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1. GENERAL INTRODUCTION 

 

ΨThe meeting of two personalities is like the contact of two chemical substances: 

if there is any reaction, both are transformedΩ 

 

 

This quote from the psychologist CARL GUSTAV JUNG (1875 ς 1961) in Modern Man In Search Of A 

Soul (1933) describes the importance of the relationship between the analyst and the analysand in 

the context of psychoanalysis, highlighting that the relationship between the two is far more than a 

simple conversation.[1] Both parties will be affected in such an intimate relation. This statement 

applies to many other disciplines and it might be called one of the basic principles of chemistry. It 

does not only have to mean that one chemical reagent reacts with another to create a new chemical 

substance. On a deeper level, it also illustrates the simple process of dissolving compounds in 

solvents, which possibly induces the organization of single molecules to highly functional and self-

assembled structures with a size of only a few nanometers or more. This process is not only a key 

principle in nature and its evolutionary change, it is also happening in our daily lives and habits.  

 

A case in point is soap, especially after the emergence of the novel coronavirus SARS-CoV-2 in 

2020. On March 11th, 2020 the World Health Organization declared it a pandemic outbreak, at which 

point people were prompted to distance in order to save lives.[2-4] Since the transmission of the virus 

occurs primarily via aerosols and contaminated surfaces, social distancing, masks, and proper 

hygiene are crucial measures and became part of our daily routine.[5-7] Yet, peopleΩs desire to stay 

clean and wash clothes has existed for more than 4500 years. It was first documented by the 

Sumerians in the ancient Middle East.[8-9] Written on Babylonian clay, the recipe lists cassia oil, alkali 

(calcined ashes), and water as the main ingredients for making soap.[10-11] However, the Sumerians 

were probably not aware of its cleaning properties, and it was thus mainly used as a therapeutic 

agent. Already the ancient Egyptians and the Roman Empire discovered that soap exhibits many 

more interesting properties[12], and it was used to clean clothes and as a luxury hygiene product in 

bathhouses. However, the breakthrough of soap in Europe did not occur until the 19th century and 

came along with the invention of an industrial manufacturing process to obtain soda on a large scale, 

later on called the SOLVAY process and discovered by NICOLAS LEBLANC.[13] Since then, a new industrial 

branch has emerged, and soap and related consumer products, such as surfactants, detergents, 

emulsifiers, and amphiphiles have become essentials in every household. According to the 

surfactants market report published in 2020 by the Allied Market Research, the global market size 
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of surfactants was valued at $41.3 billion for the year 2019 and is still growing.[14] The household 

detergents segment has gathered the highest market share by application, which is mainly 

attributed to the enhanced awareness of people of their personal hygiene and general household 

cleaning applications.[15] By type, the anionic surfactant segment, followed by the non-ionic, holds 

the largest global market share for surfactants. Their low price and versatile properties combined 

with a wide range of applications, ranging from washing powders and detergents to industrial 

applications, create and satisfy the high worldwide demand.[16] However, the further development 

and improvement of surfactants is an ongoing process in research, and factors such as increased 

sustainability and lower ecological impact will be key factors for future applications. It is projected 

that low prices, easy availability, a wide range of applications, and an increasing usage in developing 

nations will lead to a considerable growth of the surfactants market to the size of $58.5 billion by 

2027.[14] Thinking again of the words of CARL GUSTAV JUNG, what kind of transformation might happen 

upon dissolving soap in water and what are the underlying physicochemical principles?  

 

The introduction of only a single class of chemical substances ς the surfactants ς is sufficient to 

encounter the fascinating phenomenon of mutual molecule transformations. Surfactants are the 

main components of soap and are responsible for its cleaning and foaming properties. A water-

soluble (hydrophilic) polar head group is connected to an oil-soluble (hydrophobic) tail, building the 

bipolar chemical architecture of a classic surfactant. When surfactants dissolve in water, the polar 

head group and the hydrophobic tail interact with the surrounding water molecules, resulting in 

both, attractive and repulsive forces due to hydrogen bonds, Coulomb, and Van der Waals 

interactions. Consequently, the individual surfactant molecules start to merge and organize into 

self-assembled aggregates, representing the energetically most favorable architectures. In the 

simplest case, micellar aggregates are formed in water (see Fig. 3). Micelles are spherical aggregates 

in which the hydrophilic head groups represent the surface of the micelles, enclosing the lipophilic 

tails in the micelle center. Within the aggregate, the hydrophobic tails interact via short-range Van 

der Waals interactions, mimicking the phase behavior of oils. In regard to the process of cleaning, 

fat and dirt are encapsulated within the hydrophobic core of the aggregates. Simultaneously, on the 

surface of the aggregate directed towards the water phase, the polar head groups interact with the 

surrounding water molecules, and the hydrophobic core is shielded from the aqueous environment. 

Overall, the interactions between water molecules and the hydrophobic entity of the surfactants 

are minimized, and, in order to achieve the lowest energy state, aggregates like micelles are 

formed.[17] In the meaning of CARL GUSTAV JUNG, the transformation of individual molecules to 

hierarchical, self-assembled structures is based on interactions between the different molecular 

entities (hydrophilic/hydrophobic) of the surfactant and the respective solvent. As such, 

minimization of free energy is the decisive factor, which determines whether there is a 
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transformation into aggregates or not. The second important reaction occurs at the water-air 

interface, where water as the solvent and, in the context of CARL GUSTAV JUNG, the ´analyst´, is 

transformed too. Before the formation of self-assembled structures in solution occurs, surfactant 

molecules collect at the water-air interface and arrange in a specific fashion. Whereas the 

hydrophilic entities of the surfactants are oriented towards the bulk water phase due to multiple 

attractive interactions, the hydrophobic entities point towards the air in order to minimize contact 

with water. This arrangement leads to a significant decrease of the surface tension of water and 

explains the term ´surfactant´, which is a blend of ´surface-active agent´.  

 

The process of self-assembly is not limited to artificially generated surfactants, but rather a 

universal phenomenon, playing a key role in nature, the evolutionary process, and in naturally 

occurring bipolar chemical substances. Important examples range from milk and cell membranes to 

the folding of proteins encoded in their amino acid sequence that generate the appropriate 

environment for reaction cascades to proceed in living organisms.[18-20] The latter represent tailor-

made environments with distinct chemical and physical properties upon structural organization, 

which allow for only a very specific transformation to take place. Otherwise, the enormous 

complexity of living organisms could not be realized. Therefore, a multitude of specific interactions 

is necessary that originate from different molecular and functional entities, each of them with a 

well-defined responsibility. A topic that has attracted a lot of attention in research recently is 

biomimetics ς the effort of scientists to emulate nature to solve human problems. This is highly 

topical as it is a key part of the vaccination efforts against SARS-CoV-2 and, as such, affects the entire 

human race. Currently available vaccines with the highest efficacy are based on messenger RNA 

(mRNA), representing a completely novel approach in vaccine technology. PFIZERΩS and BIONTECHΩS 

BNT162b2 vaccine (Comirnaty) is the first instance of a mRNA-based vaccine to be licensed and 

approved for usage in humans. It represents a significant step forward in the fight against the SARS-

CoV-2 pandemic.[21-23] In contrast to conventional vaccines, mRNA vaccines do not contain any viral 

proteins. Instead, mRNA technology takes a different approach: the injected mRNA strand is coded 

for a disease-specific protein (antigen), and human cells are used to translate this genetic 

information encoded in the mRNA to produce a virus trait that triggers an immune response.[24] 

However, the mRNA strand itself can be degraded easily via multiple pathways in the human body. 

Additionally, the strands are large polar molecules that cannot enter human cells efficiently. 

Therefore, self-assembled bipolar lipid nanoparticles are used as carriers to protect the mRNA 

strands after administration and even help them to reach and enter the targeted cells more easily.[25-

26] The combination of mRNA technology and a bipolar delivery system could be a tremendous 

breakthrough for the development of future vaccines and cancer therapeutics.[27] The delivery 
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system itself is highly complex, yet indispensable, again illustrating the importance of self-assembled 

structures beyond the scope of cleaning applications.  

 

Another remarkable example of the use of surfactant-like properties to combat current social and 

ecological issues, is soap bubble pollination.[28] Bees play a crucial role in the conservation of our 

ecological system, and yet, the population of bees is steadily decreasing.[29-33] In 2006, scientists 

coined the term ´colony collapse disorder (CCD)´ for this syndrome, drawing attention to the 

massive decline of bee colonies in the USA.[34-36] According to the United States Department of 

Agriculture, the annual decrease of honey bee colonies was estimated to be 34% in the years of 

2006 to 2010 in the USA.[37-38] There are several possible causes for CCD, among them pesticides, 

infections with pathogens, viral and fungal infestation, and, in general, climate change.[39] However, 

one of the main causes remains human behavior, even though the negative economic and ecological 

repercussions will impact mankind itself. Task forces around the world try to address this issue, and 

governments subsidize pollination in an effort to conserve honeybees for the future. Yet, artificial 

pollination is already performed manually in some parts of the world, resulting in huge costs.[40] 

Undoubtedly, the preservation of bees and pollinating insects in general should receive highest 

priority, but alternative state-of-the-art pollination techniques are already an integral part of 

research worldwide. EIJIRO MIYAKO realized an autonomously controlled drone equipped with a soap 

bubble gun that is capable of transporting pollen grain within the soap bubbles to the respective 

flowers, resulting in efficient pollination.[28] In Japan, pear and apple trees are already pollinated by 

hand with a feather brush, albeit with the drawback of pollen grains being used extensively. The 

cost of pollen grains has risen significantly over the last years, and with the soap bubble gun, only 

about 0,003% of the amount used with feather brushes is needed.[41] The efficient distribution of 

pollen grains can be attributed to the surface-active properties of surfactants. The spherical shape 

of a soap bubble is stabilized analogously to the water-air interface of aqueous surfactant solutions. 

The surfactants transform into a molecular bilayer at the interface between the soap film and air, 

where the hydrophilic entities point towards the aqueous phase and the hydrophobic tails towards 

the air. Pollen grains can either be physically absorbed onto the molecular bilayer or they are 

incorporated into the soap bubbles themselves.  

 

Since the properties of surfactants are simply based on the bipolar architecture of a molecule, its 

construction principle can be transferred to other, more diverse functional molecular systems in 

contemporary research. ´Metallosurfactants´ are a promising class of functional molecular 

compounds, combining the capability of self-organization with the unique properties of metal 

complexes, such as magnetism and a versatile redox chemistry.[42] Applications like micellar LEDs,[43-

44] catalysts,[45-46] or batteries[47] have been realized already and are important hallmarks on the way 
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to even more sophisticated surfactants. Ferrocene, which is undoubtedly the most popular 

metallocene, is an ideal building block to create such (multi-) stimuli-responsive hybrid surfactants. 

It is valued for its fully reversible ferrocene/ferrocenium redox couple, rapid electron transfer 

kinetics, and a wide range of accessible derivatives.[48] What is more, it also exhibits a distinct 

hydrophilic/hydrophobic character and dia-/paramagnetic properties, both depending on its 

oxidation state. Hence, oxidation does not only transform the diamagnetic, hydrophobic ferrocene 

into a paramagnetic ferrocenium ion with substantial hydrophilic properties, it also affects the 

overall hydrophilic to hydrophobic balance of a molecule bearing one or more ferrocene 

constituents. Consequently, the controlled arrangement of surfactants can possibly be triggered or 

altered via oxidation. This may create new material properties, which in turn might result in a 

coupling of self-assembly and other properties like magnetism, color changes, photophysical 

properties, catalytic properties or other unforeseen functional interactions. Therefore, the 

incorporation of ferrocene into hybrid organic/inorganic surfactants is a promising approach that 

could possibly expand the use of surfactants even further to functional materials.  
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2. THEORETICAL BACKGROUND 

2.1. SURFACTANTS ς AMPHIPHILES 

Surfactants are one of the most important classes of specialty chemicals with an annual 

production of approximately 15 million tons per year.[17] The importance of surfactants in industry 

and science renders it an interdisciplinary topic crossing the boundaries of chemistry, biology, and 

physics.[8, 49] Surfactants have the unique ability to display concentration-dependent self-

organization in nonpolar and polar solvents, resulting in the formation of micelles and vesicles at 

low concentrations, and of lyotropic liquid crystals (LLCs) or even inverse phases at higher 

concentrations. Besides their ability to form self-assembled structures in solution, surfactants are 

also able to reduce interfacial energies. More precisely, surfactants do not only lower the surface 

tension at the water-air interface, they assemble at all types of interfaces (liquid-solid, liquid-

gaseous or liquid-liquid interfaces) and reduce their free energy.[50-52] In general, surfactants are 

amphiphilic compounds, and the term ´amphiphile´ can be used as a synonym. The only difference 

is that amphiphiles like both, polar and nonpolar environments, whereas surfactants are especially 

employed in aqueous environments. The amphiphilic character of surfactants is caused by a 

particular construction principle. They combine hydrophilic (i.e. head groups) and lipophilic entities 

(i.e. tails) as integral parts of their molecular structures. Molecularly, they can be categorized by the 

charge state of their head group as cationic, anionic, nonionic, or zwitterionic surfactants.[17] Special 

architectures like gemini, bolaform, and polymer-like amphiphiles must also be mentioned (Fig. 1). 

Gemini surfactants are comprised of two hydrophobic tails and two hydrophilic head groups. The 

latter are linked via a short spacer that can either be hydrophilic or hydrophobic. Bolaform 

surfactants contain two hydrophilic head groups at both ends of a single hydrophobic tail. Polymer-

like amphiphiles either exhibit a polymer-like hydrophobic tail with several head groups in branching 

positions or at the very ends of the hydrophobic tail, or they have a polymer-like head group (e.g. 

polyethylene glycol) that is attached to a hydrophobic tail. It is further possible that both, the 

hydrophilic and the hydrophobic entities, reveal a polymer-like appearance. In general, the 

hydrophobic tail does not have to be a linear alkyl chain, it can also be a branched, pςconjugated 

(functional) strand, or even a siloxane or fluorocarbon chain.[53] Finally, there may even be two 

hydrophobic chains instead of one. 
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Fig. 1. Schematic illustration of typical types of amphiphiles. Adapted with permission from ref. [54]. Copyright (2020), 

Wiley VCH (CC BY-NC 4.0, License number 5035971440133). 

Even an ideal surfactant is meant to have an only limited water solubility. As the term ´surface-

active agent´ implies, surfactants exhibit a strong tendency to occupy interfaces or to adsorb at 

surfaces. Since interfaces are usually energetically unfavorable, surfactants seek to reduce and thus 

to occupy the available interfaces.[50, 55] This is achieved through adsorption of the surfactant on the 

respective interface, resulting in a reduction of the free energy of the interface. Depending on the 

type of interface, surfactants may assume specific roles as foaming agents, emulsifiers, or dispersing 

agents. At a liquid-gas interface, surfactants are responsible for the formation of foams and aerosols 

and are therefore referred to as foaming agents. In liquid-liquid systems, on the other hand, tiny 

droplets of one liquid are stabilized by surfactants and emulsified within another liquid, which is 

why, in this respect, surfactants can be regarded as emulsifiers. At solid-liquid interfaces, 

suspensions can form with surfactants acting as dispersing agents. Their overall limited water 

solubility, self-assembly properties, and the intrinsic tendency to adsorb at interfaces is due to the 

bipolar architecture of surfactants and the strong intermolecular forces between water molecules. 

The hydrophobic effect is the driving force behind these processes. It was first described by CHARLES 

TANFORD.[56-58] As a pioneer in the field of surfactants and their self-assembly, he realized the 

importance of multimolecular aggregates. In general, hydrocarbons have a negligible solubility in 

water because of both, enthalpic and entropic reasons. Enthalpically, phase separation of 

hydrocarbons and water is generally favorable, owing to the stronger attractive intermolecular 

interactions between water or between hydrocarbon molecules, respectively, compared to the 

weaker interactions between molecules of water and hydrocarbons. Water molecules form a three-

dimensional network that is stabilized by strong hydrogen bonds and dipole-dipole interactions, 

resulting in attractive interactions. Hydrocarbons only exhibit Van der Waals interactions, more 

precisely, induced dipole interactions, via London dispersion forces. Yet, entropic reasons are the 

main contributor to the hydrophobic effect.[59-60] Mixing a hydrophobic substance with water leads 

to a significant loss of entropy. Water molecules in close proximity to a hydrophobic molecule are 

restricted with respect to their orientation and formation of attractive interactions (hydrogen 

bonds). This results in the formation of water cavities (clathrate, ice-like structures) around the 
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hydrophobic molecule and, consequently, a significant loss of translational and rotational degrees 

of freedom of the water molecules. The result is a higher degree of orientation, which is entropically 

unfavorable.[61-62] Analogous considerations can be made for surfactants, where the hydrophilic 

head groups interact with surrounding water molecules in an attractive manner via hydrogen bonds, 

Coulomb, and dipole interactions. Whereas these interactions may lead to a compensation for the 

unfavorable enthalpic contribution and even generate an overall enthalpically favorable mixing 

process, the loss of entropy remains, as the hydrophobic moieties of the surfactant lead to the 

formation of cavities and more ordered arrangements of surrounding water molecules. Minimizing 

or overcoming this unfavorable entropy term ultimately drives the supramolecular organization of 

surfactants or amphiphiles to micelles, vesicles or other aggregates. The concomitant standard 

entropy change of micelle formation (ЎὛ  can be determined experimentally through 

microcalorimetric techniques employing the Gibbs-Helmholtz equation, resulting in the famous 

thermodynamic relation 

 ЎὋ  ЎὌ ὝЎὛ             (1) 

 

with ЎὋ  as the standard free energy change, ЎὌ  as the standard enthalpy change of 

micellization and Ὕ the temperature. In the case of surfactants, the hydrophobic effect does not 

lead to a macroscopic phase separation. Instead, surfactant molecules are first pushed out of 

solution to self-assemble at accessible surfaces or interfaces and to gradually form a monolayer of 

surfactants at the interface. Within this monolayer, the hydrophilic head groups remain in the 

aqueous surrounding, thereby lowering the surface tension (Fig. 2). The surface tension lowering is 

caused by the interruption of strong water-water interactions by assembled surfactant molecules 

and their hydrophilic head groups. The hydrophobic entities are oriented towards the air in order 

to minimize their contact with water. This specific arrangement of surfactants at interfaces 

represents the energetically most favorable orientation.[17] Once an interface is saturated with 

surfactant molecules, that is as soon as a monolayer has formed, aggregates will form in water in 

order to minimize the exposure of the hydrophobic tails to water.  
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Fig. 2. Concentration-dependent surface activity of surfactants in aqueous solution. 

Interestingly, the hydrophobic interior of an aggregate (e.g. a micelle) can be regarded as a small 

volume of a liquid hydrocarbon. Fluorescent and spectroscopic relaxation measurements revealed 

that the microviscosity within a micelle is similar to that of hydrocarbon solvents.[63] Thus, instead 

of a macroscopic phase separation, surfactant solutions appear to be microheterogeneous.[55] The 

concentration, at which individual surfactant molecules start to arrange into self-assembled 

structures is referred to as the critical micelle concentration (cmc). The efficacy of surfactants to 

cover interfaces varies and strongly depends on the geometry of the surfactant and on whether it 

exhibits an ionic or nonionic head group. Hence, the cmc is an important and characteristic 

parameter of a surfactant. 

 

There are countless studies that discuss the thermodynamics behind the self-aggregation of 

surfactants. Besides the fundamental work of C. TANFORD, JACOB NISSIM ISRAELACHVILI, an Israelian 

physicist and chemical engineer, was one of the first to present an extensive theory that considers 

the parameters that drive the self-assembly of surfactants.[64] On the basis of thermodynamic 

considerations, he proposed a revolutionary and quite simple model to predict the shape of an 

aggregate formed by a certain surfactant. The determining factor of his model is based on the 

geometry of the surfactant and its different constituents (hydrophilic head group, lipophilic tail). 

This is encoded in a packing parameter P, which describes the general geometry of a surfactant 

molecule.  

 ὖ       (2) 
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In equation 2 P is defined as the packing parameter, V as the hydrocarbon core volume, ao as the 

effective surface area of the head group, and lc as the length of the hydrocarbon chain. Depending 

on the geometry of the surfactant, P is smaller than one for regularly shaped aggregates or greater 

than one for inverted aggregates (Fig. 3).  

 

 

Fig. 3. 5ƛŦŦŜǊŜƴǘ ǎŜƭŦπŀǎǎŜƳōƭŜŘ aggregates predicted by the packing parameter P. Reprinted with permission from ref. 

[54]. Copyright (2020), Wiley VCH (CC BY-NC 4.0, License number 5035971440133). 

The critical value for the formation of micellar aggregates (spheres) is P = 0.33, in which case the 

surfactant can be represented by the shape of a cone with an acute angle at the tip. If P adopts a 

value between 0.33 and 0.5, the shape of the surfactant can be described as a truncated cone, and 

the preferred structure will presumably be a cylindrical or worm-like micelle. For a value of P 

between 0.5 and 1, aggregates with a less curved surface such as large spherical vesicles (P = 0.5 ς 

1), cylindrical tubules or planar bilayers with lamellar structures (P Ғ 1) will be formed. In the latter 

case, the shape of the individual surfactant molecules resembles that of a cylinder. If P is larger than 

one (P > 1), inverted architectures are possible. Here, the effective head group surface is inherently 

smaller than the volume of the hydrophobic tails. This is often the case for surfactants that exhibit 

two or more hydrophobic tails. The formed aggregates show an arrangement that is inverted 

compared to those normally obtained in e.g. spherical micelles. The hydrophilic head groups are 

buried within the core of the aggregates and the hydrophobic tails are directed outwards towards 

the surrounding solvent molecules. This rather simple model introduced by J. N. ISRAELACHVILI is well-

suited for classical surfactants such as sodium dodecyl sulfate (SDS) and cetyltrimethylammonium 

bromide (CTAB). However, it lacks in precision and should be considered with caution for more 

complex functional surfactants. The latter type of surfactants have the particular assets that their 

head group areas depend on several parameters like the temperature, pH, surfactant concentration 

and ionic strength. This is particularly true for (zwitter)ionic surfactants. This makes the ISRAELACHVILI 

model unreliable. Moreover, the parameters V, ao and lc cannot be determined experimentally and 

only a rough estimation by computational methods is achievable, leading to inaccurate predictions. 

The general effects of external stimuli on aqueous surfactant solutions and the special behavior of 

zwitterionic surfactants will be discussed later in this chapter.  
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There are two general thermodynamic approaches that have been employed to address micelle 

formation at the cmc.[65-67] The first approach treats the aggregation of surfactants as a phase 

transition and is referred to as the pseudo-phase separation model.[68] The cmc is thereby considered 

as the saturation concentration of the monomeric surfactant molecules, whereas the micelles 

constitute a separate pseudo phase. At a fixed concentration above the cmc (for a given 

temperature and pressure), a phase equilibrium exists between the monomer S and the aggregated 

state SN.[69]  

 

   ὔὛ   Ὓ            (3) 
 

Within this model, it is assumed that all aggregates have the same aggregation number N and, 

consequently, the same standard chemical potential (‘ . The Gibbs phase rule can be applied and ЎὋ  is considered as the free energy difference between the final standard state of micellization 

and the initial standard state of individual molecules. Hence, it represents the molar energy 

difference between the free energy of surfactant molecules present as monomers in bulk solution 

and of molecules present in micelles.  

 

The pseudo-phase separation model can be described by equation (4).  

 ЎὋ ḙ ὙὝ ÌÎ ὧάὧ  ÌÎ                  (4) 

 

Here,  is the concentration of micelles, while ЎὋ  denotes the sum of differences in the 

chemical potentials owing to the micellization process of surfactant molecules present as monomers 

in bulk solution and monomers in micelles.[55]  

 

The second approach, the mass action model, considers micelle formation as a reaction of N 

(aggregation number) monomers to form a micelle. Here, it is important to distinguish between 

ionic and non-ionic surfactants. For the self-assembly process of non-ionic surfactants, no counter 

ions are present in solution, and the reaction can be expressed as 

 

 ὔὛ        Ὓ            (5) 

 

where K is an equilibrium constant. According to this model, there can be an infinite number of 

reactions within the system. A monomer reacts with another one to create a dimer, which then can 

react with a third monomer to form a trimer and so forth until a N-mer is formed.[55]  
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Each of these reactions exhibits a different reaction rate and equilibrium constant. Hence, the 

assumption of only a single K for the entire process is a gross simplification and provides no 

adequate picture of the real process. For a non-ionic surfactant, K can be defined as follows 

(equation 6):  

 ὑ               (6) 

 

Although micellization itself is considered non-ideal, activities can be approximated by 

concentrations. The standard free energy of micellization per mole of micelles can be obtained by 

 ЎὋ   ὙὝ ÌÎ ὑ   ὙὝ ÌÎ Ὓ ὔὙὝ ÌÎ Ὓ    (7) 

 

with the standard free energy change per mole of surfactant as  

 Ў  ÌÎ ὑ   ÌÎ Ὓ ὙὝ ÌÎ Ὓ           (8) 

 

For many micellar systems, the aggregation number N is larger than 50, and therefore, both 

equations (4) and (8) can be simplified. For a total concentration ctot > cmc, the monomer 

concentration [S] equals the cmc. An approximate expression for the free energy change of 

micellization per mole of a neutral surfactant is given by equation (9).[55, 69]  

  ЎὋ ḙ ὙὝ ÌÎ ὧάὧ          (9) 

 

Both thermodynamic models, the mass action and the pseudo-phase separation model, lead to 

the same thermodynamic expression for the micellization process and are sufficiently accurate to 

describe the behavior of classic surfactants adequately. However, neither of the models fully 

describes the true process of self-aggregation, and there are several difficulties associated with 

these models. One major problem is associated with predicting a reliable estimate for the surface 

area of a micelle. Compared to the ordinary water-hydrocarbon interface, the surface of a micelle 

has a much larger roughness because of a substantial penetration of water molecules into the head 

groups of surfactants. The assumption of ideality is also erroneous with regard to the assumption 

that concentrations equal activities (i.e. that activity coefficients assume a unitarian value of one). 

This is due to the large effective micelle size and charge as compared to a dilute solution of individual 

surfactant molecules. Moreover, the size of micellar aggregates may be within a narrow size 

distribution or even monodisperse, but this is not necessarily the case, especially for more complex 
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surfactants. There is also a current discussion about premicellar aggregation. Premicelles are formed 

at concentrations below the actual cmc of the surfactant and exhibit a considerably lower 

aggregation number N as the fully developed micelle. In this context, a consecutive multi-step 

mechanism for micelle formation was suggested in experimental and theoretical studies.[70-71] 

Hence, the correct thermodynamic description of the self-assembly process still poses considerable 

difficulties and depends heavily on the specific system under study. 

 

The formation of micelles and vesicles is a dynamic process, and it is important to realize that 

there is a continuous interchange between free surfactant molecules in solution and surfactant 

molecules bound in aggregates.[55] The same dynamic equilibrium applies to counter ions associated 

with ionic surfactants, which can readily exchange between the surface of a micelle and the bulk 

solution on a time scale of 10-5 ς 10-3 s. These dynamics are described by the relaxation times t1 and 

t2. The relaxation time t1 represents the average retention time of a surfactant molecule within a 

micelle. In particular, t1 is defined as the association and dissociation rate of a single surfactant 

molecule leaving or entering a micelle. For micelles, this is a rather fast process, occuring within the 

order of 10-6 ς 10-3 s. The relaxation time t2 of a micelle describes the process of micelle formation 

and collapse. It corresponds to a rather slow process, occurring within milliseconds (10-3 ς 10-1 s).[49, 

55]  

 

Similar processes also occur in vesicular aggregates, but they occur at a much slower timescale. 

Vesicle structures are in equilibrium with surfactant monomers, implying a dynamic equilibrium. 

However, surfactants forming vesicles (lipids such as dipalmytoilphosphatidyl-choline, DPPC) exhibit 

a very low cmc (DPPC, ~ 0.4 nM region) compared to surfactants that form micelles (SDS, ~ 8 mM).[17, 

72] Thus, the concentration of free monomers in solution is extremely low, indicating a slow exchange 

rate between the bilayer and the surrounding solution. Indeed, the exchange and the corresponding 

relaxation time t1 in vesicles proceed on a time scale of minutes to hours.[73-74] There are also other 

processes in a vesicle that need to be mentioned. The monomer can rearrange from one side of the 

bilayer to the other (´flip flop´), and it can move laterally within the bilayer. The diffusion constant 

for the lateral movement of molecules within a bilayer typically amounts to 10-8 ς 10-7 cm2/s, which 

implies that lateral diffusion is a rather fast process. Every lipid molecule diffuses within a sphere 

with a diameter of about 1 mm in 1 s.[75] The transversal diffusion (´flip flop´) of monomers between 

two monolayers is much slower as it involves the movement of a hydrophilic head group through a 

core region with distinct hydrophobic character. It usually takes from some minutes up to several 

hours to swap half of the lipid molecules of two monolayers. Therefore, the vesicle can be 

considered as a rather static entity engaged in rather slow dynamic equilibrium processes.[76-77]  

 



Theoretical Background 

 
14 

The most convenient illustration of a concentration-dependent self-assembly process of a 

surfactant is a phase diagram. The phase diagram of CTAB in water (see Fig. 4) is exemplary and 

displays the structures of the prevailing aggregates as a function of temperature and surfactant 

concentration.[78]  

 

 

Fig. 4. Phase diagram of CTAB in an aqueous solution. Reprinted with permission from ref. [78]. Copyright (1996) 

American Chemical Society. 

At very low concentrations c < cmc1 CTAB surfactants are present as dissolved monomers and are 

simultaneously adsorbed at the water-air interface. At concentrations slightly higher than the critical 

micelle concentration cmc1, the water-air interface is saturated with monomers, and CTAB 

surfactants start to form micelles in solution. At even higher concentrations (c > cmc2) the 

previously formed spherical micelles transform into cylindrical micelles. If the concentration of CTAB 

increases to ~ 38 wt%, liquid crystalline (LC) phases can be observed. In the case of CTAB, rodlike 

micelles assemble to a closely packed hexagonal liquid crystal (H1). As the concentration is further 

increased, cubic and lamellar liquid crystals are formed. Usually, at very high concentrations, also 

inverse phases can be formed, which are, however, not observable for the CTAB-water system.  

 

Liquid crystalline phases represent a special state of soft matter.[79-81] They exhibit the properties 

of both liquids and solid crystals. They are able to flow like a viscous liquid, but show the physical 

behavior of crystals. In contrast to real crystals, LC phases do not show ordering over a long range, 

but a significant periodicity on shorter length scales. As many LC phases are optically anisotropic, 

they are used extensively in liquid-crystal displays (LCDs).[82]  
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The phase diagram in Fig. 4 is depicted as a function of temperature. Below a certain temperature, 

namely the Krafft temperature TK, aggregates do not form at all, and surfactant monomers only exist 

in equilibrium with the hydrated crystalline phase.[49, 55, 69] This behavior is due to the strong entropic 

contribution to the free energy of the formation of aggregates and a result of the entropy-enthalpy 

compensation.[83] The temperature boundary can be observed over the entire concentration range. 

For most ionic surfactants, the low end of this boundary falls in a temperature range of 20 ς 40 °C. 

!ōƻǾŜ ǘƘƛǎ ōƻǳƴŘŀǊȅΣ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘΩǎ ǎƻƭǳōƛƭƛǘȅ ƛƴŎǊŜŀǎŜǎ drastically, and aggregate formation can 

be observed, resulting in a clear and homogeneous surfactant solution. The Krafft temperature TK is 

defined as the intersection point of the solubility curve of a surfactant and the temperature 

dependent cmc curve. More precisely, it is the temperature, at which the solubility of the surfactant 

equals its intrinsic cmc. As such, TK strongly depends on the overall length and constitution of the 

hydrophobic alkyl chain (linear, branched) and, in case of ionic surfactants, on the choice of the 

counter ion.[83-84]  

 

Apart from temperature, pressure, pH, and the ionic strength are further external stimuli that can 

alter the physicochemical properties of classic surfactants. The parameters pH and ionic strength 

are particularly important for solutions of ionic surfactants. A surfactant that contains a carboxylic 

acid as head group can be anionic at neutral or basic conditions, whereas under acidic conditions, it 

exhibits the behavior of a non-ionic surfactant. An increase in ionic strength implies a higher electric 

shielding and thus reduces the electrostatic repulsion between the identically charged head groups 

within an aggregate. IŜƴŎŜΣ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ǎǳǊŦŀŎŜ ŀǊŜŀ ƻŦ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘΩǎ ƘŜŀŘ ƎǊƻǳǇ ōŜŎƻƳŜǎ 

smaller, which leads to a change in the packing parameter P and, possibly to structural 

transformations of one kind of aggregate into another one (see Fig. 3).  

 

Considering the special class of zwitterionic surfactants, these parameters become even more 

important. Zwitterionic surfactants, such as sulfobetaine-based surfactants, do not have a formal 

charge and are intrinsically neutral. However, the presence of both, positively and negatively 

charged groups in the same molecule, leads to a large dipole moment within the head group.[85] 

Thus, the behavior of zwitterionic surfactants often resembles that of ionic surfactants. As shown in 

Fig. 5, zwitterionic molecules may adopt at least three different conformations when present in their 

monomeric or micellar states.[86-87] In the monomeric state, electrostatic considerations suggest that 

the oppositely charged constituents will interact intramolecularly and adopt a closely loop-like 

orientation. However, in an aqueous solution, solvation forces may counter balance or even 

override the effect of electrostatic attraction. There is a complex balance of forces that strongly 

depends on whether or not there is an electrolyte present in solution. In certain cases, the self-

assembly of zwitterionic surfactants to larger aggregates is only possible, when these intra- and 
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intermolecular interactions are broken up by addition of an external electrolyte. [86-87] In the case of 

zwitterionic surfactants, the presence and the choice of an added electrolyte are therefore crucial. 

Zwitterionic micelles and surfaces can adsorb ions, preferably anions.[88-91] The adsorption generates 

a negative electrical charge at the surface and causes the penetration of cations into the micellar 

pseudophase. The ion-specific adsorption and the incorporation of cations due to electrostatic 

effects are the reasons, why the nature of zwitterionic surfactants is often described as chameleon-

like.[86]  

 

 

Fig. 5. Possible intra- and intermolecular interactions of zwitterionic surfactants. Reprinted with permission from ref. 

[87]. Copyright (2017) American Chemical Society. 

Indeed, the type of electrolyte is even more important than its simple presence in solution. The 

affinity for different anions follows the Hofmeister series.[86-88, 90] ´Soft´ counter ions, characterized 

by a high polarizability and a low charge density (chaotropic anions), such as Br-, ClO4
- and PF6

- have 

a strong affinity to interact with zwitterionic aggregates. They interact by Coulombic forces and ion 

pairing with the zwitterionic head group and stay in close proximity to the surface of the zwitterionic 

aggregate. In contrast, strongly hydrated ions (cosmotropic anions) like OH- and F- do also interact 

via Coulombic forces but are hindered in the formation of ion pairs and are therefore rather located 

in the outer sphere of the micellar surface. In general, the interaction of anions with zwitterionic 

aggregates leads to an increasing negative surface potential of the aggregates and it becomes 

harder for additional anions to enter the interfacial area. Thus, also electrostatic repulsion forces 

need to be considered, which are especially important for less polarizable and strongly hydrated 

anions. On the other hand, cation binding to zwitterionic surfactants is relatively weak and is not 

very ion-specific.[91] The presence of cationic and anionic groups with tunable charge densities 

within a single molecule provides an enormous potential in the development of advanced, stimuli-

responsive surfactants.   
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2.2. FERROCENE ς A MILESTONE IN ORGANOMETALLIC CHEMISTRY 

In 1951, T. J. KEALY and P. L. PAUSON unintentionally synthesized ferrocene for the first time.[92] At 

that point, the two scientists surely did not realize the profound importance of their discovery and 

could not possibly imagine that they shaped the history of organometallic chemistry. 70 Years later, 

it can be said with certainty that the discovery of ferrocene represents a breakthrough in 

organometallic chemistry, turning it into an independent and distinct discipline in chemistry. By 

now, approximately 21,000 articles have been published by scientists around the world dealing with 

ferrocene and its derivatives as the key part of the described research, following KEALY and PAUSONΩS 

initial publication (Fig. 6).[93] 

 

Fig. 6. Overview of publications based on ferrocene (derivatives) from 1952-2020 according to Web of Science.[93] 

The first successful synthesis of ferrocene was conducted through the reaction of 

cyclopentadienyl magnesium bromide with ferric chloride. The scientists expected, according to a 

homo-coupling protocol of aryls discovered by G. CHAMPETIER, the conversion to fulvalene.[94-95] But 

instead, they isolated an orange solid, later to be named as ´ferrocene´. The name ´ferrocene´ arises 

from the incorporation of an iron atom into its molecular structure and its benzene-like behavior. 

The scientists correctly assumed that the stabilization of ferrocene originates from the presence of 

aromatic, negatively charged cyclopentadienide rings, but they failed to provide the correct 

structure (Fig. 7).[92]  

 

 

Fig. 7. Proposed structure of dicyclopentadienyl iron by KEALY and PAUSON. Reprinted with permission from ref. [96]. 

Copyright (1952) American Chemical Society. 
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Simultaneously, another synthetic procedure, starting from Fe(0) and cyclopentadiene, also 

yielding ferrocene, was published.[97] The publication of S. A. MILLER, J. F. TREMAINE, and J. A. TEBBOTH 

stroke the interest in this odd, (air-)stable and sublimable compound. Thus, researchers, including 

E. O. FISCHER, G. WILKINSON, and R. B. WOODWARD began to explore the chemical and structural 

properties of ferrocene. WOODWARD used a Friedel-Crafts reaction to demonstrate the aromatic 

reactivity of the cyclopentadienide rings, whereas Wilkinson was more interested in the synthesis 

of structurally analogous derivatives containing other transition metals such as nickel, cobalt, and 

ruthenium. Within his work, he was able to derive the correct structure of ferrocene from infrared 

(IR) experiments (Fig. 8).[96, 98-99] Meanwhile, FISCHER arrived at the same structure proposal by using 

X-ray crystallography.[100] Both proposed structures were revolutionary at the time, but describe the 

correct and prototypical metallocene structure.  

 

 

Fig. 8. Ferrocene structure according to WILKINSON. Reprinted with permission from ref. [96]. Copyright (1952) American 

Chemical Society. 

The term ´sandwich complex´ was coined by J. D. DUNITZ and L. ORGEL, who investigated the 

molecular orbital structure of ferrocene.[101] At first, both were skeptical about the structures 

proposed by WILKINSON and FISCHER. However, through their work, they were not only unable to 

refute this proposal but they rather confirmed its correctness. DUNITZ remarked on this issue: 

 

ΨOne afternoon, I opened the Library copy of JACS [in Cambridge, England] and came across R. B. 

²ƻƻŘǿŀǊŘΩǎ ǇǊoposal that the molecule consists of two parallel cyclopentadienyl rings with the iron 

atom sandwiched between them. I was skeptical. Nothing like this had ever been seen before. On my 

way out of the Library I met Leslie [Orgel] and asked if he had seen this astonishing proposal. He was 

as skeptical as I was. When we found that the compound was relatively easy to prepare in crystalline 

form, I decided to determine its crystal structure and so demonstrate the incorrectness of the 

proposed molecular structureΦ ²ƛǘƘƛƴ ŀ ŦŜǿ ǿŜŜƪǎΣ ƛǘ ōŜŎŀƳŜ ŎƭŜŀǊ ǘƻ ǳǎ ǘƘŀǘ ²ƻƻŘǿŀǊŘΩǎ ǇǊƻǇƻǎŀƭ 

ǿŀǎ ŎƻǊǊŜŎǘ ŀŦǘŜǊ ŀƭƭΦ ¢ƘŜǊŜ ǿŀǎ ƴƻ Řƻǳōǘ ŀōƻǳǘ ƛǘΦΩ[102] 
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Finally, in 1973, G. WILKINSON and E. FISCHER received the Nobel Prize for their groundbreaking 

discovery and the structural identification of ferrocene. In general, they were awarded this price for 

their research on ´metallocenes´, complexes that consist of two cyclopentadienide anions (Cp -)  

h5-coordinated to a metal center.[98]           

 

Ferrocene exhibits extraordinary stability (decomposition temperature of 400 °C), is amenable to 

electrophilic substitution reactions similar to benzene or even superior, and undergoes a fully 

reversible oxidation to the ferrocenium ion at approximately 400 mV vs. SCE (saturated calomel 

electrode).[103] The main reason for its extraordinary stability is traced to its 18 valence electron (VE) 

configuration. Other metallocenes, such as manganocene or cobaltocene, having 17 or 19 VE, 

respectively, are much more reactive. In order to attain the ferrocene-like 18 VE configuration, they 

are forced to participate in redox reactions, leading to the cobaltocenium cation or the decamethyl 

manganocene anion.[104-105] The odd and unexpected structural motif of ferrocene is a result of 

various metal-Cp- orbital interactions differing in symmetry (s, p, d). There are two possible, low-

energy conformations along the Cp-Fe-Cp axis, namely the staggered and the eclipsed 

conformation. The energy barrier for rotation along this axis is very low with only 10.2 kJ/mol, and 

it does not critically affect the metal-Cp bonding. Fig. 9 depicts five p-molecular orbitals (MOs) of a 

cyclopentadienide ligand including their nodal planes and their relative energies. In combination 

with the iron(II) orbitals, a MO scheme for the bonding in ferrocene can be constructed (Fig. 10). 

 

 

Fig. 9. p-molecular orbitals (MO) and the respective nodal planes of a cyclopentadienide ligand. 

Each Cp- ligand contributes five molecular orbitals as shown in Fig. 10. The iron ion provides a total 

of nine atomic orbitals, more precisely, one 4s-, three 4p-, and five 3d-orbitals. Therefore, the MO 

scheme of ferrocene contains a total number of 19 molecular orbitals. ´Symmetry-adapted linear 

combinations´ (SALCs) can be used to consider the sandwich architecture of ferrocene and thus 

simplify the MO scheme. Hence, two orbitals of the Cp- ligands with an appropriate symmetry are 

combined. The two united SALCs a1g and a2u of the Cp- entities are able to overlap with the s-, pz-, 

and dz
2-orbitals of iron, generating MOs with s-symmetry. The MOs which are lowest in energy, a1g 
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and a2u, are formed among the non-bonding a1g orbital, which represents the HOMO of ferrocene. 

Moreover, the antibonding s*-orbitals a1g* and a2u* are formed. The overlap of the py-, px-, dyz-, and 

dxz-orbitals of the iron atom and the paired SALC e1g- and e1u-MOs of the Cp- ligands results in the 

formation of orbitals with p-symmetry. Among them, there are the two bonding, degenerate e1g- 

and e1u-MOs as well as the antibonding, degenerate e2u*-, e2g*-, and e1u*-MOs. The two degenerate 

e2g- and e1g*-MOs constitute the orbitals with d-symmetry. The remaining SALCs of the Cp- ligand 

with e2u-symmetry do not have a corresponding metal orbital with an appropriate symmetry as 

counter parts. In general, MOs with a p -bonding symmetry exhibit the highest contribution (65 %) 

to the overall Fe-ligand bond, followed by the bonding of orbitals with d- and s-symmetry with 20 

% and 15 %, respectively. The immediate frontier orbitals are the d- and d*-orbitals that result from 

orbital overlap between the in-phase or out of phase combinations of the e2g-orbitals of the 

cofacially arranged Cp rings and the dx
2-y

2- and dxy-orbitals parallel arranged at the iron atom. The d-

MOs are Fe-Cp bonding, while the d*-orbitals represent their antibonding counterparts. Within the 

MO diagram, the HOMO is represented by a non-bonding and metal centered a1g-orbital, which can 

be approximated by the dz
2-orbital at the iron atom, and the LUMO is represented by a strongly 

antibonding e1g*-orbital. Depending on the metal and the oxidation state, the HOMO (a1g-orbital) 

and the HOMO-1 (e2g-orbitals) may be inverted in energy.[106]  

 

 

Fig. 10. MO scheme for the binding situation in ferrocene. 
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Apart from its prototypic structure and its exceptional stability, ferrocene, with its benzene-like 

reactivity, is famous for its particular ease of derivatization.[107-108] The most important modification 

procedures for the substitution of ferrocene are acetylation, lithiation, and stannylation.[109-111] The 

resulting derivatives can be used for a large variety of further synthetic manipulations, such as C-C 

cross coupling reactions. Within C-C cross coupling reactions, ferrocene derivatives are encountered 

as either reactant or as part of the catalyst system. For ǘƘŜ ƭŀǘǘŜǊΣ ǘƘŜ мΣмΩ-

bis(diphenylphosphino)ferrocene (dppf) ligand is an important example that serves as a chelating 

ligand with high affinity to transition metal ions.[103, 112] Since it is rather easy to introduce chirality 

to ferrocenes, many of such derivatives are used as ligands in enantioselective catalytic 

reactions.[113-114] A current topic of interest in catalytic research focuses on the redox-properties of 

ferrocene and its reversible oxidation to the corresponding ferrocenium ion. Simple oxidation alters 

the electron-rich ferrocene donor moiety into an electron-deficient ferrocenium derivative with 

distinct electron-accepting properties. Thus, catalyst efficiency can be controlled by the oxidation 

state of the ferrocene backbone, and catalysis can be switched on or off at will.[115-123] Moreover, it 

has been shown that some ferrocene derivatives exhibit pharmacological properties. The latter 

comprise anticancer, antifungal, antibacterial, or antimalarial activities.[124-126] It has been already 

demonstrated that hybrid ferrocenes such as ferroquine have the potential to enhance the efficacy 

against both drug-sensitive and drug-resistant organisms. In the case of ferroquine, this corresponds 

to a great potency against drug-sensitive and drug-resistant strains of malaria, as revealed in clinical 

trials.[127-128] Thus, ferrocene derivatives are also considered to exhibit an important position in the 

development of novel drug molecules in the field of cancer treatment, among others.[129-131]  

 

The practical application of ferrocene as a redox standard for electrochemical experiments in non-

aqueous solutions was officially recommended in 1984 by the IUPAC.[132] The recommendation is 

based on its superior redox-properties, which entail good solubility in a variety of organic solvents 

and an easily accessible redox-potential of 0.40 mV vs. SCE.[133] The latter is only slightly affected by 

the supporting electrolyte. Oxidation of ferrocene to the cationic ferrocenium ion exhibits fast and 

reversible electron transfer kinetics due to an only small expenditure of structural reorganization. 

The redox-potential of a ferrocene nucleus is readily adjustable by the choice of appropriate 

substituents such as methyl and acetyl moieties. Every methyl substituent leads to a cathodic shift 

in oxidation potential of approximately -55 mV, whereas every acetyl substituent increases the 

potential by ca. 270 mV.[134-135] Thus, parent ferrocene and the ferrocenium ion and other modified 

ferrocenium ions or ferrocenes are widely used as mild and selective one-electron reductants or 

oxidants, respectively, in organic solvents.[136-138]  
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Although the solubility of ferrocene and its analogues in water is limited,[139] it can be considerably 

improved by the use of hydrophilic (non-)ionic substituents or by the oxidation of ferrocene to 

ferrocenium. Upon oxidation, the hydrophobic and neutral ferrocene is converted to a hydrophilic, 

cationic ferrocenium ion with a pronounced water solubility.[139] The change in water solubility upon 

oxidation can also serve as a purification method of ferrocene derivatives during their synthesis.[140] 

Moreover, upon oxidation, the diamagnetic ferrocene moiety is transformed into a paramagnetic  

(S = 1/2) ferrocenium species. Magnetic susceptibility and electron paramagnetic resonance (EPR) 

studies of the 17-valence-electron ferrocenium cation revealed a low spin (d5- system)  

2E2g [(a1g)2(e2g)3] electronic ground state.[141-143] The latter indicates that oxidation leads to a change 

in relative energies of the a1g and e2g levels compared to neutral ferrocene, and that oxidation results 

from an e2g molecular orbital. In general, ferrocenium ions are associated with an effective magnetic 

moment meff of 2.3 ς 2.6 mB, which is significantly larger than the spin only value (S = 1/2).[144] 

Oxidation does hence not only affect the hydrophobic/hydrophilic character of ferrocene, it also 

generates a magnetic moment.[42] Both these physicochemical changes are highly interesting for the 

construction of novel (multi)-stimuli-responsive surfactants. Ferrocene can therefore be seen as a 

prominent organometallic building block within a surfactant-like molecular architecture to enable 

synergistic properties and an adjustable self-assembly behavior.  
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2.3. (MULTI-)STIMULI-RESPONSIVE (FERROCENE) SURFACTANTS 

The intriguing propensity of surfactants and lipids to self-assemble in nature is fascinating and 

challenges researchers around the world to develop advanced versions with even higher levels of 

functionality.[145-147] In fact, adaptive self-assembly processes are a decisive factor in natural and 

artificial materials. Cell membranes in living organisms that consist of bipolar lipids, are one of the 

most basic examples. Their physicochemical properties (structures and functions) can be triggered 

by biological stimuli, e.g. ion signaling, protein/enzyme docking, or a simple change in pH value.[148-

157] An active field of research is aimed at mimicking this complex behavior. One way to achieve this 

is to endow surfactants with purposefully designed stimuli-responsive building blocks. Incorporation 

of such functional building blocks into the typical surfactant architectures (hydrophilic head 

group/lipophilic tail) may lead to multiple non-covalent interactions and to the desired self-assembly 

properties. The combination of both creates artificial, smart, and responsive self-assembled 

materials with unforeseen synergistic effects alongside a fascinating potential. Surfactants with 

advanced functions that go far beyond their traditional roles as detergents and emulsifiers were 

already generated through skillful manipulation.[53, 158-164] These smart materials find applications in 

various fields such as controlled drug delivery, sensors, self-healing materials, micellar catalysis, and 

in general, stimuli-responsive devices.[158-160] Such applications are important hallmarks on the way 

to even more sophisticated bipolar amphiphiles, such as the one found in nature, e.g. in the pocket 

of enzymes.[42, 148, 153-154] In the following section, current examples of stimuli-responsive surfactants, 

whose properties can be altered by environmental changes (e.g. pH, temperature, ionic strength) 

and by external stimuli (e.g. electric field, magnetic field, light) will be discussed. Since ferrocene 

represents a special building block within this thesis, research devoted to redox-responsive 

ferrocene surfactants will be described in particular detail.  

 

Artificial pH-responsible surfactants are among the most promising carriers for controlled and 

targeted drug delivery systems. This application is based on the pH difference between pathological 

(e.g. tumor) and normal tissue. Tumorous tissue often exhibits a more acidic environment and 

thereby affects the effective head group area of surfactants with an ionic or protonable head group. 

The result is an aggregate morphology transformation resulting in a controlled release of the 

incorporated drug.[165-169] In general, there are two possible surfactant architectures that enable the 

construction of pH-responsive surfactants. They either contain protonable (head-)groups, or a pH-

cleavable chemical bond.[160] A rather simple example of a pH-responsive surfactant that exhibits a 

versatile self-assembly behavior was established by DONG and coworkers (Fig. 11a).[170] Their 

surfactant comprises of a single hydrocarbon chain attached to a tunable diamine hydrophilic head 

group. The pH-adaptive capability of this surfactant can be ascribed to the two distinguishable pKa 
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values of 4.71 and 10.81 associated with the primary and secondary amine. Thus, the degree of 

protonation and the effective head group charges depend on the pH value. At acidic pH, both amine 

groups are protonated, which results in the formation of spherical micelles with a strong curvature. 

If the pH value is adjusted from acidic to basic conditions, the effective charge within the surfactant 

decreases continuously, and a morphology transformation from micelles to worm-like micelles and 

finally vesicles can be observed. The same working principle applies to the system by WANG et al.[171] 

These authors developed a pH-responsive drug delivery system in water based on supramolecular 

vesicles (Fig. 11b). The latter are constructed by a novel host-guest inclusion complex between a 

water-soluble pillar[6]arene and a hydrophobic N-1-decyl-ferrocenylmethylamine. The 

pillar[6]arene macrocyclic host in form of its carboxylic sodium salt is composed of hydroquinone 

units linked by methylene bridges at their para-position. It exhibits a strong binding affinity with a 

1:1 binding stoichiometry to the respective hydrophobic ferrocene derivative. The strong binding 

within the host-guest complex can be ascribed to the hydrophobic effect in water. Moreover, the 

authors were able to demonstrate that the supramolecular vesicles encapsulate mitoxantrone 

(MTZ) and display in vitro drug release in an acidic environment. Importantly, upon the 

encapsulation of MTZ into the vesicles, the toxicity to normal cells could be reduced dramatically. 

The pH-responsiveness of the supramolecular vesicles within this work is based on a simple 

protonation process of the carboxylic sodium salt in an environment with a low-pH (pH < 7), followed 

by precipitation of the pillar[6]arene carboxylic acid. This results in the reversible formation of the 

respective supramolecular vesicles at physiological pH (pH 7.4) and their disruption in tumor tissue 

associated with pH values of pH 4 ς 6.5.  

 

 

Fig. 11. pH-responsive (supramolecular) assemblies and their possible applications as drug-delivery systems. a) Multi-

morphological transformations of a pH-responsive surfactant. Reprinted with permission from ref. [170], copyright (2010) 

Wiley VCH (License number 5036391144712). b) Supramolecular ferrocene-pillar[6]arene host-guest vesicles with a pH-

response suitable for drug-delivery purposes. Reprinted with permission from ref. [171]. Copyright (2013) American 

Chemical Society. 
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Another remarkable example of an artificial and pH-responsive surfactant was discovered by ZHOU 

and ZHU et al.[172] Contrary to the examples mentioned above, a change in the pH does here not 

result in a morphological, but in a functional transformation (Fig. 12). They designed a ´breathing´ 

vesicle with switchable fluorescent properties, similar to the one observed in jellyfish, where 

breathing motion is triggered by a change of pH. The 

polymeric vesicles were obtained by the self-assembly of 

amphiphilic diblock copolymers in water, which contain 

dimethylaminoazobenzene moieties as fluorescent 

chromophores. The jellyfish-like breathing and light 

emitting behavior originates from conformational changes 

of the azobenzene chromophores within the vesicle that 

are induced by protonation and deprotonation. At high pH 

(pH 7 to 12) the vesicles possess a compact, thick bilayer, 

whereas at low pH values (pH 4) the dimethylamino 

entities of the chromophore will be protonated and 

thereby become hydrophilic. As a result, there are 

repulsive interchain electrostatic interactions, and thus, 

the vesicle is forced to ´breathe´ in order to minimize the 

repulsive interaction free energy. While the amphiphilic 

copolymer is nonfluorescent in THF, it exhibits 

fluorescence in basic aqueous solutions upon the 

assembly into vesicles. It thereby shows the characteristic 

of aggregation-induced emission (AIE) systems.[44] The AIE 

effect can be explained by an effective stacking of the 

hydrophobic azobenzene chromophores, which results in 

the restriction of intramolecular vibrational and torsional 

motions. Moreover, the trans-to-cis photoisomerization is 

hindered within the bilayer, and thus, the efficacy of nonradiative relaxation is significantly reduced. 

A further enhancement of fluorescence can be explained by the only slightly disordered or twisted 

arrangement of the azobenzene chromophores within the bilayer. Under acidic conditions, 

however, the fluorescence is switched off. The authors believe that this is because of the formation 

of charge-transfer complexes between the protonated and the unprotonated azobenzene 

chromophores within the bilayer. In addition, the vesicle swelling might also lead to an increase in 

conformational freedom and a decrease in the motional restriction of azobenzene chromophores. 

Both effects are characteristic of AIE systems and induce fluorescence quenching.[172]        

Fig. 12. Breathing process of A) a jellyfish and B) 

the pH-responsive fluorescent vesicles. C) 

Schematic representation of the amphiphilic 

diblock copolymer and the vesicular assembly. 

Reprinted with permission from [172]. 

Copyright (2012) Wiley VCH (License number 

5036400051873). 
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Apart from a change in pH value, one of the most common environmental factors to control the 

process of self-assembly is temperature. Although a certain temperature dependence is intrinsically 

embedded into the phase behavior of amphiphiles, thermal heat represents a convenient and 

efficient source of external energy to trigger structural changes of self-assembled amphiphiles.[160] 

In general, the temperature dependency of amphiphiles is associated with the Krafft temperature 

Tk. Below Tk, surfactant monomers are present as hydrated crystals in aqueous environment, 

whereas above the Tk, micellization of surfactant monomers into ordered aggregates is induced. 

Thus, the temperature itself plays a crucial role for the solubility of the surfactant monomers, as 

well as for the extent of bond vibrations and the induction of structural order by hydrogen bonds. 

The latter is strongly temperature dependent as it can be observed in non-ionic surfactants. While 

the solubility of ionic surfactants increases with an increasing temperature, the opposite is the case 

for non-ionic surfactants. The solubility of non-ionic surfactants strongly depends on the hydrogen 

bonds formed between the surfactants and the surrounding water molecules. When the 

temperature is increased, the hydrogen bonds between the two will be weakened, which results in 

a decreased solubility of non-ionic surfactants.[160] Even though the temperature dependency is 

intrinsically embedded into the overall composition of an amphiphile, there are several examples of 

artificial surfactants that exhibit a much more directional approach with regard to temperature 

changes. Smart adaptive materials with a distinct temperature response that exhibit self-healing, 

thermo-responsive, and thermochromic processes have already been realized.[173-176] In 2020, 

AKIYOSHI, NISHIMURA et al. published a novel thermoresponsive and amphiphilic pullulan-graft-

poly(propylene oxide) polysaccharide graft polymer.[177] They observed the formation of unilamellar 

polymer vesicles upon warming the monomer solution to 25 °C. The vesicle size can be varied over 

a range of 40 ς 70 nm by adjusting the initial polymer concentration. Interestingly, the amphiphile 

can switch reversibly between the monomeric (5 °C) and vesicle states (25°C) without changes in 

size or size distribution of the vesicles even after several cycles. Thus, the authors surmised that the 

amphiphilic polymer exhibits a structural memory and prefers a particular vesicle conformation (Fig. 

13a). The narrow size distribution can be explained by a disk-like intermediate state, where the disks 

close to form vesicles once a critical size is reached. The aggregation number of the disks and the 

total number of intermediate disks correlates with the initial polymer amphiphile concentration. An 

increasing number of disks enhances the coalescence behavior ς a kinetically driven process that 

results in an increasing aggregation number within the disks until a critical concentration is reached 

and folding is triggered. Hence, the vesicle size can be controlled by the amphiphile concentration. 

Once formed, the vesicle size does not change even after dilution, which implies a dynamically 

frozen state of the resulting vesicles.  
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Another example of a thermo- and ionic strength-responsive system was published by ROUTH, 

TABOR et al. in 2020.[178] This group investigated an aqueous system that contains two surfactants, 

the zwitterionic oleyl amidopropyl betaine (OAPB), and the anionic sodium bis(2-ethylhexyl) 

sulfosuccinate (AOT) by means of small-angle X-ray scattering. They observed cylindrical, wormlike 

micelles for OAPB and ellipsoidal ones for AOT. When both surfactants are mixed in equimolar 

amounts with an additional electrolyte (NaCl), unilamellar vesicles were formed. The interaction of 

AOT and OAPB is based on ionic attraction between the oppositely charged quaternary ammonium 

entity in OAPB and the AOT sulfonate group. The inclusion of an external electrolyte, however, 

appears to be crucial in the self-assembly process to obtain unilamellar vesicles. Without the 

electrolyte, also ellipsoids and other self-assembled aggregates are present. At a critical 

concentration of NaCl, the system consists entirely of unilamellar vesicles that contain equal 

amounts of both surfactants. The addition of the salt reduces head group repulsions and promotes 

self-assembly into aggregates with a lower curvature. Aside from depending on the ionic strength, 

the self-assembly is also significantly affected by temperature. Warming the system from 25 °C to 

the physiological temperature of 37 °C causes the vesicles to collapse into smaller ellipsoidal 

micelles with a size of 2 ς 3 nm (Fig. 13b). It is possible that the increase in thermal energy changes 

the balance of hydrophobic to hydrophilic interactions. The tail groups may exhibit more 

conformational degrees of freedom, allowing for structures with a larger curvature to be formed. 

Again, the amount of electrolyte is crucial, and at a certain NaCl concentration, the transformation 

of the vesicles into ellipsoidal micelles is suppressed, even at 37 °C. Based on the temperature-

responsiveness, this system could be used as a switchable carrier for water-soluble pharmaceuticals. 

The use of betaine-based surfactants in a medicinal approach is generally highly desirable, because 

they usually only exhibit low toxicity. Thermo- and ionic strength adaptive surfactants were also 

established by WEI et al.[179] They investigated the rheological properties of cationic gemini 

surfactants with a 2-hydroxypropyl-1,3-bis(alkyldimethylammonium chloride) motif and alkyl tails 

of various lengths in aqueous media. They observed an elastic hydrogel to wormlike micelle 

transformation in the presence of an external electrolyte (NaCl). This phase transition was 

accompanied by a change in viscosity at a specific temperature, the gelling temperature Tgel. 

Interestingly, the gelling behavior of this surfactant can be ascribed to the hydroxy groups of the 

bridging unit and the resulting hydrogen bonds with water molecules and counter ions. A crystalline-

like state is formed, although cylindrical micelles are already present in solution. When the 

temperature is increased, the hydrogen bonds are disrupted and the cylindrical micelles enter a 

dissociated state, and consequently, the viscosity of the solution decreases. Upon a further increase 

in temperature, the wormlike micelles tend to form a network-like structure, which again, leads to 

an increase in viscosity. 
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Fig. 13. a) Structural memory and reversible vesicle formation of an amphiphilic polysaccharide polymer in response to 

thermal cycling. Adapted with permission from ref. [177]. Copyright (2020) American Chemical Society. b) Aggregate 

morphologies in separate state (ellipsoids and worms) and in mixed state (vesicles) in the presence of NaCl in aqueous 

solution. At 37 °C, a temperature induced morphology transformation to ellipsoidal micelles can be observed, 

demonstrating its potential use in controlled drug-delivery. Adapted with permission from ref. [178]. Copyright (2020) 

American Chemical Society. c) The double thermo-responsive diblock amphiphile and the self-assembled aggregates 

above LCST 1 (top right) and LCST 2 (bottom right). Adapted with permission from ref. [180]. Copyright (2012) American 

Chemical Society. 

Another intriguing example of thermo-induced self-assembly was reported by SCHUBERT et al. in 

2012.[180] They synthesized a series of diblock copolymers of poly[2-(dimethylamino)ethyl 

methacrylate-block-di(ethyleneglycol)methyl ether methacrylate] (poly(DMAEMA-b-DEGMA)) with 

different ratios of DMAEMA to DEGMA. Both DMAEMA and DEGMA display a thermoresponsive 

behavior, which highlights the importance of this work. Previously known thermoresponsive 

amphiphiles have usually just one thermoadaptive constituent. The latter can be altered from a 

hydrophobic to a hydrophilic state, thereby affecting the amphiphilic and self-assembly properties. 

Below a lower critical solution temperature (LCST) the special building blocks exhibit a high solubility 

in water. When the temperature is raised above the LCST, the thermo-adaptive parts are dehydrated 

and become insoluble. This results in a surfactant-like self-assembly in combination with a 

hydrophilic building block. The work of SCHUBERT uses two different thermoadaptive building blocks, 

DMAEMA and DEGMA. Therefore, the system is characterized by the existence of two LCSTs. At the 
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first LCST (33 °C), the diblock copolymer assembles into multilamellar vesicles, whereas above the 

second LCST (50 °C), unilamellar vesicles are formed (Fig. 13c). The driving force for this process are 

intramolecular ionic interactions. The poly-DEGMA building block becomes insoluble at 33 °C, 

whereas the poly-DMAEMA block remains well soluble in water at that temperature. At the second 

LCST, the poly-DMAEMA block becomes insoluble too, and the overall hydrophobicity of the 

copolymer increases. Thus the hydrophilic to hydrophobic cross-section changes, triggering the 

transformation to unilamellar vesicles. 

 

So far, various environmental triggers, such as pH and ionic strength, were discussed. However, 

the necessary addition of chemicals to change these parameters affects the composition of the 

entire system. Thus, external, non-invasive stimuli that do not require an additive, such as light 

irradiation, as well as magnetic and electric fields, are of significant interest for the development of 

stimuli-responsive surfactants. As a convenient source to provide energy, light offers multiple 

advantages such as high temporal and spatial control and a tunable wavelength and intensity.[54, 160] 

The advent of photoswitches and molecular motors has triggered huge progress in the development 

of photoswitchable molecules. Structural modifications of photoresponsive surfactants are based 

on the presence of an intrinsically light-switchable unit. There are also photoresponsive systems 

that generate a photoswitchable unit through non-covalent interactions, namely supramolecular 

surfactant complexes. The resulting responses to an external light source vary from bond-cleavage 

formation or to transcription or to trans-cis isomerizations. A variety of light-switchable units such 

as azobenzenes, stilbenes, spiropyrans, and photocleavable groups like nitrobenzyl or coumarins 

are available for the synthesis of photoresponsive surfactants.[160] Besides the structural 

modification of photoresponsive surfactants in bulk solution, the adjustment of light-adaptive 

surfactants in Gibbs monolayers at the water-air interface is also of considerable interest.[54] In bulk 

solution, HARTLEY et al. observed photoswitchable rheological changes in a novel azobenzene-

containing surfactant.[181] The latter features an azobenzene moiety in between a hydrophobic alkyl 

tail and a hydrophilic oligoethylene glycol block. The addition of water resulted in the formation of 

anisotropic lyotropic liquid crystalline (LLC) phases at a certain surfactant-water composition. 

Depending on the composition, polarization microscopy revealed textures of both lamellar and 

hexagonal phases. Upon UV irradiation, the authors observed a trans-cis isomerization of the 

azobenzene moiety. After switching off the visible light, the cis isomer relaxes back to the trans 

form, thus demonstrating a reversible photoinduced isomerization process. Rheology 

measurements revealed that photoswitching under UV irradiation is accompanied by a transition 

between solid- and liquid-like states. The drastic change in viscosity upon irradiation with UV light 

can be explained by a photo-induced trans-to-cis isomerization followed by a phase transition from 

a highly ordered LLC phase to a disordered micellar state (Fig. 14a).  
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A chiral diarylethene-based photoadaptive amphiphile was introduced by IRIE in 2006.[182] 

Hexaethylene glycol side chains were used to ensure surfactant behavior. Both, the open- and the 

closed-form, self-assemble into nanostructures with a size of approximately 100 nm. Self-assembly 

of the open-form does not induce supramolecular chirality, whereas the photogenerated closed 

form of the respective amphiphile induces supramolecular helicity, as observed from circular 

dichroism (CD) experiments (Fig. 14b). Thus, irradiation with the appropriate wavelength (UV light 

for the closed-, visible light for the open-form) leads to a controllable and reversible induced circular 

dichroism. This constitutes a new strategy for the photoswitching of chiroptical properties. 

 

 

Fig. 14. a) POLMIC images, photographs, and in situ rheological measurements revealed a lyotropic liquid crystal to 

micelle transformation upon light irradiation of an azobenzene surfactant in aqueous solution. Adapted with permission 

from ref. [181]. Copyright (2014) American Chemical Society. b) A photoisomerization process of a chiral diarylethene-

based amphiphile with hexaethylene glycol side chains in aqueous solution induces a circular dichroism change upon 

irradiation. The closed-isomer exhibits a supramolecular helicity in aqueous solution (bottom right). Adapted with 

permission from ref. [182]. Copyright (2006) American Chemical Society. 

An interesting example of a photocleavable group that induces self-assembly was reported by 

WANG et al. in 2017.[183] In many cases, UV light is used in photoadaptive systems, even though its 

potential utility for in vivo applications is limited due to a low penetration depth and the damaging 

nature of UV light. Thus, WANG introduced a photoadaptive system that can be affected by both UV 

and near-infrared light (NIR). NIR light offers the advantages of longer wavelengths resulting in 

diminished harmfulness and higher penetration depth. The authors synthesized a coumarin-based 

photo-degradable anionic surfactant (PAS) that was co-assembled with tetradecyldimethylamine 

oxide (C14DMAO). Depending on the concentration of PAS in an aqueous solution of C14DMAO, 

worm-like micelles (30 mM PAS) or vesicles (50 mM PAS) were formed. Upon radiation with UV or 

NIR light, a photochemical cleavage of the coumarin entity in PAS was observed, and both the worm-
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like micelles and the vesicles were transformed into spherical micelles (Fig. 15a). Before irradiation, 

attractive intermolecular electrostatic interactions between the carboxylic group of PAS and the 

protonated amino group of C14DMAO decrease the effective head group area and lead to an 

assembly with lower curvature (vesicles, worm-like micelles). Irradiation leads to the cleavage of 

succinic acid from the coumarin-based surfactant PAS, which results in a hydrophilic molecule 

(succinic acid) and a hydrophobic part (coumarin derivative). The succinic acid then interacts with 

two C14DMAO molecules, possibly increasing the effective head group area, whereas the 

hydrophobic chain volume decreases due to the absence of the hydrophobic part, thus leading to 

the formation of spherical micelles with a higher curvature. The system was successfully applied in 

a controlled release experiment. Both, hydrophobic and hydrophilic molecules, were encapsulated 

and subsequently released upon exposure to NIR or UV light.  

 

 

Fig. 15. a) Mechanism of the photo-induced morphology change from worm-like micelles and vesicles to micelles upon 

irradiation with UV light. UV irradiation results in a cleavage of the photo-responsive unit from the coumarin-based 

surfactant, followed by adjustment of the average head group area and the lipophilic tail volume. Reproduced from ref. 

[183] with permission from The Royal Society of Chemistry. b) Multi-modal control of a first-generation molecular motor 

bolaamphiphile in aqueous solution. Self-assembly can be triggered by pH, light irradiation, and an electrolyte. [184] ς 

Published by The Royal Society of Chemistry (CC BY-NC 3.0). 

Another remarkable example in the field of photoresponsive surfactants was reported by FERINGA 

et al. in 2020.[184] This group synthesized a first-generation molecular motor bolaamphiphile that 

exhibits multi-responsive behavior in regard to self-assembly control (Fig. 15b). In water, changes in 

the self-assembled structures can be triggered by pH, light, and the choice of an appropriate counter 

ion. The bolaamphiphile consists of a first-generation oligo(phenylene ethynylene) molecular motor 

core (MBA), with two carboxylic acid groups connected by alkyl linkers. The bolaamphiphile exhibits 

a switchable morphology transformation between sheet-like aggregates and a mixture of micelles 

and vesicles upon irradiation with UV light. On irradiation, the MBA-type molecular motor 

undergoes a significant geometrical rearrangement from the stable trans- to the metastable cis-

configuration. Moreover, the aggregate transition from sheet-like assemblies (pH 8.8) to disks (pH 

9.8) and finally micelles (pH 11) can be induced by adjusting the pH. This behavior can be explained 
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by a change of the packing parameter upon deprotonation of the stable trans-form. By the addition 

of NaCl, a transformation of these micelles to vesicles can be observed, whereas the addition of 

CaCl2 leads to macroscopic precipitates. However, to render the morphology transformation 

reversible, an additional heating-cooling cycle is necessary. 

 

An electric field (E) as an external stimulus to alter surfactant aggregates is barely applied in 

research, because the presence of solvated ions and the polarity of the solvent molecules effectively 

shield the dissolved surfactant molecules against an external electric field. YUAN et al. introduced a 

voltage-responsive system that is based on the orthogonal assembly of two homopolymers, 

resulting in a supramolecular self-assembly into vesicles (Fig. 16).[185] The two homopolymers were 

functionalized at one terminal position each, leading to poly(styrene)-b-cyclodextrin and 

poly(ethylene oxide)-ferrocene. These two constituents form initially a supramolecular diblock 

copolymer by host-guest interaction, which then results in the formation of hierarchically self-

assembled vesicles. The aggregation behavior can be controlled reversibly by the application of an 

external electric field (1.5 V vs. Ag/AgCl). Upon oxidation of the ferrocene head group to 

ferrocenium, the host-guest interaction is disrupted, which results in the disassembly of the 

respective vesicles. The system thereby exhibits all necessary properties of a drug-delivery system 

that can be switched by application of an external electric field, releasing an encapsulated drug. 

Further ferrocene based (multi)-stimuli responsive surfactants will be discussed later in this chapter.  

 

Fig. 16. a) Schematic illustration of the voltage-responsive assembly and disassembly of supramolecular vesicles 

(Potential was reported vs. Ag/AgCl). TEM images upon electric stimuli: b) no electric stimulus, c) +1.5 V after 2h, d) +1.5 

V after 5 h, and e) -1.5 V after 5 h. f) Controlled release of rhodamine B as a function of time and applied voltage. Adapted 

with permission from ref. [185]. Copyright (2014) American Chemical Society.  

Unlike electric fields, magnetic fields are not strongly shielded in aqueous electrolytes such as 

water, and most conventional salts are diamagnetic in nature.[161] Magnetoadaptive surfactants thus 

represent a highly interesting, yet still little explored class of stimuli-responsive surfactants, even 

though magnetic forces represent a contact-free and non-invasive external stimulus.[158-160] 
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Interestingly, many of the redox-triggered metallosurfactants are in principle also expected to 

display magnetoadaptive properties. However, in most cases, their intrinsic sensitivity against 

magnetic fields was either overlooked or not explored. Obviously, in order to demonstrate a 

magentoadaptive behavior, persistent unpaired electrons (spins) have to be present in magnetic 

surfactants. The magnetic moment of a magnetic surfactant can be provided by either a 

paramagnetic metal ion or an organic compound. The latter scenario represents a less common 

case, because most paramagnetic organic compounds display high reactivity. In general, four basic 

architectural principles related to magnetoadaptive surfactants have to be considered: 1) ionic 

surfactants that interact electrostatically with the metal counter ion; or 2) coordinating surfactants, 

where the metal ion is chelated by the surfactant head group; 3) ǘƘŜ ǎǳǊŦŀŎǘŀƴǘΩǎ ƘŜŀŘ ƎǊƻǳǇ ƛs 

covalently bound to the metal ion; and 4) organic magnetic surfactants, where the organic 

compound represents a persistent and stable radical. Particular attention has been paid to magnetic 

ionic liquids based on amphiphilic transition metal complexes, where diamagnetic ionic surfactants 

interact electrostatically with the paramagnetic metal counter ion. Their properties are often 

superior to those of conventional magnetic fluids (ferrofluids) that are comprised of magnetic 

colloidal particles dispersed in a carrier fluid. Self-assembly results in high effective concentrations 

of the paramagnetic metal centers, and with this, their physicochemical properties and morphology 

transformations can be controlled through an external magnetic field.[161]  

 

EASTOE et al. were the first to develop magneto-responsive surfactants. The latter are derived from 

tetraalkylammonium tetrachloroferrates, with one or two long alkyl chains. Due to their low melting 

points, the latter behave as ionic liquids. The first example of such a compound employed the 1-

methyl-3-decylimidazolium cation (C10mimFe).[186] Interestingly, these surfactants maintain a 

magnetic response even in dilute aqueous solution. Even in the absence of an applied magnetic 

field, these surfactants impose a larger surface tension (g) lowering at the water-air interface as 

compared to their non-magnetic analogues with a diamagnetic counter ion. When a magnetic field 

of 0.4 T is placed in close proximity to the air-water interface, the surface tension is further reduced 

(Fig. 17a). In another approach, these authors realized similar imidazolium- and ammonium-based 

surfactants, but with f-block lanthanide elements as the paramagnetic counter ions.[187] By this 

approach, they were able to increase the magnetic susceptibility and to achieve an enhanced 

response. Self-assembly into micellar aggregates in aqueous solution was confirmed via small-angle 

neutron scattering (SANS). However, micellization did not induce a significant increase in magnetic 

susceptibility. These surfactants were then applied in two-phase systems (water/oil), generating the 

first magneto-responsive emulsions ever reported (Fig. 17b).[188] 
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Fig. 17. a) Different inert (SURFs) and magnetic surfactants (MILSs) (top left) and their response in a liquid droplet to an 

external magnetic field (0.4 T NdFeB magnet, top right). Reprinted with permission from ref. [186]. Copyright (2012) Wiley 

VCH (License number 5036950959496). b) Effect of a magnetic field (0.44 T) on emulsions with different surfactant 

compositions (bottom left) and the attraction of a Fe-based emulsion to a magnetic field (bottom middle). Effect of a 

magnetic field on a Gd-based emulsion droplet dyed with methylene blue (bottom right). The droplet moves against 

gravity and viscosity (picture 1-4). Without a magnet, the droplet moves with gravity (picture 5-8). Reproduced from ref. 

[188] with permission from The Royal Society of Chemistry (License number 1107550). 

Magnetoadaptive systems that are based on a chelating approach were established by POLARZ et 

al. who focused on a monoalkylated, decyl-modified 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (C10DOTA) chelator.[189] The chelator itself also displayed distinct surfactant 

properties with respect to micellar self-assembly at low, and to self-assembly in lamellas at high 

concentrations, respectively. Chelation of Dy3+, which exhibits a high magnetic moment (10.48 mB), 

causes an unusual, hierarchical self-assembly process that finally results in the formation of 

macroscopically sized dumbbell structures (Fig. 18a). Macroscopic magnetization phenomena were 

observed, which originate from spontaneous orientation of the anisotropic structures upon 

exposure to an external magnetic field (1 T). More recently the same chelating C10DOTA ligand was 

applied to other metal cations M2+ (M = Mn, Co, Ni, etc.).[190] Since one carboxyl group remains non-

coordinated, that ligand resembles a mono-anionic surfactant. A change in the metal cation and 

thus in the magnetic moment affected the minimum surface tension and the size of the micellar 

aggregates in aqueous solution. These findings imply a direct correlation between the magnetic 

moment and the corresponding self-assembly process, which originates from additional magnetic 

interactions. When a magnetic field (1 T) was applied, not only was the surface tension lowered, but 

also a morphology transformation from spherical to elongated micelles was observed (Fig. 18b).  
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Fig. 18. a) Randomly oriented dumbbell-like particles of Dy3+ chelated C10DOTA surfactants in the absence of a magnetic 

field (top left, scale bar: 2.5 mm). POLMIC images of the orientation of one particle in the direction of a magnetic field (top 

central, scale bar: 100 mm). Orientation of dumbbell-like particles in a magnetic field (top right, scale bar: 2.5 mm). Adapted 

with permission from ref. [189]. Copyright (2013) Wiley VCH (License number 5036960518695). b) Comparison of micelle 

diameter and surface tension for different MC16DOTA surfactants with Mn+ = Zn2+, Ni2+, Co2+, Mn2+ (top right). 

Magnetization (black) shows anti-Curie behavior (bottom left). Morphology transformation from spherical to elongated 

micelles observed by optical birefringence (bottom middle). Contact-angle analysis of ZnC16DOTA and MnC16DOTA in the 

absence and presence of a magnetic field (bottom right). Adapted with permission from ref. [190]. Copyright (2017) Wiley 

VCH (License number 5036960756731). 

Rare examples of purely organic magneto-responsive surfactants were reported by SAITO et al. in 

2007.[191] These authors synthesized an anionic sulfonic acid derivative of TEMPO (2,2,6,6-

tetramethyl-1-piperidinyloxyl-4-sulfate) with a spin S = ½. In combination with various amphiphilic 

imidazolium cations, paramagnetic, purely organic ionic liquid surfactants with a magnetic moment 

of ca. 1.70 mB at 70 °C were formed that are stabilized by electrostatic interactions. However, the 

surfactant properties and the magneto-responsive behavior were not investigated in more detail.  

 

As illustrated in this section, there are many current realizations of magneto-responsive 

surfactants. However, the magneto-active (transition) metal ion is either present as a constituent of 

the counter ion of a cationic surfactant or chelated by a ligand. Therefore, it would be highly 

desirable for future applications to synthesize surfactants, where the magneto-active moiety 

represents an integral constituent of the surfactant itself.  

 

Redox-responsive surfactants are among the most intriguing classes of amphiphiles to exhibit a 

modulated and adaptive self-assembly behavior. They are therefore promising candidates for 

various applications in material sciences. As a constitutional prerequisite, a redox-responsive unit 

needs to be incorporated into ǘƘŜ ǎǳǊŦŀŎǘŀƴǘΩǎ ŀǊŎƘƛǘŜŎǘǳǊŜΦ /ƻƳƳƻƴ ŀƴŘ ǿƛŘŜƭȅ ǳǎŜŘ ǊŜŘƻȄ-
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adaptive units are ferrocene (Fc), polyoxometalate (POM), anthraquinone, disulfide, and diselenide 

moieties.[158-160] Considering the two latter examples, redox-stimulation induces a cleavage of the 

chalcogen-chalcogen bond and structural reorganization of the two resulting fragments, whereas 

Fc, POM, and anthraquinone moieties remain intact after the redox-stimulus. For these examples, 

reversible switching of the oxidation state only alters the effective charge of the surfactant and its 

hydrophilic to lipophilic balance. This results either in a morphology transformation or in a change 

ƻŦ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘΩǎ ǇǊƻǇŜǊǘƛŜǎΦ {ƛƴŎŜ the present thesis is based on a redox-switchable ferrocene 

unit, the following discussion will mainly focus on the exploration of ferrocene-based amphiphiles 

and their unique behavior. In general, there are three alternative construction principles of 

ferrocene-based surfactants: monomeric low molecular-weight surfactants, amphiphilic polymers, 

and supramolecular host-guest surfactants.[192-193] Considering low molecular-weight surfactants, 

SAJI et al. were among the pioneers in the field of ferrocene-based surfactants. In 1985, they 

reported the first ferrocene-containing, redox-switchable amphiphiles, namely (11-

ferrocenyl)undecyltrimethylammonium (Fc(CH2)11N+(CH3)3 or FTMA) and 

(ferrocenylmethyl)dodecyldimethylammonium bromide (FcCH2N+(CH3)2C12H25 or DMFA).[194-195] In 

the systems considered, ferrocene is either a part of the lipophilic tail or the hydrophilic head group. 

They observed a redox state-dependent formation and desintegration of micelles in solution. 

Micelles are broken up to monomers by oxidation of ferrocene and re-formed on ferrocenium 

reduction. Moreover, SAJI et al. were the first who reported a detailed electrochemical investigation 

of a ferrocene surfactant at concentrations above and below the cmc (Fig. 19a).[195] The 

investigations revealed that cyclic voltammetry (CV) can be used to determine the cmc just as well 

as common methods such as tensiometry, conductivity, or dynamic light scattering, by virtue of an 

abrupt change of the associated half-wave potential of the dissociated monomer. In another 

approach, SAJI et al. used the same system to demonstrate its potential application as nanocarrier 

for the redox-controlled deposition of thin films of organic dyes on electrodes.[196-197] The single-

chain cationic ferrocene-based surfactant of SAJI et al. represents a prototypical structural motif that 

has been used in several studies. These and subsequent studies on the redox-dependent self-

assembly properties of ferrocene amphiphiles did not provide separate waves or peaks for the 

ferrocene-based amphiphiles in their monomeric or aggregated forms.[198-205] Only the oxidation 

wave of the dissociated monomer was detected. In some rare cases, however, separate waves 

assigned to electrode-adsorbed species and freely diffusing aggregates of ferrocene-based 

amphiphiles were observed.[206-208] WATANABE et al. introduced one of these rare examples when 

investigating the non-ionic ferrocene surfactant a-(ferrocenylundecyl)-w-hydroxy-oligo(ethylene 

oxide) (FPEG).[207] They examined concentration-dependent cyclic voltammograms in aqueous 

electrolyte solution (Fig. 19b). Below the cmc, a voltammetric response typical for a surface-

confined species was observed that originates from a monolayer of FPEG surfactant molecules on 
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the electrode surface (glassy carbon electrode). Above the cmc, a typical diffusion-controlled 

species was detected, which was mainly attributed to monomers dissociating from micelles in the 

diffusion layer. The authors suggested that the latter process could be ascribed to a CE reaction, 

where the acronym C denotes a chemical reaction that delivers the electroactive species, which 

subsequently undergoes the electron transfer step E. Chronoamperometrically determined 

apparent diffusion coefficients further support the decay of micelles above the cmc prior to 

oxidation of the freely diffusing monomers.  

 

 

Fig. 19. a) The prototypical ferrocene surfactant DMFA and the apparent diffusion coefficient (top left) and half-wave 

potential (bottom left) as a function of concentration [DMFA]. When [DMFA] > cmc, an abrupt change of the apparent 

diffusion coefficient and the associated half-wave potential of the dissociated monomer can be observed. Adapted with 

permission from ref. [195]. Copyright (1985) American Chemical Society. b) The nonionic FPEG surfactant (top left), the 

peak current function ipaÖv-1/2 vs. v1/2 (bottom left) and concentration-dependent cyclic voltammograms of surface-

adsorbed and freely diffusing monomers of FPEG (right). The downward slope of the peak current function ipaÖv-1/2 vs. v1/2 

(bottom left) indicates a CE electrochemical oxidation process. Adapted with permission from ref. [207]. Copyright (1996) 

American Chemical Society. 

Another example for the electrochemical detection of electrode-adsorbed aggregates of 

ferrocene-based amphiphiles was reported by ABE et al. in 2003.[206] Aqueous solutions of mixtures 

of the cationic FTMA surfactant (see in Fig. 20a) and sodium dodecylbenzenesulfonate (SDBS), an 

anionic surfactant, were studied by cyclic voltammetry at different mixing ratios [SDBS]/[FTMA]. The 

mixtures were reported to provide different waves for surfactants confined to vesicles/lamellar 

liquid crystals formed by FTMA/SDBS mixtures, and for micelles comprised of mainly FTMA 
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molecules. In FTMA-rich mixtures ([SDBS]/[FTMA] < 0.3) that form mixed micelles, the oxidation 

current was caused by a diffusion-controlled process, attributed to ferrocene-containing FTMA 

molecules. At ratios of 0.4 < [SDBS]/[FTMA] < 0.8, the surfactant molecules form vesicles or lamellar 

liquid crystals that are adsorbed on the electrode surface, and a surface-confined oxidation process 

was observed. The oxidation of electrode-adsorbed species occurs at an anodically shifted potential 

compared to the diffusion-controlled oxidation process observed for mixed micelles in FTMA-rich 

mixtures.  

 

Besides the prototypical single chain-modified ferrocene scaffold in combination with a 

quaternary ammonium head group, also other construction principles were investigated. GOKEL et 

al. introduced several surfactants with ferrocene-based bolaamphiphiles as well as ferrocene 

surfactants substituted with two alkyl tails, among others.[198-201] Here, the ferrocene moiety 

represents the actual head group and aggregation afforded vesicles with sizes of 200 ς 300 nm, but 

only after oxidation. Prior to oxidation, no self-assembly process was detected, making the system 

inverse to the ones studied by SAJI and WATANABE. 

 

 

Fig. 20. a) The prototypical ferrocene surfactant FTMA and the associated redox-process. b) Surface tensions of aqueous 

solutions of reduced (triangles) and oxidized (circles) FTMA surfactants. c) Proposed molecular conformations of reduced 

(top) and oxidized (bottom) FTMA surfactant molecules at the water-air interface. b), c) were reprinted with permission 

from ref. [209]. Copyright (1999) American Chemical Society. d) Surface tension of an aqueous solution of FTMA during 

repeated oxidation and reduction cycles. Reprinted with permission from ref. [210]. Copyright (1995) American Chemical 

Society.  
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It was also demonstrated, especially by ABBOTT et al. that the surface activity of ferrocene 

surfactants can be altered dramatically and reversibly through the redox-state of the ferrocene 

moiety. One example is the surfactant (11-ferrocenylundecyl)trimethylammonium bromide 

(Fc(CH2)11N+(CH3)3Br-).[203, 209-210] Here, ferrocene oxidation increases the surface tension of the 

aqueous surfactant solution by as much as 23 mNm-1 for equally concentrated solutions (see Fig. 

20). The increase of the surface tension is a result of a lower hydrophobicity and of electrostatic 

repulsion between dipositively charged head groups at the surface. Thus, an ordered monolayer 

arrangement at the water-air interface is unfavorable, which results in an increased surface tension. 

These findings imply the possibility of exerting spatial and temporal control of the surface tension 

of aqueous solutions by altering the redox-state of ferrocenyl surfactants.[211] In a different 

approach, ABBOTT et al. designed the anionic surfactant (11-ferrocenylundecyl) sulfonate 

(Fc(CH2)11SO3
-).[204-205] Oxidation transforms the anionic surfactant into a zwitterionic ferrocenium 

sulfonate species. In contrast to the cationic ferrocene amphiphiles, oxidation here induces a 

monomer to vesicle transformation in a concentration range of 0.15 to 0.4 mM. Above a 

concentration of 0.4 mM, the surfactant, in its native, non-oxidized state, forms spherical micelles, 

so that oxidation induces an interconversion from micellar to vesicular structures. The oxidation-

induced morphology transformations are accompanied by a change of the interfacial properties. 

The latter differ substantially between the anionic and cationic surfactants. In the case of the 

cationic surfactant, at concentrations below the cmc, a desorption of the oxidized species from the 

air-water surface boundary of the solution was observed (see Fig. 20b). However, above the cmc, 

oxidation leads to enhanced adsorption at the air-water interface. This results in strongly 

concentration-dependent interfacial properties, because oxidized Fc+(CH2)11N+(CH3)3 does not self-

assemble at concentrations below 30mM. The different response of Fc(CH2)11N+(CH3)3 upon 

oxidation demonstrates the change in chemical potential of the surfactant in bulk solution. 

Fc(CH2)11SO3
- in bulk solution, however, demonstrates a concentration-independent change of the 

surface tension by approximately 15 mNm-1 above concentrations of 0.4 mM.  

 

The change of interfacial properties upon oxidation can also lead to other applications of redox-

responsive ferrocenyl surfactants in the field of stabilizing emulsions or particles in solution.[169, 212-

213] KONDO et al. reported the destabilization of a n-octane/water (O/W) emulsion upon oxidation of 

the ferrocenyl surfactant 11-(ferrocenylundecyl)trimethylammonium bromide (FTMA).[212] Above a 

certain surfactant concentration, stable O/W emulsions were obtained for reduced FTMA. When 

FTMA was oxidized, however, no stable O/W emulsions were formed at any surfactant 

concentration (Fig. 21a). Thus, upon addition of an oxidant to stable O/W emulsions of reduced 

FTMA, phase separation and demulsification ensued. Again, oxidation induces desorption of 

oxidized FTMA surfactants from the O/W interface resulting in demulsification.  
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WURM et al. investigated a non-ionic block-copolymer with a hydrophilic poly(ethylene glycol) 

chain and a ferrocene containing hydrophobic tail.[213] The copolymers were used as redox-

responsive surfactants in a radical polymerization in mini emulsions to stabilize polystyrene 

nanoparticles. They demonstrated an ´on-demand´ flocculation of the respective nanoparticles 

upon oxidation of ferrocene to ferrocenium (Fig. 21b). Oxidation converted the copolymer to a 

doubly hydrophilic macromolecule without any interfacial properties, thus, leading to the 

destabilization of the nanoparticles.  

 

Fig. 21. a) Destabilization of a n-octane/water (O/W) emulsion upon oxidation of the ferrocenyl surfactant FTMA (top). 

Proposed O/W stabilization of the reduced and oxidized FTMA surfactant (bottom left). Interfacial tension between O/W 

emulsions of reduced (open circles) and oxidized (filled circles) FTMA solutions (bottom right). Reprinted with permission 

from ref. [212]. Copyright (2016) American Chemical Society. b) A non-ionic ferrocene-containing amphiphile used in a 

radical polymerization in mini emulsions to stabilize polystyrene nanoparticles. An ´on-demand´ flocculation of the 

nanoparticles was observed after oxidation of the ferrocene amphiphile. Reprinted with permission from ref. [213]. 

Copyright (2017) American Chemical Society. 

ABBOTT and LYNN et al. also investigated the transfection activity of ferrocene-containing lipids in 

their reduced and oxidized forms for the delivery of DNA in 2006.[214] Two redox-active ferrocenyl 

surfactants were used, 11-(ferrocenylundecyl)trimethylammonium bromide (FTMA) and bis(11-

ferrocenylundecyl)dimethylammonium bromide (BFDMA), and their capability to transfect 

mammalian cells was explored. Reduced and oxidized FTMA demonstrated substantial cytotoxicity 

in COS-7 cell lines and did not transfect cells, whereas BFDMA was able to transfect cells in both the 

reduced and oxidized state, in the form of lipoplexes with encapsulated plasmid DNA. However, the 

transfection activity strongly depends on the concentration and the oxidation state of BFDMA. 

Reduced BFDMA is non-cytotoxic and yielded high levels of transfection for a specific concentration 

range. For the same concentration, however, oxidized BFDMA resulted in very low transfection 

levels. Lipoplexes consisting of reduced and oxidized BFDMA and plasmid DNA form aggregates in 

the size range of 90 ς 250 nm at lipid concentrations of 2 to 10 mM. Since the BFDMA system exhibits 

a concentration and oxidation state-dependent cell transfection efficiency, it represents a highly 

promising candidate to control the extent of cell transfection.  
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Interestingly, ABBOTT et al. demonstrated that DMFA exhibits the capability to form mixed micellar 

assemblies that consist of both the reduced and oxidized forms. In contrast, FTMA, in its reduced 

form, assembles into micelles, whereas its oxidized form does not show any self-assembly, and no 

mixed aggregates containing both, the oxidized and reduced forms, exist. These results indicate that 

the surfactant architecture is tremendously important for the possibility and extent of mixing of 

surfactants within aggregate assemblies. One further example for the extensive use of FTMA as a 

redox-switchable ferrocene surfactant is provided by the work of ABE et al.[215] Here, FTMA was used 

in combination with sodium salicylate (NaSal) in aqueous solution. The authors observed a 

remarkable electrorheological phenomenon. In the presence of NaSal, a three-dimensional network 

of wormlike micelles was formed in aqueous solution. The entanglement of wormlike micelles 

resulted in a remarkable viscoelasticity, which could be altered by electrolytic oxidation (0.5 V vs. 

SCE) of FTMA. Oxidation lowered both viscosity and elasticity dramatically, which is a result of the 

disintegration of wormlike micelles. The system therefore represents a promising candidate for 

electrorheological fluids that could be used as an additive in printers, for instance. A recent example 

of redox-responsive liposomal systems based on a ferrocene surfactant that can be used for drug-

delivery purposes was established by MAUZEROLL and KHALIULLIN et al. in 2019.[216] A ferrocenylated 

phospholipid (FcDMPE) and N,N-dimethyl(ferrocenylmethyl)-tetradecylammonium bromide 

(FTDMA) were synthesized. Several lipid compositions were examined including 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC), cholesterol, 1,2-distearoyl-sn-glycero-3-phospho-όм -rac-

glycerol) (DSPG), and the respective ferrocenylated lipids. Interestingly, the authors observed that 

thermodynamic parameters such as the formal redox potential of the oxidant represents only one 

variable in the complex mechanism of membrane oxidation. Strong oxidants like Ir(IV) and Ce(IV) 

were not suitable for that purpose even though their formal redox potential is sufficiently high. The 

inclusion of 10 mol % of ferrocene-containing lipid (FcDMPE or FTDMA) was sufficient to ensure 

vesicle disruption upon oxidation with CǊŞƳȅΩǎ ǎŀƭǘ όK2NO(SO3)2). Preliminary electronic structure 

calculations revealed that the existence of a generated positive charge within the membrane bilayer 

does not suffice to trigger the disassembly process. Future investigations are necessary to fully 

understand the oxidation and subsequent destruction of such lipid membranes.  

 

Since ferrocene as a guest molecule is amenable to a variety of different host molecules, including 

cyclodextrins (CD), cucurbiturils (CB), pillararenes (PA), and calixarenes (CA), host-guest interactions 

have been studied extensively, leading to a variety of supramolecular redox-adaptive systems.[192, 

217-218] Usually, the redox-adaptive behavior of supramolecular assemblies is based on different 

binding affinities of either the reduced or oxidized ferrocene derivative to the host.  
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An interesting example dealing with low-molecular weight and supramolecular surfactants was 

introduced by FAN and XU et al. in 2017.[219] They realized a redox-responsive host-guest self-

assembly process on a unimolecular platform (Fig. 22a) by investigating three different amphiphiles 

composed of b-cyclodextrin (b-CD) and a ferrocenyl unit at the terminal ends of alkyl chain linkers 

of different lengths. Depending on the length of the alkyl chain linker, they were able to observe 

several intramolecular complexation modes of ferrocene within the b-CD cavity. Individual 

molecules assemble into polydisperse micelles that could be transformed into vesicles upon 

oxidation of ferrocene to ferrocenium. NMR studies suggest that the molecular orientations within 

the micellar aggregates were significantly different even though their morphologies were similar. 

For a C2 ethylene linker, no host-guest interactions were observed, whereas host-guest recognition 

was detected for C6H12 and C10H20 linkers. Oxidation of ferrocene to ferrocenium induced a 

decomplexation of the ferrocenium moiety from the cyclodextrin cavity in each compound. In a 

more general approach, the mechanism of oxidation of the ferrocenyl group inside the b-CD binding 

pocket was studied.[220] Cyclic voltammetry experiments revealed that the inclusion complex has to 

dissociate into b-CD and ferrocene (chemical process), before the ferrocene is oxidized (electrical 

process).  

 

In a similar approach, YUAN et al. were able to realize supramolecular assemblies with the 

topological structure of nanofibers in aqueous solution (Fig. 22b). They synthesized b-CD-OEG-b-CD 

and Fc-OEG-Fc molecules with oligo(ethylene glycol) units (OEG) as short hydrophilic linkers.[221] In 

aqueous solution, host-guest interactions trigger the self-assembly into supramolecular nanofibers 

similar to a polymerization approach. The nanofibers exhibit reversible self-healing properties when 

the ferrocene constituent is in its reduced state, but can be disintegrated by applying an appropriate 

potential to promote ferrocene oxidation. There are also several other self-healing materials that 

exhibit e.g. sol-gel switching properties, which are based on redox-adaptive ferrocene and 

cyclodextrin host-guest interactions.[222-223]  

 

The group of PEI et al. used the structural motif of pillararenes in combination with ferrocene to 

obtain a redox-adaptive bolaamphiphile.[224] Upon oxidation with FeCl3, the system formed stable 

bilayer vesicles in aqueous solution. Moreover, the system is capable of encapsulating doxorubicin 

hydrochloride and drug resistance gene silencing siRNA (small interfering RNA). Naturally abundant 

glutathione (GSH) effected the reduction, which is accompanied by a disruption of the vesicles and 

a controlled release of the drug mixture in living cells. WANG et al. introduced a thermo- and 

oxidation-responsive supramolecular system constructed of pillar[6]arene-ferrocene-based host-

guest interactions (Fig. 22c).[225] Pillar[6]arene-modified poly(N-isopropylacrylamide) (PNIPAM-P[6]) 

was used as the host polymer and a ferrocene-modified methoxy-poly(ethylene glycol) (mPEG-Fc) 
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as the guest polymer. The host polymer formed micelles at 25 °C in aqueous solution. Addition of 

mPEG-Fc induced pillar[6]arene-ferrocene host-guest interactions, resulting in the formation of a 

supramolecular diblock copolymer. The diblock copolymer shows amphiphilic properties at 37 °C 

and self-assembles into supramolecular vesicles. The vesicles are capable of encapsulating the 

anticancer drug doxorubicin hydrochloride, and its release can be triggered either by warming or 

the use of an oxidizing agent. The thermo-adaptiveness can be ascribed to the PNIPAM host 

polymer, which becomes hydrophilic at 25 °C. Thus, the supramolecular complexes lose amphiphilic 

character. Moreover, drug release can be triggered by oxidation of the guest polymer, which is 

followed by decomplexation of the two polymers, due to a decrease of the binding affinity between 

the host and the guest. 

 

 

Fig. 22. a) b-CD and ferrocene host-guest complexation modes on a unimolecular platform with different alkyl tail 

linkers. The redox-responsive host-guest self-assembly process leads to multiple morphology transformations including 

micelles and vesicles. Reproduced from ref. [219] with permission from The Royal Society of Chemistry (License number 

1108148). b) Supramolecular assemblies with the topological structure of nanofibers in aqueous solution formed by b-CD 

and ferrocene host-guest interactions. Nanofibers exhibit reversible self-healing properties and can be disrupted by 

oxidation. Reproduced from ref. [221] with permission from The Royal Society of Chemistry (License number 1108150). c) 

A thermo- and oxidation-responsive supramolecular system constructed by pillar[6]arene-ferrocene-based host-guest 

interactions. Reproduced from ref. [225] with permission from The Royal Society of Chemistry (License number 1108151). 
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There are of course also numerous examples of redox-switchable polymeric surfactants that 

incorporate ferrocene.[226-231] MANNERS et al. synthesized polystyrenen-b-

poly(ferrocenylphenylmethylsilane)m diblock copolymers (PS-PFS) that exhibit distinct self-assembly 

properties upon oxidation in dichloromethane.[232] Spherical micelles with a PFS core and a PS corona 

are formed when at least half of the ferrocene units were oxidized. When the redox-switchable 

polymer block was replaced by a semicrystalline poly(ferrocenyldimethylsilane) (PFDMS) segment, 

the self-assembly properties persisted. However, a change in the morphology was observed and 

ribbon-like micelles with a PS corona and a PFS core were formed upon oxidation. In a similar 

approach, MANNERS et al. realized color-tunable fluorescent multiblock micelles.[233] They were able 

to synthesize multicompartment wormlike micelles, in which each segment displays different 

emission properties. Thus, all colors of the visible spectrum could be generated using nanoscale 

pixels. These systems could potentially be used in miniaturized displays or in data storage 

applications, as they represent an encoded nanomaterial. Even though the copolymers comprised 

of several ferrocenyl units, the redox-responsive behavior of the copolymers was not investigated 

in further detail. This would be a highly interesting future approach, since the emission properties 

can be altered dramatically by oxidation.  

 

REN et al. reported a ferrocenyl-terminated linear-dendritic block copolymer that can be used for 

drug-delivery.[234] The copolymer comprised of a hydrophilic poly(ethylene glycol) (PEG) block and 

hydrophobic ferrocenyl-terminated alkyl-substituted benzoic acid dendrons. They observed 

different cmc values for the oxidized state (cmcox) and for the reduced states (cmcred). The 

amphiphilic polymers exhibited reversible self-assembly into aggregates with various morphologies, 

such as spherical and wormlike micelles and vesicles in aqueous solution. Below the cmcox, 

aggregate destruction was observed upon oxidation. Interestingly, the number of hydrophobic tails 

attached to the dendrons represents a decisive factor in the self-assembly process. In 2019, REN et 

al. developed a similar type of system, in which an amphiphilic copolymer exhibited a dual stimuli-

responsive morphology transformation.[235] A three-arm branched amphiphilic copolymer AzoFcPEO 

was synthesized containing ferrocene (Fc) and azobenzene (Azo) as the stimuli-responsive moieties, 

and poly(ethylene oxide) (PEO) segments of variable lengths. Both, the photoinduced isomerization 

of azobenzene and the redox-induced oxidation of ferrocene, alter the hydrophilic-to-lipophilic 

balance of the polymer. As a result, various nanostructures such as spherical and wormlike micelles 

as well as vesicles are formed, depending on the polymer concentration, the applied stimuli, and 

the PEO molecular weight. 
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3. SCOPE AND OBJECTIVES 

Nature is truly inspiring with its incredible variety of selective reaction cascades that are 

performed in highly ordered structural environments, formed on-demand by multiple interactions, 

and altered by small changes in environmental conditions.[145-157] Researchers around the world are 

striving to reach comparable levels of precision and efficacies as they are present in living organisms, 

within economic and ecological boundaries. Thus, the development of sophisticated functional 

molecules that mimic or even surpass biological processes is mandatory to reach such high goals. 

Smart materials that are capable of (multi-)stimuli responsive behavior, either in regard to triggered 

structural (re)organization or altered physicochemical properties, represent important hallmarks on 

the way to sophisticated functional materials, in particular if structural organization leads to 

properties or functions that go beyond those of the individual molecules. Since current and future 

technologies alike are based on increasingly complex and smart materials, novel approaches are 

required to meet the demands. Smart surfactants have the capabilities of serving this purpose. A 

perfectly designed surfactant possesses tailor-made chemical and physical properties, a highly 

defined and easy realizable structuration, and is amenable to one or more external triggers such as 

light, temperature, pH, ionic strength, magnetic field, and electrical potential. The introduction of 

self-assembly properties into functional organometallic molecules leads to hybrid 

metallosurfactants, which constitute a highly promising platform to realize novel smart materials 

with distinct amphiphilic character.  

 

In this thesis, ferrocene, with its well-established chemistry, completely reversible redox 

properties, oxidation state-dependent water-solubility and stability in even polar solvents, was 

selected as the central functional organometallic building block.[103] In this manner, redox-activity is 

an intrinsic external trigger that can be applied to alter the physicochemical properties and the self-

assembly behavior of the derived amphiphile. As discussed in the previous section, there are 

numerous examples in the literature that deal with ferrocene-based monomeric, supramolecular 

host-guest, and polymeric surfactants. However, for low molecular-weight monomeric surfactants, 

the monoalkylated single-chain modified ferrocene scaffold in combination with a quaternary 

ammonium head group as it is exemplified by Fc(CH2)11N+(CH3)3 (FTMA) or FcCH2N+(CH3)2C12H25 

(DMFA) represents the sole prototypical architecture of ferrocenyl surfactants.[194-195] Redox-state-

dependent formation and desintegration of micelles of ferrocene-based surfactants in aqueous 

solution was frequently observed and monitored by cyclic voltammetry. Yet, separate voltammetric 

waves or peaks ascribed to surfactants in their monomeric or aggregated forms were only rarely 

observed. In most cases, only the oxidation wave of the dissociated monomer was detected.[195, 204-
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207] Further functionalization or incorporation of additional smart moieties within this architecture 

was not achieved. The physicochemical and self-assembly behavior of these systems can only be 

altered through redox-modulation, and thus, these systems respond to just one single external 

trigger. The paramagnetic ferrocenium constituent generated upon oxidation, should, however, be 

responsive to an external magnetic field. Unlike electric fields, magnetic fields are not shielded by 

polar solvents or diamagnetic, ionic species in solution, which constitutes a major advantage. 

However, to the best of our knowledge, this aspect has not been considered yet in the chemistry 

and physics of ferrocene-containing amphiphiles. One possible reason could be the non-trivial 

analytics required for studying paramagnetic amphiphiles in an external magnetic field. Detailed 

investigations often rely on small-angle neutron scattering (SANS), which is time-consuming, costly, 

and suffers from poor availability. Moreover, SANS is only of limited value for monitoring kinetically 

fast processes, which would be desirable for the live monitoring of structural changes occurring in 

solution. Hence, the application of sensitive methods that are able to monitor the dynamic 

responses of materials exposed to an external magnetic field is highly desirable.[42]  

 

The aim of this thesis is the synthesis of novel, (multi-)stimuli responsive, hybrid ferrocene-based 

surfactants with a structural approach different to the prototypical architectures known in the 

literature. The systematic exploration of their self-assembly properties before and after applying 

the redox-stimulus and the influence of an external magnetic field on the self-assembly behavior of 

the paramagnetic, oxidized ferrocenium species of the surfactant are of high interest. The impact of 

a redox-stimulus on surfactant monomers and surfactants bound in aggregates in aqueous solution 

will be studied in detail by electrochemical techniques. To these ends we introduced and evaluated 

the method of optical birefringence for an in situ monitoring and observation of the dynamics and 

structural reorganization of a paramagnetic surfactant exposed to a magnetic field.  

 

²Ŝ ǎŜƭŜŎǘŜŘ ŀ мΣмΩ-disubstituted pattern of the ferrocene scaffold as the central, redox-switchable 

unit of the surfactants. The particular structural pattern was chosen due to the availability of suitable 

synthetic procedures and because it allows for asymmetric modes of difunctionalization, i.e. for 

introducing different kinds of substituents or functionalities to the individual cyclopentadienyl rings. 

The incorporation of a hydrophilic head group and a (p-conjugated) lipophilic tail leads to ferrocene 

molecules with distinct amphiphilic character. p-conjugated substituents as alkynyl or alkenyl 

moieties could serve as platforms to incorporate other organometal, p-conjugated, functional 

entities such as chromophores or photoemissive entities. As such, the organization of ferrocene 

surfactants into defined structures and the application of a redox-stimulus and/or exposure to a 

magnetic field could lead to unique properties and smart materials such as micellar LEDs. Ferrocene 

as an integral and central part of the surfactant ensures a high effective concentration of redox-
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switchable and, after oxidation, paramagnetic constituents in aggregates upon self-assembly. 

Moreover, ferrocene as the central redox-switchable entity can serve either as a part of the 

hydrophilic head or the lipophilic tail, depending on its oxidation state. The realization of such 

systems, however, is likely to face several challenges. The efforts involved in the synthesis and 

purification of amphiphilic substances can be rather substantial. The characterization of self-

assembled aggregates of the reduced and oxidized surfactants in aqueous solution and their 

response to external triggers is by no means trivial, especially when ferrocenium is present in a 

nucleophilic solvent. This requires a judicious choice of external electrolytes and external oxidizing 

agents, if the redox-process is to be initiated by a chemical trigger. The right conditions for cyclic 

voltammetry measurements in aqueous and in organic solvents need to be established to selectively 

observe the oxidation of surfactant monomers and aggregates. The implementation of optical 

birefringence as a means to live monitoring of structural (re)organization after applying an external 

magnetic field poses additional challenges, such as the construction of the entire setup, the choice 

of the wavelength for the monitoring process, and the combination with dynamic light scattering as 

a means for analytic detection. 

 



Scientific Contribution of the Thesis 

 
48 

4. SCIENTIFIC CONTRIBUTION OF THE THESIS 

In this chapter, the scientific contribution to the field of ferrocene-based surfactants will be 

presented. Since this thesis is built on three publications, the key achievements and the scientific 

contributions of the individual coauthors to every publication will be documented in brief.  

4.1. p-CONJUGATED FERROCENE SURFACTANTS UNRAVEL A NON-CLASSICAL SELF-ASSEMBLY 

PHENOMENON  

The extensively studied ferrocene-based surfactants Fc(CH2)11N+(CH3)3 (FTMA) or 

FcCH2N+(CH3)2C12H25 (DMFA) with the prototypical design of a single alkyl chain-substituted 

ferrocene with a cationic ammonium head group generally behave according to the basic 

thermodynamic Free Energy Model of TANFORD.[56-58, 67] In most cases, also the packing parameter 

introduced by ISRAELACHVILI can be applied.[64] First, the water-air interface is occupied with 

surfactants. When the cmc is reached and the surface of water is fully occupied by surfactant 

molecules, remaining surfactant monomers in solution self-assemble into micellar aggregates. 

When the redox-stimulus is applied, a disruption of the micelles can be observed, which is caused 

by a change in the hydrophilic-to-lipophilic balance of the molecule.[194-195, 207] Ferrocenium is no 

longer a part of the hydrophobic entity. With its distinct hydrophilic character and positive charge, 

it becomes part of the head group. The latter results in a change in chemical potential of the 

surfactant in bulk solution, and aggregation is suppressed as it was observed by ABBOTT et al.[209, 211] 

Thus, a decrease in surface-activity can be observed for oxidized ferrocene surfactants, which is 

accompanied by an increase of the average area occupied by a surfactant at the water-air interface 

as calculated through the Gibbs adsorption equation. However, further functionalization and 

introduction of additional smart moieties to these molecules is not possible, because the alkyl chain 

is not amenable to follow-up reactions.  

 

In the first publication, the synthesis of a novel ferrocene surfactant with a мΣмΩ-disubstitution 

pattern, comprising a trimethylammonium head and a (protected) p-conjugated ethynyl lipophilic 

group is described. Its architecture differs significantly from that of classical (ferrocene) surfactants, 

and distinct surfactant properties comparable to those of lipids were observed. Micelles are formed 

that, over time, develop into monolayer vesicles. Unlike for classical surfactants, aggregates are 

already formed at very low concentrations, far beneath the concentration required to form a Gibbs 

monolayer at the water-air interface. The existence of premicellar aggregates is not in compliance 

with the Free Energy Model of TANFORD and can thus be regarded as a non-classical surfactant 
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behavior. Moreover, the surfactant is amenable to a variety of further modification reactions at both 

the hydrophilic and the hydrophobic segments. The protecting triisopropylsilyl-group can be cleaved 

and the ethynyl function can be coupled to a trans-Pt(PEt3)2X (X = Cl, I) entity, resulting in a 

heterobimetallic surfactant with an organometallic lipophilic tail. In addition, the 

trimethylammonium head group can be substituted for other substituents, such as nitrile.[236] With 

this publication, we contributed to the understanding of non-classical self-assembly behavior 

beyond the regime of the Free Energy Model. Moreover, the surfactant serves as a platform for 

further modifications that enable the synthesis of heterobimetallic surfactants.  

4.2. EXPLOITING THE MULTI-STIMULI RESPONSIVE PROPERTIES OF A FERROCENE SURFACTANT 

TO REACH A SHAPE-MEMORY-LIKE HYSTERESIS AND A STRUCTURAL ANISOTROPIC STATE 

Ferrocene surfactants exhibit self-assembly properties when dissolved in water, either in their 

reduced or their oxidized states, or both. A redox-process might thus allow to trigger the self-

assembly process itself. This could be achieved by choosing an appropriate head group that exhibits 

intra- and intermolecular interactions. The relative strengths of these interactions can then be 

adjusted precisely by the addition of an external electrolyte, which modifies the self-assembly 

properties. A system with an on-demand self-assembly process is of high interest in various fields of 

research, e.g. for catalysis (micellar nanoreactor) or electronic applications (micellar batteries). 

Morphology transformations of ferrocene surfactants are induced by a redox-stimulus and the 

ensuing oxidation of ferrocene to ferrocenium. At the same time, oxidation also renders the 

formerly diamagnetic ferrocene constituent a paramagnetic ferrocenium ion with distinct 

hydrophilic properties.[139, 141-144] Yet, ferrocenium surfactants have not been studied within an 

external magnetic field, even though the ferrocenium constituent represents an integral part of the 

surfactant and magnetic forces are not shielded in water and are non-invasive. Moreover, self-

assembly creates an environment with a high local concentration of paramagnetic constituents in 

close proximity inside the aggregates. A recent review of EASTOE et al. illustrates that most of the 

recently investigated paramagnetic amphiphiles are based on magnetic ionic liquids.[161] In many 

magnetic ionic liquids, the magneto-active metal ion is, however, only present as part of the 

counterion and not an integral part of the surfactant itself. Thus, ferrocene surfactants seem 

particularly well suited to include both, a redox- and magneto-adaptive stimulus to alter the 

physicochemical and self-assembly properties.  

 

The second publication deals with a zwitterionic ferrocene-based surfactant with a sulfobetaine 

head group and a heptenyl-lipophilic chain. The self-assembly properties can be controlled by three 

different external stimuli. First, the intrinsic self-assembly behavior can be triggered by the addition 
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of an external electrolyte. Ferrocene as the central part of the surfactant is amenable to a reversible 

electron transfer reaction. Interestingly, the oxidized surfactant is almost as surface-active as the 

neutral surfactant. The oxidized surfactant is paramagnetic and hence responds to an external 

magnetic field. On application of a magnetic field, string-of-pearls-like aggregates were formed that 

exhibit a field-induced anisotropy. A hysteresis effect after the magnetic field is switched off was 

observed, resulting in a ferro-self-assembly behavior. Moreover, optical birefringence in 

combination with two dynamic light scattering devices was established as a powerful method to 

monitor the dynamics of restructuring in solution when the surfactant is exposed to an external 

magnetic field.[42] In this publication, we opened new avenues with regard to multi-stimuli 

responsive surfactants, and a new type of ferro-self-assembly was observed. This could serve as a 

platform to gain a deeper understanding of aggregation and structural reorganization in a magnetic 

field. Additionally, an avenue towards surfactants in non-equilibrium states seems to be within 

reach. 

4.3. FERROCENE SURFACTANTS AS MODEL SYSTEMS TO STUDY AGGREGATION BEHAVIOR BY 

ELECTROCHEMICAL TECHNIQUES 

Ferrocene surfactants have been studied extensively by means of electroanalytical methods such 

as cyclic voltammetry (CV). SAJI et al. were amongst the pioneers in this field and established CV as 

a powerful method to determine the cmc of surfactants.[194-195] The associated half-wave potential 

undergoes an abrupt change when the cmc is reached and micelles are formed in solution. At the 

electrode, however, the electron transfer reaction occurs from a freely diffusing monomeric species 

that is dissociating from micelles prior to oxidation. The latter process was described by WATANABE 

et al. and follows a CE mechanism, where the acronym C denotes a chemical reaction that delivers 

the electroactive species prior to the electron transfer step E.[207] Thus, separate waves attributed 

to the oxidation of aggregates or of surface-confined species at the electrode surface are barely 

reported in the literature. There are, however, some rare cases where separate peaks arising from 

mainly surface-adsorbed monomeric species or lamellar/vesicle-like assemblies at the electrode 

surface were observed.[206-208] The assembly and disassembly kinetics of an aggregate and the 

equilibrium between the monomeric and the aggregate states are decisive factors that determine 

whether aggregates undergo the electron transfer step at the electrode or not. A rapid shift of the 

equilibrium towards the most easily oxidized species leads to the detection of only that particular 

species at the electrode surface. Another possible reason for the detection of only monomeric 

species could be the efficient shielding of the redox-responsive moiety within the aggregates.  
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In the third publication, the same zwitterionic ferrocene surfactant as in publication two was 

investigated extensively by cyclic and square wave voltammetry. We observed separate waves for 

the monomeric and aggregate- (micelle- and vesicle-) bound species adsorbed to the electrode and 

of freely-diffusing monomers. Time-, scan rate-, and concentration-dependent measurements 

revealed a slow underlying monomer/aggregate equilibrium compared to the voltammetric 

timescale in both neutral and oxidized forms.[237] With this publication, we contributed to the 

understanding of how the underlying equilibria between monomer and aggregate evolve over time 

and how they are affected by concentration, using electroanalytical methods. This is particularly 

relevant to the performance of surfactants in future applications such as redox-shuttles in batteries 

where not only the half-wave potential of the monomer, but also that of the amphiphiles in their 

aggregated forms need to be known. 

 

The resultǎ ǎƘƻǿ ǘƘŀǘ ŀ мΣмΩ-disubstitution pattern of the ferrocene scaffold as the central, redox-

switchable unit of the surfactant is advantageous over simple monosubstitution, as it allows to 

install a suitable hydrophilic head group as well as a lipophilic tail in a stepwise fashion. Such 

compounds represent a new, promising class of smart materials. The unique redox-responsive 

properties of ferrocene, which are capable of generating magneto-adaptive paramagnetic species 

in a highly ordered self-assembled arrangement, open new avenues in the development of more 

sophisticated functional materials. Moreover, the vast methods for post-derivatization of the p-

conjugated lipophilic tail create new opportunities to obtain highly functional heterobimetallic or 

luminescent surfactants in water.  
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5. PUBLICATIONS 

5.1. PUBLICATION I: ORGANOMETALLIC, NONCLASSICAL SURFACTANT WITH GEMINI DESIGN 

COMPRISING pȤCONJUGATED CONSTITUENTS READY FOR MODIFICATION, ACS OMEGA 

2018 

 

Stefan Bitter,a Marius Kunkel,a Lisa Burkart,a André Mang,a Rainer F. Winter,*a and Sebastian Polarz*a 

 

a University of Konstanz, Universitätsstrasse 10, 78457 Konstanz, Germany 

 

 

 

Reprinted with permission from ACS Omega 2018, 3, 8, 8854ς8864.[236] Copyright (2018) American 

Chemical Society (CC-BY-NC-ND 4.0, https://pubs.acs.org/doi/10.1021/acsomega.8b01405) 

5.1.1. Record of Contribution 

Compound synthesis, characterization, and data interpretation was executed by S. Bitter.  

M. Kunkel contributed to the interpretation of the self-assembly data. L. Burkart and A. Mang 

performed the surfactant synthesis, as well as electrochemical and self-assembly studies under the 

supervision of S. Bitter. S. Polarz, R. Winter, and S. Bitter jointly wrote the manuscript. All authors 

have given approval to the final version of the manuscript.   
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ABSTRACT: Surfactants are functional molecules comprising a water-
compatible head group and a hydrophobic tail. One of their features is the
formation of self-assembled structures in contact with water, for instance,
micelles, vesicles, or lyotropic liquid crystals. One way to increase the
functionality of surfactants is to implement moieties containing transition-metal
species. Ferrocene-based surfactants represent an excellent example because of
the distinguished redox features. In most existing ferrocene-based amphiphiles, an
alkyl chain is classically used as the hydrophobic tail. We report the synthesis and
properties of 1-triisopropylsilylethynyl-1�-trimethylammoniummethylferrocene
(FcNMe3TIPS). In FcNMe3TIPS, ferrocene is part of the head group (Gemini
design) but is also attached to a (protected) �-conjugated ethynyl group.
Although this architecture di�ers from that of classical amphiphiles and those of
other ferrocene-based amphiphiles, the compound shows marked surfactant
properties comparable to those of lipids, exhibiting a very low value of critical
aggregation concentration in water (cac = 0.03 mM). It forms classical micelles only in a very narrow concentration range,
which then convert into monolayer vesicles. Unlike classical surfactants, aggregates already form at a very low concentration, far
beneath that required for the formation of a monolayer at the air�water interface. At even higher concentration, FcNMe3TIPS
forms lyotropic liquid crystals, not only in contact with water, but also in a variety of organic solvents. As an additional
intriguing feature, FcNMe3TIPS is amenable to a range of further modi�cation reactions. The TIPS group is easily cleaved, and
the resulting ethynyl function can be used to construct heterobimetallic platinum-ferrocene conjugates with trans-Pt(PEt3)2X (X
= Cl, I) complex entities, leading to a heterobimetallic surfactant. We also found that the benzylic �-position of FcNMe3TIPS is
rather reactive and that the attached ammonium group can be exchanged by other substituents (e.g., �CN), which o�ers
additional opportunities for further functionalization. Although FcNMe3TIPS is reversibly oxidized in voltammetric and UV�vis
spectroelectrochemical experiments, the high reactivity at the �-position is also responsible for the instability of the
corresponding ferrocenium ion, leading to a polymerization reaction.

� INTRODUCTION

Surfactants are highly important, functional molecules
comprising a water-compatible head group and a hydrophobic
tail. They are produced by the chemical industry on a mass
scale (�1.6 × 107 t/year) and used in detergents, as
emulsi�cation agents, or for phase-transfer catalysis. Their
main property is that they reduce the interfacial energy (note
that the term “surfactant” represents an abbreviation for
“surface-active agent”). One of their most important features is
the formation of concentration-dependent, self-assembled
structures in contact with water, ranging from micelles or
vesicles at low concentrations to lyotropic liquid crystals
(LLCs) and inverse phases at higher concentrations. The
classical design of a surfactant molecule comprises a water-
soluble head group attached to a hydrophobic alkyl tail. The
properties and behavior of surfactants strongly depend on the
relative proportions of the hydrophilic and oleophilic parts.
Concepts like the packing parameter P or the hydrophilic
lipophilic balance (HLB) have been developed to describe the
in�uence of such molecular variations.1�3 For instance, a

surfactant equipped with two alkyl chains often has lipid-like
character. Compounds with two head groups at the opposite
sides of a long hydrophobic chain are called bolaform
surfactants.4 An alternative structure is the so-called gemini
architecture with the two heads separated by a relatively short
spacer.5 Because of their special properties, several researchers
became interested in asymmetric gemini surfactants.6�8

More recently, the portfolio of surfactants was successfully
expanded by introducing additional properties such as pH-,
CO2-, photo-, magneto-, or thermoresponsive features.9

Excellent reviews on this topic are available from Eastoe et
al. in 2013 or Landfester et al. in 2017.10,11 A particularly
powerful approach in the literature is the generation of hybrid
surfactants containing an inorganic, transition-metal-containing
building block.12 One of the most valuable features of such
moieties is their rich redox chemistry. The reversible change of
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head group charge is an intriguing feature for a surfactant
system,13,14 and this requires a redox-active constituent.

Among redox-active building blocks, ferrocene (Fc) has
proven to be of eminent importance. Ferrocene is a unique
organometallic compound and the prototypical metallocene in
modern chemistry.15�17 It is famous for its e�cient methods of
synthesis and derivatization, its completely reversible redox
properties, and its oxidation state-dependent water solubil-
ity.18�21 Therefore, ferrocene has been widely used in materials
science, in particular in polymer chemistry.22 Amphiphilic
copolymers are well known and feature mostly a poly-
(vinylferrocene) or a poly(ferrocenylsilane) backbone and
water solubility-mediating groups. The latter are either
incorporated into the backbone or attached to the numerous
side chains.23�25 Various new synthetic procedures have been
developed during the recent years, for instance, by Manners et
al. or Wurm et al., who provided expanded libraries of
polymer-like ferrocene-based amphiphiles with high potential
for future applications, for example, in separation methods or
for reducing the overall surfactant waste during industrial
processes.26�28 A good overview over ferrocene-based
surfactants was provided by Abbot et al.29 The �eld of
ferrocene-modi�ed amphiphiles was pioneered by Saji in the
late 1980s,30�32 and several related surfactants have been
published since then.33�36 Most of these involve monosub-
stituted ferrocene derivatives. Because pristine ferrocene is
insoluble in water, it is often positioned at the end of the
hydrophobic tail. The approach presented by Saji is unique
because it solved the latter problem by positioning Fc next to
an ammonium group modi�ed by a long alkyl chain in (Fc-
CH2)(CH3)2N

+(C12H25). The authors reported the redox
properties and some preliminary characterization of its
colloidal properties, including the formation and redox-
triggered disassembly of micelles in water.30�32

The systems described above can be developed further by
considering the following arguments. Many applications
involving surfactants would greatly bene�t from charge carrier
(electron or hole) transport through the interface, and new
perspectives such as micellar batteries, micellar electrocatalysts,
or liquid-crystalline semiconductors would open up for such
systems.37,38 Classical surfactants are useless for such purposes,
not only because their heads are not redox-active but also
because their tails are electrically insulating as well. Ferrocenyl-
based head groups represent a promising entry point to charge-
conducting surfactants if an additional �-conjugated chain can
be introduced into the molecule instead of an alkyl chain.
However, in a design analogous to the surfactant by Saji,
delocalization of charge carriers would be impeded because the
ammonium group interrupts the conjugation between the
ferrocene and an N-bonded �-conjugated side chain. There-
fore, we aim at ferrocene-based surfactants where a �-
conjugated substituent is directly attached to a cyclo-
pentadienide ring at the ferrocene nucleus, leading to a �-
conjugation over the entire molecule. We here present
FcNMe3TIPS (see Scheme 1) as a �rst successful realization
of this concept. As a further advantage, FcNMe3TIPS can be
modi�ed in several di�erent ways. Thus, it represents a
potential building block for the construction of more complex
amphiphilic structures. We describe the synthesis and
characterization of FcNMe3TIPS and report on its properties
as a surfactant and its redox behavior. Finally, we report �rst
results on exploring possible means for modifying its basic
structure.

� RESULTS AND DISCUSSION

Molecular Synthesis and Characterization.
FcNMe3TIPS was prepared in �ve steps starting from
ferrocene (Scheme 1). 1,1�-Dibromoferrocene (2) was
obtained as reported by Long and co-workers.39 It was then
converted to 1-bromo-1�-iodoferrocene (3) according to the
procedure of Ilyashenko and co-workers.40 Standard Sonoga-
shira reaction conditions were used to selectively react 1-
bromo-1�-iodoferrocene to the 1�-triisopropylsilylethynyl
(TIPSA)-substituted derivative (4). Subsequent conversion
to 1-triisopropylsilylethynyl-1�-dimethylaminomethylferrocene
(5) was performed according to a known procedure published
by Widhalm et al. using n-BuLi and Eschenmoser’s salt
Me2N�CH2

+I� under Mannich-like conditions.41 Quaterniza-
tion with methyl iodide in MeOH yielded FcNMe3TIPS (6).42

Successful synthesis of FcNMe3TIPS was proven by a
combination of analytical methods. A section of its electrospray
ionization mass spectrum (ESIMS) is shown in Figure 1 (for
the full spectrum, see Figure S1 of the Supporting
Information). The observed signal at 438.2 g/mol and its
isotope pattern are in perfect agreement with the calculated

Scheme 1. Multistep Synthesis of FcNMe3TIPS

Figure 1. Experimental ESIMS pattern (black) of FcNMe3TIPS (6)
and the spectrum calculated for C25H40FeNSi+ (gray).
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pattern for the M+ peak C25H40FeNSi+. The presence of the
triple bond is con� rmed by the characteristic stretching
vibration � C� C at 2147 cm� 1 in the IR spectrum, in the
typical region for internal alkynes.43

Solution UV� vis absorption spectra show an intense
absorption band at� max = 230 nm and a weaker band in the
vis region at 400� 500 nm (� max = 443 nm). The latter is
characteristic for the highest occupied molecular orbital�
lowest unoccupied molecular orbital transition of ferrocene
derivatives and is responsible for their typical orange coloration
(see Figure 2a).44 The density functional theory (DFT)-
calculated frontier MOs of FcNMe3TIPS are shown inFigure
S2of the Supporting Information.

Surfactant Properties of FcNMe3TIPS.FcNMe3TIPS is
slightly soluble in water (0.5 mg/mL) as de� ned by the United
States Pharmacopeia and soluble in nonpolar solvents such as
dichloromethane (DCM) (60 mg/mL), which is a� rst
indication for amphiphilic properties. In water, the surfactant
exhibits a signi� cant foaming capability (seeFigure 2a), a
characteristic feature of surfactants. The calculation of the
electrostatic potential surface of FcNMe3TIPS (Figure 2b)
con� rms a surfactant-like architecture and shows that all
molecular parts except for the ammonium head group are
nonpolar. Concentration-dependent surface tension (� )
measurements in water were performed next (Figure 2c).

It was found that� remains constant until a concentration of
c= 0.007 mM is reached and then decreases. Saturation of the

air� water interface is observed atc= 0.79 mM with a minimal
surface tension� min = 28.5 mN/m. This value is lower than
those of other ferrocene-based amphiphiles in the literature
(� min = 35� 55 mN/m),9,33,35,45� 48 which indicates a very
e� ective stabilization of the interface and a close packing of the
surfactant molecules. The surface tension curve can be treated
as a Gibbs isotherm, and the surface excess (� = 3.90� mol/
m2) and the average area occupied per molecule at the water�
air interface (Am = 43 Å2) were calculated.Am � ts perfectly the
distance between the trimethylammonium head group and the
ferrocene at the water� air interface as determined from the
calculated, geometry-optimized structure (Figure 2d; see also
the Supporting InformationFigure S3b). Classical surfactants
start to form micelles only when the interface is covered by a
surfactant monolayer. We checked the occurrence of
aggregates in solution by dynamic light scattering (DLS)
recorded for di� erent concentrations ranging fromc= 0.014 to
0.88 mM (Figure 3). Even at low concentrations, aggregates
could be detected with a hydrodynamic diameterDH (� 5 nm),
which is in the range expected for micelles (approx. twice the
molecular length of the surfactant). However, the aggregate
size increases almost linearly with surfactant concentration
(Figure 3b). Such behavior cannot anymore be explained by
the presence of micellar aggregates.

Transmission electron microscopy (TEM) was performed
next (Figure 4a). In agreement with the DLS data, one notes
objects in a size range 100� 200 nm separated by a thin
membrane. The thickness of the membrane is� 3 nm, which
matches with a double-layer structure composed of molecules
of FcNMe3TIPS, and these� ndings can be supported by small-
angle X-ray scattering (SAXS), powder X-ray di� raction, and
other TEM micrographs displayed inFigure S3aof the
Supporting Information.

This surfactant has a tendency for the formation of vesicular
structures. The vesicles appear to be broken up caused by the
high-vacuum conditions in electron microscopy. Area-selected
energy-dispersive X-ray spectroscopy (EDX) con� rms the
presence of Fe (from Fc) and Si (from the TIPS end group)
(Figure 4b) and the signals for iodine originating from the I�

counterion (seeScheme 1). According to the theory of
Israelachvili, surfactants with a packing parameter in the range
0.5� 1 are prone to form vesicles instead of micelles.1 The
packing parameterP = 0.87 of FcNMe3TIPS is in full
agreement with this expectation (see the Supporting
Information, Figure S3b). Vesicle formation is a rather
uncommon feature among ferrocene-based amphiphiles
known in the literature.35,36

However, when comparingFigures 2and 3, one has to
conclude that aggregates form in solution prior to saturation of
the air� water interface. This means that the concentration at
� min does not equal the critical aggregation concentration (cac).
Therefore, an independent method for the determination of
the cac was required. To these ends, FcNMe3TIPS was
dissolved in water at di� erent concentrations. The aqueous
phase was then layered withn-hexane containing the lipophilic
dye azobenzene (see alsoFigure S4of the Supporting
Information). The optical absorbance of the dye in the oil
phase was determined at� = 316 and 228 nm by UV� vis
spectroscopy. At low concentration of the surfactant, the
concentration of the dye remains constant (Figure 5). Starting
at an FcNMe3TIPS concentration of� 0.01 mM, some
azobenzene moves into the aqueous phase, and, as a result,
the measured absorption in the oil phase decreases. The

Figure 2.(a) Photographic image of a dilute solution of FcNMe3TIPS
in water indicating the surface-active properties (foam formation). (b)
Geometry-optimized molecular structure of FcNMe3TIPS (see also
the Supporting InformationFigure S3b) and electrostatic potential
surface. (c) Concentration-dependent surface tension measurements.
The gray dashed lines indicate the interval for which dynamic light
scattering (DLS) measurements were performed. (d) Schematic
illustration of the arrangement of molecules of FcNMe3TIPS at the
air� water interface according to its overall structure (including its
rigid alkyne functionality) and the calculated average area (Am = 43
Å2) occupied per molecule at the interface (blue, water; gray circles,
air/foam at the interface).
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