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1. Introduction 
Surfactants are surface active molecules that consist of a hydrophobic and a hydrophilic part, and 

above a certain concentration they self-assemble into aggregates. The microstructure of the 

aggregates depends on a lot of factors, among others the molecular architecture of the surfactants, 

the concentration and mole fraction between them, as well as solvent properties such as 

temperature and salinity. When combining two or more surfactants the properties of system change 

considerably compared to when it consists of only one surfactant. One possible combination is to mix 

charged surfactants, and aqueous mixtures of surfactants of opposite charges are systems that are of 

large interest in the society today. These systems are often in the literature referred to as catanionic 

mixtures, and they and the aggregates formed in them possess interesting properties [46]. For 

instance they tend to spontaneously form stable vesicles upon dilution, which is unusual in single 

surfactant systems [50] Thanks to their properties, catanionic systems are used for numerous 

applications, such as drug delivery, nanomaterials and gelation [4,6,15,31,39]. Among others, Vinson 

et al [48] also pointed out the possibility of mixed surfactant systems to resemble biological milieus 

such as cell membranes, wherefore they are really interesting and important to study. To be able to 

further utilize the abilities of the catanionic mixtures it is of great importance to improve the 

knowledge about various systems phase behavior and transition between microstructure.  

The aim with this project is to increase this comprehension, by investigating mixtures of the cationic 

surfactant cetyltrimetylammonium bromide (CTAB) and the anionic surfactant sodium octyl sulfate 

(SOS).  Both SOS-rich samples and CTAB-rich samples are studied, as well as the influence of adding 

an inorganic salt (NaBr) to the former ones. These studies are performed by combining principally the 

two techniques Static Light Scattering (SLS) and cryo transmission electron microscopy, CRYO-TEM. 

Systematic studies where both these techniques are used do not exist in any large extent today, 

wherefore this is a really important and interesting investigation. Size and structure of the aggregates 

are estimated by performing a Guinier fit to some of the SLS results. Furthermore Dynamic Light 

Scattering (DLS) have been performed on many of the samples, and by combing the results from this 

with SLS indications about the structures are also obtained. 

The results are discussed in terms of theories based on the bending elasticity as well as the 

surfactant parameter. The former theory has in recent works [6-13] been used to successfully 

estimate the structural behaviour of the aggregates. 

2. Theory 

2.1 Surfactants and self-assembled aggregates 
A surfactant molecule is an amphiphilic molecule, meaning that it consists of a hydrophilic head 

group, and a hydrophobic hydrocarbon tail, as shown in Figure 1. The head group might be either 

ionic, nonionic or zwitterionic. The latter implies that it contains both positive and negative charges 

but that they equal out, resulting in an overall uncharged molecule. [31]. An anionic surfactant has a 

positively charged counter ion (often Na+ ) that is soluble in a polar solvent and the cationic 

surfactants have negative counter ions (for example Br -), whereas the nonionic surfactants have a 

polar head group (such as (OCH2CH2OH)m) but they don’t have any ions in solution [42]. 
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Figure 1:  A surfactant molecule, with a) a hydrocarbon tail and b) a hydrophilic head group. 

Under certain circumstances, which will be further investigated below, these molecules self-

assemble. The aggregates that are then formed can have several different microstructures, 

depending on the conditions. In a polar-nonpolar solvent (e.g. water-oil), they tend to form a 

monolayer, where the hydrophilic head groups are turned towards the polar solvent, and the 

hydrocarbon tails are facing the non-polar solvent. However, in a single aqueous solvent, with a high 

dielectric constant [42] the molecules are instead organized so that the polar head groups are facing 

the solvent, whereas the hydrocarbon tails are kept together in the middle and thus don’t have to be 

in contact with the polar solvent.  

Several different structures can be formed (Figure 2) such as (a) spherical micelles, where the 

hydrophobic tails are kept in the center, protected from the water by the polar head groups, (b) 

rodlike or threadlike micelles, following the same idea as the micelles, but with a cylindrical shape. A 

threadlike micelle could be seen as constructed of many smaller rods, resulting in a long rotatable 

thread. Another possible shape is vesicles (c) which resembles a droplet of the aqueous solvent, 

surrounded by a bilayer of surfactants. If the solvent is of nonpolar nature, reversed micelle can 

instead be formed, where the polar head groups are the part that is kept in the middle of the sphere. 

Yet one potential shape is disks, which can be seen as a flat vesicle. One factor that is of importance 

for whether fluid structures such as aggregates are formed or not is the temperature. At low 

temperature, i.e. temperatures below the so called Krafft point, a precipitate is formed instead 

[31,13,42]. 

 

Figure 2: Possible structures of the self-assembled aggregates a) spherical micelle b) rodlike micelle 

c) vesicle. 

The structure that will be formed is the one that is the most thermodynamically stable.  A lot of 

factors affect this, such as the chemical composition, size and charge of the head group and of the 

tail, the concentration of the surfactant, the temperature and salinity of the solution etc [4,31,13].  
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2.2 Catanionic systems 
In this project a mixture of an anionic surfactant and a cationic surfactant were examined.  Such a 

mixture is often in the literature called a catanionic mixture [15,21,29,39,46]. The anionic surfactant 

used here is sodium octyl sulfate, SOS, and the cationic surfactant is represented by CTAB 

(cetyltrimetylammonium bromide). Important properties and characteristics of the chemicals are 

reported in Table 1.  

Table 1: In this project an anionic surfactant (SOS) and a cationic surfactant (CTAB) are mixed.  

Substance Structure Mw CMC CAS 

SOS 
(sodium octyl 

sulfate)  
232,27 g/mol 133mM 142-31-4 

CTAB 
(Cetyltrimetyl
ammonium 

bromide) 
 

364,45 g/mol 0,92mM 57-09-0 

 

Mixing two oppositely charged surfactants gives a solution that is fascinating to study, since it shows 

several interesting behaviors and properties. One of the most interesting and useful properties is 

that they tend to spontaneously form stable vesicles, which is something that otherwise is rather 

difficult to achieve [50]. Normally the vesicles formed in catanionic mixtures are more stable than the 

ones formed by one single cationic or anionic surfactant type [16,39,43,46]. In general it is believed 

that the increased stability is to a great extent due to the strong interaction between the polar 

oppositely charged head groups [43]. Yet one factor that highly increase the stability is the fact that 

in such mixtures, the charge density can be adapted and differentiated between the outer and inner 

shell (higher in the outer), which makes it easier to create vesicles [54]. As can be seen in Table 1 the 

length of the hydrophobic chains differs a lot between the two molecules. Such an asymmetry has 

been shown to be important for vesicles to be formed prior to other structures [50,51]. Another 

factor that seems to stabilize vesicles are branching in the hydrophobic tails [50,32-34], whilst 

mixtures where the tails are linear and rather symmetrical tend to form precipitates [23].  

To illustrate where the different phases exists a ternary diagram is often used. [46,50]. The diagrams 

consist of three axes, where each top of the triangle represents the solvent, the cationic surfactant 

and the anionic surfactant, respectively. Inspection of the diagrams shows that the conditions under 

which vesicles are formed are mostly represented by two lobes, often close to the solvent apex, one 

on either side of the equimolar part of the diagram. For this system, the lobe in the SOS-rich area of 

the diagram is larger than the one in CTAB, implying that vesicles are easier to form in systems rich in 

the anionic, smaller surfactant. [50] 

Often a distinction is made between “normal” surfactant mixtures and surfactant mixtures in which 

the counterions have been removed. The latter type is in the literature sometimes referred to as ion 

pair amphiphile (IPA) [46]. A lot of other systems of mixed surfactants have earlier been studied and 

Tondre et al [46] made an interesting review article of many catanionic systems, both normal and 

IPA, in which they described and compared their properties as well as lined out the articles 

describing each system. Adding salt to the system strongly influence its phase behavior, and has for 

example been shown to destabilize the vesicles [6,8-10,16,46,51]. 
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Thanks to its properties catanionic systems are used for numerous applications, such as drug 

delivery, nanomaterials and gelation [2,6,15,31,39]. Tondre et al [46] concluded after their 

investigation that it was in general less efficient to use the IPA than the normal surfactants for 

encapsulation.  

2.3 Thermodynamics of self-assembling 
In order to understand the process of self-assembling, its  thermodynamics and the driving forces will 

here be outlined, followed by a description of the models adopted to calculate the different 

parameters used in this project.  

The self-assembling of molecules leads to an increase of order in the system, and should thus be 

unfavorable according to the entropy, S, which can be defined as (1) 

           (1) 

This is a microscopic definition, in which Ω symbolizes the number of ways of arranging N molecules, 

and k is Boltzmann’s constant [36]. Consequently, increasing the order of the system decreases the 

value of Ω and thereby the entropy. This leads to an augmentation in free energy,    , since it is 

described by (2), with T being the temperature in Kelvin [4,36] 

                  (2) 

Despite this fact the process of self-assembling does occur, and consequently there must exist other 

driving forces, which overcome the loss in entropy and thereby give a total negative change of free 

energy in the system,      . The main driving force is considered to be the hydrophobic effect. The 

hydrophobic effect appears from the fact that when non polar molecules are dispersed in the polar 

solvent they are obstructing the hydrogen bonds between the water molecules. [2,13,31,42] 

However, if the hydrophobic parts are instead clustered together, they disrupt the hydrogen bonds 

less, and such a structure is thereby more energetically favourable for the system. [42] It is believed 

that the solvent molecules surrounding the cluster of hydrophobic molecules form a so called 

clatherate cage, [2,13,19] which is a ordered structure involving formation of new hydrogen bonds 

between the solvent molecules. When many hydrophobic molecules are clustered together instead 

of existing  as monomers in the solution, fewer cages are needed and thus more solvent molecules 

are free to move as they want, leading to a decrease in order of the system [2].  

Nevertheless, even if it is the most important one, the hydrophobic effect is not the only contribution 

to the self-assembling process. The hydrophobic effects are related to the nonpolar tails and so is 

also the chain conformational entropy [5], which implies that the entropy is raised when the 

hydrophobic chains are in contact inside the micelle [2]. Also the surfactant head groups affect the 

free energy, mostly due to steric and electrostatic repulsion. The former is usually called the 

excluded volume repulsion and means that the molecules cannot come too close to each other since 

a certain volume around one molecule is not possible for other molecules to occupy since it is 

occupied by the first molecule. [25]. These factors all together affect the micelle formation, and will 

from now on be symbolized with      , interpreted as the free energy per aggregated molecule of 

forming a micelle out of free surfactant molecules [13] 

The change in entropy for the process of self-assembling,       , can be defined by 
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                        (3) 

where       is the change in free energy from the self-assembling process, and T is the temperature 

in Kelvin. When mixing N free amphiphilic molecules with NW solvent molecules, it has been shown 

that the entropy can be written as equation (4) whereas the entropy for mixing one single aggregate 

consisting of N molecules with NW solvent molecules is described by equation (5)[13,20].  

                             (4) 

                         (5) 

where    is Boltzmann’s constant and               are the volume fractions of the solvent, free 

surfactant and the aggregate, respectively. 

 Subtracting equation (5) with (4) gives 

                        )   (6) 

Assuming that N>>1 and that              are of the same magnitude, the change in entropy per 

aggregate formed by self-assembling is approximated to be   

                    (7) 

As predicted above, this equation shows that the entropy change of self-assembling is negative, and 

thus working against this process. It can also be seen in the equation that decreasing the 

concentration of the free surfactant (and thereby      ) will increase the entropy change that 

prevents the self-assembling, and it will thereby become more difficult to form aggregates. [B] 

Israelachvili concluded [13,28] that the total free energy of the process of spontaneous self-

assembling can be written as the sum of the free-energy from self-assembling (     ) plus the free 

energy of forming a micelle from N molecules e.g.       as previously defined. The resulting 

equation for the total free energy then becomes 

                        (8) 

Combining this equation with equation (6) and (3) the total free energy can at thermodynamic 

equilibrium be written as 

        (               )            (9) 

which is an essential equation for describing the self-assembling process [13]. It is important to note 

that micelles are dynamic structures, where a constant exchange of the surfactants constituting the 

aggregates and in the bulk takes place, in order to fulfill the criteria of equilibrium as defined in 

equation (9). The first part of this equation, i.e.  (               ) will be called E, and is to be 

further examined in the section 2.6.3. 
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2.4 Critical micelle concentration  
There are two criteria that must be fulfilled if aggregates shall be formed. One is that the 

temperature must surpass the Krafft point, as mentioned in the paragraph about different structures 

in section 2.1. The other important parameter is the concentration of the surfactants. For aggregates 

to be formed, the so called critical micelle concentration, CMC, must be exceeded. [2,13,24,31 ]. A 

pronounced change in physical properties are seen around this concentration, notably the molar 

conductivity and the surface tension, and it can thereby easily be detected [2,15]. It was already 

shown in equation (7) that it is thermodynamically expected that lowering the concentration of 

surfactants will render it more difficult to form self-assembled aggregates. Under the critical micelle 

concentration, the entropy loss will be too strong for the free energy of forming a micelle,      , to 

overcome. Hence, no self-aggregation will occur. The value of the CMC is dependent on the 

surfactants, and two of the trends are that CMC decreases with increasing size of the hydrocarbon 

tail, and increase with increasing size of the head group [13]. Shinoda et al [17] showed that for ionic 

surfactants, the CMC decreases rather linearly with the added salt concentration. When the critical 

micelle concentration is passed, the concentration of aggregates increases proportionally with the 

total concentration, whereas the concentration of free surfactant is more or less constant. The CMC 

for the pure surfactants used in this project are reported in Table 1, page 3 [38] When salt is added 

to the system the critical micelle concentration is lowered, since the interaction between the charges 

are screened. 

When two surfactants (denoted 1 and 2) are mixed together, the CMC can be written as 

                                       (10) 

x is the mole fraction of surfactant 1 in the aggregates. This point is really important to note, since it 

has been shown that the molar ratio between the two surfactants differs a lot when comparing the 

ratio in the aggregates and the total molar fraction. The latter will from now on in this project be 

denoted y.      is the CMC for pure surfactant i and    is its activity constant and    denotes the 

activity. CMC can also be described as a function of y, following the so called Clint’s equation [13,28]. 

 
 

   
 

 

      
 

   

      
    (11) 

They also showed that for ionic surfactants, the activity constants could be calculated using the 

Poisson Boltzmann mean field approximation. This theory describes the electrical interactions in an 

ionic solution [6,13], and takes thereby into account that the surfactants are charged. In the theory 

the total concentration ct is espressd as the sum of the micelle concentration cmic and of the the 

concentration of each free surfactant, cfree
1 and cfree

2. The concentrations of the free surfactants are 

expressed as [6] 

 Cfree
1 =            (12) 

 Cfree
2 =                (13) 
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2.5 Deviation from ideal behavior, synergistic effects 
Mixing different surfactants influence the self-assembling process, due to synergistic effects [13,21]. 

A synergistic effect is a negative deviation from the ideal behavior, which implies that the result is 

different from what it would have been by just adding the properties of two components, i.e. it gives 

a somewhat unexpected result. The CMC is found to be much lower than the CMC of either pure 

surfactant, and so has the chemical potential as well as the surface tension [6,13,21]. It has been 

shown that the synergistic effects are of higher importance when mixing two oppositely charged 

surfactants, or when there is large asymmetry between them [6,26] Bergström et al [7] 

demonstrated that this synergistic effect could be predicted using a thermodynamic parameter    

                   )    (14) 

When   < 0 there is a synergistic effect, and   > 0 corresponds to antagonism, which means a 

positive deviation from ideal behavior.  This parameter was shown to be independent of the model 

used, which was different from earlier performed model-dependent analysis [6]. 

2.6 Geometrical shapes and size of the aggregates 
The aggregates formed by self-assembling can obtain a large number of microstructures, and it is 

essential to estimate their sizes and geometrical shapes. Schematic representations of the main 

structures are found in Figure 2. The microstructure and the size can be estimated in several ways, 

which will be described in this section.  

To describe the size of the aggregates the apparent molar mass Mapp, the radius of gyration Rg and 

the hydrodynamic radius Rh can be used [2,31]. Two different techniques, light scattering and cryo 

transmission electron microscopy, have been used in this purpose, and they will both be described in 

the chapter 3. The apparent molar mass Mapp can be estimated from the static light scattering results 

and how this is done is outlined in the previously mentioned chapter 3.  Pictures from electron 

microscopes give a good indication about the size and shape of the aggregates, even though it is 

important to bear in mind that it is not a quantitative method. By systematically combining the two 

techniques a good idea of the size and shape of the aggregates in the solutions is achieved. 

2.6.1 The radius of gyration and the hydrodynamic radius. 

The radius of gyration Rg can be interpreted as the radius that a hollow spherical shell with the same 

moment of inertia as the molecule would have [3].By comparing the experimental value of the radius 

of gyration Rg, as calculated from the static light scattering experiments, with an experimental value, 

it can be verified if the aggregate has the assumed structure or not. The equations used to calculate 

the theoretical value of the radius of gyration Rg for various geometries are reported in Table 2 

[2,24,31]. If the shape of the aggregate is known it is consequently possible to estimate the real 

radius of the aggregates.  

 

 

 

 



11 
 

Table 2: Theoretical radius of gyration for different geometrical shapes of the aggregates. 

Radius of gyration Geometrical shape of aggregate 

   
 

√  
                      (15) 

 
Long rod micelle of length L 

 

   √
 

 
                    (16) 

 
Spherical micelle with radius R 

 

    √
 

 
  

 
  (

  
  

)
 

  (
  
  

)
     (17) 

Vesicles, with inner and outer radius   and    
respectively[31,47] 

 

The hydrodynamic radius Rh is related to the Brownian motion, which describes how the aggregate 

moves in a solution as a result of it bumping in to other molecules in the solution. It can be calculated 

from the Stokes Einstein equation [18, 45] (18) 

    
  

    
     (18) 

With k=Boltzmann’s constant, T=absolute temperature,  =viscosity and D=translational diffusion 

coefficient. The latter describes the velocity of the Brownian motion, which will decrease with 

increasing size of the particles [45].The values found for Rg and Rh can be compared, and from that 

comparison information about the expected shape of the aggregates is provided. The probable 

structures corresponding to various values of this ratio are reported in Table 3 [31,38,52,53]. 

Table 3: The ratio between the radius of gyration and the hydrodynamic radius gives an indication of 

the shaped of the aggregates. 

  

  
 Geometrical shape of aggregate 

       
  

  
      

 
Sphere [52] 

 

  

  
   

 
Vesicles [38] 

 

   
  

  
     

 
Rod-like, ratio increases with the rod length [53] 

 

 

2.6.2 The surfactant parameter 

By investigating the solubility in water of hydrocarbons consisting of variant number of carbons, 

Tanford [44] found a linear relationship for calculating the hydrophobic effect and the volume   that 

the aggregates will occupy.   

                    (19) 
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Where nc is the number of carbons. He also found a relation for calculation of the maximum length of 

the carbon tail 

                     (20) 

The packing of the non polar parts in the interior of the micelle sets some rules concerning the size, 

which could be described by a so called surfactant parameter, defined as v/a0lc [2,28,46]. lc is 

depending on the maximum length of the tail as calculated from equation (18). Since no void is 

accepted in the middle of the micelles, the distance between the center and the interface cannot be 

longer than the maximum length of the tail, which for a sphere consequently corresponds to the 

maximum value of its radius r. Identifying the volume of the tails as v and the area of the polar heads 

as a0 , the surfactant parameter for a sphere can be described as v/a0r = 1/3, which is realized  by 

comparing the expression for the volume and for the area for a sphere. According to a similar 

reasoning, Almgren [2] presented the following table (Table 4) for the approximate values of the 

surfactant parameter for different structures of the aggregates, based on the findings made by 

Israelachvili [28]. 

Table 4: Likely structures of the aggregates depending on the surfactant parameter.  

Surfactant parameter  v/a0lc Structure of the aggregate 

  1/3 Spherical micelle 

  1/2 Cylindrical micelle 

  1 Bilayer 

>1 Inverted structures 

 

He, among many others, also mentioned the difficulties with assigning correct values to the different 

parameters, and pointed out that the surface parameter rather gives an idea of how a given 

structure might change when external conditions are changed, than predicts the exact structure of 

the aggregate. The effective head group area depends on the electrostatic interactions, and by 

adding salt those interactions are screened, and the a0 is thereby reduced, followed by an 

augmentation of the surfactant parameter. Also the temperature, the total concentration of 

surfactants as well as the ratio between them if numerous are used, are of importance for which 

structure to be formed.  

Important to note is that between the structures mentioned in Table 2, 3, and 4, a lot of complex 

structures and phases consisting of coexistence of numerous structures exist [21,46,51]. For example 

Minardi et al [37] distinguished cubic and hexagonal mesophases, for solutions of higher 

concentrations than those investigated in this project. Hao et al, [21] concluded that two or more 

equilibrium aggregate often coexist.  

2.6.3 The curvature energy 

Another way of looking at the issue of self-assembling is to consider the curvature [2,41,49]. The 

spontaneous curvature is the curvature that the aggregate would have without the existence of 

other constraint [2]. It is defined as positive when the nonpolar tails are kept in the center, 

surrounded by the polar heads facing the solvent. When the aggregates is bent in another direction 

this will cost energy, and this energy corresponds to energy E mentioned in equation (9), chapter 2.3. 

This energy can be calculated by integrating the so called Helfrich expression [13,22], resulting in  
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   ∫                ∫       
 

 
     

̅̅ ̅
 ∫    

 
 (21) 

The two variables, H and K, are the main and the Gaussian curvature, respectively, and they are 

defined by two perpendicular curves          and         .    is the radii of the curvature. 

   
     

 
     (22) 

             (23) 

H0, kc and  ̅  that are also found in equation (21) are called the bending elasticity constants, and they 

are presented and interpreted in Table 5. 

Table 5: Interpretation of the bending elasticity constants found in the expression for the total free 

energy of self-assembling (21) [12,13]. 

Bending elasticity constant Name Interpretation 

H0 Spontaneous curvature 
Defined as positive when the 
hydrophobic parts are in the middle, 
surrounded by the polar heads. 

kc Bending rigidity 

Resistance against deviation from H0. 
kc > 0 gives a stable interface. Depends 
on the ratio between the hydrophobic 
tail and the hydrophilic head. High 
asymmetry between the surfactants 
reduces kc 

 ̅  Saddle splay constant 

Determines the topology as it affects 
the number of holes in the aggregate. 

Large  ̅  favors large aggregates, but 
it must be rather small and usually 
negative for vesicles to be formed.  

 

When the surfactant parameter is increased, the curvature is reduced. This is easily realized since 

that would mean that bilayers such as vesicles have small curvatures, which is the case. If these 

parameters are understood and controlled it is possible to design and optimize the microstructures 

that are formed in a mixture [21]. Bergström studied their influence on the stability and size of tablet 

shaped micelles and toruslike micelles [12]. Moreover he concluded that [12,14] if ξ is the thickness 

of the monolayer, micelles are expected when H0 > 1/4ξ whereas H0 < 1/4ξ leads to bilayer formation.    

3. Experimental techniques and methods 
In this project two separate methods of investigation have been used to study the self-assembling in 

a mixture of a cationic surfactant (CTAB) and an anionic surfactant (SOS). The total molar ratio of SOS 

in the solution (both in the aggregates and free surfactant) is defined as 

   
     

            
    (24)  

and the mole fraction of SOS in the aggregates is denoted x 
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Samples of different mole fractions and concentrations were investigated, and the first part of this 

chapter describes how they were prepared.  

The two techniques that were used are light scattering and cryo transmission electron microscopy, 

CRYO-TEM, and they are both described in the second part of this chapter. The principles of each 

method are outlined as well as the needed sample preparations and the procedures. A discussion of 

how to analyze and interpret the results is also included. The results are compared and discussed in 

the following chapters. Light scattering measurements were carried out on all the samples, whilst 

CRYO-TEM was only used for a selection of samples.  

To analyze the data it was needed to calculate the molar ratio between the surfactants in the 

aggregates for all samples, as well as the real CMC and the concentration of free surfactants. The 

estimations for calculating these parameters are based on the Poisson Boltzmann mean field 

approximation as described in the sections 2.4 and 2.5. Since the values for the total concentration 

and the total molar ratio are known, it is possible to by iteration find the correct values for those 

parameters, which was done by help from the software Matlab, see ANNEX. A program to do this 

manually as well as one that can do it itself were developed, based on an already existing program 

with which it is possible to do it manually. The main advantages with the new programs are that they 

are much easier to understand and to use. In addition some general rules for the manual iteration 

were worked out, by trial and error. These are reported in chapter 4, and so are also the results 

obtained with the program. The program mostly used throughout this project is the manual one and 

its code found in ANNEX. 

3.1 Sample preparation 
The CTAB used was purchased from Sigma Aldrich, and so was the SOS used in all the CTAB-rich 

samples. However the SOS used in the SOS-rich samples was purchased from Alfa-Aesar. The former 

SOS was guaranteed to have a purity > 95%, whereas the latter was of analytical grade > 99 %. Also 

the NaBr used was of very high purity (ultra > 99,5 (AT)), and purchased from Fluka BioChemika. All 

chemicals were used without further purification.  

Samples with a high mole fraction of SOS (y = 0.80 y = 0.90 and y = 0.95) were prepared in pure water 

as well as in solutions of 0.1 M and of 0.3 M NaBr. The water used came from Millipore Milli-RO 

10/Milli-Q PLUS 185 water purification system, which gave a water quality of 18 Mohm/cm 

resistance and organic content < 10 ppb.  Also samples of high molar ratio of CTAB (y = 0.2 y = 0.25    

y = 0.30 and y = 0.35) were prepared, but only in pure Milli-Q water. To prepare the samples, the 

proper amounts of the surfactants for the highest total surfactant concentration ct were mixed with 

the water or with the NaBr solutions, and the final solutions were obtained by simply diluting the 

samples. Table 8 states all the samples prepared as well as their characteristics. When NaBr solution 

was used as solvent it was filtered using a syringe and a filter with a 0.45 μm PVDf filter. After 

preparation the solutions were left to equilibrate for at least 20 hours, but not for longer than 4 

weeks, kept at room temperature (23oC). Some of the literature suggested that equilibration for 3 

months was good [50] but to avoid the risk of the SOS reacting with the water we decided that 1 

month is the limit. To test this estimation a sample (40 mM y = 0.90) equilibrated 20 hours was 

compared to one left for 28 days. In the literature it was found that the most common method to 

prepare the solutions is to prepare stock solutions of each surfactant separately and to mix them to 

the desired molar ratio after dilution [21,43,49,50]. In order to investigate the importance of the 
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preparation method, one sample (40 mM y = 0.90) were prepared in this was too, and compared to 

the one prepared following the procedure described above, but no differences in the results were 

obtained.  

3.2 Light scattering 
There exist a number of methods in which the scattering by a sample is measured, such as light 

scattering, where visible light is irradiated on the sample, neutron scattering and x-ray scattering, in 

which the samples are irradiated by neutrons and X-rays, respectively. Depending on which type of 

radiation that is used, different ranges of scattering vectors can be examined, and by combining 

several radiations a really good idea of the sample shape and structure is obtained.  

3.2.1 The principle 

The scattering technique utilized in this project is light scattering, which is a commonly used in situ 

method to characterize colloids and polymers, as well as proteins and viruses [4]. Depending on the 

size and the shape of the aggregates, the sample will scatter the light by which it is irradiated more 

or less efficiently, and the larger the aggregate, the more light is scattered. When the 

electromagnetic radiation hits the electrons in the sample, oscillating dipoles are induced that scatter 

the light [4]. There are two different methods within the field of light scattering, and that is static 

light scattering (SLS) and dynamic light scattering (DLS). Both these method have been used in this 

project, and are described separately in the following sections (3.2.2 and 3.2.3 respectively).  

The intensity of the scattered light depends on the scattering angle, θ, and is designated as I(θ).  

Assigning the intensity of the irradiated light as I0, the vectors representing this light and the 

scattered light are denoted K0 and K, respectively [31], see Figure 3. 

 

 

Figure 3: The incident light is scattered when being passed through a sample, and q is a vector 

defined as the difference between the two vectors representing the lights beams.  

As indicated in Figure 3, the difference between those two vectors is called the scattering vector, q, 

and it is its absolute values q, defined in equation (25), that is used in order to find out the size of the 

particle.  
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Where   is the wavelength of the light in the sample, which depends on the vacuum wavelength of 

the irradiated light   , and the refractive index of the solution, ns as 

   
  

  
      (26) 

Combing equation (25) and (26) the following expression is obtained 

   
       (

 

 
)

  
    (27) 

3.2.2 Static Light Scattering 

The intensity of the scattered light is dependent on the angle of observation, which is taken 

advantage of in static light scattering, SLS. By collecting data for the intensity at different angles, for 

just a few seconds at each angle, this dependence can be identified. Reducing the angle gives an 

increase in the scattered light [4,31]. Nevertheless, when changing the angle of the detector the 

volume of the sample that is seen by it differs. In order to correct for this, the measured intensity is 

multiplied with sin(θ), to give the intensity that was used in the calculations.  When the particles are 

small compared to the wavelength of the irradiated light, the scattering is called Rayleigh scattering 

[4, 45]. The intensity is then proportional to the Rayleigh ratio Rθ, defined in equation (29), where the 

constant Kc (m-1) has been introduced with the aim of normalizing the intensity with respect to 

instrumental effects. Two parameters containing information from a reference sample (toluene) are 

found in the expression, out of one is known, that is its refractive index ntol . The other one Itol, is the 

scattered intensity from a sample with only toluene, and this must be measured and used as a 

reference. In the expression a tabulated value for the absolute scattered intensity per volume 

    
         is also included. According to [18] the value of     

           m-1 and concerning the 

refractive indexes ntol = 1,502 whereas n = 1,335 (water solution) [4,18,31]. 
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The Rayleigh ratio is defined by introducing the form factor P, which takes into account the 

geometrical shape of the aggregates, and the structure factor S, in which the interference between 

scattered rays is considered, since scattering may occur from different parts of the same aggregates 

[4]. Also the micellar concentration c (kg m-3) and the average molar mass  ̅  are included, as well as 

the constant KSLS, where the latter is to be further explained below. All values of the micellar 

concentration are calculated with the Matlab program mentioned above, and are found in Tables I-X 

in ANNEX. 

                      ̅    (29) 

     
     

    
(
  

  
)
 

    (30)[18,31] 

  is Avogrado’s number and dn/dc (m3kg -1)symbolizes the refractive index increment of the 

solution. The latter can either be found in the literature, or measured for the system, as was done in 
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this project. A description of the procedure as well as the results are found in the section 3.2.5. S(q) 

accounts for interactions between aggregates and P(q) is called the form factor and takes the 

geometrical form into account.  It has been found that the form factor for small values of q and Rg 

can be expressed as (31) for a monodisperse sphere. 

       
  

   

 
   [31]    (31) 

The apparent molar mass Mapp is expressed by  

       ̅          (32) 

By combing equation (32) and (31) with (30) and (29) along with rearranging a little equation (33) is 

obtained, and using the Taylor series expansion 
 

  
  

   

 

   
  

   

 
   gives expression (32) 
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From equation (34) the apparent molar mass      as well as the radius of gyration Rg can be 

calculated, by plotting 
     

      
 against q2. For small values of q the term 

    

      
  and      can then be 

calculated from the intercept which is identified as 
 

    
 whilst the slope is 

  
 

     
 which thus makes it 

possible to calculate Rg. This is called a partial Zimm plot. Once      is known, the number of 

molecules N in the aggregates can be estimated 

   
    

 ̅  
      (35) 

 ̅  (kg mol-1) is the molecules weight average molar mass.  

Further calculation in which for example the osmotic compressibility is taken into account can be 

performed, whereby a full Zimm plot is obtained, but that has not been done in this project. Instead 

the scattering intensity is normalized with respect to the concentration and plotted against the 

scattering vector q. Thus a relationship between them is obtained, which gives a good indication 

about the shapes of the aggregates. The samples with a relatively high normalized intensity contain 

bilayers whereas the samples with micelles are found at lower intensities [7-13,31]. 

A so called Guinier plot (see Figure 4) can be fit to the curves obtained in when plotting the 

normalized scattering intensity against the scattering vector q. From the Guinier plot information 

about Mapp and Rg is achieved since the Guinier fit is performed by plotting [18] 

                 (36) 

where    ,   
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Figure 4: A Guinier fit (red line) was made for some of the samples, thus providing information 
about the apparent molar mass and the radius of gyration of the aggregates. The example shows the 
fit for the sample y=0.90 40 mM, and the radius of gyration is found to be 523 nm. 

3.2.3 Dynamic Light Scattering 

In dynamic light scattering the intensity at one single angle is measured for some time, in this project 

5 minutes. This way it can be studied how a particle diffuse in the solution, since the scattered beams 

will interfere differently depending on where in the solution the molecules are with respect to each 

other, and thus fluctuations in the intensity will be seen over time [4]. The motion of the molecules 

arises from collisions with the solvent molecules, and is called the Brownian motion. According to the 

momentum of the particle [3] a large molecule will have a slower Brownian motion than a smaller 

one. Thus the intensity of the fluctuations will occur at different rates depending on the size of the 

molecules. The larger the particle, the slower the fluctuation will be. The Brownian motion can be 

described by the translation diffusion coefficient, D, which is related to the velocity of the Brownian 

motion [45] and is given by Stokes-Einstein equation: 

    
  

    
     (37) 

The equation includes the absolute temperature T, Boltzmann’s constant k and the viscosity  . In the 

equation the hydrodynamic radius is also found, which was mentioned in section 2.6.1, and is used to 

determine the size of the particle. Important to note is that this only is valid if the particles or 

aggregates studies have the shape of a sphere. [45] 

To collect and treat the data for the intensity fluctuation, an auto correlator is used to compare the 

signals from two measurements at different times. Since the fluctuations for large particles are less 

intense then for small ones, the correlation for the former will persist longer than the one for the 

latter. Thus, identifying where in the in the correlation diagram a significant decay of the correlation 

occur, will indicate the size of the particles. To estimate the size of the particles from the correlation 

function an algorithm must be used. In this project a multiple exponential was fit to the correlation 

function, in order to obtain information about the size distribution of the particles. This was done by 

using the function CONTIN found in the program [18,31,45] 
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3.2.4 Apparatus 

In light scattering a light source consisting of a laser emitting monochromatic light is used. The 

emitted light is passed through the liquid sample, which has been placed in a cylindrical sample cell. 

In order to match the refractive index in the sample to that of glass, the sample cell is kept in a liquid 

called decaline, which has a refractive index close to that of glass and hence serve this purpose. The 

scattered light is sent towards the detector and correlator, via a goniometer, containing collections 

optics. When dynamic light scattering is used the detector is placed in a peripendicular position 

compared to the incident laser beam. [31,45] Figure 5 gives a schematic picture of the scattering 

instrument. 

 

Figure 5: The instrument used in light scattering consists of a laser, a sample cell places in an index-

matching liquid, collection optics, a detector, a correlator and a computer with software to handle 

the data.  

3.2.5 Experimental performance 

The scattering measurements were carried out with a Brookhaven Instrument Light Scattering 

System with a BI-200SM goniometer and a water-cooled Lexel 95-2 laser. The maximum power of the 

laser is 2W and the wavelength is 514.5 nm. For the SLS measurements the intensity was measured 

at 29 different angles in the range of 15 °    155 °, corresponding to the scattering vector q 

ranging from 4.2610 Å  to 31.810 Å. For each angle the sample was measured a maximum 

of fifteen individual times out of which the five with the lowest intensities were picked out and 

subsequently averaged. By changing the laser output or by using the filters (marked in Figure 5)  the 

laser power of the incident light was adjusted so that the intensity scattered at 15 ° was about 

5*10^6 counts per second. Elsewise the intensity risk to get either to low compared to the reference 

or too high to be able to detect. The DLS measurements were performed at 900, with a laser power 

of about 0.3 mW.  
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Concerning the refractive index increment dn/dc used when analyzing the SLS data, it was measured 

using a Optilab DSP Interferometric Refractometer. This was done by measuring four samples with 

different molar fractions at four different concentrations each, and then calculation the dn/dc using a 

calibration constant, found by calibrating with 0.1 M NaCl. The calibration constant that was used 

was k=7.4474*10^-4 V-1. When plotting the values calculated for each of the four samples a linear 

decrease for the dn/dc with increasing mole fraction of SOS was found (Figure 6). This relationship 

was used to estimate the values of dn/dc for all samples.  

 

Figure 6: The refractive index increment dn/dc follows the linear relationship                                          

dn/dc =-0,01441y+0,1648, where y is the total molar ratio of SOS. 

Important to note is that these values were found for the sample with pure water as solvent, but 

according to Imae et al [27] a change in added salt concentration does not affect the refractive index 

much, and not in a reproducible way. Thus, the same relationship is used for the samples containing 

NaBr.  

3.3 Cryo transmission electron microscopy CRYO-TEM 
Electron microscopy means that the specimen is radiated with electrons, with the aim of obtaining a 

more resolute image than is possible with normal optical microscopes, in which photons are used. 

There are several different methods within the field of electron microscopy, notably Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). The former means that the 

surface of a sample is scanned with a beam of electrons, resulting in interactions between those and 

the material in the sample.  Signals that are specific for the material are thereby emitted and 

detected. In TEM a very thin sample is radiated with an electron beam and depending on the 

elements a certain amount of the electrons will be absorbed by the sample and some of it will be 

transmitted and detected. Thus a microscopic picture of the sample is obtained [1,40] 

3.3.1 The method 

CRYO-TEM means transmission electron microscopy of aqueous solutions that have been spread over 

a very thin film on a grid, and then quickly vitrified. The vitrification is made by plunging the grid with 

the applied aqueous film into liquid ethane, and thanks to the rapid freezing no crystallization occurs. 

Hence, the sample will have more or less the same structure as when it was liquid. This is thereby a 

useful method for investigating vesicles, such as liposomes [1,40].  
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The difference in electron density in the sample gives the contrast, which is the limiting factor for this 

investigation method. Due to that, the thickness of the film must be at least 4-5 μm and so must the 

particles, otherwise they will only be seen as dots.  The thickness of the sample film varies over the 

hole, and is thinner in the middle. The maximum thickness of the film is about 500 nm, as the 

scattering of electrons by water gets too large if the thickness exceeds this value. [1] The grids with 

the holey polymer films are prepared in the lab (Uppsala) and contain holes of about 1-6μm [1] 

3.3.2 Sample preparation and experimental performance 

The CRYO-TEM measurements were carried out at the department of physical chemistry, BMC, in 

Uppsala. A drop of the aqueous solution is placed on grid with a holey polymer film and then thinned 

by blotting it with some filter paper. This is done in humid chamber that has a humidity of almost 

100%, in order to avoid hydration of the sample which would cause the film to crack or the liquid to 

dry. If the sample is dried the sphere (i.e. the vesicles) may collapse due to the osmotic pressure. This 

process is called invagination and the risk is even more important when salt is added to the sample.  

Once blotted, the sample must really quickly be put in the liquid ethane to vitrify.  After the 

vitrification it is transferred to the microscope, where it is kept cold by liquid nitrogen. Also during 

the transport to the microscope the sample is maintained cold with liquid nitrogen, which also avoids 

air to get in contact with the sample. This is important since there must be vacuum in electron 

microscopes, otherwise the electrons would hit the particles in the air and thereby be spread [1,40]. 

All measurements were performed with a Zeiss EM 902A Transmission Electron Microscope (Carl 

Zeiss NTS, Oberkochen, Germany). The microscope was operating at 80kV and in zero loss bright-field 

mode. Digital images were recorded under low dose conditions with a BioVision Pro-SM Slow Scan 

CCD camera (Proscan GmbH, Scheuring, Germany) and iTEM software (Olympus Soft Imaging System, 

GmbH, Münster, Germany). In order to visualize as many details as possible, an underfocus of 

approximately 2 µm was used to enhance the image contrast. The picture below is a schematic 

illustration of the sample preparation. [1] 

 

Figure 7: A schematic representation describing how the sample is prepared for the CRYO-TEM 

measurement. 
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3.3.3 Interpretation of the images 

A lot of information about the structures of the aggregates can be obtained from the CRYO-TEM 

micrographs. When the vitrified sample is irradiated with electrons it will give a two-dimensional 

projection. It is important to understand such a picture, and the following figure (Figure 8) shows the 

most common structures and some important details on how to interpret them are illustrated in 

Table 6 [1] 

Table 6: Explains how the in the structures in Figure 8 

should be interpreted. 

 
 

 
 
 

 
 

 
 

 
 

 
Figure 8: The electron radiation of a sample results in a 2D image, and a schematic example is shown 
here. The box above represents the 3D sample, that is irradiated with electrons.   

4. Results  
In this project we have looked at the behavior of aqueous mixtures of a cationic (CTAB) and an 

anionic (SOS) surfactant, with the aim of finding out under which conditions bilayer structures such 

as vesicles are formed. Samples with various total concentrations ct and with different total mole 

fraction y between the surfactants were studied, and the investigation was carried out for systems 

with both high and low total mole fraction of SOS, defined as y = [SOS]/([SOS]+[CTAB]). It is important 

to distinguish the total mole fraction from the mole fraction in the aggregates, denoted x. One part 

of the project consisted in estimating, among other parameters, the mole fraction x, with a program 

based on the Poisson Boltzmann theory. In order to do that an already existing Matlab program was 

further developed and used. Furthermore, the effect of adding an inorganic salt (NaBr) to the 

systems with high total mole fraction of SOS was studied.  

The study was performed by systematically comparing the results obtained from two different 

techniques; static light scattering (SLS) and cryo transmission electron microscopy, CRYO-TEM. 

Combining the two techniques gives a good idea of the character of the sample, but as will be seen in 

the following it also contributes with interesting information concerning the advantages and 

In Figure 7 Geometrical 
shape 

Interpretation  

a Threadlike 
micelle forming 
branches 

If real branches exist there will 
most likely exist three-way 
junctions in the 2D image 
(compare with d) 

b Vesicles Circular disc, surrounded with a 
circle of much better contrast 

c Discs  Imaged either as a circles or as 
an ellipse, depending on the 
orientation. The whole figure will 
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disadvantages of each method. To some extent the results are also compared with those found with 

dynamic light scattering, DLS.  

All the intensities measured with the static light scattering have been normalized with respect to the 

concentration, as explained in chapter 3. The normalized scattering intensity is plotted against the 

scattering vector q. Thus a relationship between them is obtained, which gives a good indication 

about the shapes of the aggregates. To easily understand the SLS data reported here, it is important 

to bear in mind that a low absolute scattering intensities indicate micelles whereas a high absolute 

scattering intensities indicate the presence of bilayer vesicles, as is illustrated in Figure 9. The 

apparent molar mass is obtained as the intercept on the y-axe as q approaches zero. 

 

Figure 9: The normalized scattering intensity is plotted against the scattering vector, and as indicated 

in the figure the bilayers are found at higher intensities than the micelles. This graph is from the 

sample y = 0.95.  

Apart from these approaches so called Guinier plots were fitted to some of the SLS results according 

to equation (36) in chapter 3.2.2 with the aim of obtaining information about the apparent molar 

mass Mapp and the radius of gyrations Rg. To some samples a partial Zimm plot was created, providing 

the same information. The results obtained from these approaches are reported in 4.2. For some of 

the samples the results from DLS was compared to the ones from SLS in an attempt to provide 

information about the shapes of the aggregates.  

4.1 Comparison between CRYO-TEM and Static Light Scattering 
The following tables summarize and compare the main observations made with CRYO-TEM and SLS, 

as well as by just looking at the sample. In general there is a good accordance between the two 

techniques, and they are thereby considered to be a good complement to each other. By combining 

the two techniques the interpretation of the aggregates becomes more accurate than it would by 

analyzing the results from only one technique. The conclusions about the structures are drawn based 
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on the discussions following in the next chapter, where all the graphs are showed and interpreted. 

The samples that were only examined by light scattering are also shown in the tables and marked “-“ 

in the column for CRYO-TEM. When observing the tables it can be seen that for the CTAB-rich the 

globular micelles that exist at all concentrations for y = 0.20 and y = 0.25 are developed to threadlike 

micelles as y is increased to y = 0.30. When y = 0.35 the samples at low concentrations seem to 

contain vesicles, whereas at the higher concentrations there are threadlike micelles.  

Concerning the SOS-rich samples there is an abrupt difference in the size and shape of the aggregates 

at a specific concentration. Above this concentration the samples contain globular micelles, whereas 

they at lower concentrations consist of vesicles. The concentration at which this transition from 

micelles to vesicles takes place is decreased when NaBr is added. Consequently the addition of salt 

seems to destabilize the vesicles. However the mole fraction in the aggregates at which the transition 

takes place is rather constant, ranging from about x = 0.70 to x = 0.75. 

Table 7: Conclusions drawn about the shapes of the aggregates in all CTAB-rich samples, i.e. y < 0.5 

Sample CRYO-TEM SLS Comments 

y=0,20 10 mM 
y=0,20 20 mM 
y=0,20 40 mM 
y=0,20 80 mM 

- Globular micelles Clear, solutions 

 

y=0,25 5,0mM 
y=0,25 10 mM 
y=0,25 20 mM 
y=0,25 40 mM 
y=0,25 80 mM 

- Globular micelles Clear solutions 

 

y=0,30 2,5mM 
y=0,30 5,0mM 
y=0,30 10 mM 
y=0,30 80 mM 

- Threadlike micelles Viscous 

y=0,30 20 mM 

A lot of threadlike micelles, in all 
directions. A few vesicles and a few 

globular micelles. Thick threads growing 
between vesicles. 

Threadlike micelles Viscous 

y=0,30 40 mM 
Extremely much threadlike micelles. 

Some vesicles and large twisted sheets. 
A few discs and small micelles. 

Threadlike micelles Very viscous 

y=0,30 60 mM 
Vesicles and sheets. Threadlike micelles 

and maybe also small micelles and 
discs. 

Threadlike micelles Viscous 

 

y=0,35 2,5mM 
y=0,35 5,0mM 
y=0,35 10 mM 

- Vesicles Viscous 

y=0,35 20 mM Vesicles, threadlike micelles and discs. Vesicles Viscous 
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y=0,35 40 mM 

Vesicles, threadlike micelles and discs. 
More, threadlike micelles than 20 mM. 
Thick threads growing between vesicles 

and discs. 

Vesicles Viscous 

y=0,35 60 mM 
Vesicles and small micelles. Thick 

threads. 
Vesicles or large threadlike micelles Viscous 

y=0,35 80 mM 
Vesicles, maybe bigger than in 60 mM, 

but also a lot of small ones. 
Vesicles or large threadlike micelles Viscous 

 

Table 8: Conclusions drawn about the shapes of the aggregates in all SOS-rich sample, i.e. y > 0.5 
 

Sample CRYO-TEM SLS Comments 

y=0,90 10 mM Vesicles, mostly open but also closed. Vesicles 

 

y=0,90 20 mM 
Mostly closed vesicles, but also some 

open. 
Vesicles Bluish 

y=0,90 40 mM  
Both closed and open vesicles. Different 

depending on which area of the grid 
you look at. 

Vesicles Bluish 

y=0,90 80 mM Globular micelles Vesicles Bluish 

y=0,90 100 mM - 
Coexistence between micelle and 

vesicles 
 

y=0,90 120 mM 
y=0,90 140 mM 
y=0,90 160 mM 

- Globular micelles  

 

0,1 M NaBr y=0,90 
10mM 

Vesicles; closed, open and invaginated. Vesicles Bluish 

0,1 M NaBr y=0,90 
20mM 

Rather small circular vesicles and some 
larger ones. A few discs and micelles. 

Vesicles 
Thick film in CRyO-TEM 
not invaginated?Viscous 

0,1 M NaBr y=0,90 
40mM 

Globular  micelles Vesicles Bluish 
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0,1 M NaBr y=0,90 
60mM 

- Vesicles Bluish 

0,1 M NaBr y=0,90 
80mM 

- 
Coexistence between micelles and 

vesicles 
Bluish 

 

0,3 M NaBr y=0,90 
5mM 

Vesicles, of which some are 
invaginated. 

Strange results, but vesicles Clear liquid?precipitation? 

0,3 M NaBr y=0,90 
10mM 

Vesicles. Some of them look like they 
have something in them; invagination 
possible? Or open inside closed? No 

micelles are found. 

Vesicles Clear liquid 

0,3 M NaBr y=0,90 
20mM 

Small vesicles and micelles, which are 
small and a little rodlike. 

Vesicles Bluish 

0,3 M NaBr y=0,90 
40mM 

Micelles (globular) and one single 
vesicle is found 

Vesicles Bluish 

0,3 M NaBr y=0,90 
60mM 

- 
Coexistence between micelles and 

vesicles 
Bluish 

0,3 M NaBr y=0,90 
80mM 

- micelles Clear liquid 

 

y=0,95 2,5mM 
y=0,95 5,0mM 
y=0,95 10 mM 
y=0,95 20 mM 
y=0,95 80 mM 

- Vesicles 

Bluish, little viscous, 
maybe some precipitation 

at the lowest 
concentrations 

 

y=0,95 40 mM Globular micelles Vesicles Bluish 

y=0,95 60 mM Globular micelles Vesicles Bluish 

y=0,95 100 mM 
y=0,95 120 mM 
y=0,95 140 mM 
y=0,95 160 mM 

- Micelles Clear liquid 

 

0.1 M NaBr 
y=0,95 20 mM 
y=0,95 40 mM 

- Vesicles Bluish 

0.1 M NaBr 
y=0,95 60 mM 

- 
Coexistence between micelles and 

vesicles 
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0.1 M NaBr 
y=0,95 80 mM 

- Micelles  

 

0.3 M NaBr 
y=0,95 10 mM 
y=0,95 20 mM 

- Vesicles  

0.3 M NaBr 
y=0,95 40 mM  

- 
Coexistence between micelles and 

vesicles 
Clear solution 

0.3 M NaBr 
y=0,95 60 mM 
y=0,95 80 mM 

- Micelles 
Clear solution 

 

 

4.2 Sizes of the aggregates 
To some of the samples a Guinier plot was fitted in order to get information about the size of the 

aggregates, in form of the apparent molar mass Mapp and the radius of gyration Rg. Table XI in ANNEX 

contains the results from these fits, with the SOS rich samples without salt in a), the ones with    0.1 

M NaBr and 0.3 M NaBr in b) and the CTAB rich samples in c). A few of the SOS rich samples were 

also investigated by fitting a linear partial Zimm plot to the SLS values, according to section 3.2.2. 

These results are found in Table XII in ANNEX. When comparing the values for Mapp and Rg calculated 

with the two models it can be seen that they differ a little. The general trend seems to be that the 

partial Zimm plots give higher values than the Guinier fit, but it was needed to remove some point in 

order to get a straight line with high residual R2. Otherwise it was expected to have the same results 

with the methods. Valid for both of the fittings is that only results where the residual was higher than 

0.85 were used, and for most samples it was even higher than 0.90. From the tables it is obvious that 

Mapp tends to decrease upon the addition of salt, but it augment when diluting the SOS-rich samples. 

Concerning the CTAB-rich samples it is a bit more complicated to draw any conclusions about the 

changes of Mapp, but as have been seen with CRYO-TEM these samples are very complex. The radius 

of gyration Rg behaves a bit strange between all samples, and unfortunately no real trends are 

observed.  

4.3 Results from DLS 
Most of the samples were also examined with dynamic light scattering DLS, and the following tables 

demonstrates the results for the effective diameter as obtained from these experiments. The 

effective diameter is noted eff dia in the tables and is interpreted as twice the hydrodynamic radius 

Rh, whereas poly stands for the polydisperse index, and describes how polydisperse the sample is.  
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Table 9: DLS results for the relatively low concentration, for both CTAB-rich and SOS-rich samples.  

y Ct 80mM 60mM 40mM 20mM 10mM 5mM 2,5mM 

0,20 eff dia 13,6 - 12,0 8,3 3,9 -  -  

  poly 0,249 - 0,182 0,153 0,262 -  -  

0,25 eff dia 16,4 - 18,8 16,7 9,3 5,2 -  

  poly 0,219 - 0,228 0,211 0,158 0,201 -  

0,30 eff dia 31,0 40,2 192,0 32,4 30,5 16,6 -  

  poly 0,294 0,197 0,221 0,235 0,236 0,238 -  

0,35 eff dia 571,0 553,0 455,3 255,2 183,3 153,0 108,9 

  poly 0,189 0,175 0,371 0,388 0,283 0,324 0,322 

0,90 eff dia 98,6 101,5 107 172,9 206,5 - - 

  poly 0,201 0,193 0,108 0,064 0,187 - - 

0,95 eff dia 127,6 120,8 125,3 138,0 158,2 180,3 130,6 

  poly 0,109 0,172 0,155 0,198 0,256 0,281 0,284 

 
Table 10: DLS results for the SOS-rich samples with higher concentrations. 
 

y Ct 160mM 140mM 120mM 100mM 

0,90 eff dia 8,9 17 1,2 1,2 

  poly 0,152 0,146 0,121 0,193 

0,95 eff dia 198,5 3,7 3,1 2,6 

  poly 0,644 0,133 0,155 0,133 

 

The general trends observed when looking at Table 9 and 10 is that the effective diameter is smaller 

at the higher concentrations for the SOS-rich samples, which is in accordance with what has been 

observed in SLS as well as with CRYO-TEM. Concerning the samples that are rich in CTAB the size of 

the aggregates tends to increase with increasing y, which also is in accordance with the appearance 

of threadlike micelles that was observed with CRYO-TEM and SLS when approaching equimolarity. 

The trends regarding the size of the aggregate between different concentrations are however less 

pronounced and clear than those seen for the SOS-rich samples. Nevertheless, as earlier mentioned 

it was noted with CRYO-TEM that the CTAB-rich samples are complex, which might explain the 

outcome of these somewhat strange DLS results. 

By comparing the radius of gyration and the hydrodynamic radius, an indication about the shapes of 

the aggregates is obtained, as demonstrated in Table 3. In Table 11 a few results of such comparison 

are shown, but the results are not really in accordance with the shapes that are obvious from the 

CRYO-TEM and SLS. All result indicate long threadlike micelles, but according to the other techniques 

such structures should only be found in the CTAB rich samples (i.e. y = 0.30 and  y = 0.35 at high 

concentrations). Consequently this approach is concluded non valid for these measurements, and the 

results will not be further taken into account in this project. Furthermore, the values for the ratio 

between Rg and Rh that are found in Table 3 are only expected when there is only one type of 

aggregates in the solution, which is not the case in this study.  
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Table 11: Relationship between radius of gyration and hydrodynamic radius should indicate the 

structure of the aggregates, but the results are not in accordance with what is found with the other 

methods.  

Sample 
  

  
 

Suggested shape  
of aggregate 

shape of aggregate according 
to other techniques 

y=0.30 40 mM 3 Threadlike micelles Threadlike micelles 

y=0.30 20 mM 16 Threadlike micelles Threadlike micelles 

y=0.25 20 mM 14 Threadlike micelles Spherical micelles 

y=0.90 140 mM 42 Threadlike micelles Spherical micelles 

y=0.90 40 mM 10 Threadlike micelles Vesicles 

y=0.90 20 mM 12 Threadlike micelles Vesicles 

4.4 How should the iteration with Matlab be done? 
After a lot of trial and error when manually iterating with Matlab in order to find the correct values 

of the micellar concentration and mole fraction x, some general rules of how to progress were 

worked out. Without any so far detected exception these rules have worked for this system, 

wherefore they are presented here as a guide for further works within this area, where they might be 

employed. For a given total concentration ct and total mole fraction y, values of the micellar 

concentration, cmic, and mole fraction between the surfactants, x, are guessed by the user. 

Depending on the outcome, the resulting y and ct will be more or less bad, and must be changed. 

When the y and ct found by the program are the desired ones for the sample, the assumed cmic and x 

are correct. When receiving a non exact value of ct and y, the input values should be changed as 

follows: 

 If y is too high and ct too small:  x  

 If y is too small and ct too high: x   

 If y is too high and ct too high:  cmic   

 If y is too small and ct too small:  cmic   

The arrows   and    indicate whether the assumed value of the parameter should be raised or 

decreased, respectively. 

4.5 How does the micellar concentration and mole fraction within the 

aggregates change with the total concentration and total molar fraction? 
Applying the rules presented in 4.4 the variation of the micellar concentration and the mole fraction 

of surfactants in the aggregates, can be calculated with the matlab program, which is based on the 

Poisson Boltzmann theory and takes the electrical interactions into account. So can also the 

concentration of free aggregates for both the surfactant in excess and the one in deficit, noted cfree
1 

and cfree
2 respectively. These values, together with the calculated     , CMC and the salt 

concentration cs, are demonstrated the tables in ANNEX. From the tables it is clear that the mole 

fraction within the aggregates approaches equimolarity, i.e. x  0.5, as the samples are diluted. The 

following Figures 10 and 11 show how the mole fraction in the aggregates is changed when diluting 

the samples. It is obvious that the trend is much more pronounced for the samples that are rich in 

SOS than for the CTAB-rich ones. When salt is added to the sample the mole fraction of SOS in the 

aggregates is increased at a given concentration, but as the sample is diluted to about 5 mM this 
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trend can no longer be seen. This is well below CMC for SOS at all salt concentrations. All values 

found for the free concentrations of the surfactants are found in ANNEX, Table I-VI. 
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Figure 10: 
The mole fraction of SOS in the aggregates (x) in 
the CTAB-rich samples, plotted against the total 
surfactant concentration. x goes towards 
equimolarity when the sample is diluted, but 
seem to be rather constant at higher 
concentrations.   

Figure 11: 
The mole fraction of SOS in the aggregates (x) in 
the SOS-rich samples, plotted against the total 
surfactant concentration. x goes more rapidly 
towards equimolarity when the sample is diluted. 
Adding salt to the system increases the mole 
fraction of x in the aggregates at a given 
concentration.  

5. Interpretations and discussion  
In this part of the report the conclusions that have been drawn throughout the project are discussed, 

motivated and explained. Firstly the results from the light scattering experiments are compared and 

discussed to the CRYO-TEM results for the SOS- and CTAB-rich samples, respectively. After that the 

effect of added salt is looked into, followed by discussions concerning the results that are different 

between the two methods for some of the samples. The results are also used as a base for discussion 

about the advantages and disadvantages of the different approaches that could be used to estimate 

the phase transitions and development of the size and shape of the aggregates in a solution upon 

changing one or more conditions, i.e. the bending elasticity theory and the theory about the 

surfactant parameter.  

5.1 SOS -rich samples 
The samples rich in SOS that were examined with both SLS and CRYO-TEM are the ones with y = 0.90 

and y = 0.95. Attempts were made to perform SLS also on samples with a bit lower y (e.g. y = 0.75 

and y = 0.80), but these samples formed precipitates at room temperature, and could therefore not 

be observed. In some of those latter samples a phase separation occurred, resulting in a large 

agglomeration floating in the bulk. Such geometries appear to be the real equilibrium microstructure, 

since they disappeared upon warming and mixing in ultrasound bath, but then again were reformed 

upon freezing. Nevertheless, the samples with y = 0.90 and y = 0.95 were thoroughly examined, both 

with SLS and with CRYO-TEM. The concentrations that were studied with SLS range from 2.5 mM to 

160 mM.  
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Looking at the SLS measurements for y = 0.90, a large difference in intensity is defined between the 

120 mM an 80 mM with the 100 mM sample located between them.  The samples that are found in 

the region with low intensity are the ones with higher concentrations, and are as a consequence 

thought to contain micelles. On the other hand, the samples with concentrations of 80 mM and 

lower are found at higher scattering intensities, which indicate the existence of bilayer structures, 

such as vesicles. Consequently a transition from micelles to vesicles occurs at about 100 mM, 

resulting in that the 100 mM sample is found in the transition area, and hence believed to consist of 

both micelles and vesicles. At even higher mole fraction of SOS, i.e. y = 0.95, the samples with a total 

concentration of 100 mM or higher are located in the micellar area, whereas lower concentrations 

are found at considerably higher intensities, which is a sign of bilayers.  

 

5E-4 1E-3 0,0015 0,002 0,0025 0,0030,0035

0,1

1

10

100

1000

10000

100000

 160mM x=0,7734

 140mM x=0,7549

 120mM x=0,7339

 100mM x=0,7103

 80  mM x=0,6844

 40  mM x=0,6238

 20  mM x=0,5841

 10  mM x=0,5560

k
c
/(

c
*k

S
L

S
)*

I 
/ 
k
g

m
o

l-1

q/A
-1

 

5E-4 1E-3 0,0015 0,002 0,0025 0,0030,0035

0,1

1

10

100

1000

10000

100000

 160mM x=0,8384

 140mM x=0,8110

 120mM x=0,7793

 100mM x=0,7452

 80  mM x=0,7101

 60  mM x=0,6740

 40  mM x=0,6359

 20  mM x=0,5913

 10  mM x=0,5609

 5,0 mM x=0,5374

 2,5 mM x=0,5151

k
c
/(

c
*k

S
L

S
)*

I 
/ 
k
g

m
o

l-1

q/A
-1

 

Figure 12: 
Normalized SLS data for the samples with the 
total mole fraction y = 0.90 and total surfactant 
concentration [SOS] + [CTAB] = ct ranging from  10 
mM to 160 mM. The transition from micelles to 
vesicles transition occurs above a total 
concentration of 100 mM. 

Figure 13: 
Normalized SLS data for the samples with the 
total mole fraction y = 0.95 and total surfactant 
concentration [SOS] + [CTAB] = ct ranging from 
2.5 mM to 160mM. The transition from micelles 
to vesicles transition occurs between 80 mM 
and 100 mM, which is lower than for y = 0.90. 

 

Interesting to note is that when the SOS-rich samples are closer to equimolarity (i.e. y = 0.90 

compared to y = 0.95) the concentration at which transition from micelles to vesicles occurs is raised. 

Looking at the mole fraction in the aggregates x, denoted in the figures, it can be noticed that for the 

same total concentration, x is lower the lower y is. As a result, when comparing the two 

concentrations at which transition occurs, x is found to be rather equal. Our calculations show that x 

  0.71 where a transition takes place, for both dilution series. The conclusion that it is the mole 

fraction in the aggregates that decide when the transition appears is consequently drawn. We have 

concluded that when the samples are diluted the mole fraction in the aggregates approaches 

equimolarity and bilayer structures are formed. As mentioned, the transition between micelles and 

vesicles that occurs will depend on the spontaneous curvature, and will take place when H0 = 1/4ξ 

[12,14]. The spontaneous curvature is expected to diminish with the charged density, which goes 

towards zero as equimolarity is approached. This demonstrates the importance of x for when the 

transition from micelles to vesicles will occur. 
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In the 2.5 mM and 5 mM for y = 0.90 precipitation were identified before measuring the sample, and 

they are therefore left out. In the case of y = 0.95 no such observations were made, but considering 

the appearance and intensity of the two graphs with lowest concentration, it can be seen that they 

deviate from the others. They are in consequence also believed to contain some precipitation. 

Somewhat surprising is though, that when examination the micrographs from CRYO-TEM, no vesicles 

can identified for the y = 0.95 samples (40 mM and 60 mM). Only small globular micelles are 

detected, which is also the case for the sample y = 0.90 80 mM. This finding is further discussed in 

section 5.4. However the other concentrations at y = 0.90 (10 mM, 20 mM and 40 mM) were all 

identified to contain bilayers with CRYO-TEM, (see Figure 14) and are thus in good agreement with 

the SLS observations. 

When the concentration is raised the interactions between the aggregates should increase and the 

area of the head groups increase, wherefore the surfactant parameter p is decreased, according to 

its definition showed in section 2.6.1. This is however only of importance for very high 

concentrations. From Table 4 we can see that a decreased surfactant parameter could lead to a 

transition from vesicles to micelles, which is what is seen in this project as well. Thus, the results are 

in accordance with the theory [2]. However, one should bear in mind that in the theory, you assume 

one shape and calculate according to that shape, but since you do not know the actual shape, this 

could lead to misleading results.  

The scattered intensity as well as the apparent molar mass Mapp increases when the concentration is 

lowered. Since the decrease in concentration also implies that the mole fraction in the aggregates 

approaches 0.5 it was expected, as it has been shown [7-13] that the size of the vesicles tend to 

increase as equimolarity is approached. The results found concerning the variation of the mole 

fraction in the aggregates with total concentration show that the vesicles in the diluted samples 

consist of almost equal number of moles of CTAB and SOS, even though y = 0.90 and 0.95. This 

observation is in accordance with the results reported earlier [16,46]. 

From Figure 11 it is obvious that the mole fraction in the aggregates goes towards equimolarity when 

the samples are diluted. This leads to formation of vesicles, and since vesicles do form when there is 

a large asymmetry between the surfactants in the aggregates [50], this was expected. Comparing 

Figure 10 and 11 it can be noted that that the graph representing the SOS-rich samples continues to 

increase the mole fraction in the aggregates when the concentration is raised even at the highest 

concentration investigated, whereas the graphs for the CTAB-rich samples become rather horizontal 

quite early. This might be explained by the differences in CMC for SOS and CTAB, since a much higher 

concentration is needed for the aggregates to be formed with SOS than with CTAB (without salt CMC 

for SOS is 133 mM, whereas it for CTAB is only 0.92 mM, see Table 1. 

Considering the theory about the curvature, the formation of vesicles would imply a smaller 

curvature. The vesicles formed in the SOS rich samples are smaller than the ones in CTAB, and will 

thus have a higher curvature. Since SOS consists of a smaller hydrocarbon tail than CTAB, this is 

expected. Different models to describe the surface should be used for each geometrical shape         

[8-10,13], which is one reason to think that this theory is more accurate than the surface parameter 

theory.   
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Figure 14: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.90 and total surfactant 
concentration ct = [SOS] + [CTAB] = 20 mM, with no salt added. Spherical vesicles were observed 
which is in accordance with the results from the static light scattering measurements, and similar 
pictures were taken for 10 mM and 40 mM. However, the CRYO-TEM micrograph for the 80 mM 
sample does not show any vesicles, which does not agree with SLS examination. 
 

 
Figure 15: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.95 and total surfactant 
concentration ct = [SOS] + [CTAB] = 40 mM. Only small globular micelles are seen although SLS data 
indicate the presence of bilayers, as can be seen in Figure 10. Similar pictures were taken for 60 mM, 
and for y = 0.95 80 mM. Contradictively vesicles are indicated with SLS of the same samples. 



34 
 

5.2 CTAB-rich samples 
The general trends that can be seen is that for the samples with a low total mole fraction of SOS       

(y = [SOS] / ([SOS] + [CTAB])) is that they become more viscous the closer equimolarity we get. 

Looking at the CRYO-TEM micrographs it can be seen that the amount of threadlike micelles augment 

as the equimolarity is approached, which would explain this behavior. The data from the static light 

scattering indicate the existence of small globular or rodlike micelles in the samples y = 0.20 and        

y = 0.25, at all concentrations (see Figure 16 and 17). Also the SLS data for the samples in y = 0.30 

point towards micelles considering the shape of the graphs as well as the intensity. Nevertheless, 

they are found at higher intensities than the other samples, as is clear when comparing Figure 18 to 

Figure 16 and 17. This could be seen as an indication of the existence of threadlike micelles, since 

they will be larger than the globular micelles, as the latter make up the minimal geometrical shapes 

[13]. The micrographs from the CRYO-TEM confirm the high existence of threadlike micelles, as can 

be seen in Figure 20. 

When increasing the mole fraction to y = 0.35, a new behavior is detected in the SLS graphs. The 

shapes of the curves for samples with concentration lower than 60 mM are different, and they are 

located in an area of higher intensity than before. Hence, it is likely to believe that these samples 

contain vesicles. This observation is in agreement with the pictures from CRYO-TEM, in which vesicles 

can be identified (Figure 21) However, those pictures show in addition threadlike micelles, discs and 

thick threads growing between them. The conclusion that is drawn is that the samples close to 

equimolarity in the CTAB-rich area are of very complex nature and a lot of aggregate shapes coexist. 

This makes such samples difficult to analyze, since a lot of different models must be applied. The 

samples with y = 0.20 and y = 0.25 were not examined with CRYO-TEM, because the results from the 

SLS are considered to be rather non-contradictorial, and small globular micelles are difficult to detect 

with CRYO-TEM. [1] 
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Figure 16: 
Normalized SLS data for 
the samples the total 
mole fraction  
y = 0.20 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 10 mM to  
80 mM. All the samples 
seem to mostly contain 
globular micelles.  
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Figure 17: 
Normalized SLS data for 
the samples the total 
mole fraction  
y = 0.25 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 5 mM to 
80mM. All the samples 
appear to mostly contain 
globular  micelles 
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Figure 18: 
Normalized SLS data for 
the samples the total 
mole fraction  
y = 0.30 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 2.5 mM to 
80mM. All the samples 
seem to contain a lot of 
threadlike micelles, which 
is also confirmed with the 
CRYO-TEM micrographs 
(Picture ) 
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Figure 19: 
Normalized SLS data for 
the samples the total 
mole fraction  
y = 0.35 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 2.5 mM to 
80 mM. The samples with 
concentrations of 40 mM 
and lower are believed to 
contain vesicles, whereas 
the 60 mM and 80 mM 
mostly constitute of 
threadlike micelles, but 
also some vesicles, raising 
the intensity.  
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Figure 20: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.30 and total surfactant 
concentration ct = [SOS] + [CTAB] = 40 mM. The sample contains a lot of threadlike micelles, but also 
a few vesicles and sheets.  
 

 

Figure 21: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.35 and total surfactant 
concentration ct = [SOS] + [CTAB] = 40 mM. The sample mostly contains vesicles, but also some 
threadlike micelles, discs and thick threads growing between them are identified. The CRYO-TEM 
micrographs for the other concentrations look similar even though the distribution between the 
vesicles and threads differs.  
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The vesicles that are formed in the CTAB-rich samples seem to be larger than the ones formed in the 

SOS-rich samples. This behavior was expected, since the former ones contain more of the large 

surfactant, whereas the other ones mainly consist of the smaller one. The micelles becomes larger 

when the total concentration ct is increased, which indicates rodlike micelles. [13] 

As mentioned, the spontaneous curvature where the transition from micelles to vesicles will occur is 

defined as H0  = 1/4ξ, where ξ is the thickness of the monolayer. Micelles are expected when the 

spontaneous curvature is H0   > 1/4ξ, whereas lower values of H0 lead to bilayer structures [12,14]. It 

was concluded that the mole fraction at which this transition takes place in the SOS-rich samples is 

about x = 0.29, and the corresponding value for the CTAB-rich is roughly estimated to be around       

1-x = 0.35. Consequently the mole fraction of the surfactant in deficit is higher for the CTAB-rich 

samples. Since the value of the spontaneous curvature multiplied with the thickness of the 

monolayer always will equal ¼ (according to the equation above) when transition takes place, the 

spontaneous curvature is highly dependent on the thickness, and thus of mole fraction of the 

molecules in the aggregates, x. It was just mentioned that this mole fraction is closer to equimolarity 

for the CTAB-rich samples than for the SOS rich samples, and as was earlier established the charged 

density will be lower as equimolarity is approached. The spontaneous curvature will thus also be 

diminished as a result of a larger thickness of the monolayer. This is exactly what will be the case, 

since the CTAB molecules consist of a longer tail compared to SOS. These findings consequently are 

considered to support the theory about the spontaneous curvature [12,14]. 

5.3 Effect of adding salt to the samples 
The project also included studies on how the system behaved upon addition of salt. SOS-rich samples 

containing 0.1 M and 0.3 M NaBr were investigated, and the following figures represent the results 

from the static light scattering followed by some representative CRYO-TEM micrographs. In Figure 22 

the concentrations series y = [SOS]/([SOS] + [CTAB]) = 0.90 with a) no salt added, b) 0.1 M NaBr 

added and c) 0.3 M NaBr added. As earlier stated, in the sample without salt an abrupt increase in 

the intensity can be seen between 120 mM and 80 mM, with the 100 mM sample located between 

them. Consequently a transition from micelles to vesicles occurs at about 100 mM, resulting in that 

the 100 mM sample is found in the transition area, and thus believed to consist of both micelles and 

vesicles. The samples with higher concentrations contain micelles, whereas the ones with 

concentrations of 80 mM and lower include bilayer structures, such as vesicles. Considering the 

samples b) to which 0.1 M NaBr has been added, it can be seen that the samples with concentration 

of 60 mM to 20 mM are found in the vesicles area. When the samples are further diluted the shape 

of the curve changes considerably, most likely because they contain precipitation. The 80 mM sample 

is found at lower intensity than the others, but compared to other micelle samples the intensity is 

actually rather high. This is supposed to be due to the fact that the transition from micelles to 

vesicles occurs at a higher concentration than 80 mM, wherefore the 80 mM sample is located in the 

coexistence area. To verify that it would have been interesting to measure a sample with higher 

concentration, which is expected to be found in the micellar area. The samples with 0.3 M NaBr 

solution as solvent are represented in c). The transition from micelles to vesicles takes place already 

at about 60 mM, resulting in 80 mM being the only sample with uniquely micelles. The 60 mM 

sample is found in the coexistence area and the samples with lower concentration contain bilayers. It 

is believed that the 5 mM sample contains precipitation, which explains its strange outcome in the 

graph.  
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When comparing the examination of the SLS results with micrographs from CRYO-TEM, Table 8, it 

can be noted that they in general are in good accordance with each other.  Samples with no salt 

added, of concentration 10 mM, 20 mM and 40 mM were all identified to contain bilayers (see Figure 

14) which is what is seen with SLS as well. However, also the 80 mM were examined, but even 

though it according to the SLS results contains large bilayer structures, no such structures can be 

identified in the CRYO-TEM micrographs (cf Figure 15). The CRYO-TEM results of the samples 

containing salt are mostly in agreement with the SLS observations. They do however both prove the 

existence of discs (Figure 23) or possibly rodlike micelles in addition to the vesicles in some samples, 

notably the 20 mM samples. Important to note is also that they show similar trends as the samples 

without salt concerning the samples close to the micelle-to-bilayer transition area, i.e. no vesicles are 

found in some of the samples that by SLS are indicated to contain such structures. Some possible 

reasons for this behavior are discussed further on in the report. Another interesting observation 

concerning the CRYO-TEM micrographs for some of these samples is that they, as well as some of 

SOS-rich samples without salt, show both open and closed bilayer structures. This will also be 

discussed later on.  

Figure 24 shows the static light scattering results for the system of series y = [SOS]/([SOS] + [CTAB]) = 

0.95 with a) no salt added, b) 0.1 M NaBr added and c) 0.3 M NaBr added. In the system without any 

added salt the transition from micelles to bilayers occurs at 100 mM. The samples with 

concentrations ranging from 10 mM to 80 mM are found in the vesicle region, and samples with 

higher concentration consist of micelles. When 0.1 mM NaBr is added the transition takes instead 

place at lower concentration, resulting in the 60 mM sample being found in the coexistence area. 

Observing the 5 mM and 10 mM curves it is clear that they are somewhat different from the samples 

with higher concentrations, and this result is denoted the possible precipitation in the diluted 

samples. Another essential remark is that they are located at lower intensities than the vesicles, 

which is a little surprising since the precipitate should scatter the light really well. However, it is 

possible that they do scatter light very well close to q = 0, but not necessarily at higher values of the 

scattering vector.  

When even more salt is added c) the concentration at which the micelle-to-vesicle transition occurs 

is lowered further, to about 60 mM. Thus the samples with 60 mM and 80 mM consist of micelles, 

whilst the 40 mM sample is found in the coexistence region and the samples with even lower 

concentration are located in the bilayer region, or are possibly containing precipitation. 

Nevertheless, it can be seen that the mole fraction in the aggregates is rather constant when the 

transition occurs, ranging from about 0.70 to 0.75. This observation points out the importance of a 

specific mole fraction in the aggregates for the transition to take place, and might be due to the fact 

that the spontaneous curvature depends on the composition and thereby will affect the geometrical 

outcome. 
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Figure 22 a) 
Normalized SLS data for 
the samples with no salt 
added and the total mole 
fraction  
y = 0.90 and total 
surfactantconcentration 
[SOS] + [CTAB] = ct 
ranging from 10 mM to 
160 mM. When the 
concentration is about 
100 mM a transition from 
micelles to vesicles occur.  
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Figure 22 b) 
Normalized SLS data for 
the samples with     
[NaBr] = 0.1 M added and 
the total mole fraction   y 
= 0.90 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 5 mM to   
80 mM. Most likely a 
transition from micelles 
to vesicles occurs when 
the concentration is just 
above 80 mM, resulting 
the 80 mM to be found in 
the coexistence region.  
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Figure 22 c) 
Normalized SLS data for 
the samples with     
[NaBr] = 0.3M added and 
the total mole fraction   y 
= 0.90 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 5 mM to   
80 mM. When the 
concentration is just 
about 60 mM a transition 
from micelles to vesicles 
occur.  
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Figure 23: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.90 and total 
surfactant concentration ct = [SOS] + [CTAB] = 20 mM, containing 0.1 M NaBr. Besides vesicles some 
discs are identified. A similar micrograph was obtained for the 20 mM sample with 0.3 M NaBr.  
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Figure 24 a) 
Normalized SLS data for 
the samples with no salt 
added and the total 
molar fraction 
y = 0.95 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 2.5 mM to 
160 mM. When the 
concentration is about 
100 mM a transition from 
micelles to vesicles occur.  
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Figure 24 b) 
Normalized SLS data for 
the samples with     
[NaBr] = 0.1 M added and 
the total mole fraction   y 
= 0.95 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 5 mM to   
80 mM. When the 
concentration is just 
below 80 mM a transition 
from micelles to vesicles 
occurs.  
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Figure 24 c) 
Normalized SLS data for 
the samples with     
[NaBr] = 0.3 M added and 
the total mole fraction   y 
= 0.95 and total 
surfactant concentration 
[SOS] + [CTAB] = ct 
ranging from 5 mM to   
80 mM. When the 
concentration is about  
60 mM a transition from 
micelles to vesicles occur.  

Addition of salt to the SOS-rich samples increases the mole fraction of SOS in the aggregates, because 

the interactions between the head groups are screened. Consequently aggregates will be formed 

already at lower concentrations and the CMC is hence reduced (for pure SOS: 0.1 M NaBr gives    

CMC = 120 mM and 0.3 M NaBr gives CMC = 69 mM [38] Since the samples considered contain much 

more SOS than CTAB, almost all CTAB is already in the aggregates and as the addition of salt will 

make the free surfactants go in to the aggregates these will mostly consist of SOS since that is the 

surfactant in excess. As a result the mole fraction of SOS in the aggregates is increased, which will 

lead to a destabilization of the vesicles. Vesicles will therefore only be found at the more diluted 

samples, where the mole fraction is closer to equimolarity. Looking at the mole fraction of SOS in the 

aggregates it can be seen that it is rather similar at the concentrations where the transition from 

micelles to vesicles occurs. This emphasizes the importance of a certain amount of SOS compared to 

CTAB for vesicles to form, since that will give the right charge density [54]. 

In the samples with lowest concentration there seem to be precipitation, which in some cases was 

discovered already before the measurements whereas in others the SLS results reveal its existence. 

When adding more salt the tendency increase, which was actually not expected, considering the 



42 
 

results noticed in 4.5. There it can be seen that even in the most diluted samples, the mole fraction 

of SOS is slightly higher in the samples to which salt has been added. However, looking more 

carefully in the diluted region in Figure 11, it can be seen that the more salt the sample contains, the 

steeper and closer to equimolarity is its curve. A zoom over this area is demonstrated in Figure 24. 

The augmented precipitation at low concentrations that follows the addition of NaBr is thereby 

denoted the fact that they are closer equimolarity at very low concentrations compared to the ones 

with less salt.  
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Figure 24: 
The mole fraction of SOS 
in the aggregates (x) in 
the SOS-rich samples, 
plotted against the total 
surfactant concentration. 
x  0.5 when the sample 
is diluted, more rapidly 
the more salt that is 
added.  
 

Since the system consist of cationic and anionic surfactants there will be a lot electrostatic 

interactions between the charged head groups. When salt is added to the system electrical 

interactions will be screened by the salt ions, and consequently the area of the polar head groups, ao, 

will be reduced. As a result the surfactant parameter p, defined in section 2.6.2 is decreased. A 

decrease in surfactant parameter could according to Table 4 [2] bring about a phase transition from 

bilayer structures o micelles, which agrees with what has been observed in the experiment.  

5.4 The difference between CRYO-TEM and SLS 
For most of the samples the techniques give consistent results. Table 7 and 8 contain a summary of 

the observations achieved from CRYO-TEM, compared to those seen with SLS. Nevertheless, there 

are also a few remarkable differences. One general observation that was of large interest is that 

some of the SOS-rich samples were with SLS confirmed to contain bilayer aggregates such as vesicles, 

but when examined with CRYO-TEM they are not seen. Instead only small globular micelles are 

observed, as can be seen in Figure 25. Common for the samples concerned is that they are all located 

close to the micelle‐to‐bilayer transition. Furthermore, the samples are bluish and a little turbid, 

which is an indication for vesicles. [50] This disagreement between the results from the two methods 

is surprising, but we have two potential explanations for this disagreement. Firstly, it is possible that 

even if there exist vesicles in the sample they are too few to be discovered with CRYO-TEM. This is a 

possible explanation, since light scattering is sensible to large particles, as they scatter more than 

small ones and thus increase the scattered intensity a lot even though there are just a few in the 

sample. In addition, since the samples that showed this behavior mostly were found in the micelle-

to-bilayer transition region, it is likely that they contain both micelle and bilayers, supporting this 

theory. This is in accordance with earlier observations made of Yatcilla et al [50] who due to the color 
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and turbidity as well as QLS results expected large aggregates, but did not detect any. Also Vinson et 

al [48] reported analogous observations, and pointed out the risk that large particles are excluded 

from the film during blotting or located in regions of the film that was too thick for the electron beam 

to pass and thus not seen at all.  

Another possible reason could be that the equilibrium in the systems is distorted by the freezing 

procedure during the formation of thin films on grids before capturing the CRYO‐TEM images. Exactly 

how the equilibrium is affected is not clear, and must be further investigated before any conclusions 

can be drawn.  

In this context it is interesting to discuss the advantages and disadvantages with the techniques. It is 

easy to believe that what can be seen in pictures is what is correct. It must however be borne in mind 

that in CRYO-TEM the samples are treated and there is a risk that the equilibrium is disturbed, 

whereas light scattering is an in-situ method, which means that the sample is not affected before the 

measurement. In addition it is possible that the image is not representative for the whole sample as 

discussed above, and it must be remembered that CRYO-TEM is a qualitative technique, whereas SLS 

is quantitative. It is difficult to claim that one technique is better than the other, so the only 

conclusion that will be drawn here is that by combining several techniques, a better idea about the 

samples is obtained.  

 

Figure 25: CRYO‐TEM micrograph for the sample with total mole fraction y = 0.95 and total surfactant 

concentration ct = [SOS] + [CTAB] = 40 mM. Only small globular micelles are seen although SLS data 

indicate the presence of bilayers, as can be seen in Figure 26. 
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Figure 26 . Normalized SLS data for the samples with total mole fraction y = 0.95 and total surfactant 

concentration [SOS] + [CTAB] = ct ranging from 2.5 mM to 160 mM. in the graph it is clear that an 

sudden micelle to bilayer transition occurs between the samples of 80 mM and that of 100 mM. The 

40 mM sample is observed to have an absolute intensity corresponding to the intensity of the 

samples containing vesicles, which is in great contrast to what is observed in the CRYO-TEM 

micrograph in Figure 25. 

5.5 Open vesicles 

Another really interesting observation, which also should be considered when the eventual distortion 

of the equilibrium is discussed, is that some of the CRYO-TEM micrographs show open vesicles 

[Figure 27] Most of the images show rather spherical and unilammelar vesicles, but for some 

samples, there are also pictures showing open vesicles. The two versions have also been observed in 

the same picture, which makes it even more confusing. According to the SLS measurements the 

concerned samples contain vesicles, but it is not possible to see whether they are open or not.  

It would be very interesting to examine those samples with SANS, or with SAXS. These are other 

scattering techniques in which the sample is irradiated with neutrons or X-rays respectively, instead 

of light]. They cover another range of the scattering vector q than SLS. [7-10,31] Hence it might 

complement the SLS measurements and provide information about whether these structures are 

non-equilibrium aggregates that are formed during the sample preparation for the CRYO-TEM, or if 

they do exist already before that.   
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Figure 27: CRYO-TEM micrograph of the sample with  y = 0.95 and ct =[SOS] + [CTAB] = 40 mM. In the 
micrograph both geometrically closed bilayer vesicles as well as open bilayer fragments can be 
observed. 

5.6 Evaluation of possible errors in sample preparation 
In the literature [31,43,49,50] the samples are often prepared out of stock solutions for each 

surfactant separately and are then mixed to the desired molar ratio after dilution, which 

consequently differs from the preparation method used in this project. However, some samples were 

prepared also in this way and they showed no different behavior compared to the samples prepared 

in the normal way, which is thereby consider adequate. One advantage with the method with 

separate stock solutions for the chemicals is that they only will form micelles, and thus could be 

filtered through small filters to get rid of the dust. This is not possible to do if there are vesicles in the 

sample, since they would probably get caught in the filter.  

Nevertheless several other factors might have affected the outcome of the investigations. In order to 

eliminate the faults rising from the preparation of the samples, all solutions were based on weight 

instead of on the volume. The uncertainty is thus reduced to +-0.1 mg (balance) from +- 1 μl (manual 

pipettes that otherwise would have been used). All the glass and plastic equipment used was cleaned 

with Helmanex® for 24-hours and then rinsed 15 times, with the aim of removing any surfactants or 

polymers that might have been adsorbed on the surfaces [32, 50]. 

Concerning the purification of the chemicals, a lot of improvements could have been done. For 

example, Imae et al [27] as well as Yatcilla et al [50] recrystallized their CTAB twice in a 1/1 mixture of 

ethanol and acetone, and they also purified their SOS with Sep-Pak C18 Chromatography.  

In this project it was assumed that the refractive index increment, dn/dc, was more or less the same 

for all salt concentrations, but it would have been better to measure it for each salt concentration 

used.  
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Another point that is interesting to discuss is the time that the samples were left to equilibrate. In 

this project they were left between 20 h and 1 month. Figure 28 shows the outcome from the SLS 

measurement for one sample left only 20 h, compared to one left for 4 weeks. There is not a big 

difference, but nevertheless the size is a little bit increased. This is in line with other observations [50, 

32-34]. It is of importance to discuss when the equilibrium size is actually achieved, and whether a 

vesicle is actually even an equilibrium phase has been an issue of interest and controversity for many 

years. Among others, Laughlin [35] claims that it is not, due to thermodynamics. This test indicates 

the opposite and Yatcilla et al [50] found vesicles in their samples, even after equilibration for many 

months. Yet it must be admitted that the possibility exist that they are kinetically caught in that 

phase, but we observed similar results both after vortex stirring and when using the ultrasound bath 

as well as after having heated the samples to 40 degrees and then letting it cool down. We hence 

believe they do constitute a true equilibrium state. Yatcilla et al [50 ] also concluded that the size is 

increasing rapidly during the first hour of equilibration, but after that it is rather constant.  
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Figure 28: Normalized SLS data for two samples with total mole fraction y = 0.90 and total surfactant 
concentration 40 mM, where one has been equilibrating for 20h (black) whereas the other was left 
for one month (red). The long equilibration time slightly increase the vesicle size.  

6. Perspectives 
One thing that would be very interesting to find out is the origin to the differences found between 

the two techniques for some of the samples in the micelle-to-vesicle transition region discussed in 

5.4. Knowing the reason for this is essential since it might be needed to take into account both when 

interpreting micrographs from CRYO-TEM and when developing the instrument.  

By introducing yet another technique, e.g. SANS or SAXS this might be possible. These are other 

scattering techniques in which the sample is irradiated with neutrons and X-rays respectively, instead 

of light. Thus another q-range is covered, as demonstrated in Figure 29, and broader picture of the 

sample is obtained when combining this with the findings made so far.  
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Figure 29: Different scattering techniques cover different scattering angles, and is thus a good 

complement to each other. 

Another thing that would be very interesting is to evaluate if the mole fraction in aggregates 

calculated with the created Matlab program are actually the real ones, and if the method based on 

Poisson Boltzmann theory are consequently accurate or not. This might be done with NMR or with 

SANS, where one of the surfactants is deuterated.  

It would also be interesting to study more samples at other mole fraction and concentrations, in 

order to get more detailed picture of where the transitions between the different geometrical shapes 

occur. Also other catanionic systems with either higher or smaller asymmetry between the 

hydrophobic tail would be interesting to examine, to look into the importance of this asymmetry for 

the aggregates formed at certain concentration. The mole fraction of the aggregates would most 

likely be affected, and thus the geometrical outcome.  

The disks that were detected upon addition of salt would be of interest to investigate further, for 

example with SAXS or SANS.  

By investing more samples that are left for a lot of different times of equilibration it could be found 

out how the size changes with time, and about when the equilibrium size is reached. 
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7. Conclusions 
A catanionic system of SOS and CTAB has been studied, with Static Light Scattering and cryo 

transmission electron microscopy. To some extent they were also investigated by Dynamic Light 

Scattering. Mostly the different methods showed similar results and trends, but for some samples 

differences were detected. The samples concerned have in common that they are close to the 

micelle-to-vesicle transition concentrations. Several possibilities have been suggested for these 

disparities, such as the risk that equilibrium is distorted by the preparation for CRYO-TEM, or the risk 

that the vesicles are too few to be detected with CRYO-TEM but yet can be seen with SLS since this 

method is very sensible to large aggregates. 

Both CTAB rich samples and SOS-rich samples were looked into, at a lot of molar fractions and 

concentrations. CTAB-rich samples are very complex, and they contain a lot of threadlike micelles 

when we are rather close to mole fractions where vesicles start to form. Considering the SOS-rich 

samples, they form vesicles upon dilution. Some of the samples rich in SOS were with CRYO-TEM 

found to contain open vesicles, and the reasons for this behavior have been discussed. The question 

is whether these structures are the result of some kind of distortion of the equilibrium during the 

preparation for CRYO-TEM, of if equilibrium was actually never reached.  

It is very important to differ between the total mole fraction in the bulk and the mole fraction in the 

aggregates, since the latter change considerably depending on the concentration. It approaches 

equimolarity when the samples are diluted, and this trend is more pronounced for the SOS-rich 

samples than for the CTAB-rich samples, which is believed to be due to the differences in critical 

micelle concentration CMC. To be able to estimate among other parameters the mole fraction in the 

aggregates, a Matlab program based on the Poisson-Boltzmann mean field theory was developed.  

Addition of salt to the SOS-rich samples increases the mole fraction of SOS in the aggregates, because 

the interactions between the headgroups are screened. Consequently aggregates will be formed 

already at lower concentrations and the CMC is hence reduced. Since the samples considered contain 

more SOS than CTAB and CTAB has much lower CMC than SOS, almost all CTAB is already in the 

aggregates and as the addition of salt will make the free surfactants go in to the aggregates these will 

mostly consist of SOS since that is the surfactant in excess. As a result the mole fraction of SOS in the 

aggregates is increased, which will lead to a destabilization of the vesicles. Vesicles will therefore 

only be found at the more diluted samples, where the mole fraction is closer to equimolarity. 

It would be interesting to further investigate this system with other scattering techniques such as 

SANS and SAXS. This way the questions regarding the origin of the differences detected between the 

techniques might be answered, as well as the reason for the open vesicles sometimes detected with 

CRYO-TEM.  
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