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1. Introduction 
 
Surfactants are the base component in many cosmetic formulations, and are often used in 

diagnostics and in the food industry. They spontaneously form various self-assembled structures in 

solution, such as e.g. micelles and vesicles, see fig. 1.  

 

  

        (a)                           (b)  

Figure 1: A micelle(a) and a vesicle(b). 

The latter are often used as carriers to enable for water insoluble, medically active substances to be 

transported in water rich environments, such as the blood system. [1] The drug is encapsulated 

within the vesicle, which then is injected into the patient’s blood stream [2]. Changes in the blood 

environment trigger the transition from a vesicle structure to a micelle structure. This means that 

during the transition the vesicle structure opens up [3] and the drug is released. Hence, by being able 

to predict the vesicle-micelle transition it would be possible to control the timing for the drug release 

and thereby avoiding too early releases, which is a big problem with currently available medicines, 

leading to increased dosages resulting in increased side effects [2]. There are many factors that could 

influence on the vesicle-micelle transition, and salt is one of them [4].    

The aim of this study was to find the concentration region at which a transition from micelles to 

vesicles would occur for the systems SDS/DDAB and SDeS/DDAB, and then also to see how addition 

of salt with different concentrations would affect those transitions.   

2. Surfactants and their self-assembly 

2.1. Single surfactants 

 
A surfactant is an amphiphilic molecule, meaning that it contains two parts, one that is soluble in the 
medium (the lyophilic part), and another part that is not (the lyophobic part). These parts are called a 
hydrophilic polar head group and a hydrophobic non polar tail group when the solvent is water, see 
fig.2. The head is thus soluble in water, while the tail is not. 
 
 

 
Figure 2: Schematic representation of a surfactant.  
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The hydrophobic tail of a surfactant usually contains 8-18 carbon atoms, and may be either linear or 
branched. [5] The surfactants are classified according to the nature of the polar head group which 
can be either non-ionic, anionic (negatively charged), cationic (positively charged), or zwitter ionic 
(carries two charged groups of different sign and thus have no net charge), see fig.3. [6] 
 

 
Figure 3: Types of surfactants; non polar, anionic, cationic, and zwitteron. 

Anionic surfactants are both cheap and easy to use, and that is the main reason why they are the 
most commonly used surfactants among the four. The ionic surfactants have a counter ion to 
stabilize the charge. The most commonly counter ions used for anionic surfactants in aqueous 
solution are sodium and potassium, while for cationic surfactants they are methylsulfate and halides. 
[7] 

2.1.1. Example of an anionic surfactant: Sodium Dodecyl Sulfate (SDS) 

 
Sodium Dodecyl Sulfate (SDS) is a synthetic, water-soluble, single chain surfactant that forms micelles 

[8]. The chemical formula for SDS is C12H25SO4

- +Na, and the molecular structure is shown in fig.4. 

 

 
Figure 4: The molecular structure of SDS. 

At 25°C the cmc value for SDS is 8.3 x 10-3M, and the aggregation number in micelles, number of 
surfactant molecules in an aggregate (in this case micelles) is 60-70 [7]. SDS irritates the skin and may 
cause inflammation [9].   

2.1.2. Example of an anionic surfactant: Sodium Decyl Sulfate (SDeS) 

 
The only thing that differs in the molecular structure between SDS and Sodium Decyl Sulfate (SDeS) is 
that SDeS has a two carbon shorter hydrophobic chain length making it slightly more hydrophilic, see 

fig. 5. The chemical formula for SDeS is C10H21SO4

- +Na, and the molecular weight is 260.326 g/mol. 

The cmc value for SDeS is 33 mM at 20°C [10].  
 

 
Figure 5: The molecular structure of SDeS. 
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2.1.3. Example of a cationic surfactant: DiDodecyldimethylAmmonium Bromide (DDAB) 

 
Didodecyldimethyl Ammonium Bromide (DDAB) is a synthetic, water non soluble [9], double chained, 

cationic surfactant that forms lamellar bilayers [11].  The chemical formula for DDAB is C26H56N
-+

Br, 

and the molecular structure is shown in fig. 6.  The molecular weight of DDAB is 462.63 g/mol [12].  
 

 
Figure 6: The molecular structure of DDAB. 

DDAB is highly irritating for the eyes, the skin and the lungs [13].  

2.2. Surfactant self-assembly in solutions 

Surfactants that are dispersed in a liquid, usually water, self-assemble and create structures such as 

e.g. micelles and vesicles. The type of structure formed is determined by the identity of the 

surfactant used, its concentration and the solvent chosen. The hydrophobic effect is the driving force 

for surfactant self-assembly.   

2.2.1. The hydrophobic effect   

 
Water is a polar molecule that has two dipole moments which do not cancel each other out due to 
asymmetry. In liquid water the water molecules orient themselves in such a way that both hydrogen 
atoms in one water molecule create hydrogen bonding with the oxygen atom of two other water 
molecules. The lattice arrangement for bulk water is thus partly tetrahedral, see fig.7 (a) [14]. [15] At 
the water-air interface, the water molecules experience a higher energy than in the bulk solution due 
to fewer interactions, see fig.7 (b) [16].   
 

               
(a)                                                                                 (b) 

Figure 7: Tetrahedral structure of liquid water (a), and interactions at the surface and in the bulk of liquid water (b). 

Hydrocarbons are non polar, and thus do not dissolve in water but rather break the water structure. 
Thereby they tend to minimize their contact with water, while water molecules trap the hydrocarbon 
in molecular ordered structures called clathrate or cage structures, hence lowering the entropy of 
the system. [17] 
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2.2.2. The liquid surface 

 
Surfactants are used for reducing surface tension by adding them to a solution. Normally, at first 
surfactants are randomly dispersed in the bulk solution [3], a state called isotropic, then they start 
diffusing from the bulk to the surface and there they form a monolayer. This transportation requires 
energy, called surface tension. The reason is the higher energy at the surface than in the bulk due to 
fewer interactions to neighboring molecules [7].  

2.2.3. The Critical Micelle Concentration (CMC) 

 
As more and more surfactants are added to the solution they start agglomerating due to the 
hydrophobic effect resulting in micelle formation in the bulk solution (a process called micellization). 
Micelles are self-assembled spherical or rod like/cylindrical structures that have surfactant tails 
pointing towards the center while their polar heads are facing the water (the opposite orientation is 
obtained when the medium is organic). Globular micelles usually contain 50-150 surfactant 
molecules and are 2-10 nm large [18].  
 
Micellization occurs after reaching a certain surfactant concentration, called the Critical Micelle 
Concentration (CMC). At the cmc, a dynamic equilibrium is established between the formation of 
micelles and their dissociation to free surfactant unimers (single units) in the bulk solution. [7] This 
could thermodynamically be expressed as   
 
                                                                   ΔGsolv=-ΔGagg 
                                                                   ΔGagg  = ΔHagg-TΔSagg 
                                                                    ΔSagg  = Sagg-Sfree 
                                                                       Sagg = -k(Nwlnxw+lnxN) 
 
where k is Boltzmann’s constant, and xw is the volume fraction for the solvent and xN is the volume 
fraction for the solute. The ideal entropy of mixing N free surfactants with Nw solvent molecules is 
then expressed as  

       Sfree=-k(Nwlnxw + Nlnxfree )>0 
 
The actual entropic contribution due to aggregation is obtained by subtracting the entropy for free 
surfactant in solution from that of surfactants in an aggregate 
 

                    ΔSagg=Sagg-Sfree=-k(Nwlnxw+lnxN)-(-k(Nwlnxw+Nlnxfree))= 
                                        =-k Nwlnxw-klnxN+kNWlnxw+kNlnxfree= 

                                   =-klnxN+kNlnxfree=-k(lnxN-Nlnxfree) 
 
Aggregation will be favored when the number of free surfactant in solution is very large (N>>1)  

 ΔSagg≈-klnxN 
The total free energy can be expressed as 
 

ΔGtot=NΔµmic + ΔGagg =0  for  Δµmic<0  
 

where ΔGagg=-TΔSagg= kT(lnxN-Nlnxfree) >0 and N denotes the number of free surfactant molecules 
needed to form an aggregate and Δµmic is the corresponding free energy per aggregated molecule.  
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Finally the following expression for multiple equilibrium conditions is obtained  

ΔGtot=NΔµmic + ΔGagg = 
=NΔµmic + kT(lnxN-Nlnxfree)= 

  = NΔµmic + kTlnxN-kTNlnxfree= 
   =N(Δµmic- kTlnxfree) + kTlnxN= 

 =NΔµmic- NkTlnxfree+ kTlnxN 

 

                                                   ΔGtot= NΔµmic- NkTlnxfree+ kTlnxN =0                      [1] 
           
The last term, kTlnxN, is neglected for N>>1, so equation [1] then becomes 
 

Δµmic≈kTlnxfree 
 
Above cmc the term xfree is considered as being constant, and so a relation between the free energy 
and cmc is obtained 

Δµmic≈ kTln(cmc) 
 
The modified Shinoda equation accounts for surfactants with tails consisting of aliphatic hydrocarbon 
alkyl chains CnH2n+1 when salt is added 

ln(cmc)=A-Blncsalt 

 
where A & B are constants. [17] 

 
The total surfactant concentration can be expressed as shown in equation 2. 
 

                                                                        
freefree

aggt cccc 21                                                             [2] 

 
where 

                                  aggc = concentration of surfactant present in self-assembled interfacial aggregates  

                                  freec1 =cmc for free surfactant 1 

                                  
freec2 = cmc for free surfactant 2 

 
The cmc values for free surfactant 1 & 2 are obtained from equations 3 & 4. 
 

                                                                          111 cmcxc free                                                                   [3] 

                                                                     222 )1( cmcxc free                                                             [4] 

 
                                                                                      where 

                                                                    1 =activity coefficient for surfactant 1 

                                                                    2 =activity coefficient for surfactant 2  

                                                                      x= mole fraction in the self-assembled interfaces 
 
x should not to be confused with the mole fraction based on the total surfactant concentration in 
solution (y), see equation [5], even though they are related.  
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As previously mentioned there is a dynamic equilibrium between the formation of micelles and their 
dissociation to free surfactants in the bulk solution when cmc is reached. This equilibrium can be 
expressed as shown in equation [6]. 
 

                                                                        ][][
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anioncation

cation
y
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x varies with the total concentration for fixed values on y[20] and is calculated using a MATLAB code 
based on the Poisson-Boltzmann theory, which can be found in the Supporting information.    

 
The cmc value depends on how well the surfactants can pack to each other, which is related to the 
structure of the individual surfactant. Regarding the head group, if it is charged, depending on the 
amount of charge, there will be a strong or a weak repulsion between the head groups, thus 
opposing packing [21]. Regarding the tail, a surfactant having two tails has a higher hydrophobic 
effect but is at the same time also more bulky, and therefore it forms less stable micelles with a 
higher curvature than single tailed surfactants [22], and consequently it has a higher cmc value [23]. 
Further, also the length of the tail has an effect on the CMC value; the longer the tail, the lower cmc 
[24]. The cmc is elevated by increasing hydrocarbon chain branching (side chains), due to steric 
hindrance to aggregation in the bulk phase [23]. 
 
Besides the surfactant structure, temperature also has an effect on the cmc value. In order to obtain 
micelles the so called Krafft point, or Krafft temperature, has to be reached. The Krafft temperature 
is a solubility boundary above which the surfactants are highly soluble in liquid water, while below it 
the surfactants phase separate from the solution as a crystal phase. [25] The temperature value 
varies with the surfactant structure.[26] 
 
Finally, addition of salt usually lowers cmc when ionic surfactants are used [21] since the head 
charges are screened. 
 
The surfactant concentration at the surface becomes constant when complete coverage of the 
surface is reached, while in the bulk it is constantly increasing [27]. The self-assembly of surfactants 
will eventually change with increasing surfactant concentration, and the shape can be predicted by 
the critical packing parameter. 

2.2.4. The Critical Packing Parameter (CPP) 

 
The critical packing parameter (CPP) is a measure of the ratio between the portion hydrophilic head 

and the portion hydrophobic tail of the surfactant and is expressed as 

0al

v
CPP  

                                                                                      where 

                                                                               v = volume occupied by the tail(s) 

                                                                              0a = optimal area per head group 

                                                                              
l = tail length 
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The relative size of the hydrophobic and polar groups, not the absolute size of either of the two, is 
what determines the properties of a surfactant in water [1].  The CPP gives an estimation of the chain 
packing as is illustrated in fig.8 [28]. 

 
Figure 8: The influence of the Critical Packing Parameter (CPP) on the aggregate structure.  

It is important to note that the concept of the critical packing parameter is a simplification, like for 
instance the parameter a0 is not a geometrical area but an equilibrium parameter derived from 
thermodynamic considerations, meaning that predicting the aggregate structure becomes very 
complicated for solutions having many different parameters that could vary simultaneously, e.g. salt 
concentration, temperature, pH etc.  
 
Lamellar structures can either remain stretched out (called discs or bilayers) or curve into one of two 
types of vesicles, namely unilamellar vesicles made up by a single lamellar layer or multilamellar 
vesicles made up by two or more lamellar layers. Vesicles have low stability towards aggregation and 
hydrolysis, and they are more stable aggregates than micelles. The aggregation number for small 
unilamellar vesicles is 2500-3000. [29] The diameter of the vesicle can be tuned by varying the 
structure of the surfactant, thus limiting the interior space which then can be used as a reactor or for 
storage.[1] Vesicles are almost monodisperse at low total surfactant concentrations and have a 
hydrodynamic radius of 200-300 nm [3]. 
 
The cubic phase, also called the bicontinous phase, is the transitional state going from one structure 
to another. The initial structure thus opens up before it reassembles into a new structure.  
As mentioned previously, if the solvent would be organic, then the preferable structure would be 
reversed micelles, which is the opposite arrangement of that of the micelles (thereby the name 
reversed), see fig.8 (reverse=inverse in the figure). [6] The most commonly used solvent is water, 
since it is both cheap and environmental friendly [18].  
 
Another approach for the prediction of the self-assemmbled structures has been suggested and is 
based on calculations of the free energy required to form an equilibrated spherical bilayer vesicle [3].  
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2.2.5. The curvature dependence of the bilayer tension 

 
According to this theory the shape of an surfactant self-assembled aggregate can be determined by 

knowing three bending elasticity constants, namely the spontaneous curvature ( 0H ), the bending 

rigidity ( ck ) and the saddle-splay constant (
ck ). 0Hkc  

determines the width , while ck determines 

the length of the aggregate. If 0H  > 1/4ξ, where ξ is the thickness of the self-assembled interface, 

micelles will form, while if 0H  < 1/4ξ bilayers will form.  

 
The total free energy of bending is given by the following expression 
  

KdAkdAHHkAdAKHE ccN

2

00 )(2),(  

 
where 

                                      EN= NΔµmic- NkTlnxfree (derived from eq.[1]) 

                                                   ck =bending rigidity constant 

                                                  0H =spontaneous curvature 

                                                    ck =saddle splay constant 

                                                   
2

)( 21 cc
H  : Mean curvature 

                                                  21ccK : Gaussian curvature 

                                                    r
c

1
, where r is the radius of curvature 

 
The equation takes into account both the size-independent work of bending the bilayer and the work 
of stretching the bilayer, and has been derived from the Helfrich expression. [17] 
 

2.3. Mixture of two surfactants: Catanionic systems 

 
Double tailed surfactants spontaneously form vesicles in solution, while single tail surfactants 
spontaneously form micelles, so by mixing a double tail surfactant with a single tail surfactant there 
will be a transition from the one structure to the other at some point. The ratio between both 
surfactants is what determines when the vesicle-micelle transition will occur.[30] Further, by 
choosing two oppositely charged surfactants, called a catanionic system, the repulsion between the 
polar head groups is reduced due to partial neutralization [8] thus rendering very stable vesicles [30]. 
This is one of the reasons why a two component system is preferred over a system based on only one 
component. Additionally, having an excess of one surfactant in a catanionic system will prevent the 
ion pair from precipitating. [11] The bending free energy of a planar mixed bilayer is lower for a two 
component system as compared to a one surfactant system, thus favoring vesicle formation over 
planar bilayers [31]. Catanoinic systems are of particular interest due to the fact that they form 
spontaneously in solution, without the need of external agitation [1]. 
Firstly when mixing a cation with an anion micelles are formed followed by the formation of bilayers. 
Finally vesicles are formed [3]. 
 



10 
 

2.3.1. Example of a catanionic system: DDAB/SDS/H2O 

 
The catanionic system of DDAB, SDS, and water is one of the most investigated catanionic system. It 
is known that by increasing the mole fraction of SDS the system becomes more monodisperse . It is 
also known that the mixing of SDS with DDAB enhances the drug capturing ability as compared to a 
pure DDAB system. [27] Not much is known about phase diagrams for catanionic systems [30].   

3. Light scattering 
 
Laser light scattering is used for characterization of polymers, large aggregates such as colloids, and 
biological systems. Alternative methods to light scattering are X-ray scattering (e.g. Small Angle X-ray 
Scattering, SAXS), neutron scattering (e.g. Small Angle Neutron Scattering, SANS) and electron 
scattering (e.g. cryogenic Transfer Electron Microscopy, cryo-TEM). In this study only laser light 
scattering and electron scattering measurements were done.   

3.1. Rayleigh scattering 

 
Light consists of traveling photons that can be described by a wave function, see fig.9 [33]. 
 

 
 

Figure 9: The wave function of traveling light.  

The energy of a photon is defined as the frequency (ν) times a constant called Plank’s constant (h), 
see equation [7].  

      hE                                                                         [7] 
 
The light wave can be split into two waves; an electric wave and a magnetic wave which are 
perpendicular to each other, see fig.10 [34].[35] The magnetic part is usually neglected, and only the 
electric part is taken into account for describing the properties of light.   
 

 
Figure 10: Electromagnetic light. 
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Light travels in a straight direction unless blocked by an obstacle. However, light that does hit an 
object can be reflected, transmitted and/or adsorbed. If the object is a particle with a diameter much 
smaller than the incident radiation its scattered light is called Rayleigh scattering, and the intensity is 
proportional to the molar mass of the particle.  
 

3.2. Static light scattering  
 
A particle that is illuminated with electromagnetic radiation develops an induced dipole moment as a 
result of electrons in the particle oscillating about their equilibrium position, due to the oscillation of 
the wave. The induced dipole moment (µ*) of the particle is proportional to the electric field strength 
(E) as shown in equation [8]. 

      hE*                                                            [8] 

 
where α is the polarizability of the molecule. The incident photons then have the same energy as the 
scattered ones. Hence, it is assumed that no light is absorbed and that the process is elastic. [35]  
 
Two light waves may interfere either constructively or destructively, depending on if they 
superimpose or are 90 degree shifted with respect to each other, as shown in fig.12 [34].  
 

 
 

Figure 11: Light wave interference. 

If the medium is homogenous, the scattered waves interfere destructively in all directions except the 
direction of propagation of the exciting radiation. If however the medium is inhomogeneous, 
radiation is scattered in other directions as well. [35] This is used for measuring the size of particles in 
a sample using static light scattering. Monochromatic laser light is pointed to the sample and then 
the angle (θ) between the scattered light from the sample as compared to the light that passed 
straight through the sample is obtained and related to a scattering vector called q according to 
equation [9], see fig. 13 [37].  
 

                                                                                  )
2

sin(
4

q                                                                   [9] 

 
 

 
Figure 12: The principle of static light scattering. 
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3.3. Cryogenic-Transmission Electron Microscopy (Cryo-TEM) 
 
Cryo-TEM is an imaging technique that often is used as a complement to static light scattering data. It 
is a useful technique for imaging aqueous assemblies of amphiphilic molecules, as potentially 
disruptive processes such as staining, microtoming, and solvent evaporation are avoided thanks to 
the rapid vitrification of a drop of solution on a TEM grid in liquid ethane [38]. The sample is imaged 
under liquid nitrogen temperature in the TEM [39].  
 
The size and the shape of the aggregates can be determined by cryo-TEM, which also would give 
information on the viscosity properties for the sample [40].  

4. Methods & materials 
 

Materials. The sodium bromide with a purity of %5.99 was purchased from Sigma-Aldrich in 

Germany, while the sodium dodecyl sulfate with a purity of %99 was purchased from Japan. The 
molecular weight for the SDS is 288.38g/mol [12]. Both the didodecyldimethylammonium bromide 

with a purity of %98 and the sodium decyl sulfate were obtained from Sigma-Aldrich in 
Switzerland. All the chemicals were used as received. Millipore water was used in all the samples. 
The Acrodisc LC 25mm Syringe filters with a 0.45µm PVDF membrane was purchased from Pall Life 
Sciences. Hellmanex III, which was used for cleaning all the sample bottles and the cuvettes, was 
purchased from Hellma in Germany. 
 
Sample preparation. Catanionic samples with the mole ratio of 95% anion were prepared both for 
the system SDS/DDAB and SDeS/DDAB, by mixing both surfactants in millipore water in 15 ml sample 
bottles. The total concentration was varied in the range of 0.029296875mM-120mM. Only the first 
sample was obtained by stoichiometric calculations, while the rest, both for simplicity and for 
accuracy, were prepared from step-by-step dilution of the original sample by taking half the amount 
of solution from the previous sample and adding the same amount millipore water to it, for details 
see Appendix 4 in the Supporting information. Further, NaBr salt with the concentrations 50 mM and 
100 mM was added to the samples to see what effect salt would have on the self-assembling 
properties of the catanionic systems. The preparation of the samples was done at room temperature 
in a clean and ventilated area. The samples were all shaken manually, never sonicated, while 
spontaneous formation was strived for.  Light scattering experiments are very dust sensitive [39], so 
all samples were filtered with 0.45µm hydrophilic filters before running the measurements. The 
sample cuvette was cleaned with ethanol or aceton and millipore water between each sample 
measurement. All samples were left to settle for one week after preparation, before carrying out any 
measurements.  Samples shelved for 4 weeks or more were regarded as old and were thus thrown.  
 
Methods. The light scattering experiments were done with a Brookhaven Laser Light Scattering 
System that has a BI-200SM Goniometer (ver.2.0), a BI-9000AT Digital Autocorrelator and 9KDLSW 
control program, and a software called BI-ISTW Alignment and Stability Software. A Lexel 95-2 laser 
operating at a wavelength of 514.5nm and thermostated at 23°C was used for doing the static light 
scattering (SLS) measurements and toluene was used as a reference. The samples were each 
measured for 29 angles in the range of 15°-155°, which covers a value for the scattering vector q 
between 4.26·10-4 Å-1 and 31.8·10-4 Å-1.  
The cryo-TEM measurements were done at the Biomedical Center (BMC) at Uppsala University with a 
Zeiss EM 902A Transmission Electron Microscope (Carl Zeiss NTS, Oberkochen, Germany) which 
operated at 80kV in zero loss bright-field mode. Digital images were recorded with a BioVision Pro-
SM Slow Scan CCD camera (Proscan GmbH, Scheuring, Germany) and iTEM software (Olympus Soft 
Imaging System, GmbH, Münster, Germany).  
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5. Results & Discussion 

5.1. Static light scattering 
 
In total, 32 samples were prepared, see table 1. 
 

Table 1: The catanionic concentrations that were prepared.  

 0.95 
SDS/DDAB 

0.95 SDS/DDAB 
+ 100 mM NaBr 

0.95 
SDS/DDAB + 
50 mM NaBr 

0.95 
SDeS/DDAB 

0.95 
SDeS/DDAB + 
100 mM NaBr 

0.95 
SDeS/DDAB + 
50 mM NaBr 

1/8192 - 0.0292975 mM - - - - 

1/4096 - 0.0585973 mM - - - - 

1/2048 - 0.1171875 mM - - - - 

1/1024 - 0.234375 mM - - - - 

1/512 - 0.46875 mM - - - - 

1/256 - 0.9375 mM 0.9375 mM - - - 

1/128 - 1.875 mM 1.875 mM - - - 

1/64 3.75 mM 3.75 mM 3.75 mM 3.75 mM - - 

1/32 7.5 mM 7.5 mM 7.5 mM 7.5 mM - - 

1/16 15 mM 15 mM 15 mM 15 mM - - 

1/8 30 mM 30 mM 30 mM 30 mM - - 

¼ 60 mM - - 60 mM - - 

½ 120 mM - - 120 mM 120 mM 120 mM 

1 - - - 240 mM - - 

 
The following samples were opaque after their preparation: 

 0.95 SDeS 60 mM 

 0.95 SDS 60 mM 

 0.95 SDS 30 mM 

 0.95 SDS 120 mM 

 0.95 SDS 30 mM + 50 mM salt 

 0.95 SDeS 120 mM + 100 mM salt  

 0.95 SDeS 120 mM + 50 mM salt  

The last two samples were heated to 40°C in a water bath and then became clearer solutions, but 

they never turned into completely clear solutions. The rest of the samples became clear solutions 

over time. 

The intensity values were normalized by multiplying them with the constants obtained from the 
MATLAB calculations, see Appendix 1, 1.3. and Appendix 3 in the Supporting information. All the x 
values, that are added in the graphs and represent the mole fraction of surfactant in aggregates are 
summed up in table 2.  
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By comparing the graph for 95 mol% SDS/DDAB (fig. 14) with the one where 100 mM NaBr had been 
added (fig.15) it is evident that the micelle-vesicle transition had been shifted to lower total 
concentrations for the case where salt was added. A probable explanation to this would be the 
screening effect of salt, that is, the reduced repulsion between the polar head groups due to 
strengthening interactions from oppositely charged salt ions that position themselves between the 
equally charged head groups. 
 

 

Figure 13: Static light scattering for 95 mol% SDS/DDAB. 

 

Figure 14: Static light scattering for 95 mol% SDS/DDAB with the addition of 100 mM NaBr. 

For the concentration 0.029296875 mM of 95 mol% SDS/DDAB + 100 mM NaBr the curve is 
oscillating, which could be an indication of defects in the vesicle membrane, as has previously been 
detected for the system CTAC/lecithin + 100 NaCl [42] and 95 mol% 40 mM CTAB/SOS. 
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Figure 15: Static light scattering for 95 mol% SDS/DDAB with the addition of 50 mM salt. 

Changing the concentration of the salt from 100 mM to 50 mM did not affect the micelle-to vesicle 

transition in particular, see fig. 16. 

 

Figure 16: Static light scattering for 95 mol% SDeS/DDAB. 

 
As mentioned earlier, the only difference in the structure between SDeS and SDS is that SDeS has a 

two carbon shorter tail than SDS. Comparing fig.14 with fig.17 it could be seen that this did not affect 

the micelle-to-vesicle transition. In both cases the transition occured between the total 

concentrations 60 mM and 120 mM.  
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After adding salt to a mixture of 95mol% SDeS/DDAB, both for the salt concentration 50 mM as well 
as for 100 mM, the sample remained opaque even though they were left to equilibrate for a week. 
Heating the samples to 40°C in a water bath made them somewhat clearer, even though they still 
were opaque, see fig. 18(a). A phase separation was observed for sample 0.95 SDeS 120 mM + 50 
mM salt, which is an indication of that the sample has reached its Krafft point, see 18(b). 
 

 

(a)                                                             (b) 
 

Figure 17: 95 mol% SDeS/DDAB with the addition of 100 mM NaBr (a) and 50 mM NaBr (b). 

The light scattering images show at what total concentration the micelle-to-vesicle transition occurs. 
This could be complemented by investigating what composition the aggregates have at the 
transition. Therefore in this study the mole fraction of anionic surfactant in the aggregates was 
calculated using a MATLAB code, which can be found in the Supporting information. The results are 
shown in table 2.  
 

Table 2: Mole fractions of surfactant 1 in aggregates for 0.95 anion/cation mixtures. 

 SDS SDS 
+50mM salt 

SDS 
+100mM salt 

SDeS 
 

Ct =240 mM - - - x=0.9424 

Ct =120 mM x=0.9463 - - x=0.9321 

Ct =60 mM x=0.9419 - - x=0.898 

Ct =30 mM x=0.9306 x=0.9459 x=0.9475 x=0.7802 

Ct =15 mM x=0.8914 x=0.9412 x=0.9449 x=0.677 

Ct =7.5 mM x=0.7579 x=0.9293 x=0.9387 x=0.6204 

Ct =3.75 mM x=0.6538 x=0.891 x=0.9221 x=0.5858 

Ct =1.875 mM - x=0.7864 x=0.865 - 

Ct =0.9375 mM - x=0.6916 x=0.7518 - 

Ct =0.46875 mM - - x=0.6686 - 

Ct =0.234375 mM - - x=0.6153 - 

Ct =0.1171875 mM - - x=0.5784 - 

Ct =0.05859375 mM - - x=0.5503 - 

Ct =0.029296875 mM - - x=0.5258 - 
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From table 2 it can be seen for all cases that the anion was the dominant surfactant in the aggregate. 
The percentage by which it was dominant varied though. Based on the static light scattering results, 
the mole fraction for 0.95 SDS/DDAB was about 94% at the micelle-to-vesicle transition, while it was 
approximately 89-93 mol% when 50 mM NaBr salt had been added and 92-94 mol% when 100 mM 
NaBr salt had been added. Thus, at the transition the mole fraction covered a range when salt was 
added, while it was a sharp limit when no salt was added. This may indicate that the system is more 
dynamic when salt is added, perhaps due to coexistence of micelles and bilayers. Further, the x value 
seems to stabilize (become constant) at 94 mol% in all cases, which would suggest that the transition 
occurred at a higher total concentration than implied by the SLS measurements. Nevertheless, if it is 
assumed that the transition occurred at the total concentrations shown by the SLS results, then 
adding salt results in a larger drop in the x value when going from a micelle to a vesicle structure. The 
screening effect of salt detected in the static light scattering measurements was confirmed by the 
MATLAB calculations of the x value as it increased with increasing concentration of salt. Previously, 
the system 0.95 SOS/CTAB was investigated by Sara Skoglund [43]. There the mole fraction of SOS in 
the aggregates increased by the addition of salt, and when no salt was added x was approximately 
71%-75% at the transition, which is significantly lower than for the systems 0.95 SDS/DDAB, meaning 
that DDAB has a lower spontaneous curvature than CTAB. For the system 0.95 SDeS/DDAB the mole 
fraction in aggregate was 90 mol% SDeS, which is also less than for the SDS system. The reason for 
this could be that the shorter chains of the SOS and the SDeS give rise to a higher curvature and 
therefore a higher amount of cation surfactant is needed to stabilize the structures. Another thing to 
notice is that CTAB has one straight chain while DDAB has two straight chains. Hence twice as many 
CTAB are needed as DDAB for forming vesicles, which is confirmed by the higher x value for the 0.95 
SDS/DDAB and the 0.95 SDeS/DDAB systems than for the 0.95 SOS/CTAB system. Finally, as the total 
concentration decreases the x value also decreases in all cases, meaning that there is a higher 
fraction of free anionic surfactant in the solution and that the amount of cationic surfactant increases 
in the aggregates. As x goes to 0.5 the charge density approaches zero. 
 

5.2. Cryo-TEM 
 
The cryo-TEM machine was unfortunately not able to measure samples with a total concentration of 

0.29296875 mM or less. Vesicles were detected for the samples 0.95 SDS 3.75 mM (fig.19) and 0.95 

SDS 3.75 mM + 50 mM NaBr (fig.20), but not for 0.95 SDS 3.75 mM + 100 mM NaBr, implying that salt 

may affect the vesicle formation. In sample 0.95 SDeS 7.5 mM (fig.23) there seemed to be both 

agglomeration of many vesicles and individual ones, which probably could depend on the total 

concentration (more agglomeration for a higher total concentration). Besides vesicles, sample 0.95 

SDS 3.75 mM + 50 mM NaBr (fig.22)also contained disc structures, which also was detected for 

sample 0.95 SDS/DDAB 3.75 mM + 100 mM NaBr. The addition of salt favors the disc like formation 

rather than a spherical one. Further, looking at sample 0.95 SDS 3.75 mM + 50 mM NaBr (fig.20) 

what seemed to be a vesicle inside another vesicle was detected, and also broken vesicle were found 

in the sample(fig.21). A possible explanation for the broken structures could be that as the salt 

concentration is increased the vesicle structures burst in order to form disc structures, as explained 

previously. Regarding the vesicle captured in another vesicle probably has to do with the addition of 

salt, and perhaps as a larger vesicle is broken to transform into a disc structure, if there is a smaller 

vesicle nearby it may be swallowed by the larger one and closes its structure due to some 

stabilization effects rising from the two curvatures.  
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Figure 18: Cryo-TEM for sample 0.95 SDS/DDAB 3.75 mM. Vesicles. 
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Figure 19: Cryo-TEM for sample 0.95 SDS/DDAB 3.75 mM + 50 mM NaBr. Vesicle in vesicle. 

 

Figure 20: Cryo-TEM for sample 0.95 SDS/DDAB 3.75 mM + 50 mM NaBr. Open vesicle. 

 

Figure 22: Cryo-TEM for sample 0.95 SDS/DDAB 3.75 mM + 50 mM NaBr. Disc structures. 
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Figure 23: Cryo-TEM for sample 0.95 SDeS/DDAB 7.5 mM. Vesicles and agglomeration. 

 

6. Conclusions 
 
The micelle-vesicle transition for the system 95 mol% SDS/DDAB was shifted to lower total 
concentrations both when 50 mM NaBr and 100 NaBr was added, probably due to the screening 
effect of salt.  
 
Possible defects in the vesicle membrane were detected for the sample 95 mol% SDS/DDAB 
1/8192mM + 100 mM NaBr.  The micelle-vesicle transition occurred at the same total concentration 
both for sample 95 mol% SDS/DDAB and for sample 95 mol% SDeS/DDAB, indicating that a small 
change in the non polar tail would not affect the transition. Samples 0.95 SDeS 120 mM + 100 mM 
salt and 0.95 SDeS 120 mM + 50 mM salt remained opaque even after heating to 40°C, and a phase 
separation was observed for the latter. At higher total concentrations agglomeration occurred, while 
whenever salt was added less vesicles seemed to appear, while there were both discs and broken 
vesicles present instead. Also a vesicle inside another vesicle was detected for sample 0.95 
SDS/DDAB 3.75 mM + 50 mM NaBr. A possible explanation could be that surfactants in the presence 
of salt prefer being discs rather than spherical vesicles, thus causing the breaking of the vesicle 
structure and instead forming discs. A possible scenario could be that a large vesicle swallows a small 
vesicle during the breakage of the large vesicle if the smaller vesicle is nearby the large one, perhaps 
due to some stabilization effects rising from the two curvatures that are formed as a result of both 
structures combining.  
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The mole fraction anionic surfactant in the self-assembled aggregate was estimated to 94% at the 
micelle-to-vesicle transition for 0.95 SDS/DDAB, while it was approximately 89-93 mol% when 50 mM 
NaBr salt had been added and 92-94 mol% when 100 mM NaBr salt had been added. The fact that 
the x value is fix for the system without salt, while varying when salt was added indicates that there 
might be coexistence of micelles and bilayers when salt is added. The x value increased when the salt 
concentration was increased proving the screening effect.  Further, the mole fraction of SOS in the 
aggregates for the system 0.95 SOS/CTAB was estimated to 71%-75% at the transition when no salt 
was added, which is significantly lower than for the systems 0.95 SDS/DDAB and 0.95 SDeS/DDAB. 
SOS has a shorter chain than both SDS and SDeS giving rise to a higher curvature and subsequently a 
higher amount of cation is needed to stabilize the structure. Also a larger amount of cation is needed 
when the tail is single than when it is double in order to form stable spherical structures. Further, 
DDAB has a longer spontaneous curvature than CTAB. 
 
Finally, as the total concentration decreased the x value also decreased in all cases, meaning that 
there is more free anionic surfactant in the solution, while the amount of cationic surfactant 
increases in the aggregates and the spontaneous curvature is decreased. 

7. Outlook 
 
There are certain criteria for drug carriers (such as micelles) that need to be fulfilled in order for 
them to be applicable in drug delivery systems. Some of these criteria are that they need to have a 
monodisperse size distribution, be spherical, nanosized and biocompatible as well as 
thermodynamically stable over long time. The light scattering experiments only gives information on 
the size of the particles. Hence, to know the size distribution of the system small angle neutron 
scattering (SANS) measurements need to be done. [3] Other things that could be investigated are 
how fast the micelle-to-vesicle transition goes by doing dynamical studies as well as varying the 
anion/cation mole fraction. It would also be interesting to see how varying the length of the chain 
would affect the properties of the micelles, or to investigate the thermodynamic stability of the 
micelles by varying the temperature and the rate of heating [44]. 
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