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Abbreviations

cmc critical micelle concentration 
CMV cetyl methyl viologen 
CTAB cetyl trimethyl ammonium bromide 
CTAC cetyl trimethyl ammonium chloride 
cv cyclic voltammetry 
DLVO Derjaguin Landau Verwey Overbeek 
DOPA 1,2-dioleoyl-sn-glycero-3-phosphate 
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 
DoTAC dodecyl trimethyl ammonium chloride 
DPC dodecyl pyridinium chloride 
DPV differential pulse voltammetry 
EPC egg phosphaditylcholine 
GMO glycerol monooleate 
IHP inner Helmholtz plane 
IPMS infinite periodic minimal surface 
NHE natural hydrogen electrode 
OHP outer Helmholtz plane 
SAXS small angle x-ray scattering 
SCE standard calomel electrode 
SDS sodium dodecyl sulphate 
sp surfactant parameter 
TMV tetradecyl methyl viologen 



Symbols

charge density 
surface tension 
potential
surface excess concentration 
chemical potential 
inverse Debye length 
over potential 

E step potential 
o dielectric constant in vacuum 
r relative dielectric constant 

aeff effective head-group area 
c concentration
C capacitance 
Cd differential capacitance 
Cdl double layer capacitance 
D diffusion coefficient 
E potential 
e fundamental charge 
E0 standard potential 
Ep peak potential 
Epzc potential of zero charge 
F Faraday constant 
G Gibbs free energy 
H mean curvature 
I electrical current 
ip peak current 
J flux
k Boltzmann constant 
K gaussian curvature 
ki curvature
l length of carbon chain 
n number of electrons 
O oxidised molecules 
P pressure
Q charge
Qads charge from adsorbed molecules 



Qdl nonfaradaic charge from double layer 
R gas constant 
R reduced molecules 
Rs solution resistance 
T temperature 
v scan rate 
v convection velocity 
vhp hydrophobic volume 
z absolute value of the charge 
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Introduction

The quest for science is to make an effort to understand the world and use 
the information for the general good1. In this thesis I will make an effort to 
explain an important field in chemistry and present and explain my results. 
The field that I have been working in is electron transfer reactions in self-
aggregated structures that are in contact with an electrode surface.

The structures are built from molecules that have one part that is water 
soluble, hydrophilic, and one part that is soluble in oil, hydrophobic. These 
molecules are denoted amphiphiles. 

Amphiphiles form a very important class of molecules. You use them 
every day when you are cleaning your hands (soap) or washing your clothes 
(detergents). They are one of the building blocks of our bodies. Every cell in 
our bodies is protected by a membrane, consisting of a bilayer of 
amphiphilic molecules, called lipids, which separate the interior of the cell 
from their surroundings[1]. 

Figure 1 Every living organism is built from cells. The cells contain different kinds 
of self-aggregated structures (above a liposome), which have different shapes. The 
building blocks for these structures are the amphiphilic molecules, of which an 
example is given in the figure to the right. The top dark area is the water-loving part 
that wants to mix with water, the bottom part is the water-hating part that does not 
like to mix with water. Liposome picture  contributed by Göran Karlsson. 

Amphiphiles form a variety of structures when they are put in water. The 
hydrophobic part disturbs the waters structure, driving the amphiphiles to 

1 At least in theory. 
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assemble and form structures that minimise the contact between the water 
and the hydrophobic part. 

 Most reactions in nature occur at surfaces. In the cell, the surface towards 
the surroundings contains reaction centres, receptors, and ion pumps. If the 
surface is charged, species with opposite charge gather at the surface, 
promoting the possibility of chemical reactions[2]. The local environment at 
the surface can have an effect on the reacting species, causing the reaction 
rate to change[3, 4]. Both the thermodynamics and kinetics of 
electrochemical reactions can be different for a chemical reaction taking 
place in the interior or on the surface of a membrane[5, 6]. The solubility of 
the two redox forms may be different in the membrane, resulting in different 
influences on the local environment and on the activity of the two forms. A 
charged surface can create electric fields that can stabilise or destabilise one 
form and not the other. 

In this thesis electron transfer reactions and diffusion of redox molecules 
in three different types of self-aggregated structures are investigated. The 
first phase studied is the micelle, a usually small spherical aggregate, which 
can be built from surfactants2. In the first paper the role of electrostatic 
interactions in the stability of a redox active surfactant is investigated for 
differently charged micelles.  

The second structure investigated is a very fascinating phase, the 
bicontinuous cubic phase, with its continuous channels of water and an 
apolar bilayer. This structure has attracted a lot of attention lately, since new 
applications have been found for it. For example, its high density of non-
polar moieties makes it suitable for being used as a vehicle for drug delivery 
of hydrophobic drugs, in the same way as liposomes have been used for 
hydrophilic substances[7]. It has also been used as a matrix for protein 
crystallization[8, 9]. 

The application that is most relevant for our research is to use the cubic 
phase as the matrix for a biosensor[10-12]. The cubic phase can be loaded 
with proteins and enzymes that retain their activity and function[13-15]. Its 
domains with different polarity make it possible to solvate both hydrophilic 
and hydrophobic molecules. They will react in two different environments 
with different dielectric constants. An amphiphilic molecule will have its 
head-group at the interface between the apolar and polar part, and can move 
lateral in the bilayer. 

The third kind of structure studied is a lamellar system. This phase is built 
up from planar bilayers that are stacked with a repeating distance. Diffusion 
of a redox probe molecule in the direction perpendicular to the bilayer plane 
is slower in this system than in the cubic phase, because the water and apolar 

2 Surface active agent. Surfactants are amphiphiles that prefer to form a curved aggregate. 
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domains are not continuous. The route the molecule has to take is either 
through “enemy” territory3 or through structure defects in the system. 

A recurrent issue in this work is the interaction between the structures and 
the electrode surface or, on a smaller scale, the interaction between the 
amphiphiles and the electrode surface. The surface can be hydrophobic or 
hydrophilic and that will of course affect the adsorption behaviour[16, 17]. 
Since the applied potential alters the charge at the electrode, molecules can 
adsorb and desorb during the measurement and it is a delicate issue for the 
researcher to distinguish this from other processes. 

3 A region with different polarity than the molecule. 
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2. Interfaces 

This thesis deals mainly with processes occurring at interfaces. An interface 
is a surface that divides two regions of a system (Figure 2). This surface 
does not necessarily have to separate different phases but can be defined 
arbitrarily. Often the interface is chosen where there is an abrupt change in 
the concentration of a compound, e.g. at the electrode surface or at the layer 
separating the two components in an oil-water mixture. 

Adsorption at interfaces is important in this thesis. Two types of 
adsorption can be defined. Chemical adsorption is when a chemical bond is 
formed between the substrate and adsorbing molecules. Physical adsorption 
is defined as when the interaction causes no change in the electric structure 
in the molecules.. 

 When an interface has been chosen the difference in concentration at the 
interface compared to a chosen reference point in the system is called the 
excess surface concentration ( ). The Gibbs adsorption isotherm relates the 
change in surface tension4 ( ) to  and the chemical potential ( ) for a 
molecule adsorbing at an interface[18]: 

dd
i

i    (1) 

Several different adsorption isotherms are possible, depending on how solute 
molecules interact with the substrate (the surface that they are adsorbing at), 
the solvent molecules, and with each other. The simplest is the Langmuir 
isotherm, where the most important condition is that there is no interaction 
between adsorbed molecules. Other isotherms also include the interaction 
energy between the adsorbed molecules[19, 20]. 

An important property of an interface is its permeability for different 
substances. A few interfaces are impenetrable, but most are permeable or at 
least semi-permeable. This means that some substances, usually molecules 
under a certain molecular weight are allowed to move through the interface 
but larger molecules are not. For some electrode materials the permeability 
changes with the applied electric potential, e.g. intercalation in titanium 
dioxide by lithium ions[21]. Typically, the molecular composition is 

4 The surface tension is a very important parameter. It is defined as the change in free energy 
upon a change in the area of the interface.  
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different on both sides of an interface. Therefore, at every interface there is 
equilibrium between the phases, which is controlled by the solubility of the 
molecules in the two domains. 

Figure 2 Cartoon of a general interface, the “heart” molecules have a higher 
solubility in Region 2 than in Region 1, and some are adsorbed at the interface. To 
the right some of the important interactions are depicted. In the top drawing the 
interaction between the substrate and an adsorbing molecules is shown. Interactions 
between adsorbed molecules are sometimes very important, for example when 
hydrophobic molecules adsorb, shown in the lower right picture  

2.1 Capacitance 

An interface can be charged. The separation of charges in the direction 
normal to the interface makes it possible to treat the interface as a plate 
capacitor. Often the capacitance (C) in a electrical circuit is constant and can 
be defined as[22]: 

pzc
i EE

C    (2) 

where  is the induced charge density, E the applied potential over the 
interface, and Epzc the potential at which the interface becomes electrically 
neutral. However, for many interfaces the capacitance varies with the 
potential. This is for example the situation for most electrode surfaces. In 
this case a variable (differential) capacitance must be used, defined as[23, 
24]: 
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iPT
d E

C
,,

   (3) 

where T is the temperature and P is the pressure. Adsorption of molecules 
can change the capacitance. For example, amphiphilic molecules adsorbing 
at the electrode surface can cause a change in charge density5 and in the local 
dielectric constant (see Chapter 6.3)[25]. The change in the polarisability 
changes how electric fields manifest themselves. 

2.2 The solid-liquid interface 

The solid-liquid interface in this thesis is the surface separating the electrode 
and the electrolyte. In most electrochemical systems electron transfer 
(heterogeneous charge transfer) occurs at this interface. The distribution of 
molecules near the electrode surface determines the physical properties of 
the interface. In Figure 3 the water molecules that are adsorbed at the 
surface constitute the inner Helmholtz plane (IHP)6. The water molecules 
have adjusted their dipole orientation to the charge of the electrode. Outside 
this layer there is a layer of solvated molecules, the so-called outer 
Helmholtz plane (OHP), which is the closest a redox molecule can approach 
the electrode[20].  

The electrode surface is always charged, except at the potential of zero 
charge (Epzc). The charge will attract counter ions to abide close to the 
electrode. The counter ion distribution changes with the distance to the 
electrode, and reflects a compromise between minimising the enthalpy and 
maximising the entropy. The system has the lowest enthalpy when the 
counter ions are very close to the surface. On the other hand, entropy is 
maximised when the counter ions are randomly distributed. The compromise 
between these two effects causes a densely packed layer close to the surface, 
screening most of the excess charge of the electrode, and a more diffuse 
layer of counter ions further out in the solution. The precise distribution of 
ions determines the electric potential gradient in the solution phase. Inside 
the outer Helmholtz layer the potential will decrease linearly, but at larger 
distances the potential gradient flattens out to become zero in the bulk of the 
solution.

5 Because of the cooperative fashion of adsorption the surface charge can change sign, by the 
surplus of counterion (the amphiphiles) that are adsorbed. 
6 Named after Helmholtz´s early model for the double layer of counter-ions outside the 
electrode surface. 
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Figure 3 Picture of the electrode surface interface. The dark spheres are the solvent 
molecules. On the left the IHP and OHP are depicted. On the right the potential 
decay with the distance is shown. Note that the decay is linear close to the electrode 
but flattens out on longer distances. 

2.3 The liquid-liquid interface 

The liquid-liquid interface is the most important interface to understand and 
study, because every living cell has this type of boundary. The hydrophobic 
part of the lipids builds up the cell membrane, which separates the outer 
(extra cellular) and inner part of the cell (intracellular). It is important to 
understand that the cell membranes as well as other self-assembled systems 
are not rigid fixed structures, but very dynamic systems. Individual lipids (as 
well as other molecules) move in and out of the membrane continuously. On 
top of that, the membrane molecules degrade and new lipids have to be 
produced all the time. In addition, there is also lateral movement within an 
interface.

The lipids can also change their orientation. From facing one side of the 
membrane they can move through what is called a flip-flop mechanism face 
the other side of the membrane. This phenomenon is on average a very slow 
process.

Fluctuations also cause membranes to open and shut pores naturally. In 
the cell there are controlled mass transfers, where big membrane proteins 
traverse the membrane, and “pump” molecules from one side to the other. 
The most famous example is the sodium/potassium pump. 
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In many self-aggregated systems a very important feature is that the 
environments on the two sides of the interface are different. In the 
hydrophobic (hydrocarbon tails) domain the relative dielectric constant is 
about 2-4 and on the hydrophilic side (water) it can be about 807. This affects 
the solvation energy, for example for ions there is a high-energy cost for 
residing inside the hydrophobic region[26]. The high price for penetrating 
the membrane for hydrophilic molecules is a very important feature for all 
living cells, because the cell membrane acts as a shield, protecting the inner 
part of the cell from extra cellular molecules and particles. A consequence of 
the protection is that it forces the cell to communicate with its environment 
through its membrane surface, which makes it so important to study this.  
The viscosity is also different on both sides of the cell membrane, which will 
affect the diffusion. The higher the viscosity is the lower the diffusion rate 
becomes. 

7 Depends also on the electrolyte strength. The dielectric constant decreases with the salt 
concentration is. 
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3. Self-aggregation 

Self-aggregation, or self-assembly, is a consequence of a mismatch in the 
chemical properties between two or more molecular species. It can occur due 
to saturation of a solution for high solute concentration. If there were no 
interactions, the entropy gained by forming a homogeneous distribution 
would disallow aggregates to form. In the systems discussed here there are 
repulsive interactions between water (the solvent) and the hydrophobic part 
of the amphiphilic molecules. The difference in polarity of the two 
antagonists overrides the loss in entropy by creating an inhomogeneous 
distribution.  

The number of structures that can be formed is large. They range from 
discrete small spherical micelles (with a radius of 15 Å) to large continuous 
structures, such as the bicontinuous cubic phase, which in theory can be 
unlimited8. In this chapter the interaction energy that determines the self-
aggregation and a way to describe the spatial structures are given. At the end 
of the chapter a short description of the aggregation phases used in this thesis 
is presented. 

3.1 Interaction energies 

Water is a very interesting substance. The strong attraction energy 
between the water molecules causes the formation of  the strong hydrogen 
bonds. Any solute added to water will break or distort bonds. However, ionic 
or polar molecules can make new bonds that compensate for the energy loss 
of the broken ones. Hydrophobic molecules are not able to form  bonds with 
water. Adding hydrophobic molecules will distort the hydrogen bonds, and 
the entropy loss in the process will lead to an unfavourable interaction 
between water and hydrophobic molecules. This is the origin of the so-called 
hydrophobic effect, which is very important for understanding self-
aggregation[27]. 

 The hydrophobic effect causes association of molecules. Without a 
repulsive force to balance the system a phase separation would be 
unavoidable[28]. This balancing force is the repulsive interactions between 

8 The gravitational pull will probably set an upper limit. 
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the head-groups. The origin is either electrostatic (two charges of the same 
kind repel each other) or steric repulsion.9

Electrostatic interactions are very important in chemistry and especially 
so in colloidal systems. From the simple Coulomb law, relating the force 
between two interacting charged bodies, to the more intricate machinery for 
understanding dispersion forces, the fundamental importance of 
understanding the role of charges in nature is revealed. 

In colloidal chemistry one often encounters charged surfaces, with mobile 
counter ions distributed nearby. The organisation of ions at charged surfaces 
reflects a competition between two opposing driving forces: entropy increase 
and energy minimisation. Mixing of counter ions and co-ions with solvent 
molecules increases the entropy, favouring a diffuse layer outside the 
charged surface. On the other hand, the energy is minimised when the 
counter ions assemble close to the surface. The Poisson-Boltzmann equation 
takes into account both the entropy and energy interactions. If the surface is 
uniform in the z and y direction, and x is the direction normal to the surface, 
the equation can be written as[18]: 

kT
ez

i
i

i
r

i

ecze
dx
d

0
2

2

  (4) 

 where  is the potential, e the electrical charge of an electron, 0 the
dielectric constant in vacuum, r the relative dielectric constant, zi the 
absolute value of the charge of the ion, ci is the concentration of that ion, k is 
the Boltzmann constant and T is the temperature. There is no analytical 
solution to the equation but numerical solutions gives the potential gradient10

as a function of the surface potential and bulk ion concentration. However, if 
the potential is small enough so that ze <<kT the exponential can be 
expanded in a Taylor series11. This approximation gives a linearized Poisson-
Boltzmann equation first solved by Debye and Hückel. The solution is: 

xe0     (5) 

where 0 is the surface potential, and  has the dimensions of reciprocal 
distance. The equation shows that for low potentials the potential decreases 
exponentially with the distance from the surface. The parameter  is the 

9 Steric repulsion can arise when the molecules are not free to move, causing the 
conformational entropy to decrease.  This is common for polymers that self-aggregates. 
10 The electrical field, which is the gradient of the electric potential. The potential becomes 
constant on a short distance from the charged surface. Therefore there is no field in far away 
from the charged surface. 
11 e-x  1-x+0.5 x2…if x is <<1. 
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inverse Debye length and governs the spatial decay of the potential. It can be 
regarded as the characteristic thickness of the diffuse layer. Its value depends 
on the electrolyte, the concentration and whether the ions are mono- or 
divalent[29]: 

2
1

0

222
RT
Fcz

r
   (6) 

For a 1-1 electrolyte12 the thickness is about 1 nm in a 0.1 M solution.  
The driving forces described above control the phase behaviour and also 

influence reactions at the surface of biological membranes by accumulating 
charged species close to the surface [2]. 

3.2. Characterization of aggregates  

In order to understand and investigate different kinds of aggregates it is very 
important to have a universal way of characterizing them. The local as well 
as the global geometry can be described mathematically. The actual 
geometrical shape of the individual molecules is also important to consider, 
since this gives an easy tool for intuitively understanding important aspects, 
such as packing and local curvature. 

3.2.1 Curvature 

An important characteristic of an aggregate is its curvature, which is a local 
feature. A one-dimensional curve has a distinct curvature at each point along 
the line. The curvature has a magnitude equal to the reciprocal radius of the 
osculating circle at that point. 

1Rk     (7) 

A surface needs two measures of curvature at each point. The principal 
curvatures k1 and k2 at a point P are the reciprocal radii of orthogonal circles 
containing the surface normal vector at P, which samples the most convex 
and the most concave tangential curves passing through P. These two 
principal measures of curvature are used to define the mean curvature (H)
and the gaussian curvature (K)[30]. 

12 E.g NaCl but not MgCl2.



22

2
21 kk

H    (8) 

22kkK     (9) 

These geometrical measures is useful to describe the properties of self-
aggregated structures[31, 32]. 

Figure 4 Picture of how the shape of the amphiphile dictates the curvature of the 
aggregate.  

3.2.2 Surfactant geometry 
A surfactant molecule can be geometrically described by the description 
parameter sp (surfactant parameter)[28]. sp is a function of the length (l), the 
hydrophobic volume (vhp) and the effective head-group-area (aeff):

la
v

sp
eff

hp     (10) 

The value of sp determines the local packing under the condition that the 
contact between the hydrophobic and hydrophilic area is minimised, see the 
discussion on the hydrophobic effect. This also affects the global shape of 
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the self-aggregated structure, because it geometrically restricts certain shapes 
from occurring, see Figure 4. Obviously, there is a connection between the 
local packing and the global structure.

Of the three parameters determining sp, the change of the head-group area 
is the most important to understand and discuss. The two other parameters 
are often fixed by the choice of molecules, but the aeff can be changed. The 
area is dependent on the local electrostatic interactions, which are 
determined by the charge density, the dielectric constant, etc.. For example, 
the charge density can change by the changing the salt concentration.  
Minimising the water-hydrophobic area requires that the head-group area 
should be as small as possible, but the repulsion between head-groups 
dictates that this area to be as large as possible[28]. 

The sp descriptor makes it easier to correlate how changes in interactions 
on a local level affect the global structure. 

3.3 Structures 
Self-aggregated systems can produce a huge variety of possible structures, 
ranging from simple discrete spherical micelles to intricate continuous 
networks of folded membranes. The reason why a certain structure 
minimises the free energy requires a rich and complex theoretical 
explanation.  It is important to take the entire system into account, the 
dissolved molecules as well as the solvent molecules. Both the local packing 
of amphiphiles, and the creation of the widest possible distribution of shapes 
and sizes are important for maximising the entropy. The structures that are 
presented here are those that are discussed and studied in the papers. 

3.3.1 The Micellar Phase 
Micellar systems are complex liquids, containing discrete apolar particles 
while the water domain is continuous. 

 Micelles are spherical aggregates that have a high degree of curvature. If 
the unfavourable interaction between the head-groups is decreased, for 
example by increasing the salt concentration, elongated or rod-like micelles 
are formed. These can be very long and will therefore start to interact with 
each other, which can lead to an increase in viscosity. For every surfactant-
electrolyte system there is a concentration where the surfactants start to 
aggregate, which is called the critical micelle concentration (cmc). The cmc 
becomes lower if the surfactants have long chains or non-charged head-
groups. Adding salt for charged surfactants, or changing the temperature for 
temperature sensitive surfactants such as surfactants containing 
polyoxyethylene chains (see C12E8 below), can also change the cmc.[16].  
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For every surfactant/electrolyte system we can also define an average 
aggregation number, which tells how many surfactant molecules the micelles 
contains on average. The micelle is not a static particle that moves around in 
the water. It is a very dynamic entity that’s changing all the time, e.g. the 
surfactants are about only microseconds to milliseconds in the micelle on 
average, depending on the surfactant and other circumstances[33].  

NN

N

++

TMV

OSO3
-

SDS

N+

+

DPC

O-[CH2CH2O]8-OH

C12E8

DoTA

O-[CH2CH2O]10-OH

Triton X-100

+

Figure 5 Molecular structure of surfactants that are charged differently, and used in 
Paper 1. 

3.3.2 The Lamellar Phase  
The lamellar phase is a stack of bilayers with zero mean curvature. There is a 
repeating distance between the membranes that can vary due to changes in 
the balance between the attractive and repulsive forces. The osmotic 
pressure, caused by a surplus of ions, pushes the surfaces apart. The 
attractive force is caused by dispersive interactions (van der Waals forces) 
between the bilayer molecules. These two opposing forces are the basis for 
the DLVO-theory that describes colloidal stability13.

There are also a number of non-DLVO forces acting on the membrane 
that can be very important in the systems, for example the repulsive 
hydration and protrusion force. These will not be discussed here[34, 35]. 

13 DLVO is a abbreviation of Derjaguin,Landau, Verwey and Overbeek.  
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3.3.3 The bicontinuous cubic phase 

Liquid crystalline phases have the unique feature of combining short-range 
disorder (liquid like) with long-range order in one, two, or three dimensions 
The bicontinuous cubic phase is a liquid crystal in all three dimensions. The 
structure is built from a twisted bilayer that separates two different water 
spaces that have no contact with each other[36-38]. Both the bilayer and the 
two water spaces are continuous.

The surface defined by the ends of the hydrocarbon tails can be described 
by a so-called minimal surface that is equally convex and concave in every 
point[39]. A minimal surface is a surface that locally is area-minimised, that 
is, a small piece has the smallest possible area for a surface spanning the 
boundary of that piece. Soap films are minimal surfaces. Minimal surfaces 
necessarily have zero mean curvature (i.e. the sum of the principal 
curvatures at each point is zero). Particularly fascinating are minimal 
surfaces that have a crystalline structure, in the sense of repeating 
themselves in three dimensions, or in other words being triply periodic.  

Many triply periodic minimal surfaces are known, and some are pictured 
in Figure 6. Minimal surfaces can have crystallographic periodicity, that is, 
so-called infinite periodic minimal surface (IPMS). These periodic surfaces 
arise naturally if the surface is constrained to have a nearly constant 
(negative Gaussian) curvature and to be intersection-free. The structure can 
be studied by x-ray scattering because the periodicity causes a pattern of 
diffraction lines that represents a certain kind of structure.  

Several different bicontinuous cubic structures exist. The most common 
are the so-called P-, D- and G-surfaces. The P-surface is a body-centred 
structure that belongs to the space-group Im3m. The D-surface is a primitive 
structure and belongs to the space group Pn3m. The G-surface, is a body-
centred structure and belongs to the space group Ia3d. The G-surface looks 
like a gyroid, and is a twisted primitive surface containing no straight lines. 
These three structures have different volume to surface ratios, which means 
that at different compositions a certain structure is more favourable than the 
others. The macroscopic cubic phase is transparent, optically isotropic (does 
not show birefringence14), and highly viscous[38]. 

To artificially study and visualise the structure the bicontinuous cubic 
phase has been subjected to molecular dynamic simulations[40] and its 
minimal surface calculated by the excellent program Surface evolver[41], 
which has been used to produce Figure 6.

14 Birefringence occurs in ordered anistropic phases. The phase “glows” when put between 
two  crossed polarizers.  
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3.3.3.1 Addition of molecules 
Though many amphiphile system can form a bicontinuous cubic phase, the 
most studied and used system is the glycerol monooleate (GMO)-water 
system. This system produce a phase that is stable for months, then the 
hydrolysis of GMO turns the system into a reversed hexagonal phase (H2).

A number of studies show that enzymes and redox proteins can be 
incorporated into the cubic phase and stabilised[12-15, 42]. The ease of 
entrapment of proteins depends on the protein itself, on the interaction with 
the bilayer, the physical space available, and the size of the water channels.  

A small amount of enzyme can be added without changing the structure 
or the lattice parameter[42]. Adding more can change the structure and the 
spacing. The cubic phase is transformed into a reversed hexagonal phase at 
high temperatures. Entrapment of enzymes may decrease the transition 
temperature. The denaturalisation temperature of the enzyme may also be 
lowered[42]. 

Figure 6 The unit cell of the P- and D-structure. The surfaces are true minimised 
surfaces and have been calculated by the software Surface Evolver[41].

A hydrophobic molecule, such as vitamin K, is expected to be incorporated 
inside the membrane, thereby increasing the hydrophobic volume. Adding a 
very small amount does not change the phase behaviour[43-45], but already 
a few wt % may be enough for a change to occur. The added hydrophobic 
volume induces a phase conversion to the H2-phase.

A study by Caboi et al. showed that the addition of hydrophilic drugs did 
not change the phase structure. The cubic phase remained stable for a long 
period of time (months), but eventually the structure turned into the H2-
phase, because of hydrolysis of GMO[44]. The hydrolysis released free oleic 
acid, which favour the reversed curvature of the bilayer. Adding charged 
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surfactants promotes a lamellar structure, because charge increases the head-
group area, thereby decreasing  the sp for the bilayer molecules [46].  

3.3.3.2 Electrochemical behaviour and diffusion 
One condition for electrochemical activity is that the electrode surface is 
available for the redox molecules. For hydrophilic molecules a water channel 
must end at the surface, and for hydrophobic molecules the bilayer must 
reach the surface. This means that the layers close to the electrode surface 
are important. The surface structure depends on the interaction between the 
electrode and the cubic phase. A hydrophobic surface favours strong contact 
between the electrode and the bilayer, and vice versa. 

A number of studies on electrochemical activity in the cubic phase have 
been published. One study by Razumas et al. showed that the 
electrochemical activity of cytochrome c is retained[42] in the cubic phase. 
The formal potential was similar to that of dissolved proteins, but the 
heterogeneous rate constant decreased. A few hydrophobic molecules 
situated in the membrane have been studied (vitamin K[45], ubiquinone[47] 
and ferrocene derivatives[48]). All these molecules were shown to be 
electrochemically active in the membrane, but the kinetics as well as the 
diffusion seems to be hampered in the cubic phase.

The electrochemical response is influenced by the rate of diffusion. The 
restricted volume in the cubic phase will decrease the diffusion. The crystal 
properties also have an effect on the diffusion. For example, going from a 
defect free system to a macroscopic phase containing micro-domains, the 
diffusion pattern shifts from semi-infinite to finite diffusion. The diffusion 
pattern seems to vary for different molecules. Large molecules such as 
cytochrome c seem to diffuse in a finite diffusion pattern, suggesting that the 
cubic phase has micro-domains[42]. Glucose has a semi-infinite pattern of 
diffusion[15]. The details of preparation of the cubic phase could be 
important for the precise diffusion behaviour. 

The apparent diffusion coefficient for cytochrome c was almost 70 times 
lower in the bicontinuous cubic phase than in an aqueous buffer[42]. This is 
a large difference compared to glucose where the diffusion decreased only 
four times, indicating that cytochrome c mobility is much more severely 
restricted in the bicontinuous cubic phase. Nylander et al used techniques 
such as NMR to study the self-diffusion, and holographic laser 
interferometry to investigate the macroscopic diffusion, of glucose in the 
cubic phase[15]. The diffusion coefficient of vitamin k incorporated in a 
bilayer was 10-8 cm2s-1, almost a hundred times lower than that of the small 
hydrophilic glucose molecule[45]. 



28

4. Electrochemistry 

Electrochemistry is a branch of chemistry that is widely used, both in the 
industry and in the academic world. It can be used to drive chemical 
reactions for production of molecules15 or it can be used as an analytical tool 
to gain information on fundamental parameters, such as diffusion 
coefficients, electron transfer rate constants, the enthalpy and entropy change 
for a reaction etc. The basis of electrochemistry is the transfer of electrons 
through interfaces. The interface primarily studied is the boundary between 
an electrolyte and an electrode. Using a supporting electrolyte, a reference- 
and counter electrode the potential of the working electrode can be 
controlled.

4.1 Thermodynamic description of electron transfer 

Consider an electrolyte solution that contains a redox couple that reacts 
according to: 

RneO RO
1    (11) 

where O is the oxidised form, R the reduced form, i the stoichiometric 
coefficient, and n is the number of electron transferred in the reaction. When 
a metal electrode is immersed into this solution, the potential of the electrode 
adapts to the solution and reflects its composition in accordance to the 
Nernst equation: 
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where F is the Faraday constant, T the temperature, R the gas constant, {O}
and {R} are the activity of the oxidised form and the reduced form 

15 E.g. O2 from water. 
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respectively at the contact surface. E0 is the standard potential and is defined 
as[22]:  

00 nFEG    (13) 

To control the ratio O / R  the potential of the working electrode must be 
controlled. In order to control the potential, the working electrode, reference- 
and counter electrode is connected to a potentiostat. The job of the 
potentiostat is to force through the working electrode whatever current 
needed to keep the potential of the working electrode at the desired value. 

In this three-electrode system the current passes between the working 
electrode and the counter electrode. The potential of the working electrode is 
related to the fixed potential of the reference electrode, which is related to 
the normal hydrogen electrode (NHE) whose potential is zero16 by 
definition[20]. 

 If the system is reversible (i.e. if the kinetics is fast), the Nernst equation 
describes the ratio between the activity of O and R. If the net current is 
cathodic more redox molecules are reduced17 than oxidised18, the opposite 
situation causes an anodic current. 

4.2 Electrode Kinetics 
Electron transfer occurs when the electrons prefer to occupy the vacant 
molecular orbitals on the other side of the interface, because it minimises the 
energy. The net direction of the electron transfer across the electrode surface 
is determined by thermodynamics. However, thermodynamic does not 
describe how fast the transfer is and how much the potential must be 
changed from the equilibrium potential, where no net current flows, for a 
reaction to flow. The net current is the difference between the cathodic 
(forward reaction see above) and anodic currents (back reaction). 

fb iii     (14) 

The reaction rate for the cathodic current is: 

)0(xcnFAki Off    (15) 

16 2H++2e-1 H2 (the activity of the two species are unity) 
17 The oxidation number decreases. 
18 The oxidation increases. 
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where A is the active electrode area, kf is the rate constant for reduction and 
CO(x=0) is the concentration of oxidised species at the surface. A similar 
expression can be written for the anodic reaction.  

)0(xcnFAki Rbb    (16) 

where kb is the rate constant for oxidation, and cR(x=0) is the concentration 
of the reduced species at the electrode surface. The rate constants depend on 
the driving force for reaction set by the potential at the surface, according to: 

f
f ekk 0    (17) 
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 where f = F/RT,  is the symmetry factor, and  is the shift from the 
equilibrium potential, the potential where the net current is zero. The current 
at that potential is the equilibrium exchange-current density: 

f
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The Butler-Volmer equation relates the net current to the over potential ( )
according to[22]19:
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At large values of io the system respond quickly to a change in potential, i.e. 
the system reaches equilibrium very quickly. If io is small the system is 
sluggish.

4.3 Faradaic and nonfaradaic currents 
Electron transfer over the electrode/electrolyte interface is called a faradaic
current. If the electron moves from the electrode to a redox molecule, a 
cathodic current results. Electron flow in the reverse direction gives an 
anodic current. However, there are also other currents occurring, which are 
called nonfaradaic currents. A desorption or adsorption process can cause 
nonfaradaic currents to flow, even though there is no electron transfer over 
the electrode surface. Any change in the electrode potential will change the 

19 Note that in this deduction of the kinetics no mass transfer effects has been considered, all 
substances have been confined to the surface. 
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surface charge density on the electrode surface, which will alter the counter-
ion distribution, thereby causing a current. 

In experimental techniques it is common to change the electrode potential 
either linearly in a continuous fashion, or with a single discrete jump (step). 
If we treat the double layer as a plate capacitor, the current transient 
following a particular potential step over the double layer changes in time as: 
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where E is the potential step, Rs is the solution resistance, and Cdl is the 
double layer capacitance. The exponential decay of the current is usually 
fast: the time constant is 0.1 millisecond if Rs =10  and Cdl=10 µF. This 
current decay will occur for any current response and in every potential step 
technique (discussed below). 

On the other hand, if the potential is increased linearly with time in a 
continuous fashion, the current will increase and reach a constant plateau 
level according to: 
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t
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where v is the rate of potential change (V/s). This feature is important 
because it will show up in cyclic voltammetry as a background current. 

Since the electrode changes charge with the potential the driving force of 
adsorption/desorption will change with the potential[49]. Even a surface 
layer transformation can cause nonfaradaic currents. The adsorption 
processes for surfactants are also dependent on the surfactant-surfactant 
interaction. When a molecule is adsorbed it is more favourable for another 
molecule to also adsorb since, the hydrophobic-water contact can be 
decreased if two or more molecules aggregate on the surface[50, 51].  This 
feature results in a cooperative adsorption process, which gives a large 
contribution to the current[52]. 

The adsorption/desorption processes of surfactants or other larger 
molecules can be much slower than counter-ion movements, so the 
nonfaradaic currents can occur in two different time regimes. First the 
counter-ions adjust to the new potential, and after that the surfactants will 
adjust. This makes it complicated to understand the behaviour of the system. 
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4.4 Mass transfer 

The movement and drift of ions is of vital significance to the functioning of 
an electrochemical system. If no flux of ions would occur, the interface 
between the electrode and the electrolyte would run out of fuel for the 
charge-transfer reaction that occurs at the interface. The factors that drive 
mass transfer stem from a discontinuity in the chemical potential for ions in 
the system. The ion flux is dependent on gradients in the chemical potential, 
and occurs through three different mechanisms: 

Diffusion: originates from a concentration gradient in the system,. 
The ions will move randomly in such a way as to diminish the 
gradient.

Migration: if differences in the electric potential exist throughout 
the system, an electrical field will be present in the system. The 
ions will move because of that field.  

Convection: can have two different sources, one natural and one 
artificial. In every system density fluctuations arise natural with 
time, that present a driving force for evening out temporary mass 
imbalances. The other source is a manmade mechanical 
perturbation of the system, e.g. stirring.  

These three sources for flux of ions in the system are incorporated in the 
Nernst-Planck equation, which for a one-dimensional system reads as[20]: 
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 where J is the flux, D is the diffusion coefficient, and v is the average 
velocity of the solvent molecules. All other parameters are the same as 
defined above. Often contributions from migration and convection are 
unwanted, and special care has to be taken to eliminate them. If the 
electrolyte concentration is high compared to that of the redox molecules the 
migration term is negligible, because the electrode surface becomes covered 
by counter ions. This effect screens the potential for ions within the diffusion 
layer. The convection term can often be ignored, because flow close to a 
stationary surface (the electrode) tends to be slow. In this thesis one of the 
main targets is to measure and understand diffusion of redox probes in self-
aggregated systems. The geometrical architecture combined with strong 
driving forces for lowering the free energy will cause diffusion with a lower 
dimensionality than 3. For example, if the redox molecules are situated on 
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the surface of a membrane and can only move lateral on the surface, the 
diffusion will be 2-dimensional. However, the diffusion will be assumed to 
be 3-dimensional if not otherwise stated. 

4.5 Coupled electrochemical reactions 
So far we have only discussed heterogeneous charge transfer reactions at an 
electrode surface, but there are many other reactions that can occur in an 
electrochemical system. The redox molecule can react with a third 
component to produce a molecule that is not redox. The redox molecule 
itself can stem from a non-redox active molecule. These reactions can form a 
chain of coupled homogeneous reactions that manifest themselves as 
changes in the measurements. These reactions present and open up new 
reaction pathways. A coupled reaction changes the concentration of the 
redox species, and will thereby effect the ratio O / R  in the Nernst 
equation. This will change the potential for which the ratio O / R
becomes unity. This will cause the peak to shift to a different potential. The 
backward direction can be completely impossible, if the coupled reaction is 
very fast and the electrochemical reaction sluggish. 

4.5.1 Viologen chemistry 
Viologens are 4,4’-bipyridine salts. Viologen chemistry is complex, with 
many side-reactions and complexating ions acting as counter-ions. The most 
stable redox state of viologen is the 2+-state, which can be reduced in two 
steps to create a neutral species: 

VeV 12    (24) 

01 VeV    (25) 

The above reactions form the most common reaction pathway for viologens. 
Dimer formation is also possible, if the concentration is high enough20. The 
dimers form when two 2+-state molecules interact through their singly 
occupied * orbital, forming a -  complex bond[53]. Dimers are formed 
directly from two doubly oxidised species: 

2
2

12 22 VeV    (26) 

20 There also a comproportionation reaction: V2+ + V0  2V +.
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This means that there are two reaction paths for the double oxidised species. 
The reduction can produce either a monomer or a dimer. This is called a 
two-state model for the reaction[54]. The concentration of the oxidised 
species influences which product will predominantly form, with high 
concentrations favouring dimer formation.  

The viologen solution has a different colour for the various products.  It is 
colourless in the 2+-state, blue in the radical 1+-state, and almost brown in 
the fully reduced state. The dimer solution is purple. This makes it possible 
to follow the reaction spectroscopically, and determine whether dimers are 
formed.

4.6 Electrodes and electrode material 
A three-electrode set-up is used in all experiments in this thesis. The 
working electrode used in electrochemical measurements stems from three 
different classes of materials with varying properties[55].  

1. Metals: A crystalline material with a surface that often contains 
different crystal faces. All metals have a very high conductivity, 
which results in very low background currents. Gold and platinum 
are the most commonly used metals, but silver and copper are also 
used.

2. Amorphous materials: These do not have a crystalline structure. 
Glassy carbon is an amorphous carbon electrode. Glass, coated 
with a conducting layer, e.g. Fluorine doped Tin Oxide (FTO), has 
the advantage that it is transparent, thereby allowing the use of 
spectroscopic techniques. A disadvantage is that it results in high 
background currents. 

3. Liquid mercury: This is the only metal that is liquid at room 
temperature. One major advantage of liquid mercury electrodes is 
that it is very easy to create a clean electrode surface with  a well-
known geometry, since the surface tension dictates the surface 
shape. The surface should be free from contaminations and it is 
very important to keep it clean. Mercury needs special working 
arrangements because it is very toxic.   

The electrode should not decompose solvent molecules or react with the 
electrolyte. Which solvent is used, the range of potentials used in the 
investigations, and the surface properties dictates the choice of electrode. 

The reference electrode controls the potential of the working electrode, by 
giving a reference point for the potentiostat to set the potential. One 
important condition is that the activities of the reacting substances should be 
constant or change very little during the experiment, so that the redox 
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potential remains fixed. The current passing through the reference electrode 
should therefore be minimised. Two of the most common reference 
electrodes are Ag|AgCl21 and the standard calomel electrode (SCE)22.

The counter (or auxiliary) electrode is usually a platinum wire or plate. It 
is an advantage if the area is large. The current in the system runs between 
the working and the counter electrode. The potentiostat changes the potential 
for driving a reaction, that will balance the reaction at the working electrode 
surface. Often there is a gas, H2 or O2, evolving from the surface. This gas is 
not wanted in the system and therefore the counter electrode is often situated 
in a closed compartment. 

4.7 Electrochemical Techniques 
A large variety of experimental techniques are used in electrochemistry. 
Perturbation based techniques can be divided into two classes, where either 
the potential or the current is controlled, where only the latter was used in 
this thesis. 

4.7.1 Potential Step Techniques 
In potential step techniques the potential of the electrode is changed in a step 
like fashion from a level where no net reaction occurs to a level where there 
is a net charge transfer reaction in one direction (see Figure 7) for the 
excitation pulse and a typical experimental result for a reaction of a species 
moving freely in the electrolyte). The concentration profile during the 
experiment can be calculated using Fick´s law and the appropriate boundary 
conditions. Since the faradaic current is governed by the flux of redox 
molecules, the concentration gradient controls the current. In one version of 
this technique the transient behaviour of the current is measured. The current 
at a flat electrode in the semi-infinite diffusion regime, is described by the 
Cottrell equation[20]: 
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21 Standard potential E0=0.2059 V vs. NHE (c(Cl)=3.0 M). All potentials are referred to this 
reference electrode in the thesis.  
22 Standard potential E0=0.2412 V vs. NHE (KCl saturated) 



36

where i is the faradaic current, n the number of electrons exchanged in the 
reaction, F the Faraday constant, D the diffusion coefficient, and c the 
concentration in the bulk. According to this equation the current  decays fast. 
This is caused by the depletion of the diffusion layer close to the surface. If a 
constant potential is applied, the diffusion layer becomes thicker with time, 
while the concentration gradient decreases and therefore the diffusion to the 
surface decreases. Because the current is linearly dependent on the 
concentration gradient, it will also decrease with time. 

Figure 7 On the left the potential profile for the chronoamperometry experiment is 
depicted. In the middle the faradaic current response is shown for a redox molecule 
diffusing to the surface. To the right the current vs. time-0.5 relation, which gives a 
linear response.  

In another version of this technique one measures the accumulated charge 
transient instead. This has many advantages: first the noise level is reduced, 
and second it is easier to separate the effect of charging the electrode from 
the faradaic charge of interest. The equation that describes this transient is 
the integral of the Cottrell equation: 
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Qdl is the non-faradaic charge accumulated from the charging of the 
electrode, which is always present when the potential is changed. Qads is the 
faradaic charge from molecules adsorbed to the surface, if there are any. 
Current from both of these contributions declines fast, so the later part of the 
transient current is free from these contributions, while in the accumulated 
charge method they result at later times in a constant added factor. 
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4.7.2 Sweep and pulse voltammetry 

In order to investigate redox potentials and kinetic aspects it is not sufficient 
to investigate the effect of only a single potential step. A broad range of 
potentials has to be studied, which can be accomplished in a simple manner 
by scanning the potential. There are two different ways to achieve that: one 
can continuously scan the potential in a linear fashion, so called sweep linear 
voltammetry, or the potential can be pulsed in discrete steps from one 
potential to another. An example of these two versions of sweep techniques 
can be seen in Figure 8 and Figure 9.

4.7.2.1 Cyclic voltammetry 

In cyclic voltammetry the current generated by linearly scanning between 
two potentials at a certain fixed scan rate (v), is detected (see Figure 8)
Assume that the system contains only the ox-form at the beginning. As long 
as E>>E0 the current is zero. When the potential gets close to E0, reduction 
of the ox-form starts on the surface. This causes the difference between the 
surface and the bulk concentration to increase, leading to a further increase 
of the current (because it depends on the concentration gradient). The current 
rises until reaching a peak value, at which point the surface concentration of 
the ox-form is almost zero. When the potential is further lowered the ox-
form is depleted, the diffusion layer grows, and the current decreases. If the 
potential is then increased, similar behaviour can be seen, but now there will 
be a reduction current instead of an oxidation current[56].  

Figure 8 The potential is linearly scanned in cyclic voltammetry. The middle picture 
shows a typical cyclic voltammogram for a redox molecule that is diffusing to the 
surface. In the picture to the right the molecules are surface adsorbed. 

In the semi-infinite linear diffusion regime the peak current dependence on 
the scan rate is described by the Randles-Sevcik equation: 
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where n is the number of electrons, A the area (cm2), v is the scan rate, c the 
concentration (mol cm-3), D is the diffusion coefficient (cm2s-1). For a 
reversible electron transfer reaction the peak potential (Ep) is independent of 
the scan rate, and ip is proportional to v1/2. By plotting ip vs. v1/2 the diffusion 
coefficient can be derived from equation 29. The peak split ( Ep) between 
the anodic and the cathodic peak indicates whether the system is reversible. 
The system is reversible if the peak split is 59/n mV at 25 C, and 
irreversible if the peak split is larger. The reversibility of the system depends 
on the scan rate, so a system can be reversible at one scan rate and 
irreversible at another. If the redox active molecules are adsorbed on the 
surface and the redox kinetics are very fast, the cyclic voltammogram (CV) 
shows no peak split Ep, because in this case no diffusion layer is involved 
in the electrochemistry. The peak current, ip, is linearly dependent on the 
scan rate.

4.7.2.2 Differential Pulse Voltammetry 

Differential pulse voltammetry (DPV) is a technique that combines cyclic 
voltammetry continuous potential change with the potential step technique 
chronoamperometry[57-59]. The potential is scanned stepwise, but at every 
potential an excitation pulse is used to probe the system (see Figure 9). In 
DPV the waiting period between the excitation pulses is controlled, and may 
be chosen to be long enough for the system to reach equilibrium at all 
potentials. This is a valuable feature for systems in which slow 
adsorption/desorption or rearrangement processes occur[60]. In cyclic 
voltammetry, slow equilibration requires a very slow scan rate, but the 
drawback is that the excitation signal becomes very small, giving weak 
signals. Another advantage with DPV is that the (non-faradaic) fast charging 
currents are absent, because the current is measured after the charging 
current has declined, which usually occurs in a few microseconds. Using 
DPV, the detection sensitivity can be enhanced, and lower concentrations of 
the redox molecule may be used. 
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Figure 9 A description of the differential pulse technique. The current is measured at 
two points and the difference gives the response seen on the right (measurement(2)-
measurement (1)). On the right a typical response curve is shown, where the peak is 
not situated at the redox potential. To calculate the redox potential the peak value 
must be adjusted by half of the magnitude of the potential step. 
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5. Electron transfer in self-aggregated systems 

A number of electron transfer reactions occur in  self-aggregated systems in 
nature. The study of charge transfer in self-aggregated structures is a rich 
field in chemistry with a lot of applications, both for fundamental science as 
well as for more applied research. Sometimes the purpose is to study the 
structure itself by using electrochemical techniques, but sometimes the 
researcher wants to use the specific properties of the aggregates to control a 
reaction or use molecules that is only stable in membrane structures23.

Micelle surfaces have been used to increase the reaction rate, because the 
concentration of counter ions increases there[61]. A self-aggregate with its 
interface between an apolar and a polar domain is the perfect place for 
molecules with different polarity to be brought together and react. 

Some systems can be used as sensors[11, 12, 62, 63]. A very interesting 
application is to use the self-assembled phases as templates for making 
structures that is the inverse of the original structure[64-66]. In this way 
many interesting geometries can be made that would otherwise be 
impossible to make. If the structure is placed on the electrode surface, a new 
electrode surface material can be made as the product of a reaction, often 
with many interesting properties, such as a high porosity and a large 
capacitance. 

If not otherwise stated, this section will discuss heterogeneous charge 
transfer occurring at an electrode surface. Many physical properties can be 
measured using electrochemical techniques: the reaction rate, the kinetics, 
the activation energy, and how these change in different environments. In 
addition one can also study the diffusion of redox molecules the diffusion 
coefficient for discrete aggregates, and the movement of ions within the 
structure.

An important factor in studying self-aggregated systems with 
electrochemical methods is the connectivity between the molecules and the 
electrode surface. There are three different kinds of redox active molecules 
that can be used to study these systems. A hydrophilic molecule can move 
freely in the water domain. A hydrophobic molecule is bound in the interior 
of the apolar regions. The third kind is an amphiphilic redox molecule that 
prefers to sit in the interface between the polar and apolar regions, but also 
have some, albeit low, solubility in the water domain.  

23 Such as membrane enzymes, and some redox proteins. 
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The three different positions have an impact on the electrochemistry in 
many different ways. The polar domain has a much higher dielectric 
constant that makes the cost of producing ions in the water domain lower 
than inside a hydrophobic bilayer. The diffusion properties are also different. 
The viscosity in a membrane is greater than in water. This will slow down 
the dissolved molecules, and decrease the current in the measurement. 

The structure of the self-aggregated systems is of course important. 
Micelle systems contain discrete particles, so in order for an apolar redox 
molecule to react the micelles have to diffuse to the electrode surface. The 
micelle is the vehicle and the measured diffusion coefficient is that of the 
aggregate itself, and not of the redox molecule. The only phase that is 
continuous for both water and the aggregate is the bicontinuous cubic phase. 

The characteristics of the electrode surface are important parameters. The 
hydrophobicity / hydrophilicity has an impact on the adsorption of 
amphiphilic molecules. On hydrophobic surfaces (most gold surfaces24),
molecules will adsorb with their hydrocarbon tails towards the surface and 
their head-groups towards the water. This will create a monolayer. However 
a hydrophilic surface (glassy carbon, platinum and many more) will create a 
bilayer since the head-group will be attracted to the surface and the apolar 
tail must be shielded from the water, so an additional layer creates the 
energetically most favoured structure.  

The adsorption process itself can give a response in the measurements 
since the capacitance of the surface change. This can for example give a 
peak in cyclic voltammetry. The adsorbed molecules can also change the 
electrochemical response of redox molecules, since they change the 
environment of the reaction site.  

24 Depends on the pre-treatment. 
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6. Results and discussion 

In this section the main results of the thesis are presented. The discussion is 
based on the five articles and results from other groups on related issues. The 
full details the interested reader can get from the papers in the end of the 
thesis.

6.1 Redox potential for a redox active surfactant in 
differently charged micelles 

Introduction
All membranes is nature have a surface with a non-zero charge density. This 
will affect the stability (chemical potential) of incorporated molecules and 
influence occurring redox reactions. 

In this paper we studied how the redox potential of N-tetradecyl-N’-
methylviologen (TMV, see Figure 5) varied with the charge density of the 
surface on which it was situated. We used micelles with different charges 
and charge densities. An earlier study had shown that the electrostatic 
environment was important for understanding the redox potential[67]. The 
experimental data were compared to values calculated using the computer 
program PBCell[68]. This program uses a smeared out charge distribution 
and generates numerical solutions to the Poisson-Boltzmann equation (see 
chapter 3.1 Interaction energies). 
The electrochemical technique used to study the system was mainly 
differential pulse voltammetry. Because the surfactants adsorbed on the 
electrode surface, the choice was made to use differential pulse voltammetry. 
In DPV the waiting period between the excitation pulse and the time of 
measurement can be adjusted, allowing the non-faradaic current to decay, 
thus minimizing the contribution from the non-faradaic response. A glassy 
electrode was used as the working electrode. 
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The results 
Using DPV (see below) and CV the system with only TMV in the electrolyte 
solution (50 mM NaCl) showed more peaks than the expected two. A 
number of studies have shown that surfactants adsorb on electrode 
surfaces[69-71]. Lee an Bard showed that a similar viologen adsorbs on 
glassy carbon, even down to the micromole range[72]. This makes it 
probable that the additional peaks originate from processes that are affected 
by the fact that there are adsorbed molecules on the surface. Adsorbed 
molecules at the surface change the environment where the molecules react. 
Instead of reacting on a bare electrode surface they now react in the midst of 
highly charged moieties. Another implication of the TMV molecules being 
adsorbed on the surface is that the reaction can occur either through the film 
or at places on the electrode where there is an island of free surface. This 
means that the molecule can react at two distinctly different environments, 
which results in two peaks in the voltammogram, see Figure 10 for the 
second reduction of TMV in 50 mM NaCl. 

Figure 10 On the left TMV in a 50 mM NaCl solution reacting on a glassy carbon 
surface and on the right same reaction situated in SDS micelles. 

The difference in the redox potential between TMV in the electrolyte 
solution and TMV in the micelle, is related to the distribution of TMV in the 
electrolyte and the micelle, see the scheme below. The chemical potential of 
TMV in the different environments affects the redox potential. The chemical 
potential in the micelles will be different in different experiments. 

The redox potential changed in differently charged micelle systems. The 
redox potential had its most negative value in the negatively charged SDS 
micelles. This is expected, since the negative charge density stabilises the 2+-
state more than the 1+-state.
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Table 1: The redox potentials of TMV situated in differently charged environments 
for the different redox processes. 

environment Micelle 
charge E2/1

0 / V E1/0
0(a) / V E1/0

0(b) / V nonfaradaic / 
V

NaCl (50 mM)  -0.50 -0.77 - -0.95 
Triton X-100 0 -0.50 -0.83 -0.95 - 

C12E8 0 -0.50 -0.70 -0.83 -0.92 
CTAC + -0.51 -0.76 - -0.90 

DoTAB + -0.52 -0.70 -0.83 -0.91 
DoTAC + -0.53 -0.76 -0.83a -0.94 

DPC + -0.55 -0.73 -0.84a -0.93 
SDS - -0.66  - -1.00 

a There was no anodic peak; the value was taken from the cathodic experiment. 

For the cationic micelles the same reasoning can be used, focusing on the 
stabilizing/destabilizing of the different redox states. Four different cation 
surfactants were studied. They had different aggregation numbers, resulting 
in different charge densities. TMV situated in CTAC micelles, which has the 
highest charge density, had the most positive redox potential (-0.51 V vs. 
Ag|AgCl). Whereas the most negative potential, for the cationic micelles, 
was observed in the DPC micelles (-0.55 V). The measured redox potentials 
all fitted well with calculations based on the electrostatic model. 

TMV 2+ TMV 2+

TMV +TMV +

TMV 0 TMV 0

Water Micelle
K 2

K 1

K 0

Figure 11 Flow scheme of TMV reacting in water and in micelles. 
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The second reduction (1+/0) is more complex than the first (2+/1+) since the 
head-group of the non-charged species is not restricted to the surface of the 
micelles. 

The peak at about –0.9 V vs. Ag|AgCl in all systems is probably due to a 
nonfaradaic effect, caused by reorganisations in the surface layer. The glassy 
carbon surface was found to have its Epzc at –0.9 V, which was determined 
from an impedance measurement. 

Comments 
The local electrostatic environment of reacting molecules is important for 
understanding the redox potential. It was concluded in this work that 
negatively charged micelles made the redox potential for the first reduction 
of TMV more negative, which is explained by the fact that the negative 
charge density at the surface stabilises the 2+-state more than the 1+-state. In 
the cationic micelles the micelles with the highest positively charged density 
(CTAC micelles) made the redox potential most positive, which can be 
explained by the same argument as used for SDS micelles.  

This paper makes it clear that it is vital to include surface-surfactant 
interactions in order to explain the redox activities in electrochemistry 
involving self-aggregated systems. 
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6.2 Redox activity and diffusion of a redox active 
surfactant incorporated in cubic and lamellar phase 

Introduction
Our objective in this paper was to compare the redox response for N-cetyl-
N’-methyl-viologen (CMV), which is an amphiphilic redox molecule, in the 
bicontinuous cubic and the lamellar phase. The phases are made from a 
mixture of glycerol monooleate(GMO), water, and a charged surfactant[73].  
Both phases are built up from bilayers, but the difference is that the cubic 
phase is a continuous structure with channels of water and membranes, 
which the lamellar phase is not. The charge density at the surface is also 
different, since the surfactant/lipid ratio is different. The lamellar phase has a 
higher charge density. This is because a higher ratio of surfactant over lipid 
is needed to produce this phase. 

Illustrative results 

In both the cubic and the lamellar phase there was a faradaic electrical 
response. For both phases no surface adsorption of the viologen radical was 
observed, which does occurs in electrolyte solutions, and is then seen as a 
very sharp peak for the 2+/1+ conversion[74].  

Figure 12 Cyclic voltammogram for CMV in the cubic phase (left) and the lamellar 
phase (right), scan rate 100 mV/s. The inset in the lamellar phase picture is the first 
scan, were the double peak feature of the first redox process is apparent.
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The redox potential for CMV in the cubic phase (about –0.51 V vs. 
Ag|AgCl) was more negative than for CMV in the lamellar phase (about –
0.49 V), see table. 

Table 2: Redox potentials of CMV in the cubic and the  lamellar phase for different 
concentrations. 

concentration / mM 
cubic phase 

E0
2/1 / V  

vs. Ag|AgCl 
concentration / mM 
lamellar phase 

E0
2/1 / V  

vs. Ag|AgCl 
2.0. -0.515 3.0 -0.491 
5.1 -0.512 7.6 -0.501 
10.5 -0.510 10.6 -0.498 
16.0 -0.504 15.5 -0.495 
21.3 -0.504 21.9 -0.496 

The surface charge density theory is again valid, see Paper 1, as noted 
earlier the charge density (positively charged) is higher in the lamellar phase. 
This will destabilise the 2+-state more than the 1+-state.

In the lamellar phase a dimerization peak was present, in the first scan, 
that was not observed in the cubic phase for the same viologen 
concentrations. The cubic phase is bent at every point (all points are saddle 
points) giving different geometries to neighbouring molecules, which is not 
the case in the lamellar phase. This could explain the lack of dimerization in 
the cubic phase. 

The diffusion of CMV (the 2+-state) in the cubic phase was also measured 
for five different concentrations. The diffusion coefficient did not change 
with the concentration, which is expected if electron hopping between 
different redox states is possible. The value of the diffusion coefficient 
(1.8 10-7 cm2s-1) is similar to the value for TMV in Paper 3 (2.0 10-7 cm2s-1),
and is a factor fifty lower than the value for TMV in an electrolyte solution 
(Paper 3).

The diffusion of TMV in the lamellar phase was not measured directly, 
but comparing the cyclic voltammograms in Figure 12 makes it clear that 
the lamellar phase gave a much lower current response (the concentrations 
are almost the same). Therefore it can be concluded that the diffusion is slow 
in the lamellar phase. 

Conclusion
From the phase behaviour study it is obvious that CMV gives an effect very 
similar to CTAB, taking into consideration that CMV has two plus charges 
instead of one as CTAB.  Thus, CMV can act as a surfactant building both 
cubic and lamellar phases with GMO. 
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The cyclic voltammetry study showed that CMV incorporated in lamellar 
and cubic phases has somewhat different E0-values. CMV in the cubic phase 
had a lower value, about -0.51 V (vs. Ag|AgCl) compared to the lamellar 
phase that had a value of about -0.49 V (vs. Ag|AgCl). This can be explained 
by the fact that the lamellar phase has a higher positively charged surface 
charge density. A higher charge density increases the difference in 
destabilisation between a divalent co-ion and a monovalent co-ion. The 
divalent CMV2+-ion is destabilised more in a lamellar phase than the 
monovalent CMV+-ion, thus giving a more positive redox potential.   

The diffusion coefficient of CMV in the cubic phase was about fifty times 
lower than in the pure electrolyte, see the result in Paper 3. However the 
mass transport of CMV in the lamellar phase was even slower (about twenty 
times lower than in the cubic phase), as deduced from the cyclic 
voltammetry measurements. The diffusion measurements also showed that 
no electron hopping was involved in the process of reducing or oxidising 
CMV. This could be expected, given the low molar percentage of CMV in 
the cubic bilayer. 
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6.3 Redox activity and diffusion of hydrophilic, 
hydrophobic, and amphiphilic redox probes in a 
bicontinuous cubic phase 

 Introduction 
Again the bicontinuous cubic phase was used to study electrochemical 
responses in self-aggregated systems. The system studied was the GMO-
electrolyte system, into which redox probes were solvated. The cubic phase 
has two continuous water channels and an apolar membrane. The different 
domains can be used to incorporate molecules of different polarity. The 
cubic phase makes it possible to study how the electrochemical response 
changes when the polarity of the environment changes. The redox activity 
was investigated by cyclic voltammetry, and chronocoulometry was used to 
measure the diffusion. The diffusion coefficient of these molecules says 
something about the connectivity of the channels. 

Figure 13 Cyclic voltammogram of ferrocene incorporated in the cubic phase. The 
scan rate was 100 mV/s. 
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Results
The structure of the samples with the different redox molecules was 
determined with SAXS (small angel x-ray scattering). For all samples the 
data fitted well with the expected pattern of the space group Pn3m, which is 
associated with the D-surface structure, even though the lattice parameter 
varied a little for the different samples.  

Cyclic voltammetry was used to study the redox conversion of the redox 
molecules. All redox probes made contact with the electrode surface and 
reacted. The peak split showed a quasi-reversible reaction rate, i.e. the peak 
split increased with the scan rate. This type of quasi-reversible reaction is 
associated by a low value of the equilibrium exchange-current density 
discussed in chapter 4.2 Electrode Kinetics. If there were an insulating layer 
(monolayer or bilayer) on the electrode surface, the heterogeneous charge 
transfer rate would be slowed down, since the hydrophilic molecules have to 
react through a tunnelling mechanism. However, it is unlikely that a layer 
would be without defects. Small pores could also cause a peak split increase. 

The diffusion coefficient was measured with chronocoulometry. The 
potential was set to assure that no kinetic hindrance was likely, due to a large 
over potential ( ) compared to the measured redox potential. Every 
measurement showed charging currents in the beginning of the experiment. 
Thereafter the linear response associated with the Cottrell equation was 
observed, when plotting the charge against the square root of the time lapse. 

Figure 14 The chronocoulometry response for Fe(CN)6
3- in solution and in the cubic 

phase. Note the charging currents in the early stages of the experiment. The 
Fe(CN)6

3- concentration was 1.94 mM in the solution, and 0.779 mM in the cubic 
phase, with a background electrolyte concentration of 200 mM KCl. 



51

Only methylviologen showed a non-linear behaviour, with the slope 
increasing during the experiment. One explanation for this behaviour, to 
which we will come back in Paper 4 and 5, is that there may be a layer close 
to the surface, that hinders the diffusion to the electrode, while the diffusion 
outside this layer is unhindered and faster. If this is the case the diffusion 
layer will not be depleted during the experiment, and therefore the charge 
gradient will not follow the Cottrell equation that is based on homogeneous 
media. It is difficult to explain why the methylviologen would behave 
different than the other investigated hydrophilic molecules. 

Table 3: Diffusion coefficients for the redox active molecules in the solution and in 
the cubic phase.

redox molecule bare electrodea cubic phase 

Fe(II)CN6
4- 9.2  0.1 2.5  0.07 

Fe(III)CN6
3- 7.6  0.4 4.2  1.5 

Ferrocene - 0.027  0.005 
Ferrocinium - 0.11  0.02 
Methylviologen2+ 7.7  0.6 -b

TMV2+ 9.8  1.4 0.20  0.04 
Ru(II)(NH3)6

2+ 5.6  0.4 1.2  0.08 
Ru(III)(NH3)6

3+ 9.7  0.6 2.3  0.1 
a) The uncertainty margins are based on 95% confidence values. 
b) It was not possible to calculate a value since there was no linear response. 

The Fe(CN)6
4- diffusion rate decreased by almost a factor of four compared 

to the value obtained with the bare electrode. The corresponding decrease for 
the oxidised form, was only a factor two. The diffusion rates for the two 
redox forms of a ruthenium complex decreased by a factor of three to four. 
The value of 2.3 10-6 cm2s-1 for the Ru(NH)3

3+ correlates very well with that 
obtained by Rowi ski et al, who studied the same system[75].   

Ferrocene has a very low diffusion rate in the cubic phase, almost 
hundred times slower than the hydrophilic probes. The amphiphilic TMV2+

was severely inhibited in the cubic phase. The diffusion coefficient was fifty 
times lower in the cubic phase compared to the value with a bare electrode. 
The absolute value can be compared to the diffusion coefficient of 
surfactants in bilayer structures or cylindrical micelles. The value is 1.2  10-

7cm2s-1 for both C12TAC and C16TAF in the bicontinuous cubic phase, in 
good agreement with the measured value in this paper[76]. 
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Conclusion
In this paper we have shown that molecules with different properties 
(hydrophilic, hydrophobic and amphiphilic) are still redox active when 
incorporated in the cubic phase. The kinetics was slowed down, and all 
molecules showed a quasi-reversible behaviour; the peak-splits were larger 
than 59/n mV and increase with increasing scan rates. A possible 
explanation could be that there is a hydrophobic layer adsorbed to the 
electrode surface. 

The bicontinuous cubic phase slowed down the mass transport: the 
diffusion coefficients decreased. Some molecules were hindered more than 
others. The diffusion coefficient of the amphiphilic viologen decreased by a 
factor of fifty compared to the value in electrolyte. Ferrocene also had a 
much lower diffusion coefficient, compared to ferrocene in acetonitrile 
according to a study by Barauskas et al.[48]. Since the ferrocene molecules 
are restricted to the membrane the rate of movement is dependent on the 
integrity of the structure. If the membrane is not continuous at all points it 
will slow down the movement severely. The diffusion coefficients for the 
hydrophilic probes did not decrease as much, only by a factor two to four. 
The charge transient for methylviologen showed a continuous increase in the 
slope, which deviates from the linear result expected for a molecule with 
unhindered movement.  
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6.4 Electrochemical behaviour of an amphiphilic 
viologen incorporated in a stacked bilayer system 

Introduction
The possibility of having a bilayer attached to the surface opens up 
opportunities to study reactions in situ, which are occurring at membrane 
surfaces such as cell walls. The technical problems though are many and 
difficult to come to terms with. The surface properties of the electrode are 
difficult to control. It is also difficult to be sure that only one bilayer is 
present. The measurement of the capacitance has been used in other studies 
to indirectly calculate the thickness of the adsorbed layer[77, 78]. To 
calculate the thickness from the capacitance is tough and the procedure is 
full of approximations.  

Figure 15 Cartoon of a stacked bilayer system. The system has a repeating distance 
between the bilayers. The structure at the surface is of courses an idealisation. 

In this paper we used a system with a stack of bilayers made up from a 
lipid (EPC, egg phosphaditylcholine). The system was manufactured by the 
use of a lipid film casting technique[79, 80]. In this system diffusion of the 
redox probe is an important parameter. The redox active surfactant TMV 
was added to the solution before it was applied to the electrode. Different 
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ratios between EPC and TMV were investigated. The working electrode 
used, was glass with a conducting layer of tin oxide (fluorine doped). 

The EPC electrolyte system will spontaneously form bilayer with a repeat 
distance of 64 Å[81]. Adding the charged TMV increases the swelling of the 
system, causing a problem to calculate the concentration, since a 
measurement of the thickness of the stacked bilayer system must be done. 

Results
Three TMV/EPC ratios were investigated. The redox potential was more 
positive for the higher concentrations. This can be explained by the increase 
in the surface charge density, see Paper 1,2 and 3. The dimerization reaction 
was possible to observe, with a peak at about –0.40 vs. Ag|AgCl. The 
difference in the redox potential can be used to calculate the free energy of 
dimer formation. 

Figure 16 Cyclic voltammetry of a stacked bilayer system of EPC that contains 
TMV (8.8 mole%). The scan rate for the voltammograms to the left is 20 mV/s. The 
scan rate for the voltammograms to the right is 100 mV/s. The full line in both 
frames is the first scan, and the dashed line is scan number 3 for the left frame and 
scan number five for the right frame. 

Using the formula: 

F
G

E form

2

0
0    (30) 
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where E0 is the difference in redox potential for the monomer and dimer 
reduction. For this system the free energy of formation is about –19.6 
kJ/mol, which is in agreement with other reported results[54]. 

Table 4: Redox potentials for TMV in a stacked bilayer systems. All values are vs. 
Ag|AgCl. 

mol% TMV E0
2/1(dim) a E0

2/1 E0
1/0

16.8 -0.381 0.004 b -0.483 0.001 -0.809 0.001
8.8 -0.395 0.004 -0.496 0.003 -0.801 0.02
3.6 - -0.506 0.002 -0.806 0.001

aEstimated from the reduction peak only because there was no oxidation peak. 
bThe error values are 95% confidence limits. 

The chronocoulometry transients in Figure 17 are interesting. The sharp 
increase in the charge in the beginning of the transient can be attributed to 
the charging of the electrode. At the highest viologen ratio the transient 
behaves as if the diffusion follows a semi-infinite diffusion patterns, since 
the accumulated charge increases linear with the square root of time. At the 
intermediate concentration the transient is not completely linear, but the 
gradient increases at longer times. At the lowest concentration this feature 
becomes even more prominent.  

Figure 17 The chronocoulometry response for TMV incorporated in a stacked 
bilayer system made from EPC and 200 mM KCl. 

The value of the diffusion coefficient is difficult to calculate, because the 
addition of the charged TMV will change the swelling of the bilayer system. 
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This will increase the available solvation volume of the TMV molecules and 
has the effect that samples with a high TMV content could have a lower 
relative concentration in the stacked bilayer than samples with less TMV. 
This effect can explain that the slope of the sample with the two highest 
percentages of TMV is almost the same, although the added amount of TMV 
differs by a factor two. For this reason no diffusion coefficients are 
calculated from these data. 

Figure 18 Picture of the diffuse layer growth. 

The increase in the charge gradient for the sample with the lowest amount 
of TMV can be explained by a structural rearrangement of the system at a 
point close to the surface, which is blocking the incorporation of TMV in the 
stacked bilayer. In this case the concentration outside this layer will be 
constant during the measurement, see Figure 18. Normally, if the system is 
homogeneous, a condition required for the Cottrell equation, the 
concentration gradient decreases continuously during the entire 
measurement. The reason why this happens could be that the system is not 
equilibrated, even though it looks like that in the electrochemical 
measurement. Before being immersed in the electrolyte solution the lipid 
molecules are not hydrated. When in the solution, the layers facing the 
electrolyte will be hydrated first. The higher the charge density, the stronger 
the driving force, which may explain that this feature did not occur in the 
sample with the highest TMV/EPC ratio. 
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Conclusions
Casting a lipid film on a conducting glass electrode creates an interesting 
system for studying electrochemical properties in self-aggregated systems. A 
bilayer consisting of EPC and TMV was investigated for three ratios of 
TMV. The amphiphile viologen gave a strong redox response, which was 
measured with cyclic voltammetry. Two redox conversions from the fully 
oxidised 2+-state to the fully reduced neutral TMV0 through the 1+-state 
(2+/1+ and 1+/ 0) were observed, as well as a dimerization peak. The dimer 
peak was not present for fast scan rates (> 200 mV/s). 

Also the diffusion was investigated. The qualitative response was 
different for the three samples. The sample with the highest amount of TMV 
gave a charge transient in line with the Cottrell equation. However, the other 
two with lower amounts deviated from this behaviour, showing continuously 
increasing slopes during the experiment. The effect of charging up the 
bilayer must be considered in explaining these results. An increase in the 
charge density increases the repulsion between bilayers (due to increased 
osmotic pressure) and therefore the swelling increases. The thickness of the 
layer should preferably be measured by an independent experimental 
technique.
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6.5 Pore formation caused by the peptide melittin in a 
stacked bilayer system 

Introduction
In this paper we used the same stacked bilayer system as in Paper 4. We 

used the lipid DOPC (1,2-Dioleoyl-sn-Glycero-3-Phosphocholine), which 
has two chains that both have an unsaturated carbon-carbon bond. The head-
group is zwitter-ionic. The lamellar membrane formed from them will be in 
a liquid crystalline state. 

The redox molecule used as the hydrophilic probe was Fe(CN)6
3-/4-. The 

mass transport of polar molecules is expected to be severely hindered in the 
bilayer system, because of the poor solubility in the bilayers. If a pore would 
be formed in the bilayers the mass transport is expected to be enhanced. 
Melittin is the active substance in the venom of the Apis mellifera, the 
European honeybee. Melittin is a haemolytic peptide that causes pore 
formation at low concentrations, and complete membrane rupture at higher 
concentrations.

Figure 19 Comparison between the response for a bare electrode surface and one 
covered with a stack of bilayers. 
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In this study we tried also to use another lipid that is differently charged. The 
choice was the negatively charged lipid DOPA (1,2-Dioleoyl-sn-Glycero-3-
Phosphate), which differs from DOPC only in the head-group. 

Results

The equilibrated lamellar film drastically decreased the current for a 
hydrophilic redox probe, see Figure 19. The shape of the voltammogram 
also changed from the normal free diffusing type for a system with no film, 
to a more flat signature. The decrease in the current can best be explained by 
hindrance for hydrophilic molecules to move perpendicular in the stacked 
bilayer system, where they must diffuse through natural occurring pores or 
defects in the layers. The flattened shape could have two different origins. If 
a blocking layer close to the electrode surface has pores that fulfil certain 
criteria then cyclic voltammograms could have this shape[20]. Another 
explanation could be that the blocking layer is smaller than the diffuse layer 
that builds up during the measurement, then the mass transfer will be slow at 
the beginning of the measurement but flattens out after a while. In Figure 18
the growth of the diffuse layer is depicted and explained.  

Figure 20 Cyclic voltammograms for the Fe(CN)6
3-/4- redox couple in a stacked 

bilayer for increasing melittin concentration. The amperometric response increased 
gradually. Notice also that the shape of the curves changes. 

The response on addition of the melittin can be seen in Figure 20. The 
response reversed the feature of the blocking layer. The current increased 
and the shape of the voltammograms returned to that of a free moving 
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molecule. The concentration had to reach a certain level before the current 
increased. The mechanistic explanation of this behaviour is that at low 
concentration the melittin molecules adsorb at the surface but do not 
penetrate the bilayer. When the concentration increases several molecules 
can come together and form a pore. It seems that there is a co-operative 
effect.

The comparison between the pure DOPC bilayers and a bilayer 
containing 25 % DOPA is seen in Figure 21. Electrostatic interactions seem 
to be very important for the affect of melittin on membranes. For the pure 
DOPC bilayer the response was much larger than when 25% of the bilayer 
consisted of the negatively charged DOPA. The inhibition of melittin pore 
formation by a negatively charged surface has been observed earlier[82]. 

Figure 21 Comparison between DOPC and DOPA bilayers upon addition of 
melittin. Note the strong co-operative effect in for DOPC that is not present in the 
DOPA bilayers. 

The kinetic response was measured for about 30 minutes. The increase 
was rapid in the beginning but after a while plateau was reached and in the 
late stages a small decrease was observed. It took about ten minutes to reach 
the plateau. The decrease is difficult to understand. The melittin 
concentration will be quite high for the bilayers that are facing the 
electrolyte, and the adsorption there will be quick and cause pores to form 
and maybe also lysis. However, after some time a relaxation process seems 
to occur where the melittin molecules start to spread throughout the entire 
system of membranes, so that the local concentration does not become so 
high as to cause total lysis. The shape of the response kinetics was 
reproducible but the quantitative response varied to an unsatisfactory degree. 
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Comments and future outlook 
The stacked bilayer system decreases the current response for a hydrophilic 
redox molecule. Adding the pore forming peptide melittin increases the 
current. Pores in the bilayer will increase the movement of hydrophilic 
molecules. The concentration dependence of added melittin was 
investigated. It was observed that the concentration must reach a certain on–
set level before pores are formed.  

The response for a bilayer with 25% negative lipids was different. It 
seems that the negative charge inhibits some of the effects of the melittin 
molecules. The kinetic response was also measured. The kinetical response 
of the pore formation is very interesting and electrochemical measurement is 
one way of realising that, because of the in-situ approach of 
electrochemistry. The current increased rapidly upon addition of melittin. 
The response reached a plateau within ten minutes.  
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Summary in Swedish 

Elektronöverföringar och diffusion i system som består 
av självaggregerade strukturer 
Olja och vatten blandar sig inte! Detta är ett faktum som alla har erfarenhet 
av, till exempel vid tillverkning av en salladsdressing. Det finns dock i 
naturen molekyler som har en del som är vattenlöslig och en del som är 
löslig i olja, dessa molekyler kallas amfifila molekyler. Dessa molekyler 
kommer, om deras koncentration i vatten är över ett kritiskt värde, att bilda 
strukturer där den delen som inte tycker om vatten kommer att minimera sin 
kontakt med vattenmolekylerna. Det viktigaste exemplet på sådana aggregat 
är våra celler. Varje cell består av ett skal som skyddar insidan från 
omgivningen. Skalet är uppbyggt av ett membran som är ett bilager av 
amfifila molekyler, som kallas lipider. Eftersom insidan är skyddad från 
omgivningen måste informationsöverföring och energitransport ske genom 
detta bilager, därför är det viktigt att förstå hur bilager och molekyler som 
befinner sig i bilagret reagerar och hur snabbt de rör sig.  

Tre olika strukturer har blivit undersökta i den här avhandlingen. Den första 
strukturen är sfäriska aggregat som kallas miceller, som består av amfifila 
molekyler som är konformade. Dessa molekyler kan vara laddade och bildar 
därför laddade miceller. Den andra strukturen som användes har en väldigt 
intrikat struktur, den bikontinuerliga kubiska fasen. Fasen består av ett 
membran som är veckat på ett sådant sätt att bilagret och två stycken 
vattenkanaler är kontinuerliga i tre dimensioner. Den fasen har på sistone 
används till många  intressanta applikationer, som till exempel bärare av 
hydrofoba läkemedel och för att studera protein strukturer. Om ett enzym 
löses in, som är speciellt aktivt för ett ämne kan den här fasen också 
användas som en biosensor.  

Den tredje strukturen som studerades var en lamellär fas. Geometrin för den 
fasen är att plana bilager är staplade på varandra med regelbundna intervall 
och mellanrummen är fyllda av vatten. En egenskap som är gemensam för 
dessa faser är att det finns tre områden som en molekyl kan befinna sig i. 
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Antingen är den i vattenregionen eller är den i oljedelen, men den kan också 
befinna sig mitt emellan dessa och vara på ytan på aggregaten. Var 
molekylen befinner sig kommer att påverka hur den reagerar och hur snabbt 
den kan röra sig. Den här avhandling handlar om reaktioner som sker i dessa 
självaggregerande strukturer. 

Molekyler består av atomer som i sin tur är uppbyggda av en positiv laddad 
kärna och negativ laddade elektroner utanför. I elektrokemiska reaktioner, 
som upptar en central position i detta arbete, så överförs en eller flera 
elektroner mellan en molekyl och en elektrod, som oftast består av en metall. 
Riktningen av denna elektronöverföring beror på var elektronen har minst 
energi, naturen strävar efter att minimera energin. Elektronens energi i 
elektroden kan kontrolleras med hjälp av en potentiostat. Detta får som 
konsekvens att forskare kan styra åt vilket håll elektronerna rör sig, detta ger 
upphov till en ström som man kan mäta. Därigenom kan man undersöka 
system för moleyler som kan lämna eller ta upp en elektron. 

Ett av målen med denna avhandling har varit att förstå hur elektrokemiska 
reaktioner som sker i självaggregerande strukturer påverkas av den miljö 
som den reagerande molekylen befinner sig i. Ytan mellan oljedelen och 
vattnet kan vara laddad. Detta gör att den reagerande molekylens stabilitet 
kommer att förändras. Om ytladdningen är av samma tecken kommer 
energin för molekylen att öka, vilket gör den mer instabil, vilket leder till att 
sannolikheten för att en reaktion sker ökar.

Detta undersöktes för en elektrokemisk aktiv substans (en viologen) som 
löstes in i olik laddade miceller. Det visade sig att viologen var mest stabil i 
miceller med motsatt laddning som viologenen själv har. I denna 
undersökning framkom det också att amfifila molekyler gärna adsorberar på 
elektrodytan, detta skulle visa sig vara viktig i alla undersökningar,. Detta får 
som effekt att när en molekyl ska reagera är den tvungen att komma till 
elektrodytan (för bara där är en elektrokemisk reaktion möjlig25) om ytan då 
är fylld av andra laddade molekyler kommer den molekyl som ska reagera 
att påverkas av den uppkomna laddade miljön. 

En annan viktig sak som har undersökts är hur snabbt molekyler rör sig 
(diffunderar) i de olika självaggregerande systemen. Rörligheten kan 
relateras till hur stor strömmen är i förhållande till hur många molekyler som 
kan reagera, ju större strömmen är desto snabbare rör sig molekylerna. I den 
bikontinuerliga kubiska fasen finns det tre miljöer som molekyler kan röra 

25 Kriterium för de reaktioner som vi har studerat i den här avhandlingen. Två elektrokemiska 
moleyler, där den ena vill lämna från sig en elektron och en vill plocka upp denna, kan också 
regera ute i lösningen om de träffar på varandra 
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sig i, som beskrivits ovan. I vattenkanalen rör sig de vattenlösliga 
molekylerna. Deras hastighet minskade med 3-4 gånger jämfört med hur 
snabbt de rör sig i en vattenlösning. I den kubiska fasen har de en längre väg 
att röra sig på grund av att kanalerna inte är raka. De molekyler som rör sig i 
bilagret och på ytan blev mycket mer hindrade, deras hastighet var uppåt 
femtio gånger långsammare. Detta beror troligen på att den kubiska fasen 
inte är helt homogen utan har delar som är avgränsade av så kallade 
korngränser, som molekylerna har svårt att passera. 

I den lamellära fasen blev en vattenlöslig molekyl mycket hindrad. I det 
systemet så måste molekylerna ta sig över bilagret för att komma vidare 
Eftersom lösligheten är så låg där, kommer det att gå långsamt. Till detta 
system tillsattes en molekyl som har sitt ursprung i djurvärlden, nämligen 
den aktiva substansen i det Europeiska biets (Apis mellifera) gift. Molekylen 
heter melittin och är en peptid som har som funktion att skapa porer i bilager 
vid låga koncentrationer och totalt lösa upp dem vid höga. Melittin tillsatsen 
fick till följd att den vattenlösliga molekylen kunde röra sig mer obehindrat 
vilket observerades genom att strömmen ökade.  

Slutsatsen av detta arbete är att forskningen av elektrokemi och dessa 
spännande strukturer, uppbyggda av amfifila molekyler, är mycket intressant 
men det är dock svårt att få en hundraprocentig klar bild över allt som sker i 
systemet. Eftersom elektrokemiska reaktioner sker vid elektrodytan kommer 
responsen att vara beroende av utseende av strukturen vid just ytan. Därför 
skulle det vara av en stor vikt att i framtiden få fram analysmetoder där 
strukturen vid ytan skulle kunna med precision fastställas. De metoder som 
finns idag är inte tillräckliga, eftersom många bara ger ett snitt av hur 
ytstrukturen ser ut. 
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