], 

from T = 25 [ºC] to T = 37.5 [ºC]. At the last temperature, the sample stayed for 40’.  

The cooling rate that was used, was 0.05 [ºC/min], from 38 [ºC] down to 34.8 [ºC] and 

0.1 [ºC/min], from 34.8 [ºC] to 32 [ºC]. According to the protocol of Figure 2.4, the samples 

would reach a certain temperatures, lower than the transition temperature of the 1st

 

 heating 

treatment. At that same temperature, a seed would be added in all of them and they would 

stay at that temperature for a certain period of time (in these experiments, for example, the 

samples stayed at T = 34.8 [ºC] for 12’.). If the seed (that had been added) was dissolved at a 

certain temperature, the system would be cooled down by 1 [°C]. A new seed would be 

added and the sample would stay at that same temperature. This process would be repeated, 

until the seed was not dissolved. The mass of solid seed that had to be added, had to be small 

enough, so that the concentration of the CsDS/water system does not practically change. 

Indeed, the mass of the seed that was added, was in the order of 3 [mg] in all cases, while the 

mass of the solid crystals was about 20 [mg].The mass of the crystals, was an order of 

magnitude higher (see Appendix B). The heating rate was in the same order of magnitude 

with the one used by Kekicheff et al. [2] in their findings for the SDS/water phase diagram.  

Concentration region 25 wt % - 40 wt % CsDS 

 The thermal protocol was the same, as the one described above for the concentration 

region 5 wt % - 20 wt % CsDS. Assuming that the time for the seed to dissolve does not 

depend on the concentration, the waiting time at a certain temperature (to observe phase 

transitions and for the seed to dissolve) is the same with the lower concentration region 

between 5 wt % and 20 wt %. 

 

2.3.3.4. Limitations 

Some of the major limitations for the macroscopic experiments using cross-polarized 

light are: 

1. Sample impurity. 
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The CsDS impurity is a major concern for these macroscopic observations. The 

impurities could be due to the reagents, such as SDS (organic and/ or inorganic) or CsCl. 

Certain parameters could affect the sample’s concentration and its purity, such as improper 

screw cap sealing, drastic humidity changes (if the screw cap were loose) and dust and dirt 

from the outside environment. This example might be helpful to illustrate a case, when 

impurities might affect the sample: A glass tube, which had previously been washed with 

deionized water and had not been washed thoroughly, was inserted in an oven for several 

hours for the remaining water droplets to evaporate. When the glass tube was removed from 

an oven, water droplets might still be in the glass tube). The sample’s purity (and impurity) 

was first described in sections 2.2.1.2 and 2.2.1.3; sample purity is also discussed in sections 

5.5 and 7.6. 

2. Sample inhomogeneity. 

The sample has to be as homogeneous as possible. The dispersion of solid crystals in 

water is a parameter that can affect the approach of thermodynamic equilibrium for the 

system. The more finely dispersed the solid crystal in water, the faster the approach of 

thermodynamic equilibrium. A more elaborate analysis of the solid crystal dispersion in 

water follows in 5.2.2. 

3. Heating rate selection 

This is a very important independent variable. Only the proper selection of heating rate 

is going to provide representative results. There should be a balance between heating rate 

selection and experimental time. This has been shortly discussed in 2.3.3.3. and is thoroughly 

analyzed in 5.2.1. 

4. Temperature uniformity 

 The immersion bath temperature uniformity is necessary, in order for the results to be 

more reliable. As mentioned in 2.3.3.3, an agitator with a spinning speed of 45 [rpm] was 

used, to make sure that the temperature is uniform throughout the tank. A thermometer 

(thermometer C) was immersed in the tank to measure the temperature. The temperature of 

the sample was calculated, by correcting the water tank temperature, using the Heisler Charts 
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(mentioned in 2.3.3.3.) [76]. The reliability of the temperature measurements (using three 

independent thermometers), is discussed in section 2.3.3.3, as well.  

5. Surface roughness 

 No glass Pyrex® tube was deliberately scratched. Microcracks on the inner surface of 

the glass tube might enhance the effect of surface roughness of the glass tube on the 

observations. These microcracks create an interfacial area for nucleation and growth of a 

new solid phase. Unfortunately, this is a parameter that it is difficult to control. It is also 

difficult to have glass tubes with no internal surface roughness.  

 

2.3.4. X-ray diffraction analysis (Experiments performed by Torija M.J. and 

the results are provided by her permission) 

2.3.4.1. Goal 

The X-ray Diffractograms of the samples would help: 

• To examine the unit cell crystal structure of the purified CsDS samples (unheated, 

heated, superheated, supercooled) and the impure CsDS (Impurities in SDS that was used to 

synthesize CsDS, were mentioned in 2.2.1.2. and they are also analyzed in 5.5 and in 7.6). 

• By comparing the purified CsDS X-ray Diffractogram with the analogous 

Diffractogram of SDS, to deduce conclusions about similarities and/ or differences regarding 

the unit cell crystal structure of the 2 crystals. All the samples were tested at T = 25 [ºC]. 

• To examine whether possible impurities present in the impure CsDS, have affected 

its unit cell crystal structure compared to the purified CsDS (see 5.5, 7.6. and 2.2.1.2). 

• To check if the initially superheated and initially supercooled samples 

(macroscopically different samples) that have already been naturally cooled and warmed to T 

= 25 [ºC], respectively, represent metastable states or not. This can be done by comparing the 

diffractograms of all the purified CsDS samples. This would be the first step towards the 

identification of the unit cell crystal structure characteristics.  

Specifically, using some software (such as the software Jade, found at the 

Characterization Facility of the University of Minnesota, Minneapolis [79]), the information 
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provided by the X-ray diffractograms can help to identify the following information for the 

CsDS crystal:  

1.  Cell type (monoclinic, triclinic etc.) 

2.  Space group (C2, P1 etc.) 

3.  unit cell edges a, b, c  

4.  unit cell angles α, β, γ 

5.  ‘d’ spacing 

6.  Unit cell volume and density 

The set of X-ray Diffraction experiments have taken place at the Characterization 

Facility using the instrument Brucker –AXS MicroDiffractometer [79]. The reason why the 

MicroDiffractometer and not a regular powder diffractometer was used, was because of the 

small angle diffraction region that Kekicheff et al have suggested in their study of the 

SDS/water system [4].The same diffraction angle region was used for the CsDS samples.   

Two methods, which can be used to collect the data set of Intensity vs. 2·θ and the 

Debye rings at certain angles, are presented: 

1. The powder method [80]. 

2. The Debye - Scherrer method [81]. 

 

2.3.4.2.1. Technique 1 - The powder method 

1. CsDS crystals are ground to powder and are inserted in the center of a rotating stage 

[75].According to Torija M.J., ‘the instrument was a diffractometer with horizontal platform, 

area detector and collimator of 0.8 [mm] diameter.’ 

2. An X-ray beam is excited from a metal (copper) sealed tube with a certain voltage 

45 [kV] and certain electrical current intensity 40 [mA]. The X-ray beam passes through a 

crystalline monochromator where only the most abundant wavelength - Kα

3. The monochromated X-ray beam encounters the powder sample. The sample is 

rotated and the diffraction angles of the given material are measured. An area detector is used 

 - is allowed to 

pass through. Then, this wavelength is scattered towards the specimen.  
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to measure the diffracted beam intensity, at diffraction angles between 0 - 2·θ degrees, or, 

between 5° and 75° [81]. Following Torija M.J., ‘the frames are centered at 15 degrees.’ 

4. Diffractograms with coordinates Intensity vs. 2·θ are formed [81]. Based on the 

information provided by the diffractograms, the interplanar spacing d can be estimated, 

according to Bragg’s Law for a certain diffraction angle, θ: n · λ = 2 · d · sinθ [82]. 

 

 

 

 

 

 

 

Fig.2.5. The X-ray Diffraction technique for the Powder Method, reported by Alen T. [75]. 

The Figure has been reproduced with permission that has been granted from the Copyright 

Clearance Center Inc. (see Appendix G for permission) 

 

2.3.4.2.2. Technique 2: The Debye - Scherrer Method 

1. The crystalline sample is ground to powder. Then, the ground sample is inserted in a 

glass tube in the center of a Debye - Scherrer camera [75].  

2. Monochromated X-ray beam interacts with the sample and based on the orientation 

of the crystallographic planes, diffraction cones at certain diffraction angles (2·θ) are formed. 

3. The conical shape is based on the rotational symmetry of the diffraction for the 

crystals, as long as the Bragg’s law is satisfied for the certain angles [82].  

4. A circular film strip surrounding the particle exhibits the diffraction patterns as 

concentric rings. These rings are the result of the interaction of the light beam cones with the 

film. Rings are formed at planes, where constructive interference of wavelengths takes place 

(wavelengths diffracting at particular interplanar crystal spacing - dhkl

5. Debye rings are formed [80]. 

).  
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θ

specimen
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2.3.4.3. Materials and methods 

CsDS crystals for all five samples (purified and impure) were prepared by 

recrystallization [16], [51] (regarding purification mentioned in this thesis, see sections: 

2.2.1.2, 2.2.1.3, 5.5 and 7.6). The sample preparation differs between the four purified CsDS 

samples and the impure CsDS. For the purified samples, the purification included removal of 

possible impurities from SDS, as described in section 2.2.1.2. The SDS, which had been used 

in the synthesis of the impure CsDS, was not purified in ethanol. On the other hand, the 

purity of the SDS, which had been used in the synthesis of CsDS by aqueous 

recrystallization, was the one claimed by the vendor. The following steps have been the same 

for all five samples: 

1. SDS was dissolved in an aqueous solution of CsCl, where SDS was recrystallized 

into CsDS, as described in 2.2.1.3. 

2. The samples were brought at the Characterization Facility in glass Pyrex® tubes. 

From this point on, Torija M.J. at the Characterization Facility of the University of 

Minnesota performed the next steps of the experiment. The X-ray Diffraction analysis was 

performed at T = 25 [ºC], with a q range between 1.4 and 1.6. The quantity q is a 

dimensionless number called ‘wave vector’. This quantity (‘q’) indicates the propagation 

direction of the X-ray wavefront and is defined as the vector difference between the incident 

and the diffracted beam [83]. The parameter ‘q’ is used to interpret the particle size, dp, 

according to the following formula: q = 2 ∙ π ∙ λ/dp

 

 [83]. 

Table 2.2. Different concentrations and types of samples analyzed at the Bruker 

AXS-MicroDiffractometer. (The colors are simply a convention) [79].  

‘Red’ ‘Green’ ‘Yellow’ ‘Grey’ ‘Sample B’ 
45% 

liquid 
crystalline, 
unheated 

40% 
supercooled 
(candidate 

Metastable) 

40% 
superheated 
(Candidate 
Metastable) 

5% room 
temperature, solid 
crystals and water 

15 wt % 
Unheated 

Purified 
CsDS 

Purified 
CsDS 

Purified 
CsDS 

Purified CsDS 
Impure 

CsDS 
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2.3.4.4. Limitations 

1. Powder limit 

In order for the X–ray Diffraction experiment to succeed, any particle of the material under 

examination (on average) has to satisfy the powder limit. The powder limit range for a 

particle size is between 0.8 [μm] and 75[μm] [75]. 

2. Sample purity 

The purity of CsDS is a very fundamental parameter that should be concerned. The 

impurities could be organic and/or inorganic. The sample’s purity (and impurity) is discussed 

in 2.2.1.2, 2.2.1.3, 5.5 and 7.6. 

3. Sample inhomogeneity 

The sample has to be as homogeneous as possible, in order for the diffractogram to be 

representative. The dispersion of solid crystals in water is a parameter that can affect the 

approach of thermodynamic equilibrium. There is more elaborate analysis of the solid crystal 

dispersion, in 5.2.2. 

4. Instrument limitations 

The preselected 2·θ range where the diffractogram is obtained, is another limiting parameter 

of the instrument. It is possible that the 2·θ range that had been selected was not able to 

capture the whole spectra of the sample. This scattering angle regime has to be carefully 

selected in order to demonstrate the diffractogram of the crystal. 

 

2.3.5. Optical Microscope experiments (by the aid of Suszynski W., who helped in 

the design of the slide and who provided the polar filters) 

2.3.5.1. Goal 

A set of experiments was designed at the Coatings Process Fundamentals Laboratory at 

the University of Minnesota, with the help of the Research Engineer in charge of the 

Laboratory, Suszynski W. These experiments were performed, in order to: 

1. Observe multiple phase transitions of different samples representing a wider 

concentration region (5 wt% - 100 %wt). These samples were heated simultaneously with the 
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same heating rate, under a single glass slide (see method).  

2. Prove if anisotropic liquid crystals exist, in samples at the intermediate concentration 

region (30 wt % - 45 wt % CsDS). It should be verified if mosaic structures or other 

‘liquid-crystal’-type structures (representative of anisotropic materials) are formed [84], in  

proving that anisotropic liquid crystals exist or not, apart from checking the presence of 

birefringence through cross-polarized light. 

3. Double-check the transition temperatures that have been observed in the macroscopic 

experiment, for the solubility curve (concentration region: 1 wt% - 30 wt % CsDS). 

4. Get images of solid and liquid crystals of CsDS. 

2.3.5.2. Technique 

The optical microscope setup consisted of an optical microscope and a pair of polar 

filters; a polarizer and an analyzer. 

 

Fig.2.6. Optical microscope setup. 
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The operation setup is described below: 

1. A uniform, white light beam comes at an angle to the reference y-axis from the 

fiberoptic light illuminator and is shown in Figure 2.6. as a yellow beam.  

2. The light beam first passes through a polarizer. The polarizer is a glass filter that 

allows for wavelengths that propagate along certain planes only, to pass through. 

3. The plane-polarized light arrives at the glass surface. The interaction of the light 

beam with the media, whether the media is air, glass and/or sample, is governed by the 

Snell’s law [70]. The light wavelengths that propagate from the air towards the glass slide 

(the propagation direction forms a nonzero angle with respect to the y-axis) arrive at the 

air/glass interface. Since air and glass are different media, they have different refractive 

indices. A part of the transmitted beam gets back-reflected. Another part of the transmitted 

beam refracts through the glass.  

4. Part of the already refracted (at the air/glass interface) beam gets again back-reflected 

and refracted, at the glass/sample interface. If the sample is anisotropic, the back-reflected 

beam will split in two wavelengths that propagate along two different planes that are 

perpendicular with each other. Certain solid crystals are anisotropic, such as BaTiO3 

5. The rest part of the beam that has arrived at the air/glass interface, gets back-reflected. 

On the way to the CCD camera (see Method), these two light beams will undergo a 3

[72]. 

Also, all liquid crystal phases but the cubic phase, are anisotropic. In anisotropic materials, 

the optical properties of the material vary along certain crystallographic directions. The 

anisotropy of a material is also related to its birefringence. Birefringence means that the 

polarized beam, which has already interacted with an anisotropic sample, will back-reflect 

and split in two beams. These two beams (indicated with green and yellow colors in Figure 

2.6.) propagate along two different crystallographic planes on the sample that are 

perpendicular with each other (see the magnified image on the down-right part of Figure 2.6). 

The dotted black lines, which are located at the down-right image of Figure 2.6 represent the 

perpendicular axis (y-axis).  

nd 

refraction (and back-reflection) at the glass/sample interface and a 4th refraction (and 
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reflection) at the air/glass interface. As mentioned before, the corresponding light waves 

propagate along different planes. Since the planes are different, each plane is characterized 

by different refractive indices. 

6. The two split light beams will arrive at the analyzer (2nd

7. After constructive interference, the recombined beam (the superimposed beam of the 

two split beams) arrives at the microscope for visualization [74]. 

 polar filter). The analyzer is 

a light filter that recombines the two light beams into a single beam, according to 

constructive and destructive interference. Constructive interference means that wavelengths 

propagating with the same phase will add up in magnitude, while destructive means that 

waves out of phase will cancel out each other [74].  

8. If the observed structure is an anisotropic liquid crystal, characteristic patterns of 

anisotropic liquid crystals could be observed, such as fan-like structures [42], Schlieren 

textures and/or oily streaks [42] and mosaic texture [84].  

2.3.5.3. Materials and methods 

Sample preparation: 

1. The CsDS crystals were synthesized by recrystallization of an aqueous CsCl solution 

with SDS (see 2.2.1.2, 2.2.1.3, 5.5 and 7.6) [16], [51]. Both purified SDS and impure SDS 

was used to synthesize CsDS. 

2. The crystals were weighed on an analytical balance. They were deposited on a 5 [cm] 

x 5 [cm] sheet of paper. This is a typical paper with glossy texture that is used to weigh 

materials on an analytical balance and it has been bought at the Chemistry Stockroom at the 

University of Minnesota. The sheet of paper was folded to reduce its surface to one fourth of 

its initial surface and it was pressed using a hand fist, in order to smash the crystals into finer 

particles. This ‘smashing’ process lasted for about a minute.  

3. The ground solid crystals were inserted into the glass indentations of the glass slide 

that had been used for these experiments. Water was added in order to make the samples 

slurries. A glass stick was used to homogenize the dispersion adequately. 

4. The indentations with samples inside were covered by a glass slide.  
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Method: 

On the bottom of the assembly, a resistor wire (red box, in Figure 2.6) is sandwiched 

between two thin plastic films and forms a heater, according to Suszynski W. The resistor 

wire acts as a heating element. A thermocouple (insulated in a small silicone mold) was 

attached to the resistor wire heater, but not connected to the wire itself, as this would cause 

the current to flow from high voltage circuit to low voltage circuit, according to Suszynski W. 

and would consequently damage the heater control unit. The thin steel plate placed on top of 

the heater is used to uniformly distribute the generated heat to the samples. Right above the 

steel plate, small glass chambers with samples inside are located. The small glass chambers 

have been built on a standard microscope slide base by adhering to it (with epoxy) smaller, 

rectangular glass pieces. These pieces were roughly 2 [cm] in length and 0.5 [cm] in width. 

The samples in a slurry form were inserted into these chambers (glass indentations), as 

described in the sample preparation section. The heater and the thermocouple (red box, in 

Figure 2.6) are connected to the digital heater controller. The thermocouple provides steel 

plate top surface temperature feedback to the controller. The sample chambers are covered 

by a glass slide. The slide, which acts as an insulator that reduces heat loss, allows for the 

light to pass and provides optical access for observation. A fiberoptic light source is placed 

close to the samples. The light that is produced by the fiberoptic source goes through a 

fiberoptic guide. The guide end is mounted at a fixed incident angle and has a polarizer 

attached to it. 

2.3.5.4. Limitations 

1. Instrument resolution 

The light microscope’s resolution is 200[nm] [68]. So, particles with dimensions less 

than 200 [nm] cannot be visualized under the optical microscope. 

2. Sample purity 

The CsDS purity is a major concern. The impurities could be organic and/or inorganic. 

The sample’s purity (and impurity) is described in sections 2.2.1.2, 2.2.1.3.3 and is also 

discussed in 5.5 and in 7.6. In this experiment, however, the impure CsDS was also inserted 
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in the indentations for visualization. 

3. Sample inhomogeneity: 

Within the indentations, the suspension (slurry) has to be as homogeneous thin film as 

possible, in order for the measured temperature to be representative. As mentioned in all the 

experiments, the dispersion of the solid crystals in water is a parameter that can affect the 

approach of thermodynamic equilibrium for the system. There is more elaborate analysis of 

the solid crystal dispersion in 5.2.2. 

 

2.3.6. Small angle X-ray Scattering experiment (Experiments performed by 

Torija M.J. and the discussion is provided by her permission) 

2.3.6.1. Goal 

1. To check if some liquid crystal phase is present in a CsDS/water sample, at a certain 

temperature and concentration (T = 45 [ºC] and 32 wt % concentration).  

2. To identify the type of the liquid crystal phase (hexagonal, lamellar or other), if liquid 

crystal phase exists. 

 

 2.3.6.2. Technique 

The following schematic depicts the basic light scattering principle. An explanation of 

that schematic follows.   

        

k’

k

 

Fig.2.7. The X-ray Scattering concept. The original Figure has been reported by Paul F. 

Fewster [85]. The Figure has been reproduced with one-time and non-exclusive permission 

that has been granted from the World Scientific Publishing Company, Mrs. Ning Tu 

(ntu@wspc.com.sg) (see Appendix G for permission). 

1. Electrons are excited from certain orbitals of a metal (copper). These electrons 
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produce an unfiltered X-ray beam (black arrows). The beam interacts with the 

monochromator (indicated dark blue in Figure 2.7). The most abundant X-ray wavelength 

will pass through the monochromator and will be scattered. 

2. The monochromated X-ray beam interacts with the sample (indicated light blue in 

Figure 2.7). Some part of the beam is scattered after the interaction with the particle, while 

another part of it is not scattered (The wavevectors k’ are the ones with the maximum 

perpendicular deviation in direction with respect to the propagation direction of the 

unscattered wavevector k).  

3. After the interaction with the sample, the scattered beam travels in a flight tube. Then, 

the scattered and unscattered beams arrive at the 2-dimensional surface detector. A 

photomultiplier measures the intensity of the scattered X- ray beam [85]. 

4. The scattered electron beam is absorbed by the detector and a circular 2-dimensional 

projection (indicated bright orange in Figure 2.7.) of the scattered electron beam is formed. 

The scattered and unscattered electron beams (k’ and k respectively), the scattering 

wavevector q, the scattering angle θ and the particle size dp

           (ii) q = 4 · π · sinθ/λ [83] 

 are all related to each other with 

the following relations:                (i) q = k-k’ [83] 

      (iii) q = 2 · π/dp [83]

2.3.6.3. Materials and methods 

  

 Sample preparation: 

1. The purified (see 7.6, 5.5, 2.2.1.2. and 2.2.1.3.) CsDS crystals were synthesized by 

recrystallization of aqueous CsCl solution with SDS [16], [51]. 

2. A weighed quantity of crystals was added in a glass capillary of 1 [mm] diameter 

(provided by Charles Supper Company). Then, water was added at T = 25 [ºC] to reach the 

desired concentration of 32 wt % CsDS. At T = 25 [ºC], the system was heterogeneous (2 

phases).  

3. The sample was sealed with Teflon tape and was heated to a temperature higher than 

40 [ºC] instantly, with large heating rate (larger than 1 [ºC/min]). The reason for that heating 



 65 

was, as Torija M.J. had suggested, to check if the macroscopically two different phases 

would look different at T=25 [ºC], after the sample had already been cooled down to 

T=25[ºC]. The sample looked heterogeneous and biphasic, when it was cooled down again. 

4. The sealed, naturally cooled capillary was brought to the Characterization Facility at 

the University of Minnesota, at T=25 [ºC], where Torija M.J. performed the rest of the 

analysis at T=25 [ºC]. The idea was to re-heat the samples from T=25 [ºC] to a temperature 

higher than 40 [ºC].    

Methods (by permission of Torija M.J.) 

 The capillary was inserted in the Chamber of the SAXS instrument. The analysis was 

done at T = 25[ºC], with a q range between 1.4 and 1.6 (q = 2∙π/dp), where dp

The outcome of this attempt to identify the liquid crystal phase is discussed in section 

7.2, in the bounds of a future work. 

 is the particle 

size. A single sample was examined. The sample was heated from T = 25[ºC] to T > 50 [ºC] 

(the heating rate is unknown) for more than 45’. Intensity vs. 2·θ values for this sample were 

provided at T = 45[ºC], where the sample has stayed at that temperature for 45’ and 60’. 

 

 

2.3.6.4. Limitations 

1. Instrument limitation  

Data can be collected within the following 2·θ regime: between 0.10 and 15 degrees, 

depending on the detector to sample distance. This corresponds to structural features that 

span the dimension range between 0.25 and 80 [nm] [86].  

2. Sample homogeneity 

The sample has to be as homogeneous as possible, in order for the scattering data to be 

representative. The dispersion of solid crystals in water is a parameter that can affect the 

approach of thermodynamic equilibrium for the system. There is more elaborate analysis of 

the solid crystal dispersion in 5.2.2. 
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3. Powder limit 

When a crystal sample is analyzed, any particle of the material (on average) has to 

satisfy the powder limit. This would increase the reliability of the scattering data. As has 

been mentioned in 2.3.3.3, the particle size range is between 0.8 [μm] and 75[μm] [75]. 

4. Sample purity 

The CsDS purity is a major concern. The impurities could be organic and / or inorganic. 

The sample’s purity (and impurity) is discussed in 2.2.1.2, 2.2.1.3.3, 5.5 and in 7.6. 
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CHAPTER 3 

THE CsDS/WATER SYSTEM AND A DESCRIPTION OF 

THE SDS/WATER SYSTEM 
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3.1. Preface 

 

Chapter 3 presents the major experimental results that have been performed in order to 

investigate the phase behavior of the CsDS/water system. It also includes a brief report on 

some of the analogous features of the SDS/water system, where the SDS/water system is 

reported by Fontell et al., Kekicheff et al. [1], [2] and [3]. The results of the experiments by 

each method that was used to explore the CsDS/water phase behavior, are reported in 

Chapter 4 and are analyzed in Chapters 5 (Discussion) and 7 (Ongoing work and future 

perspectives). The CsDS/water phase diagram follows a brief discussion that explains the 

various structures depicted.  

 

3.2. The CsDS/water phase diagram 

 

Figure 3.1 includes almost all the structures that have been observed at various temperatures 

and concentrations, with the analogous characterization techniques that were used. 

 

Fig.3.1. The CsDS/water phase diagram [16]. 
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Specifically, the macroscopic observations with cross-polarized light in the 

concentration region 5 wt % - 30 wt % CsDS have resulted in the solubility curve estimation 

(transition of CsDS solid crystals and water to isotropic micellar solution). The solubility 

curve is relatively flat at temperatures around 33 [ºC]. The standard deviation in the 

solubility curve is calculated with respect to the average of the transition temperatures at a 

certain concentration, for a single heating cycle. The system at temperatures between 25 [ºC] 

and 33[ºC] is represented by the solid crystal and water as a two-phase region (blue legend - 

The photograph was captured at T = 25 [°C]). 

At temperatures higher than 33 [ºC] and in the concentration region 5 wt % - 30 wt % 

CsDS, the system is in the region of one-phase isotropic micellar solution. Using Cryo-TEM 

(by permission of Arunagirinathan, M.A.; Bellare, J.R. who operated the instrument), 

ellipsoidal and threadlike nanostructures have been observed (bright pink legend-TEM 

images captured at T=33 [°C]). The ellipsoidal structures had the following characteristic 

dimensions: semi-major axis: 7 [nm] and semi–minor axis: 5 [nm] and the threadlike 

structures had a diameter of about 15 [nm] [16]. 

At temperatures higher than 34 [ºC] and in the concentration region 30 wt % - 45 wt% 

CsDS, the results of the macroscopic experiments with cross-polarized light suggest that the 

system lies in a two-phase region, where micelles coexist with some birefringent crystal 

phase. All birefringent phases that have been observed macroscopically with cross-polarized 

light should probably be liquid crystals and not some anisotropic solid crystals. The 

arguments that the birefringent phase and is a liquid crystal – and not a solid crystal - are 

several. First, this birefringent crystal appears macroscopically the same for temperatures 

higher than 34 [°C], up to more than 50 [°C]. Second, for heating rates higher than 0.2 

[°C/min] in a different concentration region (less than 30 wt %), the same birefringent 

structures have also appeared, macroscopically. These structures, however, shrink over the 

time, when the system stays for certain time at certain temperatures (see 5.2.1.1 and 5.9). So, 

these birefringent structures do not represent a stable phase in the concentration region less 

than 30 wt %. Third, it is less likely for birefringent solid crystals to have appeared in these 
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temperatures examined (lower than 50 [°C]). Arguments to support the 3rd

In the concentration region 30 wt % - 45 wt% CsDS, the exact concentration 

boundaries of the two-phase region of liquid crystals and micelles have not exactly been 

identified. This is suggested to be part of a future study. At 40 wt % (yellow legend - The 

photograph was captured at T = 25 [°C]) the figure represents a sample that looked relatively 

viscous by naked eye when the photograph was captured (at T = 25 [°C]) but had been 

treated as follows: It had been initially superheated (the heating rate was larger than 0.2 

[ºC/min] from T = 25 [°C] to T = 55 [°C]). After natural cooling to T = 25 [°C], the sample 

looked relatively viscous. Then, a solid CsDS seed was inserted. At T = 25 [°C] and at the 

same concentration (~40 wt %), an initially supercooled sample (brown legend) is also 

depicted. The sample had been heated to 55 [°C] with heating rate 0.2 [ºC/min]. Then, the 

sample was cooled faster than 0.2 [ºC/min] to 0 [°C]. Finally, it was left to warm up naturally 

at T = 25 [°C]) (The photograph with the brown legend was captured at T = 25 [°C]). 

 reason can be 

found in the analogous SDS/water system, where for the analogous concentration and 

temperature region, only anisotropic liquid crystals have been reported [1], [2] and [3]. 

Therefore, the already observed birefringent crystals in the CsDS/water system should 

represent some liquid crystal structures. Finally, the optical microscope experiments with 

cross-polarized light were performed in order to prove the existence of birefringent liquid 

crystals. These experiments are discussed in section 7.3.  

At temperature higher than 37 [°C] and at concentrations higher than 45 wt % CsDS, 

birefringent (most likely liquid) crystal sample (green legend) appears. A more elaborate 

discussion on the CsDS/water system and its comparison with the analogous features of the 

SDS/water system follow in section 5.9. 

Figure 3.1 does not include the results of the XRD, the SAXS and the optical 

microscope experiments. Both the results of the XRD experiments and some images 

captured by the optical microscope experiments are presented in Chapter 4. Discussion about 

all the experimental findings follows in Chapters 5, 6 and 7.   
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3.3. The SDS/water phase diagram (the features of the SDS/water phase 

diagram have first been reported by Fontell et al. and Kekicheff et al.) [1],[2] 

and [3] 

 

Below are presented certain features of the SDS/water phase diagram, which has been 

reported by Kekicheff et al. and Fontell et al. [1], [2] and [3]. Section 3.3 includes the results 

of a Cryo-TEM experiment that was designed to interpret the micellar nanostructures formed 

by the SDS/water system, in a 0.3 [M] solution. The experiment was done by 

Arunagirinathan, M.A.; Bellare, J.R. and the permission to use the material was granted by 

Arunagirinathan, M.A.; Bellare, J.R. [16]. 

 

Fig.3.2. The SDS/water phase diagram reported by Fontell et al [1]. The Figure has been 

reproduced with permission that has been granted from Taylor and Francis Group and the 

Copyright Clearance Center Inc. (see Appendix G for permission) 
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Fig.3.3. The SDS/water phase diagram, as it has been reported by Kekicheff et al [2]. The 

Figure has been reproduced with permission that has been granted from Taylor and Francis 

Group and the Copyright Clearance Center Inc. (see Appendix G for permission) 

 

Seven certain features of the SDS/water system as they were explored by Kekicheff et 

al. and Fontell et al. are presented below. These features do not include part of this thesis’ 

exploration and the sentences that are provided, were used to describe these features. They 

have been included in order to be compared briefly with the analogous features of the 

CsDS/water system, a system which has been explored with the experiments of this thesis. 

  

1. Solubility curve and Krafft temperatures; concentration region 1 wt % - 35 wt % SDS; 

reported by Fontell et al. [1]  

The Krafft temperatures for concentrations less than 25 wt % are lower than 25[ºC]. Table 

3.1 presents these temperatures at the corresponding concentrations. These temperatures 

have been interpolated from the data provided by Fontell et al [1]. As far as the solubility 

curve is concerned, which separates the isotropic micellar region from the anisotropic 

two-phase micellar and solid crystal region, this exhibits a non-zero slope. As concentration 

increases, the Krafft temperature increases as well. 
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Table 3.1. Krafft temperatures for the 5 wt % - 25 wt % concentration region [1] 

wt % SDS T [ºC] 

5% 18 

10% 20 

15% 21.5 

20% 23  

25% 23.5  

 

2. Solid crystal structure at temperatures below 19 [ºC]; concentration region 1 wt % - 70 

wt% SDS; reported by Kekicheff et al. [2].  

For temperatures between 19 [ºC] and 10 [ºC] and in the concentration region 1-70 wt % 

SDS, the system forms micelles and solid crystals with hydrophobic environment and 

hydrophilic core (C2

 

) [2]. Crystal polymorph transitions - transformations between solid 

crystals with differences in their unit cell crystal structure - as well as the actual transition 

temperatures were both measured using High Sensitivity Differential Scanning Calorimetry 

[2], [3].  

3. Micellar nanostructures of the SDS/water system; concentration region 1 – 35 wt % SDS 

[16] 

 Cryo-TEM experiments have been conducted by Bellare J.R. and Arunagirinathan M.A. [16] 

for a 0.3 [M] SDS solution and the following VITROBOT parameters: Temperature = 30 [ºC] 

and Relative Humidity = 100 %. As shown in Figure 3.4, regular spherical micelles of 5 [nm] 

diameters have been observed [16]. The Krafft temperature for this concentration is about 19 

[ºC] [1]. 
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Fig.3.4. 8 wt % SDS solution forming spherical micelles. Size scale: 100 [nm]. Cryo-TEM 

image has been reproduced with permission from both Bellare J.R. and Arunagirinathan M.A. 

who both performed the experiments, as well as operated the instrument [16]. 

 

4. Intermediate concentration region; 35 wt % - 40 wt % SDS [2]   

At temperatures higher than 25 [ºC], the system lies in an anisotropic two-phase region; 

hexagonal phase with liquid-like core (Hα) coexists with a micellar phase. At temperatures 

lower than 25 [ºC], a two-phase system exists, C2

 

 solid crystals and micelles. This 

description is based on the data provided by High Sensitivity Differential Scanning 

Calorimetry [2]. 

5. Concentrations between 40 wt % and 55 wt % SDS; studies reported by Kekicheff et al. [2] 

and [3] 

At temperatures higher than 30 [ºC], the system forms hexagonal phase with liquid-like core 

(Hα). The transition enthalpies have been calculated, using High Sensitivity Differential 

Scanning Calorimetry [2]. At concentrations higher than 48 wt % SDS, the same authors 

have explored the phase transitions using X-ray Diffraction and as Deuterium Nuclear 

Magnetic Resonance [3]. Deuterium Nuclear Magnetic Resonance is used to identify the 

anisotropy of the material. The deuterium nucleus has a quadrupole moment, which interacts 

with the nuclear electrical environment and perturbs the energy levels of the nuclei [3]. In a 

DMR spectrum - plotted as Intensity vs. Frequency -, the quadrupole of an anisotropic phase 
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will be split in 2 distinct peaks. This quadrupole appearance is true for all liquid crystal 

phases but the cubic. The cubic, is a highly viscous, isotropic phase, which gives a single 

peak in its DMR spectrum [3].  

 

6. Concentrations higher than 55 wt %; studies reported by Kekicheff et al. [2], [3] 

At temperatures higher than 30 [ºC], the system forms intermediate mesophases with 

liquid-like core; mesomorphous Mα, rhombohedral Rα, tetrahedral Tα, cubic Qα. The 

temperatures, where the phase transitions took place, were obtained using High Sensitivity 

Differential Scanning Calorimetry – all these experiments were conducted by Kekicheff et al. 

[2]. The same authors also conducted X-ray Diffraction experiments, to identify the 

concentrations and temperatures, at which phase transitions occur [3]. As the concentration 

of surfactant in the system increases to values higher than 60 wt %, lamellar phase with 

liquid-like core appears (Lα

 

).  

7. Crystal polymorphs - Different unit cell crystal structures [2], [3]  

High Sensitivity Differential Scanning Calorimetry was used by Kekicheff et al. to measure 

the transition temperatures precisely, for the case of different polymorphs for SDS [2]. As 

mentioned before, the polymorphs are solid crystals with variable degree of spatial ordering 

of the unit cell crystal structure. These include: Cx, C1/8, C1/8’, C1’, C1’’, C1’’’, Cx’, Cx’’, 

Cx’’’, C2’, C2’’, C2

 

’’’. The superscripts (primes) refer to different unit cell classes, while the 

subscripts refer to different degrees of hydration in the unit cell crystal structure. 
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CHAPTER 4 

RESULTS OF THE EXPERIMENTS FOR THE 

CsDS/WATER SYSTEM 
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4.1. Preface 

 

This chapter includes the results of the experimental methods and the materials used to 

explore the phase behavior of the CsDS/water system. At first, the results of the macroscopic 

observation with cross-polarized light are presented. Then, follow the results of the 

Cryo-TEM images of the CsDS/water solution at concentration close to the concentration of 

the SDS/water system -0.3 [M] [16] (see section 3.3). Consecutively, the results of the 

following techniques are presented, namely the X-ray Diffraction, Optical Microscopy and 

Small Angle X-ray Scattering. 

 

4.2. Results 

 

4.2.1. Results on the macroscopic observation with cross-polarized light. 

Solubility curve and Krafft temperatures (concentration region 1 wt % - 40 wt %); 

macroscopic experiments.  

     As mentioned in Chapter 2 (2.3.3.3), two different cycles (thermal protocols) of 

experiments were performed: 

1st

2

 cycle: The samples were periodically heated and cooled (no seed was added). 

nd

It is more likely that the 2

 cycle: The samples had been heated at first. Then, they were cooled and a seed was 

added. The samples were then reheated.  

nd cycle has approached thermodynamic equilibrium. Both 

results of the 1st and the 2nd

 

 cycle are presented, for comparison.  

4.2.1.1. 1st

In this experiment, the samples were periodically heated and cooled in this temperature 

region with the same heating and cooling rates. For this cycle, as mentioned in the 2

 Cycle - Periodic heating and cooling only (no seed added) 

nd 

chapter, tables 4.1 and 4.2 report data referring to the sample temperature and to the water 

bath temperature, respectively. The samples were submerged in the immersion bath, with 



 78 

immersion bath temperature at T = 31±0.1 [ºC]. Starting from T = 25 [ºC], the samples were 

heated with a large heating rate (0.2 [ºC/min]) up to solution temperature of T = 31±0.1 [ºC] 

and a water tank temperature of T = 34.2±0.1 [ºC]. Then, a lower heating rate (0.05 

[ºC/min]) was selected for the following temperature region: 

• solution temperature of T = 31±0.1 [ºC] and water tank temperature at T = 34.2±

0.1 [ºC]  

• solution temperature of T = 35±0.1 [ºC] and water tank temperature at T = 38.2±

0.1 [ºC].  

For the given heating rates, it was possible to observe liquid crystal phase up to the 

solution temperature of T = 34.5±0.1 [ºC] and water tank temperature of T = 37.5±0.1 [ºC]. 

The sample had stayed at that temperature for about 9 minutes, before becoming a neat 

solution. 

 

Fig.4.1. Solubility curve estimations in the region of 5 wt % - 20 wt % pure CsDS, for the 1st

 

 

Cycle (water tank temperatures). 

In these experiments, transition was only observed during the 1st heating process (1st 

disappearance of the solid crystals). In any other cooling or heating process of the same 

cycle, it was not possible to observe transitions. This suggests that the cooling rates used 

have been too large for the sample to approach thermodynamic equilibrium. Heating rates in 
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the range 0.2-0.5 [ºC/min] allowed the observation of liquid crystalline intermediates. These 

intermediate liquid crystals can dissolve after the end of the experiment into a neat micellar 

solution. In some cases, these intermediate liquid crystals might not disappear (5.2.1.1). In 

all thermal treatments demonstrated in Figure 4.1, the samples were first heated fast from T 

= 25 [ºC] up to T = 36 [ºC] (~0.2 [ºC/min]). Then, they were slowly heated (~0.02-0.05 

[ºC/min]) between 36[ºC] and 40 [ºC]. 

Comments and differences between the first four thermal treatments and the fifth 

thermal treatment are presented in the following tables; table 4.1 and table 4.2 depict the 

comments, while tables 4.3. and 4.4. depict the differences. 

 

Table 4.1. Heating and cooling rates for the 1st cycle with comments; water tank 

temperatures 
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Table 4.2. Heating and cooling rates of the 1st

 

 cycle with comments; sample temperatures 

 

 

 

 

 

 

 

 

 

 



 81 

Table 4.3. Differences between the 1st-4th thermal treatment and the 5th treatment (1st

1

 cycle); 

water tank temperatures 

st- 4th 5 thermal treatment th thermal treatment 

 Fast heating up to 35 [ºC] (~0.2 

[ºC/min]) 

 Slow heating/cooling rates 

(~0.05[ºC/min]) 

 Stayed at 35.9 [ºC] for 9’; 

intermediates observed. 

 Easier to check the solubility 

temperatures while heating. 

 Fast heating up to 35 [ºC] (~0.2 

[ºC/min]) 

 Starting from 35 [ºC] and rising up 

1 [ºC] each time, the sample stays at each 

temperature for a period of 20’; slower 

heating and similar cooling rates (~0.006 and 

0.02[ºC/min], respectively). 

 Stayed at 35.9 [ºC] for 30’; 

intermediates observed. 

 Easier to check the solubility 

temperatures while heating. 

 

Table 4.4. Differences between the 1st-4th thermal treatment and the 5th thermal treatment (1st

1

 

cycle); sample temperatures 

st- 4th 5 thermal treatment th thermal treatment 

 Fast heating up to 32 [ºC] (~0.2 

[ºC/min]) 

 Slow heating/cooling rates 

(~0.05[ºC/min]) 

 Stayed at 35.9 [ºC] for 9’; 

intermediates observed. 

 Easier to check the solubility 

temperatures while heating. 

 Fast heating up to 32 [ºC] (~0.2 
[ºC/min]) 

 Starting from 32 [ºC] and rising up 
1 [ºC] each time, the sample stays at each 
temperature for a period of 20’; slower 
heating/similar cooling rates (~0.006 and 
0.02[ºC/min], respectively). 

 Stayed at 35.9 [ºC] for 30’; 
intermediates observed. 

 Easier to check the solubility 
temperatures while heating. 
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Concentration region: 25 wt % - 40 wt % (1st

Two runs were performed. Each run consisted of a set of 3 independent samples-one 

set at each concentration. The process involved only heating, neither cooling nor seed 

addition. These measurements of 1

 cycle):  

st

The transition temperatures observed by the 2

 cycle in the concentration region 25 wt % - 40 wt % 

CsDS have suggested that the transition temperature from solid crystals and micelles to a 

neat micellar solution - or micellar solution in coexistence with liquid crystals - should be 

around 35 [ºC].  

nd cycle are much lower than those 

which have been estimated by the 1st cycle. The use of a seed serves to locate the Krafft 

temperature and prove that the system has reached thermodynamic equilibrium. As will be 

shown below, the temperatures indicated by the 2nd cycle are lower than those which have 

been estimated by the 1st

 

 cycle. 

Concentration region: 45 wt % - 60 wt % CsDS (1st

At room temperature, the samples consisted of 2 phases -solid crystals dissolved in 

water. What has been observed through the macroscopic observation with cross-polarized 

light in all these samples (heated according to 1

 cycle): 

st

The macroscopic observation with cross-polarized light did not provide evidence 

about the specific type of the liquid crystal in that region (whether it is hexagonal, lamellar, 

or some other phase).The crystal looked birefringent when the sample was heated. This 

indicates that this phase cannot be cubic. Small Angle X-ray Scattering (SAXS) was used to 

examine the liquid crystal structure type in that concentration of the phase diagram. A 

relative discussion follows in section 7.2. 

 cycle), is that a transition starts at T=35±1 

[ºC], where liquid crystals appear on the boundary of solid crystals. When the samples were 

heated, they looked birefringent and relatively viscous (when the tubes were tilted, the 

suspension did not flow). This suggests that in the concentration region 45 wt % - 55 wt % 

CsDS, the samples belong to some pure liquid crystal state. 
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Table 4.5. 25 wt % - 40 wt % CsDS region. Candidate Krafft T [ºC] without seed addition 

 

4.2.1.2. 2nd

All the temperatures reported for the 2

 cycle -The correction by a tiny solid seed 

nd

A low enough heating rate (0.08[°C/min]) was used in the sodium dodecyl sulphate 

system, so that the system approaches thermodynamic equilibrium [1], [2]. The selection of a 

proper heating rate is very important at temperatures around the Krafft temperature, for the 

system to reach thermodynamic equilibrium. 

 cycle, correspond to the temperature in the 

center of the glass tube (sample temperature). For the concentration region 1 wt % - 40 wt % 

CsDS, the results of this cycle of experiments suggest that the solubility curve is a flat line 

with respect to the concentration, at temperature 33±1 [ºC].  

Run   wt % CsDS before seed   T1 [°C] / Candidate Krafft  

Temperatures 

  

(1 st   cycle)   
s   

  (1 st   run)   
  

25   3 3.7±0.1   
33.4±0.1   
33.4±0.1   

30   33.7±0.1   
34.3±0.1   
34.4±0.1   

35   33.7±0.1   
34.1±0.1   
34.4±0.1   

40   33.7±0.1   
34.1±0.1   
34.4±0.1   

  (2 nd   run)   25   34±0.1   
34±0.1   
34±0.1   

30   34±0.1   
34±0.1   
34±0.1   

35   34±0.1   
35.7±0.1   
35.7±0.1   

40   34±0.1   
35.7±0.1   
35.7±0.1   
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 Section 5.2.1 includes a more elaborate discussion about how important it is to select 

carefully the heating rate. The heating rate selection can influence the corresponding 

appearance of the system. 

 

Concentration region: 5 wt % - 20 wt % CsDS (2nd

Some of the description has been included in Chapter 2 (materials and methods). The 

samples were heated with a rate of 0.2 [ºC/min], from 25 [ºC] up to 37.5 [ºC]. The sample 

stayed at T= 37.5 [ºC] for 40’. In these experiments, the onset of a thin boundary of liquid 

crystal on the solid crystals appears at T_sample = 33.2 [ºC] (for T_tank = 34.7 [ºC]). At 

about 33.2 [ºC], the liquid crystal disappeared in all the samples that were examined. So, a 

candidate Krafft temperature is T = 33.2 [ºC]. 

 cycle) 

A cooling rate of 0.05 [ºC/min] was used between 38 [ºC] and 34.8 [ºC]. The samples 

stayed at that temperature for 12’ and then seed was added in all of them. The seed mass 

added was very small compared to the mass of crystals in the sample.  

The seed mass was on the order of 3 [mg], while the mass of the solid crystals was 

about 20 [mg] - an order of magnitude higher). The samples remained at T = 34 [ºC], for 

about 3 hours. The seeds were completely dissolved in the samples. Then, the samples were 

cooled down to 32 [ºC] with a cooling rate of 0.1 [ºC/min] and stayed there for 12’. A seed 

was added in all of them and they stayed there for 1 hour. The crystals first remained 

undissolved, at T = 31.8 [ºC]. This indicates that this temperature was close to the Krafft 

temperature for the given concentration.  

A final heating cycle was performed, in order to verify that the candidate temperature 

is indeed the Krafft temperature. The water tank was heated from 31.8 [ºC] to 32.7 [ºC], with 

a heating rate of 0.05 [ºC/min]. Then, the water tank remained at 32.7 [ºC] for 16’ and then 

heated up to 32.9 [ºC], where it remained for 50 minutes. Then, the tank was heated with 0.1 

[ºC/min] up to 33.2 [ºC], where it remained for another 25’.The crystals dissolved in all the 

samples, with a small deviation in temperature, for the concentrations. 

Table 4.6 includes the estimated Krafft temperatures for the sets of 3 independent 
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samples at every concentration, in the region 5 wt % - 20 wt % CsDS. As can be seen in 

Figure 4.2, the Krafft temperature difference between the 1st heating and the 2nd

 

 heating 

(after cooling, where seed was added) is less than 1 [ºC]. This is not a significant difference, 

considering the fact that this is the first estimation of the solubility curve of the CsDS/water 

system that is reported so far. 

Table 4.6. Krafft temperatures of the 3 independent samples at each concentration, before 

and after the addition of the seed. Concentration region 5 wt % - 20 wt % CsDS 

 

  
Run   % wt CsDS_  

before seed  

addition   

Seed addition   Candidate Krafft   
T [°C], 3 samples  

       

Candidat

Krafft   
T [°C] after  

seed 

3 samples   
(1 st   run)   

  

5   Seed added at  

31.8±0.1 [°C]   

  

33.2±0.1   Between   
31.8 ± 0.1   and   

32.4 ±0.1   
5   Seed added at  

31.8±0.1[°C]   

33.2±0.1   Between   
31.8 ± 0.1  and   

32.4 ±0.1   
5   Seed added at  

31.8±0.1[°C]   

33.2±0.1   Between  

31.8 ± 0.1  and   
32.4 ± 0.1   

10   Seed added   33.2±0.1   32.4 ±0.1   
10   Seed added   33.2±0.1   3 2.4 ±0.1   
10   Seed added   33.2±0.1   32.4 ±0.1   
15   Seed added   33.2±0.1   32.7 ±0.1   
15   Seed added   33.2±0.1   32.7 ±0.1   
15   Seed added   33.2±0.1   32.7 ±0.1   
20   Seed added   33.2±0.1   32.9 ±0.1   
20   Seed added   33.2±0.1   33.2 ±0.1   
20   Seed added   33.2±0.1   33.2  ±0.1   
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Fig.4.2. Solubility curve estimation for the 5 wt % - 20 wt % CsDS concentration region. 3 

independent samples examined at each concentration and heated by the 2nd 

 

cycle. 

Figure 4.2 depicts the solubility curve estimation for the 5 wt% - 20 wt % region for 

the 3 independent samples. The Krafft temperatures that were found during the 1st heating, 

deviate less than 1 [º C] from the temperatures that were found during the 2nd

It can be suggested for the reheating (red squares in Figure 4.2), that the identification 

of the Krafft temperature of the 20 wt % CsDS sample has been more accurate. This is 

because the system has stayed long enough at a certain temperature to relax at its 

thermodynamic equilibrium (~30’). Also, heating rates between 0.2 and 0.5 [ºC/min] were 

used. These heating rates led to the formation of liquid crystalline intermediates, 

intermediates that can dissolve after the end of the experiment (giving place to a neat 

micellar solution). These liquid crystals might not always disappear (read about the 

intermediate liquid crystals in 5.2.1.1). 

 heating; after 

cooling and seed insertion. The solubility curve in the region 5 wt % - 20 wt % seems pretty 

flat, ((∆T)_max = (33.2-32) = 1.2 [ºC]) compared to the solubility curve for the SDS/water 

system in the same region of concentration (which has a positive slope as suggested by 

Fontell et al. [1] and Kekicheff et al. [2]).  
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Concentration region: 25 wt % - 40 wt % CsDS (2nd

The cooling with seed addition and reheating has ensured approach of thermodynamic 

equilibrium. Figure 4.3 depicts a typical example of a two – phase region of liquid crystals 

and micelles in this concentration region. 

 cycle) 

 

 

Fig.4.3. Typical appearance of two-phase coexistence (viscous structure and micellar phase) 

at T > 35 [°C].No cross–polarization. Size scale: the tube diameter is 15[mm]. 
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Table 4.7.Comments on the heating runs; 25 wt % - 40 wt % (2n 

 

cycle) 

 

 

R un   wt % CsDS   Seed  
addition   

Candidate Krafft ,   T  
[°C]      

3 sets   
  

(1 st   run)   
  

25   1 st   seed  
added at  
34.5±0.1 [°C]  
and dissolved.   

2 nd   seed  
added at  
32.5±0.1 [°C]  
and did not  
dissolve.   

  

33.7±0.1   

33.7±0.1   

32.6±0.1   

30   1 st   seed  
added at  
34.5±0.1 [°C]  
and dissolved.   

2 nd   seed  
added at  
32.5±0.1 [°C]  
and did not  
dissolve.   

33.7±0.1   

33.7±0.1   

33.2±0.1   

35   Seed  
added at  
31.8± 0.1 [ °C].   

33.5±0.1[°C] - pure  
micellar solution (14’   at  
33.8±0.1[°C])   

33.7±0.1 [°C]  - 
micellar & liquid crystal  
(14’ at 33.8±0.1 [°C])   

33.7 - pure liquid  
crystal (14’ at 33.8±0.1  
[°C])   

40   1 st   seed  
added at  
34.5±0.1 [°C]  
and dissolved.   

  

<35.8± 0.1 [ °C]  (one  
of the three samples is  
referred, as the other 2  
tubes were broken).   
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At concentrations between 30 % and 45 % wt CsDS and for temperatures higher than 

34±1 [ºC], the findings of either the 1st or the 2nd cycle suggest that there is a two-phase 

region of liquid crystals and micelles (The reasons why these structures are considered  

liquid crystals have been reported in section 3.2). This is suggested indirectly by the results 

of the through macroscopic observation with cross-polarized light. For 3 independent 

samples at 35% wt CsDS (all of which were heated according to the 2nd

The number of independent samples that need to be treated according to the 2

 cycle, one looked as 

a neat micellar solution, another one looked pure liquid crystalline and the last one looked as 

micellar solution with a tiny liquid crystal.  

nd cycle 

should be increased. This will increase the confidence about the findings in the region 25% 

wt - 40% wt CsDS. As the concentration increases from 35% wt to 45% wt, a trend in the 

transition temperature has been observed. This trend corresponds to an increase in the 

transition temperature of about 2 [ºC], from 34 [ºC] to 36 [ºC] over this concentration region 

(35% - 45%). It might be helpful to review the CsDS/water phase diagram in Chapter 3 at 

this point. At concentrations higher than 40% wt CsDS, the samples were treated according 

to the 1st

At concentrations higher than 45% wt CsDS, observations from some samples treated 

according to the 2

 cycle (heating only); the samples had a highly viscous, liquid crystalline appearance 

during the experiment (8 hours).  

nd cycle (1st heating, cooling and seed addition and 2nd heating) suggest that 

the system should form pure liquid crystal phase only (1 phase region) at temperatures about 

35±1 [ºC].Within the time frame of these experiments, no complete melting of the tiny solid 

crystal was observed. The observed transition temperatures, were the transition temperatures 

of the 1st

 

 heating cycle only (transition of solid crystals to liquid crystals). 

4.2.2. Cryo-TEM experiments; the micellar nanostructures (performed by 
Arunagirinathan M.A.; Bellare J.R.)  

The importance of the heating rate was first observed in the macroscopic observations 

with cross-polarized light. For the same reasons as presented in chapter 4.2.1, the heating 

rate during the sample preparation of Cryo-TEM is very important. It should be carefully 
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selected in order to observe the representative shape and size of the nanostructures. A 

discussion on the heating rate is presented in 5.2.1. 

 

 

 

 

 

 

  

 

Fig.4.4, left; Fig.4.5, right. Cryo-TEM images of a 0.34 [M] CsDS aqueous solution. The 

TEM images represent the same grid. (Sample Preparation: T = 35 [ºC] and Relative 

Humidity = 100%). Samples heated from T = 25 [ºC]. Scale size in either figure: 100 [nm] – 

The TEM images (Fig.4.4. and Fig.4.5.) have been reproduced with permission from 

Arunagirinathan M.A. who both performed the experiment and operated the instrument [16]. 

 

Figures 4.4 and 4.5 depict the observed nanostructures on the same grid for a 

CsDS/water solution at concentration 0.34 [M], using Cryo-TEM. At T = 25 [ºC], the system 

was an aqueous solution of solid crystals. Then, the sample was inserted in the VITROBOT, 

where the following parameters were used: T = 35 [ºC] and Relative Humidity =100 %. 

During that sample preparation session (see the sample preparation for the Cryo-TEM 

experiment in Chapter 2), the heating rate from T = 25 [ºC] to T = 35 [ºC] was not measured. 

  On the same grid, both ellipsoidal and threadlike structures were observed. This fact 

can be related to the selection of heating rate (see 5.2.1.). The ellipsoidal structures had a 

semi-major axis of 7 [nm] and a semi-minor axis 5 [nm]. The threadlike structures had a 

diameter of about 15 [nm] and their length varied from 200 [nm] to more than 1000 [nm].  
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4.2.3. Possible metastabilities and the results of the X-ray Diffraction 
experiments (X-ray diffraction experiments performed by Torija M.J.)  

 

At concentrations higher than 30 wt % CsDS, the system at T = 25 [ºC] looked as solid 

crystals dispersed in water. Heating and cooling rates higher than 0.2 [°C/min] resulted in   

the appearance of macroscopically different states of the samples. The dispersion of solid 

crystals in water has not been taken into account in these experiments. 

    

Fig.4.6. Possibility for metastabilities; size scale, tube diameter: 15 [mm]. No 

cross–polarized light was used. Left, unheated sample at T = 25 [ºC]; above in the middle, 

superheated (from T = 25 [ºC] to T = 55[ºC] with a heating rate higher or equal than 0.2 

[ºC/min] and then naturally cooled to T = 25 [ºC]); below in the middle, supercooled sample 

(heated from T = 25 [ºC] to T = 55[ºC] with a heating rate higher or equal than 0.2 [ºC/min]; 

then, cooled down to 0 [ºC] for an hour; then, warmed naturally at T  = 25 [ºC]) that had 

been naturally cooled to T = 25 [ºC]; right, sample already reversed to the initial state at T  

= 25 [ºC] (right).  

 

 Different macroscopic states were formed. These states were formed when the samples 

were:  

1. Had been heated up to 55 [ºC] at a heating rate higher or equal than 0.2 [ºC/min]. 

Then, they were left to cool down naturally to T = 25 [ºC] over long time and stayed there 

for more than 8 hours - superheated samples (above in the middle, Figure 4.6). 
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2. Had been heated up to 55 [ºC] at a heating rate higher or equal than 0.2 [ºC/min] 

(superheated samples). Then, left to cool down to T = 25 [ºC] naturally over long time and 

stayed there for more than 8 hours. The samples were then cooled down to 0 [ºC], for a 

period of an hour and then they were brought again at T = 25 [ºC] to warm naturally (below 

in the middle, Figure 4.6). 

3. Had been heated up to 55 [ºC] and directly cooled at 0 [ºC], for a period of a few 

minutes and then they were brought again at T = 25 [ºC] to warm naturally (also, below in 

the middle, Figure 4.6). 

 The system would remain in any of the three states for a long period of time; a week 

up to a month. After that time, there were cases that the system would not revert to the initial 

state. In other cases, the system would revert to the initial state, after a week. The samples 

were monitored frequently within the 8 hours of the experiments. After natural warm up, the 

samples were left at T = 25 [ºC] for another 8 hours. Then, they were observed again.  

 
Fig.4.7. Initially supercooled sample. Initially heated from T = 25 [ºC] to T = 55[ºC] with a 

heating rate higher or equal than 0.2 [ºC/min]. Then, the sample was cooled down to 0 [ºC] 

for an hour and then brought again at T = 25 [ºC] to warm naturally). Figure captured at T = 

25 [ºC] after natural warm - up. No cross–polarized light was used. Size scale, tube diameter: 

15 [mm]. 

 

 Figure 4.7 depicts the crystalline state for a sample that had been heated with the 

following temperature history” Initially, has been heated from 25 [ºC] to 55 [ºC] with a 

heating rate of 0.2 [ºC/min] and then, the sample would be either: 
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• cooled down naturally at 25 [ºC] for a period of 8 hours at first. Subsequently, 

cooled at 0 [ºC] for 1 hour, or 

• directly stored in the fridge for a period of 1 hour at 0 [ºC]. 

 

 
Fig.4.8. Initially superheated sample (from T = 25 [ºC] to T = 55[ºC] with a heating rate 

higher or equal than 0.2 [ºC/min] and then naturally cooled to T = 25 [ºC]). Figure captured 

at T = 25 [ºC] after natural cool down. Size scale, tube diameter: 15 [mm]. No 

cross–polarized light was used. Solid crystals form at the boundary of the seed.  

 

Figure 4.8 represents a sample which has been initially superheated and then left to 

cool down naturally to T = 25 [ºC] for a certain period of time; a week up to a month. At the 

time the figure was captured, the system had been perturbed by tiny solute addition 

(concentration). Within 8 hours after the addition of a tiny solid seed, a macroscopically 

different interface at the boundary of the solid crystal would have been created. It has been 

observed that dilution or addition of a tiny solid seed of nuclei (solvent and solute jumps, 

respectively [88], [89], [35], [36], [37], [87], [90]) would almost always return the system to 

the ‘initially-observed’ macroscopic appearance (unheated sample). 
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Fig.4.9. Solid crystals in aqueous solution (stable state) created by solute or solvent jump at 

a 10 wt % CsDS sample at T = 25 [ºC]. Size scale, tube diameter: 15 [mm]. No 

cross-polarized light was used. The figure was captured at T = 25 [ºC] [87], [88], [89]-[35], 

[21], [37], [90]). 

 

Figure 4.9 represents a system after it has been perturbed by dilution or addition of a tiny 

solid seed of nuclei (solvent and solute jumps, respectively [87], [88], [89]-[35], [36], [37], 

[90]) to the initially observed (unheated) macroscopic appearance.  

 This rarely has been observed to happen, in the cases of natural reverse without 

perturbation. Specifically, if no seed had been added into the sample, it has been observed 

that in some cases the sample would revert to the initially observed macroscopic state 

(natural reverse) and in other cases it would not. 

The different macroscopic appearance could lead to the following hypothesis: that the 

macroscopically different, thermally treated samples represent metastable states. X-ray 

Diffraction Experiments were carried out to examine if the samples that looked 

macroscopically different than the unheated sample (superheated and supercooled samples, 

respectively), represent metastable states or not.  

X- ray Diffraction Results 

Following Torija M.J., ‘the instrument that was used was a diffractometer with 

horizontal platform, area detector and collimator of 0.8 [mm] diameter. The X-ray source 
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was a Cu (copper) sealed tube with 45 [kV] and 40 [mA]. The frames were centered at 15 

degrees. As mentioned in chapter 2, the diffractograms I vs. 2·θ are a valuable source 

towards the identification of the unit cell structure. The Diffraction ring patterns (Debye 

rings) help to estimate how amorphous or crystalline the material is, as well as to have a 

qualitative estimation about the crystal size of the material. A larger crystal size would 

correspond to smaller number of crystals that may not satisfy the powder limit [75]. Large 

crystals favor the formation of a more weakly defined diffraction ring and following Torija 

M.J, ‘a lower concentration can favor the formation of a more weakly-defined Debye ring’.. 

These diffraction rings (Debye rings), which are presented in Figures 4.10 and 4.11, 

correspond to the dried byproduct of the following samples that are depicted in table 4.8. 

(regarding the discussion about the dried byproduct, see sections 5.4, 5.7 and 5.9). 

 

Table 4.8. Different concentrations and types of samples analyzed at the Bruker-AXS 

MicroDiffractometer. The color is simply a convention [79] 

‘Red’ ‘Green’  ‘Yellow’ ‘Grey’ ‘B sample’ 

45 wt %, 

liquid 

crystalline 

40 wt %, 

supercooled, pure 

- state 2b 

40 wt %, 

superheated, pure 

-state 2b 

5 wt %, 

unheated 

15 wt %, 

unheated 

Pure 

CsDS 

Pure CsDS Pure CsDS Pure 

CsDS 

Impure 

CsDS 

 

The Debye rings of the four purified (see 2.2.1.2, 2.2.1.3, 5.5 and 7.6.) CsDS samples 

and the one impure CsDS are presented next. 
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Fig.4.10. The Debye rings of the four purified (see 2.2.1.2. and 5.5.) CsDS samples at 

constant T, T=25 [ºC].Reproduced with permission from Torija M.J. 

 

As can be seen in Figure 4.10, the ‘grey’ sample is associated with a more weakly-defined 

diffraction ring. A reason for that is that the crystals might have a size that does not lie within 

the powder limit [75].This is discussed in 7.4 and 5.4.2.  

 

 

Fig.4.11. The Debye rings of the impure (see 2.2.1.2. and 5.5.) CsDS sample at T=25 [ºC]. 

Reproduced with permission from Torija M.J. 
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Similarly to the comments about Figure 4.10, the ‘B sample’ is also associated with a 

more weakly-defined diffraction ring. One reason for that might be that the crystal size does 

not lie within the powder limit [75].This is discussed in 7.4 and 5.4.2, as well. 

Compared to the other 3 samples, the 5 wt % purified CsDS solution at T= 25 [°C] 

(grey) and 15 wt % impure CsDS (‘B sample’) at T= 25 [°C] do not have well - defined 

diffraction (Debye) rings; they provided discontinuous rings, instead.  
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Fig.4.12. Diffractograms for the 5 wt % purified CsDS unheated sample, examined at 

T=25[ºC]. Reproduced with permission from Torija M.J. 

 

Table 4.9.Raw data for the unheated 5% wt purified CsDS sample. Reproduced with 

permission from Torija M.J. 
Peak Search Report (20 Peaks, Max P/N = 7.8) 
[silver_01.dif] grey <T=8.57> 
PEAK: 17(pts)/Parabolic Filter, Threshold=3.0, Cutoff=0.1%, BG=3/1.0, Peak-
Top=Summit 
2-Theta d(Å) BG Height H% Area A% FWHM 
3.943 22.3907 303 230 61.6 114.8 60.7 0.425 
4.180 21.1204 300 212 57.0 114.8 60.7 0.432 
7.937 11.1308 290 150 40.3 45.3 24.0 0.257 
11.771 7.5119 268 71 18.9 7.7 4.1 0.092 
12.851 6.8829 253 17 4.7 3.2 1.7 0.148 
15.506 5.7099 227 33 8.8 16.0 8.5 0.390 
18.625 4.7603 197 32 8.7 11.2 5.9 0.277 
20.062 4.4224 181 302 81.0 177.3 93.9 0.499 
20.422 4.3452 180 193 51.9 118.5 62.7 0.490 
21.536 4.1230 169 18 4.8 4.4 2.3 0.195 
23.099 3.8473 200 373 100.0 188.9 100.0 0.431 
23.983 3.7074 188 301 80.9 99.2 52.5 0.280 
25.499 3.4904 155 149 39.9 80.1 42.4 0.458 
26.306 3.3851 158 22 6.0 4.8 2.6 0.172 
27.460 3.2455 147 35 9.4 17.4 9.2 0.395 
28.280 3.1532 147 14 3.8 21.7 11.5 1.220 
28.663 3.1119 142 47 12.5 17.0 9.0 0.309 
30.905 2.8911 127 15 3.9 19.7 10.4 1.077 
31.382 2.8482 131 36 9.7 19.7 10.4 0.435 
32.297 2.7696 135 269 72.2 96.1 50.9 0.286  
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Fig.4.13. Diffractogram for the 15 wt % impure CsDS unheated sample, examined at 

T=25[ºC]. Reproduced with permission from Torija M.J. 

 

Table 4.10.Raw data for the 15% wt impure CsDS sample. Reproduced with permission 

from Torija M.J. 
Peak Search Report (15 Peaks, Max P/N = 9.6) 
[trans_01.dif] trans <T=8.57> 
PEAK: 19(pts)/Parabolic Filter, Threshold=3.0, Cutoff=0.1%, BG=3/1.0, Peak-
Top=Summit 
2-Theta d(Å) BG Height H% Area A% FWHM 
4.104 21.5132 301 96 19.3 19.9 6.4 0.176 
8.016 11.0204 273 23 4.7 6.5 2.1 0.221 
18.980 4.6720 182 66 13.3 9.6 3.1 0.123 
19.623 4.5203 170 17 3.4 3.1 1.0 0.145 
22.461 3.9551 152 58 11.6 79.9 25.5 1.168 
23.099 3.8474 156 110 22.0 78.7 25.1 0.608 
24.379 3.6481 175 500 100.0 313.4 100.0 0.533 
24.934 3.5682 215 139 27.7 103.2 32.9 0.632 
26.099 3.4115 125 387 77.4 265.5 84.7 0.583 
26.540 3.3559 125 194 38.8 147.8 47.1 0.609 
27.340 3.2594 133 5 1.0 0.4 0.1 0.323 
27.821 3.2041 127 157 31.3 75.4 24.0 0.409 
28.339 3.1467 126 155 30.9 76.8 24.5 0.422 
30.055 2.9708 109 40 8.0 13.9 4.4 0.296 
31.141 2.8697 99 71 14.1 45.3 14.5 0.545  
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Fig.4.14. Diffractogram for the 40 wt % purified CsDS at T=25[ºC], after the completion of 

the following processes: superheating, followed by natural cooling to T=25[ºC] for several 

hours. Reproduced with permission from Torija M.J. 

 

Table 4.11.Raw data for the 40% wt (initially superheated and then naturally cooled) purified 

CsDS sample. Reproduced with permission from Torija M.J. 
Peak Search Report (20 Peaks, Max P/N = 9.6) 
[yellow_01.dif] yellow <T=8.57> 
PEAK: 23(pts)/Parabolic Filter, Threshold=3.0, Cutoff=0.1%, BG=3/1.0, Peak-
Top=Summit 
2-Theta d(Å) BG Height H% Area A% FWHM 
4.141 21.3201 264 425 85.2 136.2 37.3 0.272 
8.098 10.9095 257 349 69.9 114.3 31.3 0.278 
11.982 7.3804 237 81 16.3 28.5 7.8 0.297 
12.860 6.8783 231 13 2.7 1.1 0.3 0.247 
15.620 5.6685 215 51 10.3 17.0 4.6 0.281 
18.857 4.7021 196 106 21.3 51.3 14.1 0.411 
20.058 4.4233 188 257 51.5 145.8 39.9 0.482 
20.291 4.3730 184 112 22.4 96.0 26.3 0.686 
21.980 4.0406 233 2 0.5 0.2 0.1 0.276 
22.421 3.9621 176 201 40.3 174.7 47.8 0.738 
23.058 3.8540 176 374 74.8 316.5 86.7 0.720 
24.020 3.7019 176 499 100.0 365.2 100.0 0.622 
25.580 3.4796 176 248 49.7 287.7 78.8 0.986 
25.941 3.4319 215 200 40.1 202.5 55.4 0.808 
27.659 3.2226 218 76 15.2 69.1 18.9 0.728 
28.139 3.1686 196 219 43.8 197.6 54.1 0.768 
29.973 2.9788 189 27 5.4 9.5 2.6 0.285 
31.019 2.8807 234 60 12.1 18.5 5.1 0.260 
31.660 2.8238 255 13 2.7 1.1 0.3 0.377 
32.219 2.7761 274 90 18.1 28.9 7.9 0.256  
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Fig.4.15. Diffractogram for the 45 wt % purified CsDS at T=25[ºC], after the completion of 

the following processes: initial heating, followed by natural cooling for several hours. 

Reproduced with permission from Torija M.J. 

 

Table 4.12.Raw data for the 45 % wt (initially heated and then naturally cooled) purified 

CsDS sample. Reproduced with permission from Torija M.J. 

Peak Search Report (14 Peaks, Max P/N = 11.3) 
[reddry_01.raw] reddry <T=8.57> 
PEAK: 17(pts)/Parabolic Filter, Threshold=3.0, Cutoff=0.1%, BG=3/1.0, Peak-
Top=Summit 
2-Theta d(Å) BG Height H% Area A% FWHM 
4.099 21.5374 261 698 100.0 271.7 100.0 0.331 
8.100 10.9063 251 197 28.2 82.2 30.2 0.355 
12.024 7.3547 228 43 6.2 16.5 6.1 0.306 
15.731 5.6289 196 34 4.9 19.4 7.2 0.454 
18.859 4.7016 175 77 11.0 33.9 12.5 0.377 
20.019 4.4318 164 111 15.9 69.9 25.7 0.536 
22.459 3.9555 174 92 13.2 125.5 46.2 1.160 
22.981 3.8668 191 165 23.6 130.7 48.1 0.673 
24.181 3.6776 200 234 33.5 161.3 59.4 0.586 
26.060 3.4166 160 151 21.6 146.9 54.1 0.828 
28.261 3.1553 142 126 18.1 125.7 46.3 0.845 
29.983 2.9778 133 22 3.2 7.8 2.9 0.277 
31.140 2.8697 147 46 6.6 26.4 9.7 0.484 
32.369 2.7636 181 28 4.1 11.0 4.0 0.310  



 101 

5 10 15 20 25 30
Two-Theta (deg)

0

500

1000

1500

2000

2500

3000

3500

4000

4500
In

te
ns

ity
(C

ou
nt

s)

[green_01.dif] green <T=8.57>

 

Fig. 4.16. Diffractogram for the 40 wt % purified CsDS at T=25[ºC], after the completion of 

the following processes: initial heating, followed by supercooling that was followed by 

natural warming for several hours. Reproduced with permission from Torija M.J. 

 

Table 4.13.Raw data for the 40% wt (initially heated then supercooled and naturally 

warm-up) purified CsDS sample. Reproduced with permission from Torija M.J. 
Peak Search Report (15 Peaks, Max P/N = 31.8) 
[green_01.dif] green <T=8.57> 
PEAK: 17(pts)/Parabolic Filter, Threshold=3.0, Cutoff=0.1%, BG=3/1.0, Peak-
Top=Summit 
2-Theta d(Å) BG Height H% Area A% FWHM 
4.103 21.5154 318 4349 100.0 1503.5 100.0 0.294 
8.061 10.9595 283 2139 49.2 755.5 50.2 0.300 
11.982 7.3802 257 628 14.4 211.3 14.1 0.286 
15.579 5.6835 234 95 2.2 37.5 2.5 0.336 
18.818 4.7119 224 283 6.5 126.0 8.4 0.378 
19.901 4.4578 215 311 7.2 123.4 8.2 0.337 
22.299 3.9835 214 500 11.5 245.1 16.3 0.417 
23.901 3.7200 234 944 21.7 416.1 27.7 0.375 
25.545 3.4843 231 170 3.9 149.2 9.9 0.702 
25.902 3.4371 224 430 9.9 278.8 18.5 0.552 
27.941 3.1906 253 1284 29.5 607.1 40.4 0.402 
28.740 3.1037 302 4 0.1 0.3 0.0 0.339 
29.741 3.0015 246 97 2.2 40.6 2.7 0.355 
31.140 2.8698 309 10 0.2 0.8 0.1 0.370 
32.021 2.7928 323 952 21.9 405.8 27.0 0.341  

 

All five samples had stayed at T = 25[ºC] for long time (more than 24 hours the 

unheated samples).Their diffractograms represent crystalline (and not amorphous) materials 

[81], as all the materials diffract at certain 2·θ values only instead of a range of 

concentrations (which would be the case for an amorphous material). 

 The two unheated samples (the 5% purified CsDS and the 15% impure CsDS) exhibit 
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a more diffuse scattering compared to the thermally treated samples. Specifically, the 

unheated samples exhibit a non-zero slope of the signal at the noise level). This might be 

attributed to the elastic properties of the crystal in these cases. It might be possible that 

crystal vibrations can be related with the imperfect destructive interference between rays 

scattered at non Bragg angles, angles where the signal ideally should have been zero and it is 

non - zero). 

 Moreover, the ratios of the 2·θ values at the three peaks with the strongest intensity, 

would also be valuable information in order to identify the unit cell crystal structure of the 

material under examination. The diffractogram of the unknown material could be compared 

with the diffractogram of a known unit cell crystal structure. Table 4.9 depicts the 2·θ values 

for the five different samples.  

 

 

Table 4.14. 2·θ values for the five CsDS samples in the 2·θ region 0º - 35º); four purified 

CsDS samples (supercooled, superheated, heated, unheated) and one impure . Reproduced 

with permission from Torija M.J. 

15 wt %  

impure CsDS 

unheated  

(degrees) 

5 wt %  

purified CsDS 

unheated sample 

(degrees) 

40 wt % 

purified CsDS 

superheated  

(degrees) 

45 wt % 

purified CsDS  

normally heated 

(degrees) 

40 

wt %  

purified 

CsDS 

supercooled 

(degrees) 

4 4 4 4 4 

      7   

 8 8 8 8 

 12 12 12 12 

  13   

  16 16 16 
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19  19 19 19 

 20   20 

  21   

    22 

   22.5  

23 23  23  

24 24 24 24 24 

25.5 25.5        

    26  26 26 26 

  26.5   

    27.5     

     28  28 

    28.5     

      31   

    31.5     

  32  32 

 32.5    

 

 All five diffractograms exhibit similar 2·θ values and thus similar d-spacing. The 

d-spacing can be calculated, using Bragg’s Law [82]: 

n ∙λ = 2 ∙ d ∙ sinθ 

 where θ is the diffraction angle for the incident X-ray beam, the beam which collides 

on the crystal pattern. For these experiments, the value of ‘λ’ that was used, was the principal 

X-ray of a copper compartment, also known as the most abundant wavelength, with a value 

of λ=1.54 [Aº] [91]. The value of n was equal to 1 - the refractive index of air. A discussion 

of these results follows in 5.4. 
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4.2.4. Results of the optical microscope  

Certain figures provided by the optical microscope without using cross-polar filters 

are presented here. These figures give an idea about how solid crystals of CsDS looked like. 

In all these figures, the samples were heated from T =25 [ºC] with a heating rate larger than 

1[ºC/min].  

 

Fig.4.17. 50 wt % CsDS sample at T =50 [ºC]. Heating rate larger than 1[ºC/min] from T=25 

[°C]. No cross–polarized light was used; bottom right, size scale: 1000 [µm]. 
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Fig.4.18. 48 wt % CsDS sample at T =50 [ºC]. Heating rate larger than 1[ºC/min] from T=25 

[°C]. No cross–polarized light was used; bottom right, size scale: 200 [µm]. 
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CHAPTER 5 

DISCUSSIONS AND ANALYSIS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 107 

5.1. Preface 

 

This chapter includes a discussion on the results for the CsDS/water phase behavior. 

For every characterization technique that was used for the CsDS/water system, it is 

attempted to outline the physical meaning of the results. Analogously, parts of the SDS/water 

system are also discussed [2]. The two systems are compared and a connection of the results 

with their physical meaning is also provided.  

 

5.2. Discussions on the macroscopic experiments with cross-polarized light 

 

5.2.1. The effect of the heating rate selection on the phase behavior   

To connect with the methods presented in chapter 2 and the results presented in 

chapter 4, the experimental design was improved when the time needed for the center of the 

sample tube to reach the water tank temperature was taken into account. Regarding the effect 

of the heating rate on the temperature at the center of the glass tube, it has been hypothesized 

that whenever the heating rate changes, the time (needed to elapse for the temperature in the 

center of the glass Pyrex® tube to become the same as the temperature in the water tank 

environment) also changes. This time could be affected by the crystalline microstructure of 

the colloidal suspension (isotropy/anisotropy of the material, density of the suspension), as 

well as heat transfer coefficients of the glass and/or the suspension. With heating rates larger 

than 0.2 [ºC/min], the system would be driven faster to a new set temperature by thermal 

perturbation [92], [93], [94], [95]. Whenever the samples were thermally treated, the 

following observation (which is not a proof) has been made: 

When samples at different concentrations were cooled simultaneously and seed was 

added, the nucleation of new solid phase boundaries would be favored, as the surfactant 

concentration in the samples would increase. This can be related to the solubility ratio of the 

system. As the Cs+ concentration in the solution increases, the solubility product of CsDS in 

water increases and it eventually becomes larger than the solubility constant. This resulted in 
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precipitation of solid CsDS, at room temperature. 

The selection of lower heating and cooling rate (~0.05 to 0.1 [ºC/min]) in the case of 

the 2nd cycle, gives more chances for a given system (i.e. 20 wt % CsDS isotropic micellar 

phase) to approach thermodynamic equilibrium. Relevant studies have shown that a heating 

rate of 4 orders of magnitude higher (0.2 [ºC/min]) for the case of the 1st cycle, is high 

enough for the system to reach thermodynamic equilibrium [94], [93] and [95]. For these 

heating rates, intermediate liquid crystals also appear (see 5.2.1.1). The higher heating rates 

in the 1st cycle compared to the 2nd

It should also be mentioned that the above mentioned values of the heating rates 

(~0.05 to 0.2 [ºC/min]) might be considered even relatively high for calorimetric studies, as 

relative research in phase equilibria has suggested the use of even lower heating rates [93]. 

According to these studies, a relatively “small” heating rate is a rate in the range between 0.1 

and 0.5 [K/hour] [93]. However, it would be difficult to apply these “low” heating rates, just 

because of time demands. The time needed to run an experiment with a “low” heating rate 

(as these studies suggest), would be very long. For instance, an experiment of the 2

 cycle, imply that the system might have not reached 

thermodynamic equilibrium at each temperature [92]. 

nd

   

 cycle 

lasted about 19 hours, with a heating rate between 0.05 and 0.1 [ºC/min].  

Concentration region 5 wt % - 20 wt % (1st

 For the 1

 cycle) 

st cycle, the heating and cooling rates were in the same order of magnitude 

and have been relatively high, as can be compared with relative research on heating rate of 

systems [93], [94] and [95]. For all the experiments performed, the heating rate is defined as 

the measured difference ΔT/Δt, i.e. the temperature difference for the given time of a 

heating cycle, over that time. This suggests that the cooling rates used have been too large 

for the sample to approach thermodynamic equilibrium. Within the time of an experiment (8 

hours), the proper choice of heating and cooling rate is very important because (as it has 

been observed for a 20 wt % CsDS sample, for instance) a heating rate of 0.02 [ºC/min] will 

make an intermediate liquid crystal vanish.  This liquid crystal might not vanish with a 
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heating rate larger than 0.2 [ºC/min] (see 3.2, 5.2.1.1. and 5.9).  

 Concentration region 5 wt % - 20 wt % (2nd 

20 wt % CsDS samples, that were heated faster than 0.2 [ºC/min] from room 

temperature up to about 35 [ºC] and with a heating rate of 0.15 [ºC/min] in the temperature 

region between 35.5±0.1 [ºC] and 43.2±0.1 [ºC], would form birefringent liquid crystals 

(see 3.2). Another clue related with the above observation, is that the samples stayed for 60 

minutes in the whole temperature range. The liquid crystals disappeared at a temperature 

higher than 43.5±0.1 [ºC]. 3 independent samples of 20 wt % CsDS concentration were 

heated with a 2

cycle) 

nd cycle (1st

The results of the 2

heating, followed by cooling with seed addition to be followed by 

a next heating), a cycle that ensures thermodynamic equilibrium approach. This approach 

would indicate the representative phase for the system at that concentration and temperature. 

The thermodynamically equilibrated findings suggested that the transition temperature for 

the 20 wt % CsDS sample, is T= 33±1 [ºC]. Therefore, the possibility that birefringent 

liquid crystals are the representative structure at 20 wt % CsDS concentration was excluded. 

nd cycle presented in Figure 3.2 suggest that the solubility curve in 

that concentration region is pretty flat, with Krafft temperatures at T= 33±1 [ºC]. This 

means that the concentration of surfactant does not affect the Krafft temperature in that 

concentration region. Another way to look at it could be that the 1st

Table 5.1 includes a comparison between the 1

 order transition, from an 

anisotropic 2 phase system of solid crystals and micelles to a 1 phase isotropic micellar 

solution, does not depend on the concentration of the surfactant in the system. Moreover, 

there is a larger deviation (between the temperatures before heating and after reheating) for 

the lower concentrations (i.e. 5%, 10% and 15% wt) compared to the 20 wt % CsDS. One 

reason for the possible offset, could be the smaller mass of seed used in these cases than in 

the 20 wt % sample. In any case, the 20 wt % CsDS sample has stayed long enough (~30’) at   

temperatures close to the transition temperature, in order to relax to its thermodynamic 

equilibrium.  

st and 2nd experimental cycle, in the 

concentration region 5 wt % - 20 wt % CsDS. Certain advantages of the 2nd cycle over the 1st 
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cycle are mentioned. 

 

Table 5.1. Comparison between the 1st cycle and 2nd

      

 cycle of experiments in the 

concentration region 5 wt % - 20 wt % CsDS 

1st Cycle 2nd Cycle 

(+) Observation of intermediate liquid 

crystals (see 4.2.3.), using relatively high 

heating rates (~0.2 [ºC / min] in the region 

25-33 [ºC]) 

(+) Low heating rate (~0.1 [ºC / min] in 

the region 25-36 [ºC]; more chances exits to 

achieve thermodynamic equilibrium. 

(-) Relatively high cooling rates from 37 

to 33 [ºC], or, from 35 to 33 [ºC] (~0.2 [ºC / 

min]) 

(+) Low cooling rate from 38 to 32 [ºC] 

(~0.05 [ºC / min]) 

(-) No addition of seed at T=34 [ºC] (+) Addition of seed at T=34 [ºC] 

(Crystals dissolved, so 34 [ºC] should not be 

the Krafft temperature). 

(-) No addition of seed at T=32 [ºC] (+) Addition of seed at T=32 [ºC]- 

crystals did not dissolve; Krafft temperature 

should be close. 

(-) No solid crystal production at T=32 

[ºC] 

(+) At T=32 [ºC], the higher 

concentration produced more solid crystals 

than the lower concentrations (nucleation is 

favored at higher concentrations). 

(+) Larger mass of CsDS (better 

visualization of transitions) 

(-) Smaller mass of CsDS crystals 

(+) Pure CsDS (no organic impurities). (+) Pure CsDS (no organic impurities) 

(+) No supercooling; the lowest 

temperature has been T=25 [ºC]. 

(+) No supercooling; the lowest 

temperature has been T=25 [ºC]. 

(-) Coarser dispersion of CsDS into 

water 

(+) Finer dispersion of CsDS powder 

into water (manually ground crystal) 
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The importance of the proper selection of heating rate is a major concern and is 

depicted in the following example for the SDS/water system: 

   

Fig.5.1. DSC Graph Intensity (Arbitrary units) vs. Temperature for the SDS / water system at 

50 wt % SDS concentration, reported by Kekicheff et al. [1]. Figure 5.1. has been reproduced 

with permission that has been granted from the Copyright Clearance Center Inc. (see 

Appendix G for permissions). 

 

Figure 5.1 is a DSC diagram that highlights the importance in the selection of heating 

rate for the thermodynamic equilibrium approach in a surfactant/water system. Specifically, 

this DSC graph shows the effect of heating rate on the transformations from coagel state 

(solid crystal and some mesophase (intermediate liquid crystal structure), or, solid crystal 

and micelles) to liquid crystal state, for the SDS/water system at 50 wt %. As the heating rate 

increases, the data become more irreproducible as far as the location (temperature), the 

intensity of the peak and its width. The fact that the kinetics for a transformation from a 

given temperature to a higher are very slow (transition from coagel state into the liquid 

crystal state) implies that the heating rate should be selected to be as low as possible to allow 
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the system to approach thermodynamic equilibrium. 

The importance of the heating rate that was stressed in the SDS/water system, also 

applies for the case of the CsDS/water system. This diagram (Figure 5.1) indicates that the 

2nd cycle experiments have more chances to have driven the system to its thermodynamic 

equilibrium, at a certain temperature and concentration, compared to the 1st

 

 cycle.  

Concentration region 25 wt % - 40 wt % CsDS 

The solubility curve exhibits a slight increase of 1-2 [°C] over that concentration region. 

Taking into account the results provided both by the 1st and the 2nd

It is suggested that more independent samples in that concentration region be 

examined in the future. This would help to identify precisely the concentration boundaries of 

the 2 phase region. 

 cycle for 3 independent 

runs at concentration 35 wt % and for the samples at concentrations higher than 40 wt % 

(heating only), one can hypothesize that the 2 phase region lies between 30 and 45 wt % 

CsDS. 

 

5.2.1.1. Intermediate liquid crystals 

In the very first experiments, birefringent liquid crystals were observed while heating 

(see 3.2). It was necessary to prove that the lever rule applies for these samples. The way to 

prove that the lever rule applies in a two-phase system was to check if the volume fractions 

of the liquid crystal phase scale linearly with concentration. It had to be checked, actually, if 

the amount of the birefringent liquid crystal in the sample increases, as surfactant 

concentration increases). 

This observation included 6 samples that had stayed at a certain temperature (T=44 

[ºC]) for a period of few minutes, not necessarily in a simultaneous experiment. The 6 

samples were at different concentrations; 18%, 20%, 28%, 30%, 38% and 40 wt % CsDS. 

The relative volume fraction of birefringent liquid crystals was approximated as the 

birefringent liquid crystal volume over the total solution volume.  
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Fig.5.2. The application of the lever rule application for the coexisting phases, in a 

CsDS/water system in the concentration region 1 wt % - 30 wt % CsDS, at T = 44[ºC]. 

Figure captured at T =44 [°C]. Heating rate larger than 0.2 [ºC/min] starting from T = 25 

[°C]. Cross–polarized light was used. Size scale: tube diameter is 15 [mm]. 

 

The threshold between relatively high and low heating rate in the macroscopic 

experiments was mentioned to be 0.2 [ºC/min]. Figure 5.2 is useful, in the sense that it 

depicts incorrect conclusions that can be drawn, when a relatively large heating rate (>0.2 

[ºC/min]) is used and when an estimation of the lever rule for the sample is attempted.  

This plot represents the birefringent volume fraction vs. the wt % concentration of 

CsDS in the samples. The samples had concentrations lower than 30 wt % CsDS at T = 

44[ºC] and they were heated only (1st

The coordinates seem to be related well in a linear regression curve. According to 

these data, the lever rule seems to hold in the concentration region 1 wt % - 30 wt % and at T 

= 44 [ºC]. This means that in the concentration region 1 wt % - 30 wt % and at T = 44 [ºC], 

birefringent liquid crystals could be expected to be the representative structure, if the 

samples have stayed there for a period of a few minutes (~5’).A test was done to investigate 

whether these liquid crystals have constant volume fraction (representative phase), or they 

are intermediate liquid crystals that were formed during the initial runs of the experiments.  

 cycle) with relatively high heating rates (higher than 

0.2 [ºC/min], about 0.5 [ºC/min]).  
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This process was followed: 

1. While heating, the samples would stay at a certain temperature. The samples were checked 

to see which among them form liquid crystals. 

2. While heating, the samples stayed for a certain period of time (about 30’) at a given 

temperature and the liquid crystalline volume fractions among all the samples were 

compared. The samples were also checked to see if the liquid crystals shrink or not. If at any 

temperature, the liquid crystal volume fraction shrunk, then that liquid crystal would 

probably be an intermediate at that temperature and some thermodynamic transition would 

still be take place.  

3. In order to strengthen the above observations, the samples have stayed at a certain 

temperature for longer time (8 hours). If a liquid crystal did not shrink over that time, this 

would practically prove that the liquid crystal structure is the representative phase at that 

temperature. If the liquid crystal shrunk over that time, then at that specific temperature and 

for the certain heating rate, the liquid crystal would be an intermediate structure. 

For the low concentration region (less than 30 wt % CsDS), the conclusion is that 

heating rates higher than 0.2 [ºC/min] favored the formation of liquid crystalline 

intermediates. Heating rates between 0.05 [ºC/min] and 0.2 [ºC/min] would not result in the 

formation of these intermediates. During the first experiments, the crystals were introduced 

as chunks in the glass Pyrex® tubes. In consecutive experiments, the dispersion of the solid 

crystal into water was taken into account. In these (consecutive) experiments, the solid 

crystals would be as finely dispersed as possible, as the crystals were manually ground inside 

a glossy paper sheet. More than 1 sample at each concentration has been examined during 

the same run (2 or 3 samples).  

The findings of the 2nd

Heating rates higher or equal to 0.2 [ºC/min]) in the concentration region 5 wt % - 30 

 cycle experiments suggest that in the concentration region 5 

wt % - 30 wt % and at temperatures higher than 33 [ºC], the thermodynamically equilibrated 

state, is a one–phase, represented by a neat micellar solution. Therefore, at 44[ºC], the 

thermodynamically equilibrated phase is expected to be micellar solution, as well.   
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wt %, will result in the formation of intermediate liquid crystals. These crystals might or 

might not vanish within the time of the experiment (within the 3 or 4 hours of a heating or 

cooling cycle, or within the 8 hours of a full heating and cooling cycle).  

  

Here is the summary of the observations in that concentration region: 

a. At concentrations lower than 30 wt % CsDS, it was observed that the liquid crystals 

dissolve at some temperature. 

b. At concentrations higher than 30 wt % CsDS and as concentration of CsDS in the 

system increases, the number of independent samples where liquid crystal structure has been 

observed increases as well. 

c. At 35 wt % CsDS concentration, for the 3 independent samples observed, liquid 

crystalline structure has also been observed.  

d. At concentrations higher than 35 wt % CsDS, there are practically only liquid crystals in 

the sample. 

 

 

Fig.5.3. Intermediate birefringent liquid crystals at T = 45 [ºC] for the CsDS/water system; 

left, 38 wt % CsDS; right, 20 wt % CsDS. Heating rate larger than 0.2 [ºC/min], starting 

from T = 25 [°C]. Cross–polarized light was used. Size scale: tube diameter is 15 [mm]. 

 

Figure 5.3 depicts how the coarse dispersion of solid crystals into water and the 

selection of relatively large heating rate, might influence the system to approach the 

representative phase (see 5.2.2). The 2nd cycle findings suggest that the sample at 20 wt % 
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CsDS concentration and at temperatures higher than 33 [ºC] is a neat micellar solution. For 

that concentration (20 wt %), no birefringent liquid crystals should be expected. The 

selection of a heating rate higher than 0.2 [ºC/min], however, might postpone the approach of 

the representative phase at the concentration mentioned, until after the 8 hours of the full 

experiment. 

 

Fig.5.4. CsDS/water samples at T = 35 [ºC]; left, 30 wt % CsDS; middle, 20 wt % CsDS; 

right, 10 wt % CsDS. Heating rate higher than 0.2 [ºC/min], starting from T = 25 [°C]. Solid 

crystals transform. Cross–polarized light was used. Size scale: tube diameter is 15 [mm]. 
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Fig.5.5. CsDS solid crystals in water at T= 25 [°C]; left, 40 wt % CsDS; left to middle, 30 

wt % CsDS; middle to right, 20 wt % CsDS; right, 10 wt % CsDS. Heating rate higher than 

0.2 [ºC/min], starting from T = 25 [°C]. Cross–polarized light was used. Size scale, tube 

diameter: 15 [mm]. 

  

 

 

Fig.5.6. 30 wt %, 15 wt % purified CsDS at T = 48 [ºC]. Intermediate, birefringent liquid 

crystals are observed in both samples. Heating rate higher than 0.2 [ºC /min], starting from T 

= 25 [ºC].Cross–polarized light was used. Size scale: tube diameter is 15 [mm]. 
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5.2.2. The solid crystal dispersion in water 

The maximum interfacial area between solute and solvent ensures maximum hydration 

of the surfactant (optimum interaction between solute and solvent). A finer dispersion of 

surfactant in water will increase the interfacial area between solid crystal and water. As the 

interfacial area between surfactant and water increases, the chances that the system 

approaches thermodynamic equilibrium are expected to increase.  

 

5.3. Discussions on the Cryo-TEM experiments (These experiments were 

performed by Arunagirinathan M.A. and Bellare J.R.) 

 

The reason why this concentration was selected for the CsDS/water solution (0.34 

[M]), was to be able to be close enough to the concentration of the SDS/water system (0.3 

[M]). This would help to compare the shape and size of the micellar nanostructures between 

the two systems, more reliably (see 5.9). This comparison would be supported by the 

hydrated radius effect of the alkali metal counter ion upon binding with the dodecyl sulphate 

chain and by the interaction of the alkali metal counterion with the negatively charged polar 

head groups [53], [54] and [56]. 

As can be observed in Figures 4.4 and 4.5 that represent the 0.34 [M] CsDS solution, 

both ellipsoidal and threadlike structures were observed on the same grid, in the same   

session. The ellipsoidal structures had a semi-major axis of 7 [nm] and a semi-minor axis 5 

[nm], while the threadlike structures had a diameter of about 15 [nm] and their length varied 

from 200 [nm] to more than 1000 [nm]. The size of these threads (Figure 4.5.) is very large 

compared to the size that a rodlike micelle would have, if that rod-like micelle was 

composed of CsDS molecules. 

It is possible that these observed nanostructures have formed, because of the heating 

rate selection during the sample preparation at the VITROBOT. The heating started from T = 

25 [ºC] and the VITROBOT temperature was slightly higher than the Krafft temperature of 

the solution (Krafft temperature~33 [ºC] for a 0.34 [M] –or 12 wt % - CsDS solution, as the 
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macroscopic observations with cross-polarized light have shown). 

(This part connects the Cryo-TEM findings with the discussion about the heating rate 

selection in the macroscopic experiments using cross-polarized light, as has already been 

discussed in section 5.2.1.) For concentrations less than 30 wt % CsDS, it was observed that 

heating rates higher than 0.2 [ºC/min] would result in the formation of intermediate 

birefringent liquid crystals in the system - during the macroscopic observations (see section 

5.2.1.1). These liquid crystals would most likely dissolve either after the end of the 

experiment (the thermal treatment), or, at a temperature higher than the corresponding Krafft 

temperature. When the experiments were more carefully designed (2nd

 Similarly to the observations of the macroscopic experiments, thermodynamic 

equilibrium approach is a necessary prerequisite in order to get and observe the 

representative nanostructure of the system (and not some intermediate nanostructures),when 

Cryo–TEM is used to characterized the structures. It is very likely that the threadlike 

structures are not micelles, but they are related to some intermediate liquid crystal structure 

(phase transition of the CsDS crystals). When heating samples with concentrations less than 

30 wt % CsDS, the system moves into an intermediate liquid crystal structure, a liquid 

crystal structure that will eventually melt into a neat micellar solution. It is possible that 

these Cryo-TEM images have captured an intermediate liquid crystal structure. 

 cycle) and the heating 

rates were less than 0.2 [ºC/min], however, the system would look as a one phase isotropic 

solution, at the Krafft temperature.  

 

5.4. Discussions on the XRD experiments (these experiments were 

performed by Torija M.J.) 

 

5.4.1. Limitations 

The decision to plan on XRD experiments was taken towards the end of the 

experiments of the Master’s program. In any case, these experiments can be repeated in the 

future, in order to completely understand the CsDS/water phase behavior. During the sample 
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preparation process, two causes might have acted as limiting factors:  

1. A possibility of solvent evaporation that dried the samples. 

2. Some preferred orientation, because of shear forces that were induced by the action 

of a metallic spatula. 

3. A smaller number of larger crystals, whose size that might have not satisfied the 

powder limit range of size [75]. 

The screw - sealed glass Pyrex® Tubes containing CsDS solution, were brought at the 

XRD lab of the Characterization Facility. The samples were aqueous suspensions at T= 25 

[ºC]. The diffraction took place at the same temperature (25 [ºC]. The tubes were opened, in 

order to deposit sample on the instrument inside the MicroDiffractometer chamber. The 

tubes were left open for 5’, during the sample transfer onto the instrument. After that time, 

the samples inside the tubes looked dried. Their corresponding diffractograms are presented 

in the Figures 4.12 - 4.16 and their Debye rings in the Figures 4.10 and 4.11. 

It is possible that during that time (5’), solvent (water) has evaporated. Some possible 

reasons are presented; humidity difference in the lab, or some interaction with the metallic 

spatula that extracted some specimen from the glass tube.  

Assuming that evaporation indeed happened, and, in order to understand why 

evaporation in these samples happened, samples of similar concentration were prepared and 

reopened. A glass capillary tube scratched the bottom of the Pyrex® tubes. The tubes were 

left open for 15’. After 15’, the supercooled sample looked more sponge – like, whereas all 

the other four samples were separated into two macroscopically distinct phases; an aqueous 

phase and a solid crystal phase. 

There is no further information to connect the change in the macroscopic appearance 

of the samples with their resulting diffractograms (and, therefore, to question the reliability 

of the results with more evidence).It is not known whether the dried sample represents the 

same crystal structure with the sample before drying, considering the fact that there might be 

different hydrated crystal structures in the CsDS/water diagram.  
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5.4.2. Discussion about the X-ray diffractograms and the Debye rings 

if solvent had evaporated during the sample preparation, the concentration of CsDS in 

the solution would have changed. It is useful to review the SDS/water phase diagram 

reported by [2] (see Figure 3.3). In the SDS/water phase diagram, at T = 25 [°C] and as 

concentration of SDS increases to more than 85 wt %, different crystal polymorphs appear 

[2]. These polymorphs also differ in the number of water molecules in their unit cell crystal 

structure. Therefore, it might be possible that water evaporation might have changed the 

concentration of CsDS in the CsDS/water system, where the CsDS would be some different 

crystal polymorph and the corresponding unit cell crystal structure of CsDS would also alter. 

That could be the treatment for the samples that lead to the X-ray diffractograms presented in 

Figures 4.12 to 4.16. It should be mentioned that no further data has been retrieved with the 

experiments of this thesis to show the crystal hydrate state where the initial (before drying) 

or the final (dried) of the sample have been. 

‘Since the samples have dried before being diffracted, the diffraction data of the dried 

samples cannot be used to extrapolate information about the corresponding sample in the 

solution’, according to Torija M.J. For convention, however, a comparison between the dried 

byproduct X-ray diffractograms is presented below, within the range of the diffraction angle 

that the materials were examined. A comparison between the X-ray diffractograms (Figures 

4.12 - 4.16) of the unheated samples (pure 5 wt % CsDS and impure 15 wt % CsDS), 

indicates that the two materials exhibit similarities in their diffraction angles (2·θ). This 

suggests that any impurity present in CsDS (because of impurities in the reagents that were 

used to synthesize CsDS; see 2.2.1.2 and 2.2.1.3), does not seem to affect the CsDS crystal 

structure. The 2·θ values of the superheated and supercooled samples are also similar with 

each other. Finally, the diffraction angles of all five samples examined, looked similar. 

According to Torija M.J, ‘it is not possible to deduce conclusions about the unit cell crystal 

structure of the unheated sample, by trying to extrapolate conclusions from the dried 

diffraction byproduct’.  

It is possible that both factors (thermal treatment and the possibility that impurities 
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might be present in some samples) do not seem to affect the diffraction angles, in the 

diffraction angle regime where the samples were examined by the instrument. Moreover, the 

loss of solvent because of evaporation has not been quantitatively analyzed. The experiment 

should be repeated in a wider diffraction angle regime. Keeping in mind that the diffraction 

data represent dried byproducts, the similarities in the 2·θ values between the thermally 

treated and untreated samples suggest that the thermally treated samples (including the 

superheated and/or the supercooled sample) most likely do not represent metastable states.   

Regarding the resulting Debye rings, two reasons can be mentioned to explain the 

stronger diffracted intensity for the thermally treated samples compared to the unheated 

samples; the size of the solid crystal and the concentration of CsDS in the sample (this 

discussion is related with the Figures 4.10 and 4.11). The fact that the crystal size should lie 

within the powder limit range [75], is a necessary condition, in order for the Debye rings to 

represent accurately, crystal structure features of the material. As the size of the dispersed 

solid crystal increases, the size of some crystals may not lie within the powder limit range of 

the crystal size [75]. If the crystals do not lie within this size range, the diffracted intensity 

will be weaker and the Debye rings will become discontinuous and faint. Following Torija 

M.J., ‘when the concentration of the sample decreases, the diffraction of the corresponding 

crystalline material is expected to be weaker’ and the appearance of the Debye rings is going 

to be affected, resulting to non-uniform and weakly defined Debye rings. As one can see in 

Figures 4.10 and 4.11, the two unheated samples (‘grey’ and ‘B sample’) exhibit similarities 

in their Debye rings. These two unheated samples - purified CsDS crystal at T = 25 [ºC] 

(grey) and impure CsDS (“sample B”) - do not have well-defined diffraction (Debye) rings, 

compared to the other three samples (thermally treated).  

The smoothness and uniformity of the Debye rings for the thermally treated samples, 

means that these three samples – 40 wt % supercooled (‘green’), 40 wt % superheated 

(‘yellow’) and 45 wt % heated (‘red’) - have a smaller grain size and more crystals are 

expected to satisfy the powder limit size range, compared to the samples that were not heated 

[75]. It is possible that some of the crystals for the two unheated samples do not lie within 
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the powder limit size range [75]. Second, the concentration of CsDS in the thermally treated 

samples (40% wt, 40% wt and 45% wt CsDS in CsDS/water solution) is larger compared to 

the unheated samples (5% wt and 15% wt). This difference in concentration can be translated 

as difference in CsDS crystals’ presence. A larger number of CsDS crystals in the thermally 

treated samples means that the diffracted beam intensity will be stronger for these samples. 

This would result in more well-defined Debye rings for the thermally treated samples 

compared to the unheated samples.  

Finally, a more weakly defined Debye ring can be related with presence of preferred 

orientation in the crystals [80]. This suggests that the unheated samples might exhibit some 

preferred orientation, while the other four samples do not.  

To connect with the macroscopic observations, the thermally treated systems that have 

reached room temperature naturally) appeared macroscopically different than the unheated 

samples, probably because of difference in the way that the surfactant has been dispersed in 

water (see Figure 4.6).This change in the crystal size is associated with different nucleation 

and growth rates of the solid phase, for a sample that undergoes cooling (after it had been 

treated thermally, initially). This difference in the crystal size can be explained by the 

Ostwald Ripening [88]. 

Ostwald ripening can describe the temporal increase in the solid crystal size, for a 

solid that had already been dispersed in an aqueous solution [88]. When the superheated and 

supercooled samples move to the final state (the final state macroscopically looks the same 

with the initial state) at T = 25 [ºC] (right image in Figure 4.8), either naturally or through 

solute /solvent perturbation [35]. The size of the dispersed crystal in water increases over 

time, as smaller crystals coalesce into a crystal with a larger crystal size. A finer dispersion of 

crystals with smaller size corresponds to a larger surface/ volume ratio (or, smaller inverse 

characteristic length) [88]. The larger crystal has a smaller solid crystal/water interface. This 

is true, because coarser surfactant dispersion in water is characterized by larger crystal sizes 

(or smaller inverse characteristic length). As the crystal size increases over time (the system 

moves to the final state –right image in Figure 4.6), the surface-to-volume ratio decreases 
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and the system minimizes its surface energy and moves to a more stable thermodynamic 

state. 

There might still be some difference in the chemical potential of the system between 

the finely dispersed state and the coarsely dispersed state (the former case might have a 

higher chemical potential than the latter). This difference in chemical potentials, however, 

might be smaller than a difference that would discriminate a metastable and a stable state. 

Taking into account both Ostwald’s ripening and the fact that the diffraction angles for 

the thermally treated and untreated dried byproducts samples are similar, the possibility that 

the thermally treated samples (either superheated and/or supercooled) represent metastable 

states is minimized. The different macroscopic appearance is connected with difference in 

crystal size, when CsDS was dispersed in water). 

 

5.4.3. Discussion about impurity in the crystals 

The diffractogram of the unheated CsDS crystal (see Figure 4.15) exhibits overlapping 

peaks, in the 2·θ range between 20º and 30º. These overlaps could be related to: 

1. Some inherent feature of the CsDS diffractogram (and of the unit cell crystal 

structure of the pure CsDS crystal). 

2. (This is more likely) the presence of impurity in the crystal, such as SDS, NaCl, or 

some other organic or inorganic material (discussed in 5.5.1 and 5.5.2). 

 

Both SDS and NaCl exist in the aqueous solution during the recrystallization process 

(see 2.2.1.3.): 

CsCl +SDS →CsDS + NaCl 

According to the stoichiometry of the aqueous recrystallization reaction (see 2.2.1.3), 

the CsDS is expected to be 99 wt % pure. It is possible that the 1% wt impurities may consist 

of SDS and/ or NaCl. Instead of having completely dissolved in water, NaCl and/ or SDS 

might have polluted the CsDS crystal.  

A comparison between the pure CsDS X-ray diffractogram (see Figure 4.12) with the 
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diffractograms of SDS and NaCl suggests similarities. Both SDS and NaCl have peaks in 

their diffractograms at T = 25 [ºC] in the 2·θ range between 20º and 30º. The X-ray 

Diffractogram of SDS at T = 25 [ºC] has many peaks at 2·θ values between 20º and 25º [96], 

while the X - Ray Diffractogram of NaCl at T = 25 [ºC] has a peak at 2·θ ~28º [97].  

CsDS samples were analyzed by ICP (Inductive Coupled Plasma), in order to 

quantitatively estimate the Cs+ and Na+ contents of the synthesized [98]. For a theoretically 

expected yield of a 1000 [ppm] Cs+, the results of ICP analysis have shown that the sample 

had about 10 [ppm] Na+ and more than 1000 [ppm] Cs+

  

 material (see Appendix A.3). For 

instance, 1 [g] of CsDS might contain 3 [mg] NaCl. This could be one reason behind these 

overlapping peaks in that 2·θ region. 

5.5. Impurities and their effect in the phase behavior in the region 1 wt % - 

40 wt % CsDS 

 

5.5.1. The effect of organic impurities 

Relative studies are provided, in the bibliography, about the effect of organic 

impurities on the surfactants. These studies include: the effect of organic impurity on the 

micellar behavior on SDS [92], [99]; the effects in other surfactant systems [100], [101], 

[102] and [50]; a kinetic stability effect with presence of an organic cosolvent [58]; a study 

on surface physicochemical properties [103]; an investigation on the effect of organic 

molecules (alcohols) on cesium n-tetradecanoate/water system[104].  

Since CsDS is the recrystallization product of SDS, impurities possibly contained in 

SDS are considered major concern for CsDS. The major impurity in the SDS is considered to 

be dodecanol [2], [52] and [70]. Dodecanol is formed after prolonged storage, according to 

an acid hydrolysis reaction of SDS, at temperatures higher than 40 [ºC] [2], [52] and 

[70] .The reaction is written as: 

SDS→C12H24OH +NaH2

The SDS provided by the vendor, has a little less than 2 wt % impurities; probably 

S 
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both inorganic and organic (L4509 (Product number) Sigma-Aldrich Sodium dodecyl sulfate 

Reagent Plus®, 98.5 wt % (GC)). The SDS, which has been used for the phase behavior 

experiments, was treated with ethanol to remove the organic impurities.  

To connect with the description of section 2.2.1.2, the product from the desiccator after 

2 days, the mass of the purified SDS was 32.2136±0.0001 [g] (corresponding yield of 80 

wt %), expressed as: [SDS purified]/ [SDS non-purified]. These 20 wt % losses could be 

attributed to organic impurities that were dissolved in ethanol, as well as losses of SDS 

during both solubilization and foaming, because of vacuum filtration. 

Figure 5.7 presents a comparison in the corresponding phase behavior between 

purified CsDS, as well as non-purified CsDS (see 2.2.1.2 and 2.2.1.3) in the concentration 

region 1 wt % - 40 wt % CsDS. The purpose of study is to examine if the phase behavior can 

change, by the presence of dodecanol as a cosurfactant in the CsDS/water system. For the 

concentrations 5 wt % - 20 wt %, a 2nd cycle was performed, with 2 to 3 independent 

samples at each concentration. For the region 25 wt % - 40 wt %, a 1st

For the impure CsDS, between 1 and 3 independent samples were examined in the 

concentration region 5 wt % - 20 wt % CsDS (at each concentration). Only one sample at 

each concentration was examined in the concentration region 25 wt % - 40 wt % CsDS. 

Thermal treatment of 1

 cycle was performed 

(a single heating cycle), with 1 to 2 independent samples, at each concentration. 

st

 

 cycle was used (neither cooling, nor seed addition).  
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Fig.5.7. Solubility curve in the region 1 wt % - 40 wt % for purified and impure CsDS. 

 

The error bar was calculated with reference to the average temperature value, at the 

given concentration. The error bar corresponds to concentrations, of course, at which more 

than 1 independent sample were examined. This means that if no error bar is seen at a certain 

concentration, then less than two independent measurements were examined at that 

concentration .The results suggest that the solubility curves (of pure and impure CsDS) in the 

concentration region 1 wt % - 40 wt %, seem to match well with each other and do not 

deviate more than 1 [ºC] (at certain concentrations, same for both systems). 

Table 5.2 shows the Krafft temperatures that were estimated. When stated: “not 

recorded”, there was no measurement taken, because of experimental limitations. 
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Table 5.2 .Krafft temperature for impure CsDS in the region 1 % wt - 40% wt 

% wt CsDS Transition temperatures [ºC] 

5 32.1±0.1 31.7±0.1 31.90±0.1  

10 32.5±0.1 32.5±0.1  32.50±0.1  

15 33.1±0.1 33±0.1 33.05±0.1 

20 33.55±0.1 33.4±0.1  33.48±0.1  

25 34±0.1  

(solid to 

micellar) 

34 C±0.1  33.63±0.1 

30 Not recorded 34.5±0.1  35.5±0.1  

35 Not recorded  Not recorded Not recorded  

45 36±0.1 Not recorded 36.6±0.1 

 

5.5.2. The effect of inorganic impurities  

As far as inorganic impurities are concerned, it is assumed that they are removed by 

dissolution in deionized water, during the aqueous recrystallization process in the synthesis 

of CsDS (see 2.2.1.3). A qualitative and quantitative analysis of NaCl presence in the CsDS 

crystal should be examined in a future study. A comparison between the X-ray Diffraction 

pattern of pure CsDS crystal and NaCl, suggests that there are similar diffraction angles 

between CsDS and NaCl. 

 

5.6. The Gibbs Phase rule, intraparticle and interparticle forces and a 

definition of phase transitions for both CsDS/water and SDS/water systems  

 

5.6.1. The application of the Gibbs Phase rule in the CsDS/water system and 

the SDS/water system  

The experiments were conducted at constant (ambient) pressure. The Gibbs Phase Rule 

for both systems is written as F=C-P+1. The phase rule is specified as follows, when applied 



 129 

in the various regions of each phase diagram: 

1. Pure component regions; P=1, F=2 (2 degrees of freedom). 2 independent variables 

need to be determined in order to define the system; the chemical potential of the surfactant 

and the temperature. An example can be a neat micellar solution (2-dimensional curves). 

2. Two-phase regions; P=2, F=1 (1 independent variable, 1 degree of freedom). The 

temperature that represents a field variable (for example, concentration) is the same for each 

phase, at the boundaries of the 2 phase region. An example can be a two-phase region of 

micelles coexisting with hexagonal phase Hα

3. Three-phase regions; P=3, F=0, (no independent variables, completely defined 

regions in the phase diagram). An example can be the coexistence of three phases; micelles, 

hexagonal phase H

) .The 1–dimensional curve is represented by 

the tie-line. 

α and solid crystals C2

 

. This is represented by a point in the phase 

diagram. 

5.6.2. Interparticle and intraparticle forces in the two systems  

Any difference in the phase behavior between the 2 systems is expected to have been 

caused by a difference in the alkali metal ionic radius. A change in the counter ion radius 

would correspond to different interactions (electrostatic and steric forces) between the 

solvent molecules, the polar head groups and the dodecyl sulphate chain (see 5.8.2) [56]. 

These different interactions would result in different interactions within the aggregate units, 

as well as between different aggregates. The forces that are present in either system can be: 

• Repulsive, due to excluded volume effects (because of the change in the alkali 

metal radii) and/or electrostatic stabilization. A change in the charge density of the alkali 

metal ions would correspond to different interaction between the colloidal particles. 

• Attractive, due to Van der Waals forces between polar head groups, water 

molecules and alkali metal counterions  

At the intraaggregate level, excluded volume effects, electrostatic and steric forces, as 

well as Van der Waals forces again exist, but now between larger multimolecular 
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compartments of hydrated surfactant molecules. These compartments can be micelles and/or 

more ordered structures. Favorable and unfavorable coexistence between phases can be 

explained as the net result between the Van der Waals forces and repulsive forces that exist 

among these aggregates. 

 

5.7. Discussion on the CsDS/water system 

 

The discussion refers to Figure 3.1. Macroscopic observation with the use of cross- 

polarized light has provided the solubility curve in the concentration region 5 wt % - 30 

wt % CsDS. The curve is relatively flat, represented by Krafft temperatures at a constant 

value of 33 [ºC]. This flatness of the solubility curve in that concentration region, can 

suggest that the 1st 

 At temperatures between 25 [ºC] and 33[ºC] in the concentration region 5 wt % - 30 

wt % CsDS, the system is represented by the (solid crystal and micellar coexistence) 

two-phase region (blue caption). At temperatures higher than 33 [ºC] and in the 

concentration region 5 wt %-30 wt %, the system forms a one-phase micellar solution (bright 

pink caption) [16]. Cryo–TEM was used to examine the nanostructures formed in a 0.34 [M] 

CsDS/water solution (~ 12 wt % CsDS) at T = 35 [°C] (by permission of Arunagirinathan 

M.A.; Bellare J.R.) [16]. The reason why this concentration and temperature has been 

selected, was to compare the dimensions of the resulting CsDS nanostructures with both the 

dimensions of CsDS nanostructures reported by certain studies [53], [54] and with the 

analogous nanostructures formed by the SDS/water system, at identical phase diagram 

coordinates; similar Krafft temperature and its corresponding critical micelle concentration 

(0.3 [M]) [16].  

order thermodynamic transition (from solid crystals and micelles 

(anisotropic system) to one-phase isotropic micellar solution) does not depend on the 

surfactant concentration.  

In the same session, both threadlike and ellipsoidal nanostructures were observed on 

the same grid for the CsDS/water system (see Figures 4.4 and 4.5). The ellipsoidal CsDS 
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structures had a semi-major axis of 7 [nm] and a semi-minor axis of 5 [nm]. The threadlike 

structures had a diameter of about 15 [nm] and their length varied from 200 [nm] to more 

than 1000 [nm]. The size of the threadlike structures is too large to be related with a rod like 

micelle. Compared with relevant studies on alkali metal surfactants [53], [54] the ellipsoidal 

structures have similar dimensions, but the threadlike structures have not been reported 

before.  

Certain reasons can explain why both ellipsoidal and threadlike CsDS structures have 

been observed on the same grid. Firstly, the sample preparation temperature (T = 35 [ºC]) 

was very close to the measured Krafft temperature for the 12 wt % CsDS solution (T ~ 33 

[ºC]). Secondly, the heating rate that was used during sample preparation could have been 

very high (see 5.2.1). The importance of the heating rate selection was stressed in the 

macroscopic observations with cross–polarized light, where intermediate liquid crystals have 

been observed when a heating rate larger than 0.2 [°C/min] was used (see 3.2, 5.2.1.1 and 

5.9). These factors (the sample preparation temperature and the heating rate selection) might 

have prevented the CsDS crystals to completely dissolve in water. Therefore, these threadlike 

structures might be related with a transition of solid crystals into intermediate birefringent 

liquid crystals, before the system becomes a neat micellar solution.  

As concentration of CsDS in the system increases from 30 wt % to 40 wt %, the Krafft 

temperature slightly increases from 33 [ºC] to 34 [ºC]. At temperatures lower than 34 [ºC], 

the system macroscopically appears as a two-phase system of micelles and solid crystals. At 

temperatures higher than 34 [ºC] and in the concentration region 30 wt % - 45 wt % CsDS, 

the results suggest that the system is represented by a two-phase region of micelles 

coexisting with some liquid crystal phase. The exact boundaries have not been determined 

and these could be identified in a future study (see chapter 7). 

At 40 wt % CsDS concentration, the following observations have been made: At T > 

37 [°C], the system most likely lies in a two-phase region of micelles and liquid crystals. 

Heating rates larger than 0.2 [ºC/min] from 25 [°C] to 55 [°C], result in the formation of 

superheated samples. After these samples have been naturally cooled and the system is at T = 
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25 [°C] again, these samples look relatively viscous (yellow legend in Figure 3.1.). A cooling 

rate larger than 0.2 [ºC/min], from 55 [°C] to 0 [°C], will result in supercooling. When the 

superheated and supercooled samples are naturally cooled and warmed (to T = 25 [°C]), 

respectively, they look macroscopically different than the unheated samples of the same 

concentration. The thermally treated samples will look like that for several days, if solute or 

solvent seed is not inserted (brown legend in Figure 3.1). It had been investigated if these 

samples represent some metastable state and X–ray Diffraction experiments took place, to 

confirm or reject that. 

The XRD results of the dried byproducts suggest that the superheated and supercooled  

(dried) samples have similar 2·θ values with the unheated, purified CsDS crystals. This 

means that the thermally treated samples most likely exhibit similarities compared to the 

unheated samples Therefore, it is very likely that the thermally treated samples do not 

represent some metastable state.  

Macroscopic observation with cross–polarized light suggests that at concentrations 

higher than 40 wt % and at temperatures higher than 37 [°C], the system is most likely 

represented by some birefringent liquid crystal phase region (green caption in Figure 3.1). 

Macroscopic observation with cross–polarized light was also used to check the effect 

of impurities in the phase behavior of the CsDS/water system, in the concentration region 1 

wt % – 40 wt %. The results have shown that impurities possibly present in CsDS do not 

change the location of the solubility curve, compared to the solubility curve location of the 

purified CsDS (see 2.2.1.2 and 2.2.1.3). 

 

5.8. An analysis of the SDS/water system  

 

This analysis is based on the findings for the SDS/ water system that have been 

reported by [1], [2], [3] and [96] (see Figures 3.2 and 3.3). In the concentration region 5 

wt % - 35 wt % SDS, the solubility curve (transition of solid crystals and micelles to neat 

micellar solution) has a positive inclination, with an increase of 12 [°C] over the 
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concentration region 5 wt % - 38 wt % SDS. This suggests that the temperature of this 1st

Between 35 wt % and 40 wt % SDS and at temperatures lower than T = 25 [ºC], the 

system lies in a two-phase region of solid crystal coexisting with micelles. As the 

temperature increases, the system moves into another two-phase region where micelles 

coexist with hexagonal phase of liquid-like core (H

 

order thermodynamic transition depends on the surfactant concentration. In the same 

concentration region, as temperature is increased higher than the Krafft temperature, the 

system moves from an anisotropic two-phase region (solid crystals and micelles) to an 

isotropic micellar region (single phase). The Critical Micelle Concentration of SDS at T = 25 

[ºC] is 8 [mM] [28]. 

α & micelles) [2]. As both temperature 

and surfactant concentration in water (to more than 40 wt % SDS) increase, the SDS 

micelles organize themselves into the less ordered mesophase, the hexagonal, Hα [2].The 

Hexagonal Hα

For surfactant concentrations between 55 wt % and 70 wt % and as temperature rises 

higher than 40 [ºC], intermediate mesophases appear; cubic, tetrahedral, mesomorphic [2]. 

With even larger increase in concentration and in temperature, the system moves to the next 

more ordered mesophase, the lamellar phase, L

 (compared to all other intermediate mesophases) is the next more favorable 

configuration for the surfactant molecules after the micellar region, as it is the less packed 

structure (more open) than all the other mesophases [105]. At short distances, the repulsive 

forces within the charges within a colloidal aggregate, as well as between colloidal 

aggregates are stronger in the hexagonal structure. This conformation provides more freedom 

for the surfactant molecules to arrange in space. 

α

Finally, the solid crystal transformations are discussed. These correspond to 

transformations between different unit cell crystal structures (polymorphs) of SDS with 

variable degree of hydration in the crystal structure [2]. The first solid crystal transformation 

is located at about 30 wt % SDS and at T = 20 [ºC]. No other solid crystal transformation is 

reported, until 85 wt % SDS [2]. At concentrations of surfactant higher than 85 wt % SDS, 

isoplethal transitions, from T = 0 [ºC] to higher temperatures, indicate that the SDS unit cell 

 [2].  
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undergoes solid crystal transformations. At lower temperatures, two different crystalline 

polymorphs coexist in thermodynamic equilibrium (C’ with C’’). As temperature increases, 

the system moves into a two-phase region, where liquid crystals coexist in thermodynamic 

equilibrium with solid crystals (i.e. lamellar phases exist in equilibrium with a crystal 

hydrate).  

 

5.9. A comparison between the CsDS/water and the SDS/water systems 

 

Fig.5.8. The SDS/water phase diagram (left) that has been reported by Fontell et al. [1] and 

Kekicheff et al.[2]. The pink squares (points) of the SDS/water phase diagram have been 

reproduced with permission that has been granted from that has been granted from the 

Copyright Clearance Center Inc. (see Appendix G for permissions). The Cryo-TEM image of 

the SDS/water system has been reported by Arunagirinathan M.A. and Bellare J.R. and has 

been reproduced with their permission. The CsDS/water phase diagram (right).  

The major differences between the two phase diagrams: 

1. Solubility curves and temperature width of the two-phase region (solid crystal and 

micelles) in the region 5 wt % -30 wt %  

In the CsDS/water system, the solubility curve is relatively flat in that concentration 

region, with corresponding Krafft temperatures at T = 33±1 [ºC]. This flatness of the 

solubility curve can suggest that the 1st order thermodynamic transition, from solid crystals 
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and micelles (anisotropic system) to one-phase isotropic micellar solution, does not depend 

on the surfactant concentration. On the contrary, the solubility curve of the SDS/water 

system in the concentration region 5%wt - 30% wt is not flat. The SDS solubility curve 

increases about 12 [°C] over the concentration region 5% wt -38% wt [1], [2].  

An explanation of why the solubility curve of CsDS lies at higher temperatures 

compared to SDS, can be provided starting with the Hofmeister series for the alkali metals 

[56], [106]. These series can explain the changes in the interaction between the 

corresponding colloidal particles. Before their dissolution in water, Cs+ has a larger ionic 

radius compared to Na+. When the alkali metal cations are dissolved in water, the water 

molecules in the solution can be attracted easier by the smaller ionic radius of Na+, compared 

to the bulkier ion of Cs+. Therefore, the Van der Waals (attractive) forces between the water 

molecules and Na+ are stronger. The distance between the center of charge of the hydrated 

radius of Cs+ and the negatively charged polar head groups (SO4
2-) is smaller, compared to 

the case of Na+. This means that the hydrated counterion of Na+ will have more difficulty to 

bind with the anionic polar head groups, as the steric repulsions will become larger. 

Regarding the electrostatic repulsions, the larger, hydrated Na+ counterion (which, after 

dissolution, becomes the bulkier cation) screens less effectively the electrostatic repulsions 

between the anionic polar head groups than the hydrated Cs+ [53], [54], [56], [106] and [23]. 

Likewise, the smaller hydrated radius of Cs+ corresponds to a higher cation charge density. 

For the reasons mentioned above, the hydrated Na+ cation is more lyophilic than the 

hydrated Cs+

In order to describe fully the solubility differences, the differences in the hydration of 

the counter ion radii can be connected with differences on the corresponding micelles of the 

two salts. Since Na

 cation. 

+ 

The CsDS micelles have a smaller net charge, because the smaller hydrated counterion 

counter ions are bulkier, a smaller number of these counter ions can 

condense on the hydrophilic outside layer of the SDS micelles and the degree of counterion 

condensation on the micelle will be smaller in the case of SDS, compared to CsDS [53], [54], 

[106] and [23].  
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of Cs+ can reduce more effectively the electrostatic screening of the polar head group 

repulsions. Therefore, Cs+ 

The solubility differences between the 2 sulfate salts can be viewed as the net result of 

2 types of competitive interactions among the counter ions, the polar head groups and the 

water molecules; hydrophilic forces and crystalline free energy (thermodynamically driven) 

forces [23]. The larger hydrated Na

has a higher degree of counter ion binding on the corresponding 

CsDS micelles and the net charge of the CsDS micelles is expected to be smaller. This 

difference in the degree of the counter ion binding on the surfactant micelles means that the 

SDS micelles will have a larger net charge than the CsDS micelles which would correspond 

to a larger surface charge on the micellar surface. From the viewpoint of colloidal particles, 

the less charged CsDS micelles can electrostatically stabilize with each other less easily than 

the corresponding SDS micelle. This would indicate that coagulation of the micelles into a 

solid crystal phase is favored more for the CsDS micelles, compared to the SDS micelles.   

+ counterion can be related with stronger hydration of the 

anionic polar head groups, or stronger hydration effects, compared to Cs+ 

Finally, apart from having been explained as temperatures that represent 1

[23]. Without 

having calculated the crystal free energy of either surfactant, the observations suggest that 

the hydration forces for the SDS/water system are stronger compared to the  strength of the 

thermodynamically driven forces of the SDS crystal phase (weaker crystal energy) [23]. The 

opposite seems to hold for the CsDS/water system (stronger crystal energy and weaker 

hydration of the polar head groups) [23].  

st

The above analysis has examined how the differences in the hydrated metal ionic radii 

 order 

thermodynamic transitions, the Krafft temperatures can be related with the kinetic stability of 

colloidal particles. The kinetic stability is expressed by means of the system’s energy barrier 

height against coagulation. The Krafft temperatures for the CsDS/water system are higher 

than for the SDS/water system. This means that the energy barrier against coagulation 

(energy penalty) seems to be larger for the SDS/water system compared to the CsDS/water 

system. SDS seems to be more resistant against coagulation and thus more kinetically stable 

at that concentration region, compared to CsDS [107].  
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can affect the interactions between alkali metal counterions, water molecules and anionic 

polar head groups. This discussion conforms to the results of the CsDS/water system and the 

SDS/water system, as it (SDS/water system) has been reported by [1] and [2].The 

observations suggest that differences in these interactions affect the Krafft temperatures by 

an order of 8 [°C], in the concentration region 5 wt % - 30 wt %. These differences are 

related with different electrostatic and steric forces that can be interparticle (polar head group 

repulsions) and intraparticle. This Krafft point difference may be also related to the 

competitive action between thermodynamically driven forces and hydration forces. Apart 

from these descriptions, there is also an attempt to connect the Krafft temperature differences 

with kinetic stability differences between the colloidal systems.  

 

2. Location and concentration width of the coexistence region of liquid crystals and 

micelles. A comparison between the micellar structures    

The two-phase region of hexagonal phase and micelles in the SDS/water system spans 

the concentration region from 35% to 40 wt %. Its concentration width is narrower than the 

analogous phase of the CsDS/water system, where this phase lies between 30% and 40 wt %. 

The transition temperature of the SDS/water system is much lower compared to the 

CsDS/water system; T = 25±1 [ºC] for the SDS/water system [2] and T = 34±1 [ºC] for the 

CsDS/water system. 

Regarding the CsDS/water system, the results of the macroscopic experiments with 

cross-polarized light have shown that liquid crystals can be the representative structure at 

CsDS concentrations higher than 30 wt % but lower than 45 wt % when the system is heated 

to temperatures higher than 35[°C] (see 3.2 and 5.2.1.1). At concentrations of about 45 wt % 

CsDS and at temperatures larger than 35 [ºC], the system gets completely transformed into a 

liquid crystal structure. Therefore, the two-phase region of micelles and liquid crystals in the 

CsDS/water system should probably lie at temperatures higher than 35 [°C] and in the 

concentration region between 30 wt % and 45 wt %. The exact boundaries of the coexistence 

region of liquid crystals and micelles for the case of CsDS/water have not yet been 
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determined. 

The larger concentration width in the case of CsDS, corresponds to a more favorable 

coexistence (stronger Van der Waals forces) between the two corresponding phases (micelles 

with liquid crystals), compared to the SDS/water system.  

The reasoning for that can also begin through the Hofmeister series [56], [106] and 

conclude at the level of forces between the colloidal particles. As has already been 

mentioned in the 1st difference regarding the solubility curve locations (above), the larger 

hydrated ionic radius for Na+ compared to Cs+

It is attempted to connect this width in concentration with the difference in order 

between the two surfactant/water systems. The smaller hydrated radius of Cs

 corresponds to an increased hydrophilicity of 

the SDS surfactant compared to CsDS [56]. This is why CsDS appears less soluble in water 

than SDS. Order is favored more in the CsDS/water system compared to the SDS/water 

system.  

+ reduces more 

effectively the screening of the polar head group repulsions [53], [54]. Therefore, Cs+ can be 

attracted easier by the polar head groups compared to Na+. The favored polar head group/Cs+

Using Cryo-TEM, the CsDS ellipsoidal structures that were observed were larger 

compared to the SDS micelles. Both samples were examined at similar temperature and 

concentration by (by permission of Arunagirinathan M.A.; Bellare J.R.) [16]. For the CsDS 

structures, the semi–major axis and semi–minor axis were 7[nm] and 5[nm], respectively. 

 

attractions reduce more effectively the screening of the polar head group repulsions. 

Consequently, a higher degree of counterion binding on the CsDS micelle is expected [106]. 

Moreover, the reduced repulsions between the polar head groups in the CsDS/water system 

result in a larger degree of counterion condensation on the CsDS micelles. The differences in 

the counter ion binding degrees and in the counter ion condensation constants can explain 

why the CsDS/water system exhibits a lower critical micelle concentration compared to SDS, 

at the same temperature [67]. The lower critical micelle concentration at the same 

temperature for CsDS in water, is a first indication that order is favored more in the 

CsDS/water system compared to the SDS/water system.  
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The SDS micelles had a diameter of 5 [nm] [16]. 

The differences in the size can be related with larger aggregation numbers for the 

CsDS micelles. Both the increase in the counter ion condensation and the decrease in the 

polar head group repulsions can explain the larger aggregation numbers for the CsDS, 

compared to SDS [106].This is also a difference in order at the micellar level.  

The reduction of the polar head group repulsions reduces more effectively the 

curvature of the CsDS micellar nanostructures, compared to Na+ 

Assuming that the actual concentration width for the two-phase region conforms to the 

observations, an explanation for the difference in width can be based on the interparticle and 

intraparticle interactions. The smaller net charge that the CsDS micelles experience (for the 

reasons mentioned above; larger degree of counterion condensation on the micelles) reduces 

the electrostatic repulsions within a micelle (polar head group repulsions) as well as between 

micelles. Therefore, Van der Waals forces between the micelles become more significant 

than the repulsive forces. Therefore, aggregation between the colloidal particles in the 

suspension compared to the SDS/water system. Since aggregation of structures is favored 

more in the CsDS/water system, liquid crystal phase (aggregated micelles) and micellar 

phase can coexist over a wider concentration range for the CsDS/water system compared to 

the SDS/water system. 

[53], [54]. As this curvature 

is decreased, the CsDS/water interaction will also decrease and surfactant molecules will 

arrange easier from micelles into more ordered liquid crystal mesophases. The decrease in 

curvature and increase in order is depicted in the following order; spherical micelle, rod-like 

micelle, hexagonal liquid crystal phase, lamellar liquid crystal phase (see Critical Packing 

Parameter in 1.3.5). This can explain the fact that the CsDS structures are larger.  

To connect with the discussion about more ordered mesophases and with the results of 

the Cryo–TEM experiments in a 0.34 [M] CsDS/water solution (by permission of 

Arunagirinathan M.A.; Bellare J.R.), the threadlike structures that were observed (diameter 

of about 15 [nm] and a length varying from 200 [nm] to more than 1000 [nm]), were too 

large to be related with a rod like micelle [16]. Instead, they could probably represent some 
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intermediate liquid crystal before the dissolution of the solid crystals into a neat micellar 

solution at that temperature and concentration.  

In the concentration region between 30 wt % and 45 wt % and at T = 25 [ºC], the 

CsDS/water system lies in a 2 phase region of solid crystal and micelles. On the other hand, 

the SDS/water system is represented by the following transition; solid crystals and micelles 

to liquid crystals and micelles. The liquid crystal phase is a less ordered phase than the solid 

crystal phase. 

The analysis is also related with the Hofmeister series for the alkali metal ionic radius 

interaction with the solvent molecules [56]. The explanation is similar with the explanation 

for the difference in the solubility curves in the concentration region 5 wt % - 30 wt %, as 

has been explained before (1st difference). The larger hydrated ionic radius for Na+ is larger 

compared to Cs+

 

 increases the hydrophilicity of the surfactant. The liquid crystal structure 

favors more the interaction with the solvent molecules, compared to the solid crystal 

structure. Since the CsDS is less soluble than SDS, this difference seems to make sense.  

3. X-ray Diffractograms 

Regarding the CsDS crystals, as seen in Figures 4.12 to 4.16, the diffractograms of all 

five (dried) CsDS samples examined at T = 25 [°C] (thermally treated and untreated) have 

peaks at similar 2·θ values with each other, in the 2·θ range that the CsDS samples were 

examined (between 0° and 30°). The CsDS diffractograms, however, represent dried 

byproduct and not the actual solutions.  
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Fig.5.9. X-ray Diffraction Analysis for SDS crystals at T = 25 [ºC], reported by L.A. Smith 

et al. [96]. The Figure has been reproduced with permission that has been granted from the 

Copyright Clearance Center Inc. (See Appendix G for permission). 

 

An attempt was also made to figure out the unit cell crystal structure for the CsDS 

crystal, using the materials database Jade at the Characterization Facility of the University of 

Minnesota. A computer database has unit cell crystal structures for many materials. An 

already known material data sheet is selected and the diffractograms of the known material 

with the unknown material are compared. The parameters in the saved diffractogram are 

modified, until the diffractogram of a selected material and the known diffractogram match. 

 Using the following information for the anhydrous SDS crystal structure provided by 

L. A. Smith et al. [96]: unit cell parameters, dimensions, unit cell volume, unit cell density, 

space group, crystal structure, unit cell angles and lengths, as well as bond lengths, already 

saved diffractogram were selected and compared.  

The dried byproduct diffractograms of the unheated, pure CsDS (Figure 4.12) and the 

unheated, pure SDS (Figure 5.9) at T =25 [°C] exhibit similarities in their 2·θ values, in the 

2·θ range that the CsDS sample was examined (between 0° and 30°). In that range, many 

diffraction peaks between the two systems match with each other. The diffractogram of the 

dried byproduct cannot be used, however, to deduce conclusions about the unit cell crystal 

structure of CsDS in the solution, if the sample had not dried. 

In order to be more confident in the crystal structure comparison between SDS and 
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CsDS, the experiment for CsDS should be repeated in a wider 2·θ diffraction regime 

(between 0° and 100°). This can strengthen the comparison between the unit cell crystal 

structure of the two surfactants; CsDS and SDS.  

  

4. Intermediate birefringent crystal behavior; the comparison between CsDS/water and 

SDS/water systems 

Macroscopic experiments with cross-polarized light have taken place in order to 

investigate simultaneously, the effect of the counterion hydrated ionic radius in the 

appearance of intermediate birefringent liquid crystals (at concentrations where the 

intermediate liquid crystal is not the representative phase) and the time for the dissolution of 

these intermediate liquid crystals (see 3.2 and 5.2.1.1). The comparison was done at the same 

molar concentration for both cesium dodecyl sulphate and sodium dodecyl sulphate aqueous 

solutions and at a temperature higher than the Krafft temperature of either system, for the 

same absolute temperature difference for both systems (∆T = 6 [ºC]).The reason why this 

temperature difference and the molar concentration were the same in both systems was to 

focus on the effect of the different counterion radius only on the time needed for the 

following 1st

CsDS and SDS transient liquid crystals
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Fig.5.10. Time for the dissolution of intermediate liquid crystals vs. surfactant concentration; 

same heating rate.  

 

Figure 5.10 presents the time needed for the intermediate liquid crystals to dissolve 
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versus the molar concentration of surfactant in water. The comparison was done at the same 

molar concentration, for either surfactant. The CsDS crystals were synthesized according to 

the method describes in 2.2.1.2 and 2.2.1.3 and aqueous suspensions were prepared. Starting 

from T =25 [°C], the samples were heated with the same heating rate (larger than 0.2 

[ºC/min]) and, as mentioned above, with the same temperature difference from their 

corresponding Krafft temperatures, ∆T=6 [ºC], where the temperature of each sample was 6 

degrees Celsius higher than the Krafft temperature of the corresponding concentration. (It 

can be mentioned that this experiment can also check the time for dissolution of these 

birefringent crystals, when the water tank is at a temperature 6 degrees Celsius higher than 

the Krafft temperature, for the corresponding concentration. The standard deviation 

(indicated with the error bar in the CsDS/water system, as shown in Figure 5.10) is measured 

with respect to the average temperature value for the same set of independent samples, at 

each molar concentration. More experiments with CsDS should take place, to minimize the 

error bar. 

A first comparison between the 2 systems shows that with increasing molar 

concentration of surfactant in water, shows the following: 

i. At concentrations less than 300 [mM], the 2 systems show opposing trends, where the 

Na+ system does not form liquid crystals, while the Cs+

ii. At concentrations higher than 300 [mM], the 2 systems exhibit similar times for 

dissolution of the liquid crystals.  

 system exhibits liquid crystals.  

By chance, the surfactant concentration of 300 [mM], is at about the concentration 

region where the Cryo-TEM experiments for both systems (Cs+ and Na+

 

) were done. 

5. Thermodynamic transitions 

Both systems exhibit 1st order transitions, as has been mentioned above, in the cases 

where the system moves from an anisotropic system ( 2 phase system of micelles and solid 

crystals) to an isotropic solution (neat micellar solution).The lines in each diagram that 

indicate the following phase changes, correspond to 1st order thermodynamic transitions: 
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i. For both Cs+ and Na+

ii. For the Na

 systems, any isoplethal transition of crystals and micelles 

(two-phase region, anisotropic system) to neat micellar solution (one-phase region, isotropic 

solution) that crosses the solubility curve. 

+

iii. For the Cs

 system, the isothermal transition of hexagonal phase and micellar 

phase (two– phase region) to neat micellar phase 

+

Finally, another 1

 system, the isothermal transition of liquid crystal and micelles 

(two-phase region of an anisotropic system with still undefined boundaries) to a neat 

micellar solution  

st order transition should be mentioned for the SDS/water system [2]. 

This is the sudden discontinuity of the transition line that separates the two-phase region of 

C2 and Hα phases from a one-phase region (Hα

Table 5.3. A summary of certain differences between SDS and CsDS    

 

), at 50 wt % concentration and at 

temperature T=30 [ºC]. 

 

Properties   CsDS/water  

system   

SDS/water  

system   

  

Solubility in water 

      

Lower   Higher   

Krafft  

temperature   

Higher   Lower   

Width of the  

micellar and liquid  

crystal region    

Larger   Smaller   

Nanostructures    Threadlike  ( 10  

to 15 [nm] diameter  ) ;   

E llipsoidal   (~8  

[nm] semi major axis;  

5[nm] semi - minor  

axis)   

Spherical  

micelles, 5 [nm]  

diameter   

CMC   at T= 25  

[ ° C ]   

Lower   Higher   

Unit cell crystal  

type   

Undefined   Monoclinic   

Space group   Undefined   P*2l/c   
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The goal of this thesis has been to explore the phase behavior of the CsDS/water 

system and compare it with the already studied SDS/water system [1], [2], [3] and [96]. Two 

different methods have been investigated for the synthesis of CsDS; ion exchange (batch and 

continuous mode) of SDS into HDS that was followed by neutralization with CsOH, aqueous 

recrystallization of SDS in a CsCl solution into CsDS. For the purposes of phase behavior 

exploration of this thesis, the CsDS was synthesized by aqueous recrystallization. 

Various experimental techniques have been used to explore the CsDS/water phase 

behavior, such as macroscopic observation with cross–polarized light, Cryo–TEM, SAXS, 

XRD and optical microscopy with cross–polarized light. A comparison between the results of 

the experiments for the CsDS/water phase behavior and the SDS/water phase behavior ([1], 

[2] and [3]) can show that:  

1. The solubility curve in the concentration region 1 wt % - 30 wt % CsDS is a flat line 

at T = 33±1 [ºC]. This slope of this curve slightly increases to from T = 33±1 [ºC] to T = 

34±1 [ºC], as concentration of CsDS in the system increases from 30 wt % CsDS to 40 wt % 

CsDS. On the other hand, the solubility curve in the concentration region 1 wt %-30 wt % 

for the SDS/water system has a nonzero slope. This slope increases at about 12 [°C] in the 

concentration region between 5 wt %–30 wt % SDS. The solubility curve of SDS ranges 

between 20[ºC] and 25[ºC], at lower temperatures compared to the Cs+ system [2]. The lower 

Krafft temperature for the Cs+ system compared to the Na+ system, at the same concentration 

region, is fundamentally related to the smaller hydrated cationic radius of Cs+ compared to 

Na+. Na+ exhibits a stronger hydrophilic character compared to Cs+

2. The concentration boundaries for the micellar and liquid crystal (two-phase) region in 

the case of CsDS/water have not been verified. Macroscopic observations suggest, however, 

that the regime should lie between 30 wt % and 45 wt % at T = 34 [ºC]. For the same range 

of concentrations (between 30% and 40 wt %), the micellar and liquid crystal two-phase 

region is wider for CsDS compared to SDS [2]. As for the SDS/water system, the 

concentration boundaries for that 2 phase region lie between 35% and 40%, at T  > 25 [ºC] 

[2].The fact that liquid crystals comprise representative nanostructure in the Cs

 [56].   

+ system at 



 147 

concentrations lower than the Na+ system is also related to the lyotropic series of the alkali 

metals [56]. The smaller hydrated radius for Cs+ compared to Na+, indicates stronger 

screening of the polar head group repulsions within the surfactant molecules for Cs+ 

compared to Na+. This difference favors a reduction of the curvature and a decrease in the 

surfactant solubility (increase in the Krafft temperature) in the Cs+ compared to the Na+ 

system [53], [54]. Because of smaller head group repulsions, the net charge of the CsDS 

micelles is lower, leading to weaker repulsions and stronger attractions between CsDS 

micelles. Because of these weaker repulsions, aggregation of CsDS micelles into more 

ordered mesophases is favored. Therefore, the larger width of this 2 phase region for the Cs+

3. Cryo-TEM experiments on the CsDS/water system have shown both ellipsoidal 

structures of semi-major axis radius = 7 [nm] and semi- minor axis radius = 5[nm], as well as 

threadlike structures of 15 [nm] diameter, on the same grid [16]. On the contrary, spherical 

micelles are formed in the SDS /water system at similar temperature and concentration. The 

SDS micelles have a diameter = 5 [nm] [16]. The macroscopic observations with cross- 

polarized light and the results of Cryo-TEM experiments can be connected. The large, 

threadlike nanostructures that were observed using Cryo–TEM could correspond to an 

intermediate, birefringent, liquid crystal aggregate that had been observed with the 

macroscopic observations with cross-polarized light. These intermediate liquid crystals have 

been formed, possibly because of two reasons. First, due to the large heating rate that was 

used (>0.2 [°C/min]) and also, due to the fact that the sample preparation temperature very 

close to the Krafft temperature of the CsDS/water system. 

 

system signifies an increase in the Van der Waals forces between the 2 phases; micelles and 

liquid crystals. 

4. The dried byproduct diffractograms of the unheated purified CsDS crystal exhibit 

similarities with the diffractogram of the pure SDS in their 2·θ values, in the diffraction 

angle regime that the CsDS sample was examined (between 0° and 30°) [96].  

For the same diffraction angle regime that the CsDS samples were examined (between 

0° and 30°), the thermally treated CsDS samples have almost identical 2·θ values in their 
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diffractograms. Moreover, their diffraction angle values are also very similar with the 

unheated pure CsDS crystal (which was also a dried byproduct). These diffraction angle 

similarities and the explanation of Ostwald ripening can justify the fact that the superheated 

and supercooled samples do not represent some type of metastable state, as was initially 

assumed based on their different macroscopic observation [88]. Ostwald ripening can 

describe the change in the macroscopic appearance of the superheated and supercooled 

samples and their reverse to the final state, a final state which macroscopically looks the 

same with the initial state. After long time (several weeks), whether by self–reverse, or by 

solvent or solute perturbation, the small crystals will coalesce into a larger crystal. This 

larger crystal has a smaller surface-to-volume ratio. By this solid crystal growth process, the 

surface energy of the system is reduced [88]. The thermally treated samples must probably 

represent the same thermodynamic state with the unheated sample. The reason for the 

different macroscopic appearance between the thermally treated (heated, superheated and 

supercooled) and the unheated samples, is the different degree of dispersion of solid crystal 

in water, because of larger heating and cooling rates. The cooling and heating rates for the 

superheated and the supercooled samples must have been large enough, so that the solid 

crystals have nucleated rapidly, when the samples were cooled. A faster nucleation is related 

with a smaller crystal size [108].  

For the thermally treated samples, well-defined Debye rings have formed because of 

smaller crystal size and/or larger concentration of CsDS in these samples, compared to the 

unheated samples. The unheated samples have more weakly-defined Debye rings, compared 

to the thermally treated samples. These weakly–defined Debye rings correspond to a smaller 

number of larger crystals (that diffract less) and/or smaller concentration of CsDS in the 

solution. The size of the crystals in the unheated samples is such, that the powder limit size 

for some of the crystals is not achieved [75]. 
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7.1. Preface 

 

 This chapter includes a discussion about experiments that have been included in the 

thesis at the very end. Specifically the reasons behind the lack of success for some 

experiments, as well as certain ways to avoid the experienced problems in the future, are 

provided. Some ideas are suggested to improve the reliability of these experiments (that did 

not work), as well as new ideas for all the experiments that have taken place. The purpose is 

to provide suggestions to interested experimentalists, in order to interpret the CsDS/water 

phase behavior as better as possible.     

.  

7.2. SAXS experiments 

 

The experimental design of the sample preparation and the run were not good enough to 

provide a representative scattering diagram that would be the basis to interpret the 

mesophase that appears at 32 wt % CsDS concentration. The experiment, however, should be 

repeated in the future, as part of a research attempt to identify the liquid crystal structures of 

the CsDS/water system at intermediate concentrations (CsDS concentrations higher than 30 

wt % in an aqueous solution). Some limiting factors are presented: 

1. Improper sealing 

 Solvent evaporation from the capillary might have occurred, because of improper sealing of 

the capillary tube (with Teflon tape). A stronger insulator should be used, such as wax or 

some glue (like epoxy), that would prevent water evaporation. The heating of an improperly 

sealed capillary tube from T = 25 [ºC] to T = 45 [ºC], might have resulted in water 

evaporation. This possible evaporation might have influenced the status of the sample.  

2. Sample inhomogeneity and temperature gradients 

Starting at T = 25[ºC] in a capillary tube of 80 [mm] length, the sample was a 

two-phase system at first. The surfactant suspension was not uniformly distributed inside the 

capillary, but there were two distinct phases, a discreet aqueous (above) and another one 
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solid crystal–like (below). 

Since the scattering involved heating to a temperature higher than T = 25[ºC], this 

heterogeneity of the system is a reason why any scattering data are considered not 

representative. In a future experiment, the sample should have reached the bottom of the 

capillary (<20 [mm]). The bottom is in contact with a copper compartment, which provides 

enough heat transfer to the sample. That would ensure that the temperature on the sample has 

reached 45 [ºC]. The upper part of the capillary is not in contact with this metallic part, so a 

temperature gradient would be expected. 

 

 Fig.7.1. Typical hexagonal pattern with certain interstructural spacing, reported by 

Sakamoto K. et al. [109]. The Figure has been reproduced with permission that has been 

granted from the Copyright Clearance Center Inc. (See Appendix G for permission). 

 

The 1st step in the attempt to identify the liquid crystal type at 32 wt % CsDS is to use 

available data for the SDS/water system. Data from X-ray Diffraction experiments at 

temperatures between 24 and 30 [ºC] for the SDS/water system at 48 wt % SDS 

concentration, reported by Kekicheff et al. showed that the system lies is the periodic spacing 

for a hexagonal phase, Hα [3]. As far as the order of the nanostructures is concerned, the next 

more ordered nanostructure for the surfactant system in terms of increased packing of 

surfactant molecules after the micelles, is the hexagonal phase Hα

The experiments should be repeated in order to prove that in the concentrations region 

between 30 wt % and 40 wt % CsDS and at T > 35 [°C], the liquid crystal phase that appears 

first, is the hexagonal phase. Another idea would be to run more experiments (isothermal 

.  
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and/or isoplethal), in order to fully identify all the liquid crystal phases that appear in this 

intermediate concentration region. Scanning electron microscopy could be also used. Finally, 

it might be of use to check for the effect of impurities in the CsDS/water phase behavior in 

that concentration region, by comparing the purified CsDS and the impure CsDS phase 

behavior in aqueous solutions (see 2.2.1.2). 

 

7.3. Optical microscope 

 

The optical microscope experiments were not successful in the attempt to identify the 

presence of birefringent liquid crystals, as well as to double-check the Krafft temperatures 

found by the macroscopic observation with cross-polarized light. It is considered necessary 

that these experiments be repeated. 

The images presented in Figures 4.17. and 4.18. were captured without the use of 

cross-polarized filters. No indication of anisotropic liquid crystal structure was observed, 

such as mosaic patterns, fan-like textures, Schlieren textures and birefringence [42], [84]. 

This means that the structures presented by the Figures 4.17 and 4.18 cannot be birefringent 

liquid crystals. A birefringent liquid (or solid) crystal would not disappear in the 

cross-polarized light. Only the cubic phase that is an isotropic liquid crystal phase, however, 

is not birefringent and could disappear when observed using cross–polarized light [42]. 

Moreover, the crystals in Figures 4.17 and 4.18 exhibit sharp edges. Liquid crystals do not 

have sharp edges. Therefore, these reflections captured by the camera should have been 

formed by the interaction of the light beam with the edge of the surface of the solid crystals. 

Some limiting factors, which at the same time are reasons of why these experiments should 

be repeated, are indicated below: 

 Accidental movement of the fiber optic tube that shines light onto the sample. This 

happened several times. To ensure higher reproducibility, the light source has to be mounted 

at a fixed position, in order to shine light from a fixed incident angle. 

 Inhomogeneity in the dispersion of solid crystals in water. There was difficulty in 



 153 

the production of a homogeneous dispersion of solid crystals in water in the indentations. In 

the case of a homogeneous dispersion, the incident light beam would scatter uniformly 

through the sample and any image taken from that certain indentation would be 

representative, for the given concentration. During the sample preparation of these 

experiments, the solid crystals were ground manually. This grinding process, however, 

cannot guarantee that the solid crystals have satisfied the powder limit (powder limit for a 

particle size: 0.8 [µm] - 75[μm] [75]). There was an observable, small (but not negligible) 

profile variation on the surface of the samples within the indentations. This could result in 

temperature gradients within the indentation. Smaller crystals that were closer to the surface 

only, had a more uniform temperature. 

In that case, any images captured from the sample would not be representative, 

because of the inhomogeneity of the material, due to non - uniform crystal dispersion. The 

temperature measured by the thermocouple would be more representative for a measurement 

of a sample with finer crystal dispersion than from a sample with a coarser one. The captured 

images, however, were taken mostly from very small crystals, as close to the surface as 

possible. A future study should examine a more appropriate way of inserting the samples in 

the indentations, in order to increase quantitative interpretation.   

 Possible water evaporation from the thin water film of the sample. When the 

samples had been prepared, overflow of water happened and droplets spread out, along 

multiple sample indentations. This made it difficult to visualize the samples. Therefore, 

during the same experiment, the glass slide that was covering the indentation with the 

samples was changed. During the time of that exchange, some water that might had spread 

onto the glass slide could have escaped, due to evaporation (the higher the temperature 

difference between the top of the sample and the environment (T∞ - TS

These experiments should be repeated, in order to develop a method to observe phase 

), the higher the 

evaporation rate of water towards the environment). It was not possible to quantitatively 

assess the mass of water that had escaped. Again, a future study should examine how to seal 

the indentations properly, after the suspension has been inserted in the indentations. 
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transitions from multiple samples at different concentration regions, simultaneously. It would 

be useful to record videos from the small CCD camera attached to the Hyrox microscope, in 

order to deduce conclusion about the time that phase transitions need to take place. 

 

7.4. X–ray Diffraction experiments 

 

Despite the fact that the diffractograms represent dried byproduct, the X-ray 

Diffraction experiments were valuable in terms of providing evidence in order to check if the 

thermally treated samples represent metastable states or not (as they appeared 

macroscopically different than the unheated samples). The 2·θ values between the 

diffractograms of all five CsDS samples were similar. This similarity between the thermally 

treated and untreated samples indicates that the thermally treated samples do not represent 

some metastable states. Moreover, the similarities in the 2·θ values between the 

diffractogram of the CsDS dried byproduct (Fig.4.12.) with the SDS diffractogram (see Fig. 

5.12.) in the angle regime between 0° and 30° suggests that the crystals of the two 

surfactants may also have similarities in their unit cell crystal structure [96].The X-ray 

diffraction experiments should be better designed, in order to strengthen the comparison 

between thermally treated and untreated CsDS samples, as well as between the CsDS and 

SDS crystals. More samples should be examined over a wider 2·θ range, than the range that 

was used for these experiments (0° - 30°). That would involve amelioration in the sample 

preparation method, especially in the transfer of the samples into the diffractometer chamber. 

The samples should be prepared in the same glass Pyrex® tubes and a different spatula 

should be used. Alternately, the samples might be prepared in glass capillary tubes that 

would consecutively be inserted in the diffractometer chamber. A smaller tube – maybe a 

capillary - might increase sample homogeneity and might be a way to avoid the spatula. The 

reproducibility of these measurements is very important to consider, for a future experiment. 

All these ideas mentioned above would help to receive a representative diffractogram 

for CsDS in the future. One way to identify the XRD pattern of CsDS, is to compare the 
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CsDS diffractogram with already saved diffractograms of known materials (see Software 

Jade at the Characterization Facility of the University of Minnesota). It might be also helpful 

to compare the diffractogram extracted by the XRD experiments with a molecular simulation 

of the crystal structure of CsDS. A last idea would involve combining several XRD 

experiments with molecular simulations in the concentration region 0 wt %-100 wt % CsDS 

at various temperatures, in order to identify what –and how many- types of different 

crystalline polymorphs are formed in the CsDS/water system. 

 

7.5. Macroscopic observations 

 

More experiments should take place, in order to investigate the exact concentration 

boundaries for the 2 phase region of micelles coexisting with liquid crystals. It should also 

be verified if the transition temperature from solid crystals and micelles to some liquid 

crystal and micellar phase indeed exhibits a slight increase, for CsDS concentrations higher 

than 30 wt %. 

Another idea would involve to examine if the intermediate liquid crystals that were 

observed using large heating rates (larger than 0.2[ºC/min]) in the concentration region 1 

wt % - 30 wt % CsDS, can be related with some theory regarding the effect of alkali metal 

counterion upon binding with the sulfate surfactants. The study should focus on the time for 

a phase transition, for a given order parameter (same molar concentration), same order 

parameter for both Cs+ and Na+

 

 systems. 

7.6. Impurities in SDS and their effect in the CsDS/water phase behavior 

 

As mentioned in 2.2.1.2. and 2.2.1.3, the reagent SDS, that was received by Sigma 

–Aldrich, was 98.5 wt % pure (according to gas chromatography analysis). The X–ray 

diffractograms have been a first step in order to investigate the presence of the impurities. It 

was not possible, however, to deduce qualitative conclusions about the presence of 
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impurities in the CsDS, by the X–ray diffractograms. 

 

7.6.1. Organic impurities 

The reason why SDS was recrystallized twice in ethanol (see 2.2.1.2.), was to remove 

possible organic impurities; most likely dodecanol [2], [52]. As mentioned before and as far 

as the impurity effect on the phase behavior of the CsDS/water system is concerned, the 

experiments of this thesis have taken into account information by relative studies on the SDS 

/ water system, regarding the effect of organic cosolvents in the micellar behavior of the 

SDS/ water system [92],[99], [100], [101], [103] – [50],[58].The amount of organic impurity 

present in SDS, should be identified by some instrumental technique (i.e. Gas 

Chromatography coupled with Mass Spectrometry). 

 

7.6.2. Inorganic impurities 

To connect with the description of chapter 5 regarding inorganic impurities for the SDS, 

it is assumed that these inorganic impurities are removed by dissolution in deionized water, 

during the process of aqueous recrystallization to synthesize CsDS (see 2.2.1.2.). The X-ray 

Diffraction pattern of the pure CsDS crystal, however, suggests that there might be presence 

of NaCl or SDS in the examined CsDS crystal, as the materials have peaks at similar 2·θ 

values [96], [97]. 

A next step should involve the examination of all possible impurities in SDS, 

qualitatively and quantitatively. Some techniques that can be used are referred in table 7.1. 
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Table 7.1.  Instrumental methods used for analysis of the impurity in the sample 

Gas Chromatography Qualitative assessment of the organic 

impurities 

Gas Chromatography with Mass 

Spectrometry 

Qualitative and quantitative assessment 

of the organic impurities 

Spectroscopy (IR, Raman) Quantitative and qualitative 

identification of solid state composition 

X-ray Diffraction analysis Identification of solid state structure  

Inductive Coupled Plasma  Qualitative and quantitative assessment 

of the inorganic species 

Inductive Coupled Plasma with Mass 

Spectrometry 

Identification and quantification of 

inorganics-(cation concentration with ICP) 

and organics-mass spectrometry  

    

 Having identified these impurities, the next step would involve: 

1. To repeat steps 2.2.1.2. and 2.2.1.3 - ethanolic recrystallization of SDS for the 

purification of SDS and aqueous recrystallization of SDS in a CsCl solution for the synthesis 

of CsDS, respectively, in order to make sure that the retrieved CsDS does not contain any 

significant amount of impurities. 

2. To compare the phase behavior of the CsDS/water system between the purified and 

the impure CsDS. 

  

7.7. CsDS micellar nanostructures at 0.34 [M] concentration and 

comparison with existing studies  

 

 In order to compare the shape and size of the CsDS micellar nanostructures with the 

findings of relative studies ([53], [54]), the following protocol should be followed: 

1. Synthesis of CsDS by ion exchange, using a continuous ion exchange column (as 
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described in [53]). The protocol for producing CsDS crystals by the continuous ion exchange 

experiment (see Figure 2.1.) is the following: 

a. The resin is rinsed with deionized water initially (water as feed, in Tank 2) 

b. A 5 wt % SDS solution is passed through the column, to rinse again (10’) (solution 

is pumped from Tank 2). 

c. An HCl 0.779 [M] solution is passed through the column to activate the resin into 

the H⁺-form (30’) (solution is pumped from Tank 2). 

d. The resin is rinsed again with deionized water (45’) (water is pumped from Tank 

2). 

e. A CsOH 0.779 [M] solution is passed through the column to neutralize the bed. 

(30’) (solution is pumped from Tank 2). 

f. The resin is rinsed with deionized water, until the base is removed. (45’) (water is 

pumped from Tank 2). 

g. A 5 wt % SDS solution is passed through the resin (10’) (solution is pumped from 

Tank 2). 

h. The solution is vacuum filtered at 0 [ºC] to receive the pure CsDS crystals. 

i. The purified CsDS crystals are stored in the desiccator for several days. 

 

2. A next set of experiments using Cryo–TEM should take place, in order to observe the 

nanostructures formed in the micellar region. In that set, the heating rate of the samples from 

T = 25 [ºC] to the VITROBOT temperature (a temperature higher than the Krafft temperature 

of the system) should be as low as possible (lower than 0.2 [ºC/min]), so that the chances 

that the system approaches thermodynamic equilibrium are maximized. It is necessary to use 

these heating rates to observe the representative nanostructures – and not some intermediate 

liquid crystal nanostructures - for the CsDS/water system at that concentration and 

VITROBOT parameters. 
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A.1. Experimental method-Ion exchange 

 

 

Fig.A.1. Ion exchange equilibrium constant K H
Na vs. mole fraction of Na+

. 

 in the resin for 

different divinylbenzene crosslinkage degrees, reported by Harland C. E. [55]. Figure A.1. 

has been reproduced with permission that has been granted from the Copyright Clearance 

Center Inc (See Appendix G for permission). 

Figure A.1. depicts the relation between ion exchange equilibria constant versus the 

mole fraction of Na+ on the resin, for different degrees of crosslinkage of divinylbenzene on 

the resin matrix. A typical composition of a resin is a polystyrene chain network (matrix) 

with cross-linked regions, as well as with regions of available cations (for a cationic resin, 

the cations would be H+

 

) [110]. 
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A.2. Rotameter calibration 

 

 

Fig.A.2. Rotameter calibration at T = 25 [ºC]. 

 

The flow rate vs. the indication of the rotameter values showed a good linear correlation. 

A first run was performed to investigate the resin properties for the ion exchange of a 

different solution (NaCl of 0.19 [M]). Sodium Chloride (NaCl) is cheap and easily available 

in the lab. It was assumed that the breakthrough curves that were received for the aqueous 

solution of NaCl 0.19 [M], would be the same for an SDS 0.19 [M] aqueous solution (as 

both solutions have the same cation; Na+

 

). 

The method was the following: 

    a.    The resin was rinsed with deionized water. 

       b.    The resin bed was activated by passing HCl 0.779 [M] solution for 30’. 

       c.    The bed was rinsed by passing deionized water for 45’. 

       d.    The solution for ion exchange is passed through (NaCl 0.19 [M]) for 10’. 
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Fig.A.3. Breakthrough curves for a NaCl 0.19 [M] solution. 

 

As was reported in chapter 2, the CsDS that was used for the phase behavior was 

synthesized by recrystallization.   

The reason that this ion exchange experiment should be done in the future, however, is 

s to compare the micellar nanostructures of the CsDS/water system, following the same 

protocol with existing studies [53], [54]. An experiment has provided the breakthrough curve 

for the Na+→H+ exchange for a NaCl 0.19 [M] solution in the feed. This ion exchange 

experiment (Na+ to H+

As can be seen in Figure A.3., the breakthrough curves of the 2 independent runs are 

in pretty good agreement with each other. The curves show a very steep increase as the 

operating window (100% ion exchange of Na

 ion exchange) has been a model study to interpret the ion exchange 

characteristics of the system. It is assumed that the ion exchange process of SDS to HDS, has 

the same breakthrough curve. 

+ to H+) is approached. The temporal width of 

the operating window, is about 120 [sec] (time between 100 and 220 [sec]), followed by a 

smooth exponential decay. The breakthrough curve can be related with a strongly favored 

adsorption of Na+ on the resin (large K H
Na equilibrium constant –see Figure A.1).      
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  It is recommended that the synthesis of CsDS by the continuous ion exchange 

experiment should be incorporated in a future work. The corresponding protocol is described 

in Chapter 7. 

  

A.3.Results 

Recrystallization and ion exchange (considering only the 2 batch processes, fast and 

slow), were both equally successful in the production of pure CsDS, considering the Cs+ 

content, Na+ content, as well as the Cs+/Na+

 

 ratio. The quantification has been done by ICP 

(Inductive coupled plasma elemental analysis) [98]. Plasma state (temperatures higher than 

6000 [K]) is used to ionize all the metals and burn all the hydrocarbon molecules in the 

specimen, in order to produce carbon oxides and water [98]. The technique took place at the 

University of Minnesota at St. Paul, “Dept. of Soil, Water, and Climate, Soil Testing and 

Research Analytical Laboratory” [98]. Table A.1. shows the ICP results of the first analysis 

of samples, produced by both recrystallization, as well as ion exchange (two batch 

processes). 

 Table A.1. ICP Results of each process 

Sample  
Cs 
[ppm] CsDS  Na  

Cs/Na 
Ratio 

       
Batch3 flasks, long experiment 333.110 995 3.557  93.6 
Batch1 flask, fast experiment  316.360 944 11.655  27.1 
Recrystallization 399.300 1193 3.125  127.8 

  

All three methods have been efficient in producing pure CsDS, considering the Cs+ 

concentration, Na+ concentration and Cs+/Na+ ratio. The Na+ content for the CsDS produced 

by recrystallization is slightly lower, compared to the ion exchange - batch processes. In all  

cases, however, the Na+ content is at very low level compared to the Cs+ (2 orders of 

magnitude lower). The recrystallization and the batch experiments are wet bench procedures. 

It is the first study that has been reported so far, to have produced cesium dodecyl sulfate 

using four independent methods of preparation (three in ion exchange and one in 
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recrystallization). 

As Table A.2 indicates, the fastest process is the batch process with one flask (fast 

process) at 4 hours. Then, follows the recrystallization experiment. The slowest method is 

the batch process with 3 flasks (slow process). As mentioned in the chapters of the thesis, the 

continuous ion exchange setup has not been tested for the production of CsDS. Assuming, 

however, that the breakthrough curve for the exchange of Na+ to Cs+ is similar to an extent 

with the one for the exchange of Na+ to H+

 

, the continuous method would be the fastest 

method among all in synthesizing CsDS, at about 3 hours. 

Table A.2.Time for each process 

Ion exchange-Continuous experiment 3 hours 

Ion exchange-Batch-1 Flask, fast 4 hours 

Ion exchange-Batch-3 Flasks, slow 56 hours 

Recrystallization 8 hours 
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Fig.A.4. Reduced cost of CsDS produced. 
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.Figure A.4.shows the reduced cost per each method, expressed as cost of grams of each 

reagent used per gram of CsDS produced. Regarding the reagents, in the case of 

recrystallization involved the total cost of cesium chloride and sodium lauryl sulfate that 

have been used, whereas for the ion exchange, the reagents have been cesium hydroxide and 

sodium dodecyl sulfate. The recrystallization is more efficient process than the ion exchange 

(batch), as for roughly the same cost, it provides a larger yield of material. The cost for the 

synthesis of CsDS is provided, to compare with an estimate of a “5000 $ minimum order for 

CsDS in the market”, Davis (2009). 
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Fig.A.5. Time for every method in the production of CsDS 
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5 wt % - 55 wt % CsDS CONCENTRATION TABLE 
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Table B.1.Concentrations before and after seed insertion, 5-55 wt % CsDS, 2nd 

cycle

 

 Perturbation by seed addition–solute jump, 560 % wt pure CsDS samples, 2nd cycle 
 [g] crystals_after [g] crystals_before [g] CsDS_before [g] CsDS_after [g] water conc_before conc_after 

5% 0.0210±0.000100 0.0185±0.000100 0.0207±0.000113 0.0221±0.000113 0.3863±0.0001000 0.0508±0.00246 0.05400±0.002456 

5% 0.0209±0.000100 0.0199±0.000100 0.0225±0.000113 0.0236±0.000113 0.4294±0.0001000 0.0497±0.00222 0.05217±0.002213 

5% 0.0274±0.000100 0.0264±0.000100 0.0298±0.000113 0.0309±0.000113 0.5762±0.0001000 0.0491±0.00165 0.05103±0.001651 

10% 0.0145±0.000100 0.0135±0.000100 0.0152±0.000113 0.0163±0.000113 0.4236±0.0001000 0.0346±0.00228 0.03727±0.002276 

10% 0.0190±0.000100 0.0180±0.000100 0.0203±0.000113 0.0214±0.000113 0.1806±0.0001000 0.1010±0.005027 0.1063±0.005004 

10% 0.0215±0.000100 0.0205±0.000100 0.0231±0.000113 0.0243±0.000113 0.2893±0.0001000 0.0739±0.00321 0.0775±0.003208 

15% 0.0273±0.000100 0.0263±0.000100 0.0297±0.000113 0.0308±0.000113 0.1704±0.0001000 0.1484±0.005106 0.1534±0.005084 

15% 0.0156±0.000100 0.0146±0.000100 0.0167±0.000113 0.0176±0.000113 0.097±0.000100 0.1468±0.008983 0.1538±0.008927 

25% 0.0263±0.000100 0.0253±0.000100 0.0286±0.000113 0.0298±0.000113 0.0856±0.000100 0.2505±0.009027 0.2578±0.009049 
25% 0.0329±0.000100 0.0319±0.000100 0.0361±0.000113 0.0372±0.000113 0.1098±0.0001000 0.2473±0.007062 0.2531±0.007075 

25% 0.0301±0.000100 0.0291±0.000100 0.0329±0.000113 0.0340±0.000113 0.0997±0.000100 0.2482±0.007700 0.2545±0.007785 

30% 0.0214±0.000100 0.0204±0.000100 0.0230±0.000113 0.0242±0.000113 0.0533±0.000100 0.3021±0.01368 0.3122±0.01374 

30% 0.0208±0.000100 0.0198±0.000100 0.0224±0.000113 0.0235±0.000113 0.0553±0.000100 0.2882±0.01340 0.2984±0.01344 

30% 0.0289±0.000100 0.0279±0.000100 0.0316±0.000113 0.0327±0.000113 0.0713±0.000100 0.3068±0.01017 0.3143±0.01020 

35% 0.0304±0.000100 0.0294±0.000100 0.0333±0.000113 0.0343±0.000113 0.0613±0.000100 0.3517±0.01121 0.3593±0.01125 

35% 0.0225±0.000100 0.0215±0.000100 0.0243±0.000113 0.0254±0.000113 0.0448±0.000100 0.3518±0.01534 0.3622±0.01541 

40% 0.0194±0.000100 0.0184±0.000100 0.0208±0.000113 0.0219±0.000113 0.0298±0.000100 0.4112±0.02137 0.4240±0.02153 

40% 0.0186±0.000100 0.0176±0.000100 0.0199±0.000113 0.0210±0.000113 0.0283±0.000100 0.4129±0.02245 0.4264±0.02263 

40% 0.0299±0.000100 0.0289±0.000100 0.0327±0.000113 0.0338±0.000113 0.0465±0.000100 0.4128±0.01366 0.4210±0.01373 

45% 0.0157±0.000100 0.0147±0.000100 0.0167±0.000113 0.0178±0.000113 0.0204±0.000100 0.4501±0.01742 0.4659±0.01750 

45% 0.0147±0.000100 0.0137±0.000100 0.0155±0.000113 0.0166±0.000113 0.0189±0.000100 0.4505±0.01881 0.4679±0.01889 

45% 0.0112±0.000100 0.0103±0.000100 0.0116±0.000113 0.0126±0.000113 0.0138±0.000100 0.4566±0.02581 0.4786±0.02592 

50% 0.00913±0.000100 0.00813±0.000100 0.00920±0.000113 0.0103±0.000113 0.0098±0.00010 0.4842±0.03652 0.5122±0.03649 

50% 0.00469±0.000100 0.00459±0.000100 0.00520±0.000113 0.00530±0.000113 0.0066±0.00010 0.4406±0.05367 0.4455±0.05378 

50% 0.0101±0.000100 0.00919±0.000100 0.0104±0.000113 0.0114±0.000113 0.0098±0.00010 0.5148±0.03647 0.5382±0.03625 

55% 0.0963±0.000100 0.0106±0.000100 0.0109±0.000113 0.0120±0.000113 0.0095±0.00010 0.5343±0.03745 0.5587±0.03707 

55% 0.0963±0.000100 0.0106±0.000100 0.0109±0.000113 0.0120±0.000113 0.0095±0.00010 0.5497±0.03410 0.5707±0.03363 

55% 0.0121±0.000100 0.0111±0.000100 0.0126±0.000113 0.0136±0.000113 0.0104±0.000100 0.5478±0.03404 0.5681±0.03369 

 

Table B.1. depicts the concentration, before and after the addition of a mass of seed in 

the samples. There is a deviation in concentrations of the order of ±2 wt % with respect to 

the desired concentration, before and after seed addition. These concentration changes are 

indeed perturbations in concentrations. 

For the error analysis, the following operations have been used: 

               A=B+C, (ΔA)
 2
= (ΔB) 2 + (ΔC)

               Z=B/A, (ΔZ/Z)

 2
 

 2= (ΔA/A) 2 + (ΔB/B) 2 

In our case, B= [Mass of CsDS, g] 

[111] 

          A= [Mass of CsDS, g] + [Mass of Water, g] (Denominator) 

           Z= [Mass of CsDS, g]/A = [wt % CsDS Concentration] 
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APPENDIX C 

5 wt % - 40 wt % IMPURE and PURIFIED 

CsDS/WATER CONCENTRATIONS & CERTAIN 
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Impure CsDS/water phase behavior - Concentration region 5-20 wt % (2nd

Three independent samples were examined at each concentration and heated according 

to 2

 cycle) 

nd cycle heating (heating, cooling with seed addition, and heating again).The average of 

these samples at each concentration provided a candidate Krafft temperature, during the 1st 

heating. The same process was repeated for the 2nd heating process. The total average 

between the two heating processes was calculated. The standard deviation was measured 

with respect to the total average temperature for the set of 6 independent temperature values 

(3 during the 1st heating and 3 for the 2nd

 

 heating process). A certain reference for the ethanol 

recrystallization procedure is the study of Kapuzzi et al. [112]  

Table C.1. Weighed concentrations for the impure samples in the region 5 wt % - 20 wt % 

CsDS 

 Perturbation by seed addition –solute jump 5-20% wt samples (impure), three samples 
 [g] crystals_after [g] crystals_before [g] CsDS_before [g]CsDS_after [g] water concentration_before concentration_ after 

5% 0.0162±0.000100 0.0152±0.000100 0.01662±0.0001131 0.01772±0.0001131 0.2848±0.000100 0.05516±0.003762 
 0.05858±0.004018 

5% 0.0215±0.000100 0.0205±0.000100 0.02242±0.0001131 0.02352±0.0001131 0.3873±0.0001000 0.05473±0.002764 
 0.05725±0.00311585 

5% 0.0119±0.000100 0.0109±0.000100 0.01193±0.0001131 0.01302±0.0001131 0.1988±0.000100 0.05659±0.005382 0.06146±0.0055453515 

10% 0.0155±0.000100 0.0145±0.000100 0.01586±0.0001131 0.01695±0.0001131 0.133±0.000100 0.1065±0.007680 0.1130±0.00768 

10% 0.0096±0.00010 0.0086±0.00010 0.0094±0.0001131 0.01050±0.0001131 0.0801±0.000100 0.1051±0.01276 0.1159±0.01257 

10% 0.0174±0.000100 0.0164±0.000100 0.0179±0.0001131 0.01903±0.0001131 0.1417±0.000100 0.1123±0.007171 0.1184±0.007189 

15% 0.00968±0.000100 0.00868±0.000100 0.00950±0.0001131 0.01059±0.0001131 0.0484±0.000100 0.1640±0.02008 0.1795±0.01923 

15% 0.0121±0.000100 0.0111±0.000100 0.0122±0.0001131 0.01324±0.0001131 0.0631±0.000100 0.1615±0.01544 0.1735±0.01489 

15% 0.01078±0.0001000 0.00978±0.000100 0.0107±0.0001131 0.01179±0.0001131 0.0554±0.000100 0.1618±0.01758 0.1755±0.01690 

20% 0.0108±0.000100 0.0098±0.00010 0.0107±0.0001131 0.01181±0.0001131 0.039±0.000100 0.2156±0.02398 0.2325±0.02230 

20% 0.0082±0.00010 0.0072±0.00010 0.0079±0.0001131 0.008971±0.0001131 0.0287±0.000100 0.2154±0.03256 0.2381±0.03006 

20% 0.0106±0.000100 0.0096±0.00010 0.0105±0.0001131 0.01159±0.0001131 0.0352±0.000100 0.2298±0.02631 0.2478±0.02421 
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Table C.2. Weighed concentrations for the impure samples in the region 25 wt % - 40 wt % 

CsDS. 

 

 
Fig.C.1. 5%, 10%, 15%, 20 wt % impure CsDS seeded, at T = 30.1 [ºC]. Heating started at T 

= 25 [ºC] with heating rate 0.2 [ºC/min]. No cross–polarization. Size scale: the tube diameter 

is 15[mm]. 

 

wt%   g crystals   g   CsDS   g water   conc entration     
25%   0.0105±0.000100   0.01148±0.0001131   0.0856 ±0.000100   0.2 716±0.02824   
25%   0.0099±0.000100   0.01083±0.0001131   0.1098 ±0.0001000   0.2 8215±0.03129   
25%   0.0096±0.000100   0.01050±0.0001131   0.0997 ±0.000100   0. 1411±0.01543   
30 %   0.0113±0.000100   0.01236±0.0001131   0.0533 ±0.000100   0.3 247±0.03207   
30 %   0.01±0.00010   0.01094±0.0001131   0.0553 ±0.000100   0.29 69±0.03274   
30 %   0.0196±0.000100   0.02144±0.0001131   0.0713 ±0.000100   0.3 0 14 ±0.01698   
35 %   0.0085±0.000100   0.009299±0.000 1131   0.0613 ±0.000100   0. 3780±0.05085   
35 %   0.0095±0.000100   0.01039±0.0001131   0.0448 ±0.000100   0.3 752±0.04511   
35 %   0.0092±0.0001000   0.01006±0.0001131   0.0298 ±0.000100   0. 3876±0.04840   
40 %   0.0102±0.000100   0.01115±0.0001131   0.0283 ±0.000100   0.4 417±0.05115   
40%   0.0 124±0.000100   0.01356±0.0001131   0.0352±0.000100   0 .4512±0.04319   
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Fig.C.2. 5%, 10%, 15%, 20 wt % impure CsDS at T = 31.7 [ºC] (12’) - 2nd heating cycle. 

Heating started at T = 25 [ºC] with heating rate 0.2 [ºC/min]. No cross–polarization. Size 

scale: the tube diameter is 15[mm]. 

 
Fig.C.3. 5 wt % and 10 wt % impure CsDS at T = 32.1 [ºC] - seed is melting. Heating started 

at T = 25 [ºC] with heating rate 0.2 [ºC/min]. No cross–polarization. Size scale: the tube 

diameter is 15[mm]. 
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Fig.C.4. 5%, 10%, 15%, 20 wt % impure CsDS at T = 32.4 [ºC], (2nd from right) is a 15% 

CsDS micellar solution. Heating started at T = 25 [ºC] with heating rate 0.2 [ºC/min]. No 

cross–polarization. Size scale: the tube diameter is 15[mm]. 

 

Fig.C.5. Liquid crystals in a 60 wt % purified (see 5.5, 7.6, 2.2.1.2 and 2.2.1.3) CsDS at T > 

35 [ºC] - ongoing melting of solid crystals to liquid crystals. Heating started at T = 25 [ºC] 

with heating rate 0.2 [ºC/min]. Cross–polarized light was used. Size scale: the tube diameter 

is 15[mm]. 
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Fig.C.6. 45 wt % impure CsDS with ongoing transition from solid to liquid crystals at T > 35 

[ºC]. Heating started at T = 25 [ºC] with heating rate 0.2 [ºC/min]. Cross–polarized light was 

used. Size scale: the tube diameter is 15[mm]. 

 

 

 
Fig.C.7. Solid crystals (stable state) that have been created at T = 25 [ºC] by solute or 

solvent jump in a 10 wt % CsDS solution (see solvent jump in [87], [35], [36], [37], [90]). 

Figure captured at T = 25 [ºC]. No cross–polarized light was used. Size scale: the tube 

diameter is 15[mm]. 
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Fig.C.8. Solid crystals (stable state) created by solute or solvent jump in a 20 wt % purified 

CsDS solution after heating, at T = 25 [ºC] (see solvent jump in [87], [35], [36], [37], [90]). 

Figure captured at T = 25 [ºC]. No cross–polarized light was used. Size scale: the tube 

diameter is 15[mm]. 
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APPENDIX D 

CsDS/WATER CONCENTRATIONS FOR THE 

EXPERIMENT OF INTERMEDIATE LIQUID 
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Tables D.1 and D.2. depict the exact concentrations. At each concentration, 2 to 3 

independent samples 3 were examined in the case of CsDS and 3 independent samples for 

the case of SDS. 

 

Table D.1. CsDS concentrations in water – intermediate liquid crystal experiment 

[mM] %wt [g] crystals [g] CsDS [g] water conc.  
132 5% 0.1308±0.0001000 0.1479±0.0001131 2.7784±0.0001000 0.05054±0.001211 
132 5% 0.1303±0.0001000 0.1473±0.0001131 2.6277±0.0001000 0.05308±0.001303 

132 5% 0.1271±0.0001000 0.1437±0.0001131 2.8355±0.0001000 0.04823±0.001150 

270 10% 0.1585±0.0001000 0.1794±0.0001131 1.6459±0.0001000 0.09828±0.002894 

270 10% 0.1552±0.0001000 0.1755±0.0001131 1.6137±0.0001000 0.09808±0.002919 

270 10% 0.1485±0.0001000 0.1679±0.0001131 1.4986±0.0001000 0.10075±0.0031074 

443 15% 0.1201±0.0001000 0..1358±0.0001131 0.7663±0.0001000 0.15053±0.0062846 

443 15% 0.1099±0.0001000 0.1242±0.0001131 0.7868±0.0001000 0.13633±0.0056871 

443 15% 0.1055±0.0001000 0.1193±0.0001131 0.6518±0.0001000 0.15471±0.0070011 

627 20% 0.0963±0.0001000 0.1089±0.0001131 0.0399±0.0001000 0.21441±0.011899 

627 20% 0.0309±0.0001000 0.0361±0.0001131 0.1408±0.0001000 0.20407±0.019906 
  

 

Table D.2. SDS concentrations in water - intermediate liquid crystal experiment 

[mM] %wt [g] SDS [g] water conc.  
132 4% 0.0583±0.0001 1.5475±0.0001000 0.03631±0.0006236 
132 4% 0.0553±0.0001 1.4641±0.0001000 0.03639±0.0006590 

132 4% 0.0518±0.0001 1.3700±0.0001000 0.03643±0.0007042 

270 7% 0.0718±0.0001 0.9503±0.0001000 0.07024±0.0007832 

270 7% 0.0905±0.0001 1.1990±0.0001000 0.07018±0.0007793 

270 7% 0.1180±0.0001 1.5519±0.0001000 0.07066±0.0006018 

443 11% 0.1823±0.0001 1.4850±0.0001000 0.10933±0.00060690 

443 11% 0.1940±0.0001 1.1580±0.0001000 0.11124±0.00060707 

443 11% 0.1855±0.0001 1.482±0.0001000 0.14349±0.00075472 

627 15% 0.2016±0.0001 1.1596±0.0001000 0.14811±0.00075058 

627 15% 0.1985±0.0001 1.1305±0.0001000 0.14936±0.00076904 
  

 

 

 

 



 190 

 

 

 

 

 

 

 

APPENDIX E 

STATISTICAL TOOL 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 191 

Number of independent samples needed - Statistical tool 

 

A statistical test would show the number of independent samples that are needed, in 

order for the measured temperatures to have a deviation of ±0.5 [ºC] from the actual value 

of the Krafft Temperature. 

The test is called: “Type 1-Error Rate A” [111]. 

μ is the deviation of a measured Krafft temperature from the actual Krafft temperature 

of the sample, 

σ is the standard deviation of the data set 

 

H_o: μ=0 (zero hypothesis)  

    H_α: μ=μ*=0.5 (alternative hypothesis) 

 

H_o is rejected: 

i . With a probability 1-β, when H_α is true 

P (x_average> (Z_α*σ/√n)/ H_α true) =1-β 

ii. With a probability α, when H_o is true 

P (x_average> (Z_α*σ/√n)/ H_o true) = α 

 

Acceptable size of measurements: 

If the upper α% point of the standard normal distribution function is Z_α, the least 

minimum number of samples that are needed, will be given by the equation: 

n ≥ [(Φ¹ (1-β) + Z_α)* σ/μ] ^², where Φ is the cumulative normal distribution function 

and Φ-¹ is the probit function [113].  

For example, starting with a data set with the following numbers: 

                       σ = 0.69 (a standard deviation of an initial set of samples) 

                       β=0.95 

                       α=1 
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                       Z_α=1.01*0.5=0.505 

Φ¹ (0.05) =1.83 

n≥11 (independent samples needed) 

In these studies, 3 independent samples have been used. These are less than 11.The 

findings with 3 samples, though, could represent a first approach of the actual Krafft 

temperature. 
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Bilayers are double-layered surfactant aggregates. The bilayers are formed by the 

assembly of two surfactant monolayers. The two monolayers are separated by penetrating 

water molecules. This conformation results in the formation of a thin water film of constant 

density. The hydrophobic domains (hydrocarbon chains) form an inner film that is separated 

by an outside hydrophilic film. This hydrophilic film, which lies on the outside, is formed by 

the polar head groups that are bound with the hydrated counterion and with solvent 

molecules that diffuse freely through the bilayer (hydrophilic part) [38], [114].  

According to Israelachvili  J.N. (1992), a surfactant molecule is possible to form 

bilayers if the CPP is above 0.5 and less or equal to 1 [45], [114]. Curved bilayers form 

vesicular structures. An example can be the case of lecithin aggregates in aqueous solutions 

[16]. 

In the case of bilayers, the optimal polar head group area is reduced, compared to a 

spherical micelle of the same solution. This reduces the mean structure curvature. This 

reduction of the optimal head group area favors the arrangement of more surfactant 

molecules into a larger colloidal aggregate in the case of bilayers compared to the micelles. 

Therefore, following Israelachvili J.N. (1992), the bilayered lamellar structure is a more 

ordered structure, compared to the micelles [45]. 
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G.1. Permission for Figure 1.1. 
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G.2.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc.– Copyright Clearance Company Inc.) for Figure 1.3. 
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G.3.Permission for Figure 1.4. 
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G.4.Permission for Figure 1.5. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 204 

G.5.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc. - Copyright Clearance Company Inc.) for Figure 2.5. 
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G.6.Permission for Figure 2.7. 
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G.7.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Taylor Francis Group) for the Figures 3.1.(For the data of the SDS/water phase 
diagram that have initially been reported by Fontell et al.(1981) and 3.2. 
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G.8.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc.- Copyright Clearance Company Inc.) for the Figures: 3.1.(For the data 
of the SDS/water phase diagram that have initially been reported by Kekicheff et 
al.(1988) and Fontell et al.(1981), 3.3. and 5.1. 
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G.9.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc.- Copyright Clearance Company Inc.) for the Figure 5.9. 
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G.10.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc.- Copyright Clearance Company Inc.) for the Figure 7.1. 
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G.11.Permission (as license agreement between Apostolos Nikolaou Vagias and 
Elsevier Inc.- Copyright Clearance Company Inc.) for the Figure A.1. 
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