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General Introduction

1. GENERAL INTRODUCTION

‘The meeting of two personalities is like the contact of two chemical substances:
if there is any reaction, both are transformed’

This quote from the psychologist CARL GUSTAV JUNG (1875 – 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 selfassembled 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, people’s 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 – the surfactants – 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 watersoluble (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 tailormade 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 – 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. PFIZER’S and BIONTECH’S
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 SARSCoV-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.[2526]

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,[4344]

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 – 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, liquidgaseous 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. Polymerlike 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, –conjugated
(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 ´surfaceactive 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 threedimensional 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
0
entropy change of micelle formation (∆𝑆𝑚
) can be determined experimentally through

microcalorimetric techniques employing the Gibbs-Helmholtz equation, resulting in the famous
thermodynamic relation
0
0
0
∆𝐺𝑚
= ∆𝐻𝑚
− 𝑇∆𝑆𝑚

(1)

0
with ∆𝐺𝑚0 as the standard free energy change, ∆𝐻𝑚
as the standard enthalpy change of

micellization and 𝑇 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.

𝑃=

𝑉

𝑎0 𝑙𝑐
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(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. Different self‐assembled 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 –
1), cylindrical tubules or planar bilayers with lamellar structures (P ≈ 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 wellsuited 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]

𝑁𝑆

𝑆𝑁

(3)

Within this model, it is assumed that all aggregates have the same aggregation number N and,
0
consequently, the same standard chemical potential (𝜇𝑚
). The Gibbs phase rule can be applied and

0
∆𝐺𝑚
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).

0
∆𝐺𝑚
≅ 𝑅𝑇 ln 𝑐𝑚𝑐 −

Here,

[𝑆]𝑚
𝑁

𝑅𝑇
𝑁

ln

[𝑆]𝑚
𝑁

(4)

is the concentration of micelles, while ∆𝐺𝑚0 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

𝑁𝑆

𝑆𝑁

(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):

𝐾=

[𝑆𝑁 ]

(6)

[𝑆]𝑁

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
0
∆𝐺𝑚
= − 𝑅𝑇 ln 𝐾 = − 𝑅𝑇 ln[𝑆𝑁 ] + 𝑁𝑅𝑇 ln[𝑆]

(7)

with the standard free energy change per mole of surfactant as
0
∆𝐺𝑚

𝑁

=−

𝑅𝑇
𝑁

ln 𝐾 = −

𝑅𝑇
𝑁

ln[𝑆𝑁 ] + 𝑅𝑇 ln[𝑆]

(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]
0
∆𝐺𝑚
≅ 𝑅𝑇 ln[𝑐𝑚𝑐]

(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 – 10-3 s. These dynamics are described by the relaxation times and
. The relaxation time  represents the average retention time of a surfactant molecule within a
micelle. In particular,  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 – 10-3 s. The relaxation time  of a micelle describes the process of micelle formation
and collapse. It corresponds to a rather slow process, occurring within milliseconds (10-3 – 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  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 – 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 m 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]
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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 (H 1). 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 – 40 °C.
Above this boundary, the surfactant’s solubility increases 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. Hence, the effective surface area of the surfactant’s head group becomes
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 selfassembly 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 chameleonlike.[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, stimuliresponsive surfactants.
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2.2. FERROCENE – 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 PAUSON’S
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:

‘One afternoon, I opened the Library copy of JACS [in Cambridge, England] and came across R. B.
Woodward’s proposal 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 structure. Within a few weeks, it became clear to us that Woodward’s proposal
was correct after all. There was no doubt about it.’[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 -)
-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 (, , ). There are two possible, lowenergy 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 -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. -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 dz2-orbitals of iron, generating MOs with -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 -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 -symmetry. Among them, there are the two bonding, degenerate e1gand e1u-MOs as well as the antibonding, degenerate e2u*-, e2g*-, and e1u*-MOs. The two degenerate
e2g- and e1g*-MOs constitute the orbitals with -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  -bonding symmetry exhibit the highest contribution (65 %)
to the overall Fe-ligand bond, followed by the bonding of orbitals with - and -symmetry with 20
% and 15 %, respectively. The immediate frontier orbitals are the - and *-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 dx2-y2- and dxy-orbitals parallel arranged at the iron atom. The MOs are Fe-Cp bonding, while the *-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 dz2-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 the latter, the 1,1’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 nonaqueous 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 (d 5- system)
2

E2g [(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 eff of 2.3 – 2.6 B, 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.[148157]

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 pHcleavable 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 pK a
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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 – 6.5.

Fig. 11. pH-responsive (supramolecular) assemblies and their possible applications as drug-delivery systems. a) Multimorphological 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 pHresponse 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 Fig. 12. Breathing process of A) a jellyfish and B)
of aggregation-induced emission (AIE) systems.[44] The AIE the pH-responsive fluorescent vesicles. C)
effect can be explained by an effective stacking of the Schematic representation of the amphiphilic
hydrophobic azobenzene chromophores, which results in

diblock copolymer and the vesicular assembly.
Reprinted

with

permission

from

[172].

the restriction of intramolecular vibrational and torsional Copyright (2012) Wiley VCH (License number
motions. Moreover, the trans-to-cis photoisomerization is 5036400051873).
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]
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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-graftpoly(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 – 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 – 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 – 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 temperatureresponsiveness, 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 crystallinelike 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 azobenzenecontaining 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 diarylethenebased 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] –
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 cisconfiguration. 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)--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 selfassembled 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) the surfactant’s head group is
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 1methyl-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 () 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-1,4,7,10tetraacetic 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 B),
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 noncoordinated, 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 m). 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 (2,2,6,6tetramethyl-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 B 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 the surfactant’s architecture. Common and widely used redox-
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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
of the surfactant’s properties. Since 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,

ferrocenyl)undecyltrimethylammonium

redox-switchable
(Fc(CH2)11N+(CH3)3

amphiphiles,
or

namely

FTMA)

(11and

(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 singlechain 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 selfassembly 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 -(ferrocenylundecyl)--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 surfaceconfined 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 ipav-1/2 vs. v1/2 (bottom left) and concentration-dependent cyclic voltammograms of surfaceadsorbed and freely diffusing monomers of FPEG (right). The downward slope of the peak current function ipav-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 – 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 oxidationinduced 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 selfassemble 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 redoxresponsive ferrocenyl surfactants in the field of stabilizing emulsions or particles in solution.[169, 212213]

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 redoxresponsive 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(11ferrocenylundecyl)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 – 250 nm at lipid concentrations of 2 to 10 M. 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 drugdelivery 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-snglycero-3-phosphocholine

(DSPC),

cholesterol,

1,2-distearoyl-sn-glycero-3-phospho-(1′-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 Frémy’s salt (K2NO(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 selfassembly process on a unimolecular platform (Fig. 22a) by investigating three different amphiphiles
composed of -cyclodextrin (-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 -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 -CD binding
pocket was studied.[220] Cyclic voltammetry experiments revealed that the inclusion complex has to
dissociate into -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 -CD-OEG--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 hostguest 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) -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 -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 stimuliresponsive 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.

44

Scope and Objectives

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 selfassembly 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-statedependent 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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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.

We selected a 1,1’-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 ( -conjugated) lipophilic tail leads to ferrocene
molecules with distinct amphiphilic character. -conjugated substituents as alkynyl or alkenyl
moieties could serve as platforms to incorporate other organometal, -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-

46

Scope and Objectives

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 selfassembled 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.

47

Scientific Contribution of the Thesis

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. -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 1,1’-disubstitution
pattern, comprising a trimethylammonium head and a (protected) -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 selfassembly 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, selfassembly 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 results show that a 1,1’-disubstitution pattern of the ferrocene scaffold as the central, redoxswitchable 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 conjugated lipophilic tail create new opportunities to obtain highly functional heterobimetallic or
luminescent surfactants in water.
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ABSTRACT: Surfactants are functional molecules comprising a watercompatible 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) π-conjugated ethynyl group.
Although this architecture diﬀers 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 modiﬁcation 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 α-position of FcNMe3TIPS is
rather reactive and that the attached ammonium group can be exchanged by other substituents (e.g., −CN), which oﬀers
additional opportunities for further functionalization. Although FcNMe3TIPS is reversibly oxidized in voltammetric and UV−vis
spectroelectrochemical experiments, the high reactivity at the α-position is also responsible for the instability of the
corresponding ferrocenium ion, leading to a polymerization reaction.
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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

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
emulsiﬁcation 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 watersoluble 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
inﬂuence of such molecular variations.1−3 For instance, a
© 2018 American Chemical Society
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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 eﬃcient methods of
synthesis and derivatization, its completely reversible redox
properties, and its oxidation state-dependent water solubility.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 ﬁeld of
ferrocene-modiﬁed 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 monosubstituted 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 modiﬁed by a long alkyl chain in (FcCH2)(CH3)2N+(C12H25). The authors reported the redox
properties and some preliminary characterization of its
colloidal properties, including the formation and redoxtriggered 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 beneﬁt 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. Ferrocenylbased head groups represent a promising entry point to chargeconducting surfactants if an additional π-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 π-conjugated side chain. Therefore, we aim at ferrocene-based surfactants where a πconjugated substituent is directly attached to a cyclopentadienide ring at the ferrocene nucleus, leading to a πconjugation over the entire molecule. We here present
FcNMe3TIPS (see Scheme 1) as a ﬁrst successful realization
of this concept. As a further advantage, FcNMe3TIPS can be
modiﬁed in several diﬀerent 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 ﬁrst
results on exploring possible means for modifying its basic
structure.

Scheme 1. Multistep Synthesis of FcNMe3TIPS

RESULTS AND DISCUSSION
Molecular Synthesis and Characterization.
FcNMe3TIPS was prepared in ﬁve 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 Sonogashira reaction conditions were used to selectively react 1bromo-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
Me2NCH2+I− under Mannich-like conditions.41 Quaternization 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
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Figure 1. Experimental ESIMS pattern (black) of FcNMe3TIPS (6)
and the spectrum calculated for C25H40FeNSi+ (gray).
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air−water interface is observed at c = 0.79 mM with a minimal
surface tension γmin = 28.5 mN/m. This value is lower than
those of other ferrocene-based amphiphiles in the literature
(γmin = 35−55 mN/m),9,33,35,45−48 which indicates a very
eﬀective 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 (Γ = 3.90 μmol/
m2) and the average area occupied per molecule at the water−
air interface (Am = 43 Å2) were calculated. Am ﬁts 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 Information Figure 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 diﬀerent concentrations ranging from c = 0.014 to
0.88 mM (Figure 3). Even at low concentrations, aggregates
could be detected with a hydrodynamic diameter DH (≈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 ﬁndings can be supported by smallangle X-ray scattering (SAXS), powder X-ray diﬀraction, and
other TEM micrographs displayed in Figure S3a of 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) conﬁrms 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 (see Scheme 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 parameter P = 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 comparing Figures 2 and 3, one has to
conclude that aggregates form in solution prior to saturation of
the air−water interface. This means that the concentration at
γmin 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 diﬀerent concentrations. The aqueous
phase was then layered with n-hexane containing the lipophilic
dye azobenzene (see also Figure S4 of the Supporting
Information). The optical absorbance of the dye in the oil
phase was determined at λ = 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

pattern for the M peak C25H40FeNSi . The presence of the
triple bond is conﬁrmed by the characteristic stretching
vibration νCC 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 λmax = 230 nm and a weaker band in the
vis region at 400−500 nm (λmax = 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 in Figure
S2 of the Supporting Information.

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 Information Figure 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).

Surfactant Properties of FcNMe3TIPS. FcNMe3TIPS is
slightly soluble in water (0.5 mg/mL) as deﬁned by the United
States Pharmacopeia and soluble in nonpolar solvents such as
dichloromethane (DCM) (60 mg/mL), which is a ﬁrst
indication for amphiphilic properties. In water, the surfactant
exhibits a signiﬁcant foaming capability (see Figure 2a), a
characteristic feature of surfactants. The calculation of the
electrostatic potential surface of FcNMe3TIPS (Figure 2b)
conﬁrms a surfactant-like architecture and shows that all
molecular parts except for the ammonium head group are
nonpolar. Concentration-dependent surface tension (γ)
measurements in water were performed next (Figure 2c).
It was found that γ remains constant until a concentration of
c = 0.007 mM is reached and then decreases. Saturation of the
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Figure 3. (a) Aggregate size distribution curves determined from DLS measurements in aqueous solution of FcNMe3TIPS at c = 0.014 mM
(black), 0.22 mM (red), and 0.88 mM (blue). (b) Correlation of the hydrodynamic diameter DH with surfactant concentration.

Figure 5. Alternative determination of the cac. Absorption of
azobenzene in the cyclohexane phase at diﬀerent concentrations of
the surfactant in the aqueous phase.

which the ﬁrst aggregates form in solution) is very low (at
≈0.01 mM) and that the shape transition commences at a
concentration of ≈0.03 mM. Classic surfactants like
cetyltrimethylammonium bromide and sodium dodecyl sulfate
have a signiﬁcantly higher cac value of 0.92−1 and 6−8 mM,
respectively,49−51 while the cac of ferrocene-based amphiphiles
as they were, for instance, explored by Saji and co-workers is
usually in the range of 0.1−2 mM.30,48,52,53 In contrast, lipids
have typically much lower cac’s in the nM region. The cac of
FcNMe3TIPS is thus in between those of lipids and classic
surfactants.54,55
Thus, the formation of aggregates commences even before a
monolayer is formed at the air−water interface. This unusual
behavior can be explained by the peculiar structure of
FcNMe3TIPS. The rigid alkyne functionality reduces the
ﬂexibility of the overall amphiphile and the possibilities of how
the amphiphiles can arrange at the water−air interface.
According to Figure 2d, a close packing of molecules of
FcNMe3TIPS leads to an energetic destabilization of the Gibbs
monolayer. Notably, the close proximity of the positive charges
at the trimethylammonium head groups results in strong
Coulombic repulsion. Therefore, the formation of aggregates
with a certain degree of curvature (micelles, vesicles) and an
increased distance between the positive charges might be
energetically favored, thereby decreasing the prevalent charge
repulsion, instead of forming a closely packed Gibbs
monolayer. Such behavior has rarely been described in the

Figure 4. (a) TEM of aggregates formed by FcNMe3TIPS in water (c
= 0.8 mM). (b) Energy-dispersive X-ray spectroscopy (EDX) data;
Cu signals from the TEM grid.

concentration of 0.01 mM is identical to that for which we
have observed the occurrence of micelles (Figure 3b).
Therefore, it can be concluded that azobenzene-loaded
micelles are present in water. Surprisingly, a minimum is
reached at c = 0.03 mM, and on increasing the concentration
further, the absorption increases again to the original value. In
agreement with DLS and TEM (Figures 3 and 4), we explain
this behavior by the transition from a micellar state to the
vesicular state. Because the inner cavity of the vesicles is also
ﬁlled with water, azobenzene cannot enter the water phase
anymore. This means that the cac (≅the concentration at
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Figure 6. POLMIC (a) and SAXS (b) of an LLC phase of FcNMe3TIPS.

Scheme 2. Preparation of a New Heterobimetallic Surfactant

Scheme 3. Nucleophilic Attack at the Ammonium Group

the smectic phase, respectively.60−62 Small-angle X-ray
scattering (SAXS) reveals a signal at a scattering vector q =
2.21 nm−1 corresponding to a lattice plane spacing of d = 2.84
nm. The distance of 2.84 nm equals twice the length of the
ferrocene amphiphile as estimated from the geometryoptimized, calculated structure and indicates an end-to-end
orientation of the triisopropylsilylethynyl lipophilic tails.
Functionalization of FcNMe3TIPS and Redox Properties. As it was mentioned before, the new surfactant
FcNMe3TIPS has the potential advantage that it can be
modiﬁed further such as to endow it with even superior levels
of functionality. The most attractive position for such
modiﬁcation is obviously the TIPS-protected ethynyl end
group. The TIPS group is easily cleaved from (5) using
tetrabutylammonium ﬂuoride (Scheme 2). The resulting Hterminated alkyne (7) is now amenable to a wide range of
further functionalizations. For proof of concept, the squareplanar platinum fragment trans-Pt(PEt3)2Cl was attached to
(7) to give the neutral complex (8). The latter was converted
to the heterobimetallic surfactant (9) by subsequent
quaternization of the amine function with concomitant
substitution of the chloro by an iodo ligand at the platinum
ion. The success of these reactions was unambiguously proven

literature but was reported for conical ionic fullerene
amphiphiles following the image charge theory by Nitta and
co-workers.51,56,57 Our arguments are also supported by
comparison to similar structures as our surfactant, but with
alkyl chains.29 Those compounds have a higher average surface
tension (γmin = 35−55 mN/m), and the overall surface activity
is reduced. This can be explained by the higher space required
by the ﬂexible alkyl chains at the air−water interface.
A surfactant is expected to form lyotropic liquid crystals
(LLCs) at higher concentration. We therefore also examined
the phases of FcNMe3TIPS formed at high concentration
levels in diﬀerent solvents (water, acetonitrile, a mixture of
acetonitrile and isopropanol as well as in apolar solvents like
dichloromethane). There are only few reports on LLCs with
ferrocene-based amphiphiles.58,59 Because many LLC phases
are optically anisotropic, polarized optical microscopy
(POLMIC) is a convenient method to observe LLCs.
POLMIC images show that FcNMe3TIPS forms LLC phases
not only in polar solvents but also in nonpolar solvents (see
Figure 6a and the Supporting Information Figure S5). Maltesecross patterns (columnar droplets), giant mosaiclike LLCs, and
fanlike textures were observed in polar and apolar solvents,
indicating the presence of LLCs in the circular/lamellar and
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by NMR spectroscopy (see the Experimental Section and
Figure S6 of the Supporting Information). Two-dimensional
(2D) NMR spectroscopic investigations conﬁrmed the purity
of complexes (8) and (9). In particular, Pt satellites for the
ethynyl-carbon atoms of (9) were observed in its 13C NMR
spectrum. The triplet at −4823 ppm (JPtP = 2337 Hz) in the
195
Pt NMR spectrum indicates the formation of a transPt(PEt3)2I(−CCR) fragment, while the 31P NMR spectrum
accordingly shows a singlet at 8.57 ppm with Pt satellites with
an identical JPtP = 2337 Hz.
According to the report of Lindsay et al.,42 it should also be
possible to exchange the ammonium group in α-position to the
ferrocene ring by nucleophiles. We adapted the procedure
according to Scheme 3 and obtained the corresponding nitrile
compound (10). The 1H NMR spectrum shown in Figure S7
proves the upﬁeld shift of the resonance signal for the
methylene protons in α-position upon substitution of the
trimethylammonium group by the nucleophile cyanide and
underlines the successful synthesis of FcCNTIPS (10).
Compound (10) itself can be further functionalized to the
respective carboxamides, the carboxylic acid, or to amines.
An important feature of ferrocene-based amphiphiles is their
reversible one-electron oxidation to the corresponding
ferrocenium species (Fc+). In the case of FcNMe3TIPS, the
charge of the surfactant increases from +1 to +2. More
importantly, the formerly neutral ferrocene nucleus changes to
cationic ferrocenium and hence may become a part of the
hydrophilic head as opposed to the oleophilic part of the
molecule (c. f. Figure 2b). Both eﬀects should cause a major
change of the packing parameter P. We ﬁrst investigated the
redox properties of the iodide salt of the cationic FcNMe3TIPS
surfactant by cyclic voltammetry (CV). As shown in Figure S8
in the Supporting Information, CVs recorded in dichloromethane (DCM) show three consecutive redox waves.
Comparison with tetrabutylammonium iodide indicates that
the ﬁrst two processes at E = −165 and 88 mV are due to the
I−/I3−/I2 redox couples63,64 and that the most anodic wave at a
half-wave potential E1/2 of 332 mV is assignable to the Fc/Fc+
redox couple. To avoid this interference, the iodide counterions were replaced by nitrate using an ion-exchange resin, and
the corresponding nitrate salt was used further on in the
electrochemical investigations. The latter showed only the
reversible Fc/Fc+ couple at an E1/2 of 332 mV (see Figure
7a) in organic solvents. In water as the solvent, oxidized
FcNMe3TIPS is obviously immobilized at the electrode surface
as revealed by the typical, sharp and nondiﬀusive anodic
adsorption peak. The presence of a normal diﬀusion-controlled
reverse peak on the cathodic scan suggests that oxidized
FcNMe3TIPS is chemically (at least partially) stable on the
short CV time scale.
More detailed investigations of the oxidation process using
UV−vis spectroelectrochemistry (SEC, 0.1 M NBu4PF6 in
DCM) revealed a more complex behavior on longer time
scales. When employing a rather high overpotential to ensure
rapid oxidation, the vis band of the neutral compound at λmax =
443 nm decreased upon oxidation and two new bands with
similar or higher intensity at λmax = 585 and 782 nm develop
(Figure 4d). Both are typical of ferrocenium species.65,66 Rapid
rereduction at likewise high overpotential reproduced the
spectrum of the neutral compound almost quantitatively (see
Figure S9a). When, however, the electrolysis was conducted at
a slower rate and with a gradual, stepwise increase of the
applied potential, no ferrocenium formation was observed.

Figure 7. CV of the nitrate salt of FcNMe3TIPS in DCM/0.1 M
NBu4PF6 (a) and in water (b). Repetitive scans of the Fc/Fc+ wave in
the presence of “magic blue” (c), and changes in the UV−vis spectra
on electrochemical oxidation of FcNMe3TIPS (d).

Rather, a ﬁlming of the working electrode was encountered
(see Figure S9b). Chemical oxidation of the nitrate salt of
FcNMe3TIPS in a CV cell (0.1 M NBu4PF6 in DCM) using
tris(4-bromophenyl)aminium hexachloridoantimonate (magic
blue) as the oxidizing agent67,68 (0.5 or 1 eq., respectively)
likewise suggests rapid degradation and polymerization, leading
to the deposition of an insulating ﬁlm on to the electrode
surface on repeated scanning (see Figure 7c). In water as the
solvent, oxidized FcNMe3TIPS degrades at an even faster rate.
Thus, oxidizing FcNMe3TIPS with dropwise addition of an
aqueous solution of cerium ammonium nitrate led to an
instantaneous, greenish-blue coloration and then to a rapid
discoloration to pale orange with the concomitant formation of
a yellow-orange, insoluble precipitate (see Figure S9c of the
Supporting Information for UV−vis data).
Scheme 4 oﬀers a possible explanation for these observations. Oxidation to the ferrocenium ion is expected to increase
the electrophilicity of the methylene carbon, which links the
ferrocene and the adjacent trimethylammonium head group.
The latter is now even more readily attacked by external
nucleophiles to release NMe3 or may attack a nearby,
unoxidized molecule of FcNMe3TIPS, most likely at the
more electron-rich TIPS−CC-substituted Cp ring (note that
ferrocenes are by a factor of ca. 106 more reactive toward
electrophiles than benzene). The resulting methylene-bridged
diferrocenium cation with one oxidized and one reduced
ferrocene unit might then undergo homogeneous chargetransfer with yet another molecule of FcNMe3TIPS, thereby
triggering an electrocatalytic process, or follow reactions such
as the substitution of the ammonium head group. We note
here again that nucleophilic substitution of the NMe3 leaving
group of trimethylammoniummethylene-substituted ferrocenes
is a standard procedure for preparing Fc−CH2Nu derivatives
(Nu = OH, OR, CN, SR, etc.).36,41,42 Thus, substitution at the
trimethylammonium head group oﬀers another way to further
modify the surfactant properties of FcNMe3TIPS, and work
along these lines is presently being pursued in our laboratories.
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Scheme 4. Redox-Triggered Polymerization of FcNMe3TIPS
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carboxylate, in order to fully exploit the inherent redox activity
of such ferrocene-based gemini surfactants.

CONCLUSIONS AND OUTLOOK

We present the synthesis of 1-triisopropylsilylethynyl-1′trimethylammoniummethylferrocene (FcNMe 3 TIPS).
FcNMe3TIPS features a trimethylammonium head group and
an oleophilic part constituted by the ferrocene nucleus and the
attached TIPS-protected ethynyl functionality at the other
cyclopentadienide ring. This unusual architecture sets the title
compound apart from other ferrocene-based amphiphiles in
the literature. FcNMe3TIPS has typical features of a surfactant
and shows colloidal behavior similar to lipids. It packs very
eﬃciently at the air−water interface, leading to a very low value
of the minimum surface tension (γmin = 28.5 mN/m). In
agreement with its packing parameter, it has a high tendency
for the formation of vesicles instead of micelles. The critical
aggregation concentration was determined by two independent
methods. It could be conﬁrmed that aggregates are already
present in solution at signiﬁcantly lower concentrations as
required for the formation of a full monolayer at the air−water
interface. This behavior also diﬀers from that of classical
surfactants.
As an additional advantage, FcNMe3TIPS can be modiﬁed
in various diﬀerent ways. We demonstrated that the protective
TIPS group is easily cleaved to yield complex 7 with an
unprotected ethynyl functionality (see Scheme 2). Complex 7
was then used to prepare the heterobimetallic Fe−Pt
complexes (8) and (9), where the ethynyl linker connects
the ferrocenyl group to a trans-conﬁgured Pt(PEt3)2Cl or
Pt(PEt3)2I entity. The latter could endow them also with
additional catalytic function in addition to their (as-yet
unexplored) surfactant properties. Its terminal ethynyl
functionality makes 7 also an ideal precursor for the
incorporation of other functionalities, for example, via
Sonogashira coupling or click chemistry reactions. We also
found that the terminal α-position next to the aromatic system
of Fc is highly reactive and can be transformed by nucleophilic
substitution. As expected, FcNMe3TIPS is reversibly oxidized
to the corresponding ferrocenium species at a half-wave
potential of 332 mV in CH2Cl2/NBu4PF6. In water, the
corresponding redox process is compromised by the strong
adsorptive behavior of the ferrocenium species. On a longer
time scale, FcNMe3TIPS is chemically reactive with the release
of NMe3, which initiates a polymerization reaction. Because
the presence of the ammonium group is essential for securing
solubility and the function as a surfactant, we aim at modifying
this position, for example, by introducing an ethylene spacer or
by employing a diﬀerent, charged head group, for example, a

EXPERIMENTAL SECTION
Chemicals and Materials. The reactions were performed
using standard Schlenk techniques under a N2 atmosphere.
Solvents were dried according to standard procedures and
stored under argon atmosphere. Water was deionized by
Millipore Milli-Q. C6D6, CD2Cl2, and CDCl3 were supplied
from Eurisotop. Starting materials for synthesis were purchased
from commercial sources unless stated otherwise. Compounds
were synthesized according to literature procedures and follow
the representative synthesis protocols provided below.
FcNMe2Pt(PEt3)2Cl was obtained as reported by Schanze
and co-workers.69 The atom numbering pertinent to the NMR
discussion is provided in the Supporting Information together
with the corresponding NMR spectra.
Preparation of 1,1′-Dibromoferrocene (FcBr2) (2). A
solution of ferrocene (10 g, 53.75 mmol, 1 equiv) in n-hexane
(400 mL) and tetramethylethylenediamine (19 mL, 125.24
mmol, 2.33 equiv) was stirred in a dried 1 L Schlenk ﬂask and
cooled to 0 °C. Then, 1.6 M n-BuLi in hexane (72 mL, 125.24
mmol, 2.33 equiv) was added dropwise. The temperature of
the suspension was allowed to raise to room temperature
overnight. The orange precipitate was ﬁltered, resuspended in
diethyl ether (350 mL), and cooled to −78 °C. Then, a
solution of 13.5 mL of tetrabromoethane (115.56 mmol, 2.15
equiv) in 80 mL of diethyl ether was added dropwise. The
solution was stirred overnight while slowly warming to ambient
temperature. The dark red solution was decanted and
quenched with 100 mL of distilled water. After solvent
removal, the dark orange solid was dissolved in 300 mL of nhexane, ﬁltered through Celite, and then washed with sat. aq
FeCl3 (ca. 3 × 100 mL). The organic phase was extracted with
water and dried over MgSO4, and the solvent was removed in
vacuo. Pure orange, crystalline FcBr2 was obtained after
recrystallization from MeOH in 59% yield (10.89 g, 31.67
mmol). 1H NMR (400 MHz, CDCl3): δ 4.42 (vt, 3JHH = 1.9
Hz, 4H), 4.17 (vt, 3JHH = 1.9 Hz, 4H).
Preparation of 1-Iodo-1′-bromoferrocene (FcBrI) (3).
FcBr2 (10.7 g, 31.12 mmol, 1 equiv) was dissolved in 750 mL
of anhydrous tetrahydrofuran (THF), and the solution was
cooled to −78 °C. A solution of 2.5 M n-BuLi in n-hexane
(12.5 mL, 31.12 mmol, 1 equiv) was added dropwise, and the
temperature was maintained at −78 °C for 4 h. Then, a
solution of I2 (21.32 g, 84 mmol, 2.7 equiv) in THF (120 mL)
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cannula and washed with diethyl ether until the washings were
colorless. The quaternary FcNMe3TIPS was obtained as the
iodide salt in 93% yield (1.47 g, 2.6 mmol). 1H NMR (400
MHz, CDCl3): δ 4.82 (s, 2H, H-11), 4.55−4.53 (m, 4H, H-9,
H-7), 4.41 (vt, 2H, 3JHH = 1.9 Hz, H-8), 4.39 (vt, 2H, 3JHH =
1.9 Hz, H-6), 3.31 (s, 9H, H-12), 1.10−1.14 (m, 21H, H-1, H2). 13C NMR (101 MHz, CDCl3): δ 104.67 (s, C-4), 88.84 (s,
C-3), 74.06 (s, C-8), 73.44 (s, C-9), 73.36 (s, C-7), 72.48 (s,
C-10), 70.79 (s, C-6), 67.50 (s, C-11), 66.92 (s, C-5), 52.86
(s, C-12), 18.95 (s, C-1), 11.40 (s, C-2). ESIMS: M+
(C25H40FeNSi+) = 438.23, M+−NMe3 (C22H31FeSi+) =
379.15. Anal. Calcd for C25H40FeINSi: C, 53.10; H, 7.13;
N, 2.48. Found: C, 53.21; H, 6.93; N, 2.73. IR (powder): 2942,
2863, 2147 cm−1.
Preparation of 1-Ethynyl-1′-dimethylaminomethylferrocene (FcNMe2H) (7). FcNMe2TIPS (0.300 g, 0.71
mmol, 1 equiv) was dissolved in 40 mL of anhydrous THF,
and 1.06 mL (1.06 mmol, 1.5 equiv) of a 1 M solution of
tetrabutylammonium ﬂuoride in THF was added dropwise.
After the reaction mixture was stirred for 2 h, the solvent was
removed in vacuo and the product was puriﬁed by column
chromatography (PE/EA = 100:0 to 75:25%). The product
was isolated in quantitative yield (190 mg, 0.71 mmol). 1H
NMR (400 MHz, CDCl3): δ 4.37 (vt, 3JHH = 1.9 Hz, 2H),
4.18−4.14 (m, 6H), 3.29 (s, 2H), 2.74 (s, 1H), 2.17 (s, 6H).
Preparation of FcNMe2Pt(PEt3)2Cl (8). FcNMe2H (80
mg, 0.3 mmol, 1 equiv) was dissolved in 35 mL of
diethylamine and degassed for 15 min. Then, 165.8 mg
(0.33 mmol, 1.1 equiv) of trans-Pt(PEt3)2Cl2 were added, and
the reaction mixture was heated to reﬂux for 24 h. Next, 20 mL
of CH2Cl2 were added, and the reaction mixture was extracted
with water (30 mL) and brine (30 mL). The combined organic
phases were dried over MgSO4, and the solvent was removed
in vacuo. The crude product was washed with diethylamine
(20 mL) at −20 °C to remove the remaining unreacted Ptprecursor complex by precipitation from diethylamine. The
solvent was removed under reduced pressure, and the crude
product was puriﬁed by column chromatography (DCM/
MeOH/NEt3 87:10:3%) to give FcNMe2Pt(PEt3)2Cl in 82%
yield (180 mg, 0.25 mmol). 1H NMR (400 MHz, C6D6): δ
4.30−4.26 (m, 4H, H-4, H-7), 4.14 (vt, 3JHH = 1.6 Hz, 2H, H6), 4.00 (vt, 3JHH = 1.6 Hz, 2H, H-5), 3.59 (s, 2H, H-9), 2.22
(s, 6H, H-10), 1.99−1.89 (m, 12H, H-P1), 1.09 (dt, 3JHH = 8.0
Hz, 3JPH = 15.8 Hz, 18H, H-P2). 13C NMR (101 MHz, C6D6):
δ 96.82 (t, 3JPC = 2.51 Hz, C-2), 81.75 (s, C-8), 79.41 (t, 2JPC =
14.5 Hz, C-1), 74.52 (s, C-3), 72.24 (s, C-7), 71.31 (s, C-4),
70.30 (s, C-6), 68.33 (s, C-5), 58.39 (s, C-9), 43.84 (s, C-10),
15.10 (t, JPC = 14.5 Hz, with shoulders, C-P1), 8.31 (s, with
shoulders, C-P2). 31P NMR (162 MHz, C6D6): δ 14.55 (s,
with satellites, JPtP = 2417 Hz). 195Pt NMR (86 MHz, C6D6): δ
-4435 (t, JPtP = 2417 Hz).
Preparation of FcNMe3Pt(PEt3)2I (9). First, 80 mg of
FcNMe2Pt(PEt3)2Cl (0.11 mmol, 1 equiv) was dissolved in 5
mL of abs. MeOH and 0.02 mL of MeI (0.32 mmol, 2.9 equiv)
were added dropwise. The reaction mixture was stirred at
room temperature for 2 h. Then, 150 mL of diethyl
ether were added, resulting in a suspension with an orange
precipitate. The solution was ﬁltered via cannula, and the
orange solid was washed with diethyl ether (3 × 30 mL), dried
in vacuo, and FcNMe3Pt(PEt3)2I was obtained as an orange,
shiny solid (101 mg, 0.10 mmol, 91%). 1H NMR (600 MHz,
C6D6): δ 5.21 (s, 2H, H-9), 4.67 (vt, 2H, 3JHH = 1.8 Hz, H-7),
4.63 (vt, 2H, 3JHH = 1.8 Hz, H-4), 4.54 (vt, 2H, 3JHH = 1.8 Hz,

was added dropwise. After complete addition, the reaction
temperature was stirred with gradual warming to room
temperature overnight. Aqueous sodium thiosulphate (20%
w/v, 300 mL) was added to the reaction vessel, followed by
diethyl ether (100 mL), and the organic layer was separated
and subsequently washed with aqueous sodium thiosulphate (3
× 100 mL) and dried over MgSO4, and the solvent was
removed in vacuo. The product was isolated in 86% yield
(10.42 g, 26.66 mmol). The product was contaminated with
some minor impurities, which could not be removed via ﬂash
column chromatography. 1H NMR (400 MHz, CDCl3): δ 4.42
(vt, 3JHH = 1.9 Hz, 2H), 4.38 (vt, 3JHH = 1.9 Hz, 2H), 4.22 (vt,
3
JHH = 1.9 Hz, 2H), 4.13 (vt, 3JHH = 1.9 Hz, 2H).
Preparation of 1-Triisopropylsilylethynyl-1′-bromoferrocene (FcBrTIPS) (4). FcBrI (8.21 g, 21 mmol, 1 equiv),
CuI (40 mg, 0.21 mmol, 0.01 equiv), PdCl2(PPh3)2 (147.4 mg,
0.21 mmol, 0.01 equiv), and PPh3 (110.2 mg, 0.42 mmol, 0.02
equiv) were dissolved in 50 mL of degassed NEt3/THF (1:1 v/
v), 7.1 mL of TIPSA (31.5 mmol, 1.5 equiv) was added, and
the reaction vessel was sealed and heated to 60 °C for 60 h.
Then, the solvent was removed in vacuo, and the residue was
resuspended in hexane and ﬁltered over Celite. After removal
of the solvent, the product was obtained following puriﬁcation
by ﬂash column chromatography (PE) as a brown-red oil (5.50
g, 12.35 mmol, 59%). 1H NMR (400 MHz, CDCl3): δ 4.44
(vt, 3JHH = 1.9 Hz, 2H), 4.39 (vt, 3JHH = 1.9 Hz, 2H), 4.23 (vt,
3
JHH = 1.9 Hz, 2H), 4.14 (vt, 3JHH = 1.9 Hz, 2H), 1.14−1.12
(m, 21H).
Preparation of 1-Triisopropylsilylethynyl-1′dimethylaminomethylferrocene (FcNMe2TIPS) (5). First,
1.92 g of FcBrTIPS (4.3 mmol, 1 equiv) were dissolved in 120
mL of THF, and the solution was cooled to −78 °C. Then,
1.72 mL of a 2.5 M solution of n-BuLi in hexane (4.3 mmol, 1
equiv) was added dropwise. The solution was stirred for
further 20 min at −78 °C. Freshly sublimed Eschenmoser salt
(0.88 g, 4.73 mmol, 1.1 equiv) was added, and the reaction
temperature was kept at −78 °C for an hour. The reaction
mixture was stirred overnight while allowing to warm up to
room temperature. Next, 100 mL of distilled water and 200 mL
of ethyl acetate were added. The organic layer was separated,
washed three times with saturated NaCl solution, and dried
over MgSO4. The solvent was removed in vacuo, and the
residue was puriﬁed by column chromatography (PE/NEt3 =
95:5%) yielding 1.18 g of FcNMe2TIPS (2.79 mmol, 65%) as a
brown oil. 1H NMR (400 MHz, CDCl3): δ 4.35 (vt, 3JHH = 1.9
Hz, 2H, H-6), 4.18−4.12 (m, 6H, H-9, H-7, H-8), 3.33 (s, 2H,
H-11), 2.17 (s, 6H, H-12), 1.14−1.12 (m, 21H, H-1, H-2).
13
C NMR (101 MHz, CDCl3): δ 105.56 (s, C-4), 86.88 (s, C3), 84.87 (s, C-10), 72.35 (s, C-6), 72.19 (s, C-9), 69.85 (s, C8), 69.03 (s, C-7), 65.85 (s, C-5), 58.39 (s, C-11), 44.76 (s, C12), 18.75 (s, C-1), 11.30 (s, C-2). ESIMS: M +
(C24H38FeNSi+) = 424.21, M+−NMe3 (C22H31FeSi+) =
379.15. Anal. Calcd for C24H37FeNSi: C, 68.07; H, 8.81; N,
3.31. Found: C, 67.97; H, 9.11; N, 3.80.
Preparation of 1-Triisopropylsilylethynyl-1′-trimethylammoniummethylferrocene Iodide (FcNMe3TIPS)
(6). FcNMe2TIPS (1.18 g, 2.79 mmol, 1 equiv) was dissolved
in absolute MeOH (5 mL) and cooled to 0 °C. Then, an
excess of MeI (0.5 mL, 8.03 mmol, 2.9 equiv) was added
dropwise, and the clear solution was stirred for 1 h. After
heating to reﬂux for 5 min, 500 mL of diethyl ether were added,
and the resulting shiny orange precipitate was ﬁltered via
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Next, 0.1 M of NBu4PF6 in DCM was used as the supporting
electrolyte. IR/NIR spectra were recorded on an Fourier
transform infrared Bruker Tensor II instrument. UV−vis
spectroscopy and spectroelectrochemical measurements were
performed on a diode-array unit TIDAS by J&M ANALYTIK.
In the latter experiments, a WENKING potentiostat POS3 was
used. Attenuated total reﬂection (ATR)-IR spectra were
measured on a Perkin Elmer 100 Spectrum Spectrometer
equipped with an ATR unit. DLS measurements were done on
Malvern Zen5600. Liquid-crystal pictures were performed with
an Olympus CX41 light microscope. High-resolution transmission electron microscopy (TEM) observations were done
on JEOL JEM-2200FS. For surface tension measurements,
Krüss K100 was used. SAXS was acquired on a Bruker
Nanostar system equipped with pinhole collimation and Cu
Kα radiation. Geometry optimization and orbital calculations
were performed using DFT with the TURBOMOLE program
package for ab initio electronic structure calculation using the
BP86/def2-TZVP level of theory. TURBOMOLE V7.1 2016, a
development of the University Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH,
since 2007; available from http://www.turbomole.com.

H-5), 4.27 (vt, 2H, JHH = 1.8 Hz, H-6), 3.11 (s, 9H, H-10),
2.19−2.14 (m, 12H, H-P1), 1.11 (dt, 3JHH = 8.2 Hz, 3JPH =
15.8 Hz, 18H, H-P2). 13C NMR (151 MHz, C6D6): δ 95.33 (s,
with satellites, 2JPtC = 401.06 Hz, C-2), 87.34 (t, 2JPC = 14.5
Hz, with satellites, 1JPtC = 1437.97 Hz, C-1), 74.95 (s, with
satellites, 3JPtC = 31.68 Hz, C-3), 73.44 (s, C-6), 73.33 (s, C7), 73.33 (s, C-8), 71.85 (s, C-4), 70.00 (s, C-5), 66.42 (s, C9), 52.10 (s, C-10), 17.20 (t, JPC = 17.7 Hz, with shoulders, CP1), 8.71 (s, with shoulders, C-P2). 31P NMR (162 MHz,
C6D6): δ 8.57 (s, with satellites, JPtP = 2337 Hz). 195Pt NMR
(86 MHz, C6D6): δ -4823.57 (t, JPtP = 2337 Hz).
Preparation of FcCNTIPS (10). FcNMe3TIPS (35 mg,
0.062 mmol, 1 equiv) was dissolved in a mixture of absolute
acetonitrile/methanol (20:10 mL), and 40.33 mg (0.62 mmol,
10 equiv) of KCN were added. The reaction mixture was
stirred at reﬂux for 48 h and then cooled to room temperature.
The solvent was removed in vacuo, and the resulting brown
solid was extracted with diethyl ether (3 × 50 mL). The
organic phase was washed with water (3 × 30 mL) and dried
over MgSO4, and the solvent was removed under reduced
pressure. FcCNTIPS was obtained as a brown solid (17.50 mg,
0.043 mmol, 70%). 1H NMR (400 MHz, CDCl3): δ 4.48 (t,
3
JHH = 1.9 Hz, 2H), 4.28−4.24 (m, 4H), 4.21 (t, 3JHH = 1.9 Hz,
2H), 3.49 (s, 2H), 1.15−1.10 (m, 21H).
Ion-Exchange Procedure for Electrochemical Investigations (FcNMe3TIPS_NO3). First, 500 mg of the iodide
salt of FcNMe3TIPS (0.88 mmol) was dissolved in 50 mL of
MeOH and ﬂushed through a plug of freshly activated, KNO3loaded Amberlite IRA-402. This procedure was repeated 10
times, and then the solvent was removed in vacuo, resulting in
a yellow solid with white impurities (KNO3). The precipitate
was dissolved in dichloromethane and washed two times with
30 mL of distilled water. The organic phase was dried over
MgSO4, and the solvent was removed in vacuo. CV
measurements conﬁrmed the complete displacement of I− by
NO3−. The ion-exchange proceeded quantitatively.
Characterization. NMR experiments were carried out on a
Varian Unity Inova 400, a Bruker Avance III DRX 400, or a
Bruker Avance DRX 600 spectrometer. 1H and 13C spectra
were referenced to the respective solvent signal, whereas 31P
and 195Pt spectra were referenced to external standards (85%
H3PO4) and saturated K2[PtCl6] in D2O, respectively. Twodimensional (2D) NMR experiments were used to assign
unequivocal signals. Numbering of the nuclei can be seen in
the Supporting Information in the respective NMR data.
Combustion analysis was performed with an Elementar vario
MICRO cube CHN-analyzer from Heraeus. ESIMS data were
acquired on a Bruker microtof II system. Cyclic voltammetry
was performed in a one-compartment cell with 5−7 mL of
DCM or deionized water as the solvent and NBu4PF6 (0.1 M)
or KNO3 (0.1 M) as the supporting electrolyte. A platinum
electrode (⌀ = 1.1 mm, BASI) was used in DCM and a glassy
carbon electrode (⌀ = 3 mm, BASI) in water as the working
electrode. A computer-controlled BASi EPSILON potentiostat
was used for recording of the voltammograms. A Ag/AgCl wire
pseudoreference electrode in DCM and a Ag/AgCl (3 M KCl)
reference electrode in water were used in combination with a
platinum wire auxiliary electrode. UV−vis spectroelectrochemistry was performed in a self-built OTTLE cell according to the
design of Hartl et al.70 A platinum grid as the working and
counter electrode was welded in a polyethylene spacer,
incorporated into a Teﬂon surrounded with electrical
connectors in between the CaF2 plates of a liquid IR cell.
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5.2.1. Record of Contribution
Chemical synthesis, self-assembly characterization, and data interpretation was conducted by
S. Bitter. The optical birefringence setup was established by M. Schlötter. Further improvement of
the setup with two dynamic light scattering devices, the adjustment of two laser beam paths,
cuvette sealing, and exploration of appropriate measurement conditions were performed by
M. Schlötter and S. Bitter. The final optical birefringence measurements were carried out by
M. Schlötter. M. Schilling performed the surfactant synthesis, as well as electrochemical and selfassembly studies of the reduced and oxidized surfactant under the supervision of S. Bitter.
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Ferro-self-assembly: magnetic and electrochemical
adaptation of a multiresponsive zwitterionic
metalloamphiphile showing a shape-hysteresis
eﬀect†
Stefan Bitter,a Moritz Schlötter,a Markus Schilling,a Marina Krumova,a
Sebastian Polarz ab and Rainer F. Winter *a
Metallosurfactants are molecular compounds which combine the unique features of amphiphiles, like their
capability of self-organization, with the peculiar properties of metal complexes like magnetism and a rich
redox chemistry. Considering the high relevance of surfactants in industry and science, amphiphiles that
change their properties on applying an external trigger are highly desirable. A special feature of the
surfactant reported here, 1-(Z)-heptenyl-10 -dimethylammonium-methyl-(3-sulfopropyl)ferrocene (6), is
that the redox-active ferrocene constituent is in a gemini-position. Oxidation to 6+ induces a drastic
change of the surfactant's properties accompanied by the emergence of paramagnetism. The eﬀects of
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an external magnetic ﬁeld on vesicles formed by 6+ and the associated dynamics were monitored in situ
using a custom-made optical birefringence and dual dynamic light scattering setup. This allowed us to
observe the optical anisotropy as well as the anisotropy of the diﬀusion coeﬃcient and revealed the
ﬁeld-induced formation of oriented string-of-pearls-like aggregates and their delayed disappearance
after the ﬁeld is switched oﬀ.

Amphiphiles (or surfactants) combine hydrophilic (the socalled headgroups) and lipophilic entities (the so-called tails) as
integral parts of their molecular structures. This particular
construction principle provides them with the ability to display
concentration-dependent self-organization in nonpolar and
polar solvents.1 Amphiphiles with advanced functions that go
far beyond the traditional ones as emulsiers, stabilizing agents
for interfaces, or detergents were meanwhile realized by skillful
manipulation of any of its constituents.2–4 Recent examples are
micellar LEDs,5,6 catalysts,7–9 or batteries.10 Such applications
are important hallmarks on the way to even more sophisticated
amphiphiles such as the ones found in nature, e.g. in the
pockets of enzymes.11–18 An important milestone is the advent of
(multi-) stimuli-responsive amphiphiles, whose encoded functionalities respond to (diﬀerent) external triggers. Such systems
are capable of adaptive self-assembly, which can be controlled
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using an external input such as the pH, temperature, ionic
strength, or redox state.19–26
Paramagnetic amphiphiles, recently reviewed by Eastoe and
coworkers, constitute a fascinating family of stimuli-responsive
surfactants.27 Particular attention has been paid to magnetic
ionic liquids based on amphiphilic transition metal complexes,
as their properties are oen superior to those of conventional
magnetic uids (ferrouids).28–31 Self-assembly results in high
eﬀective concentrations of the paramagnetic metal centers, and
this in turn allows us to control their physico-chemical properties and the morphologies of their superstructures through an
external magnetic eld. Such a scheme has the added advantage
that the external stimulus is non-invasive. In many current
realizations of such systems, however, the magneto-active
(transition) metal ion is only present as a constituent of the
counterion of a cationic surfactant, but is not an integral
constituent of the surfactant itself.21,30,31
Some of us have previously reported redox-switchable as well
as paramagnetic stimuli-responsive amphiphiles of relevance to
the current work.32,33 We thought that ferrocene would be an
ideal building block in order to combine both these kinds of
stimuli within one single amphiphile.34–37 On oxidation, the
diamagnetic, hydrophobic ferrocene nucleus is transformed
into a paramagnetic S ¼ 1/2 ferrocenium ion with a distinct
hydrophilic character.38–41 Oxidation does hence not only
generate a magnetic moment, but also transfers the ferrocene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nucleus from the lipo- to the hydrophilic part of the
amphiphile, thereby changing its entire structure. A
1,10 -disubstitution pattern of the ferrocene scaﬀold, which is
synthetically well accessible,34,42–44 seemed particularly suited
for such an endeavor.
Studies on paramagnetic amphiphiles are oen thwarted by
the non-trivial analytics involved in their characterization.
Detailed investigations oen rely on small-angle neutron scattering (SANS), which is time-consuming and costly and suﬀers
from poor availability.27,30,31,45–47 Moreover, SANS is only of
limited value for following kinetically fast processes which
would be desirable for the live monitoring of structural changes
occurring in solution. Optical birefringence is a well-established
method to monitor the dynamic response of materials to
external elds.48–50 Although of high intrinsic value, optical
birefringence measurements in magnetic elds were only rarely
applied for the study of paramagnetic amphiphiles.29
We here report the zwitterionic, ferrocene-based amphiphile
FcNMe2SO3Heptene 6 (see Fig. 1, Fc ¼ ferrocenyl) with a sultone
headgroup. Compound 6 is unique in that its self-assembly
properties can be controlled by three diﬀerent external stimuli,
namely the (i) addition of an electrolyte, (ii) addition of an
oxidant/reductant, and (iii) exposure to an external magnetic
eld. We also demonstrate that optical birefringence in
combination with dynamic light scattering (DLS) measurements in two orthogonal directions provides detailed insights
into the functional response of aggregated magnetic nanoparticles formed by 6+ to an external magnetic eld in real time.
Specically, we have observed the formation of string-of-pearlslike aggregates of 6+ in a magnetic eld (0.8 T), the eld-induced
anisotropy of the diﬀusion of aggregated nanoparticles, and
a hysteresis eﬀect for their disappearance aer the magnetic

Chemical Science
eld is switched oﬀ. Thus, the anisotropy of larger aggregates
persists for more than 5 min, while the structural alignment of
smaller ones vanishes at a signicantly faster rate.

Results
Synthesis and characterization of FcNMe2SO3Heptene (6)
FcNMe2SO3Heptene was obtained in four consecutive synthetic
steps from literature-known 1,10 -dibromoferrocene (2) (Fig. 1).51
Formylation of 2 yields asymmetrically functionalized 1-formyl10 -bromoferrocene (3). 3 was then subjected to a Wittig reaction
with hexyltriphenylphosphonium bromide to provide 1-(Z)heptenyl-10 -bromoferrocene (4).52–54 Subsequent conversion
with Eschenmoser's salt under Mannich-like conditions55 followed by quaternization with 1,3-propane sultone ultimately
yielded the target compound 6.56
6 was fully characterized by 1H and 13C{1H} NMR spectroscopy, electrospray ionization mass spectrometry (ESI MS), IR
spectroscopy, UV-Vis spectroscopy and X-ray crystallography.
Fig. S1(a–g) of the ESI† provide graphical representations of the
corresponding spectra and the assignments of IR peaks. The ESI
MS signals and their isotope patterns are in perfect agreement
with the simulated ones for the M+ and (M + H)+ peaks of 6. Of
particular note is the observation of intense mass peaks corresponding to a dimer of 6 and to higher oligomers up to the
tetramer as well as their Na+ adducts. This is a token of the high
propensity of 6 to aggregate. UV-Vis absorption spectra recorded
in acetonitrile show an intense p / p* absorption band at lmax
¼ 284 nm and a weaker, characteristic band of the dd / dp/Cpp
excitation of a ferrocene species (the HOMO / LUMO transition) at lmax ¼ 444 nm (3 ¼ 225 M 1 cm 1), which accounts for
the pale orange color of 6.57–59 The respective DFT calculated
frontier MOs of 6 are shown in Fig. S2 of the ESI.†
Surfactant properties of 6 in the presence and absence of
added salts

Synthesis of FcNMe2SO3Heptene (6). (a) Synthesis of 6; (b)
molecular structure of 6 crystallized from acetonitrile. C; dark grey, N;
turquoise, Fe; orange, S; yellow, O; red, H atoms are omitted for clarity.

Fig. 1

© 2021 The Author(s). Published by the Royal Society of Chemistry

As is known for other sulfobetaine-containing polymers,60 the
solubility and the preferred conformation of 6 are highly
sensitive to the solvent polarity and the kind and concentration
of an added electrolyte. In nonpolar solvents, 6 undergoes
intramolecular ion pairing by backfolding of the C3H6SO3
moiety onto the ammonium part of the headgroup as was
veried by NOESY experiments in CDCl3 (Fig. S3a of the ESI†).
In spite of its zwitterionic sulfobetaine headgroup, 6 is only
sparingly soluble in pure water, already saturating at a concentration of 0.87 mM. Under these conditions, 6 adopts an open
conguration as indicated by the absence of NOESY cross peaks
between the methylene protons of the propylene connector and
the methyl and methylene protons of the Fc-CH2NMe2 segment
(see Fig. 2a). In this open conguration, individual molecules of
6 associate with neighboring molecules by intermolecular ion
pairing between the oppositely charged ammonium and sulfonate groups, thereby annihilating the individual charges. This
accounts for the low water solubility of 6.
This conformation and intermolecular ion pairing are
preserved in the solid state. Packing diagrams in Fig. S4 of the
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Fig. 2 Triggered aggregation of compound 6 by the addition of an external electrolyte. (a) NOESY spectrum of 6 (22.98 mM) in pure D2O; (b)
NOESY spectrum of 6 (22.98 mM) in 11.5 mM KPF6 (0.5 eq.) in D2O; (c) graphical illustrations of the closed (left) and open (right) headgroup
conformations of 6; (d) graphical illustrations of aggregates (micelle and vesicle).

ESI† show that, in the crystal, molecules of 6 associate with four
neighboring molecules via close interionic contact O/N of
3.764 Å to 4.098 Å between the NR4+ and the RSO3 parts of the
headgroups.
These interionic interactions are supported by a total of 10
strong, pairwise hydrogen bonds C–H/O between hydrogen
atoms at the NMe groups or at a cyclopentadienide ligand and
the sulfonate oxygen atoms. The latter range from 2.187 Å,
which is as much as 0.533 Å shorter than the sum of their van
der Waals radii, to 2.527 Å. Additional hydrophobic interactions
between the oleophilic Z-heptenyl chains organize crystalline 6
into a lamellar structure resulting from head-to-head/tail-to-tail
arrangements of individual molecules. SAXS and PXRD
measurements of solid samples of 6 obtained from aqueous
solutions show a microcrystalline pattern with d100 ¼ 2.68 nm
and the corresponding higher-order reexes (see Fig. S5 of the
ESI†). The observed PXRD pattern matches with that calculated
from the experimental X-ray structure, which proves that
intermolecular ion pairing with an alignment of the oppositely
charged headgroups prevails under these conditions.
Disruption of this packing motif and the typical foam
formation of an amphiphile are, however, observed aer the
addition of KPF6 or KNO3 to aqueous solutions of 6. According
to the Hofmeister salt series, large and polarizable ions, in
particular anions, have the largest eﬀect (Fig. S7†).60,61 Aggregation upon electrolyte addition can be monitored via NOESY
(Fig. 2b) and DOSY (Fig. S6 of the ESI†) measurements and is
further supported by the SAXS and PXRD data (see Fig. S5 of the
ESI†). Ion-pairing of the ammonium and sulfonate entities of
the sultone headgroup with the appropriate ions of an external
electrolyte breaks the intermolecular ionic interactions. As
a consequence, the solubility of 6 in water increases 26 fold,
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from 0.87 mM to 23 mM, with a concomitant change of the zeta
potential from +50 mV to 49 mV.
In aqueous 0.1 M KNO3 or 0.01 M KPF6 solutions compound
6 shows remarkable surfactant properties and exhibits a surface
activity g of 36 mN m 1. The surface tension curve can be
treated as a Gibbs isotherm, and a surface excess area G of 6.93
mmol m 2 and an average area Am of 24 Å2 per molecule at the
water–air interface are obtained. Dynamic light scattering (DLS)
and surface tension measurements (Fig. 3a) provide a critical
aggregation concentration cac of ca. 1.0 mM. At concentrations
> cac, and immediately aer preparation, aggregates with a size
of DH z 4 nm form in both 0.1 M KNO3 and 0.01 M KPF6
(Fig. S8a and b†). Considering that 6 has a diameter of ca. 2.1
nm, one can infer that under these conditions spherical
micelles are formed. Aer 5 days in solution, the size of the
aggregates has increased to 40–120 nm in aqueous KNO3 and to
120–180 nm in aqueous KPF6. The dhkl value of 3.26 nm obtained from SAXS/PXRD measurements corresponds to roughly
twice the molecular length of 6. This is a typical feature of
vesicles. Cryo-transmission electron microscopy (cryo-TEM)
images consequently show large spherical aggregates, whose
diameters correspond well with the DLS data, besides smaller
micelles. Area-selected energy-dispersive X-ray spectroscopy
(EDX), electron spectroscopic imaging (ESI), bright eld (BF)/
dark eld (UDF) measurements (Fig. 3c–e), and electron energy
loss spectroscopy (EELS) measurements in the scanning transmission electron microscopy (STEM) mode (Fig. S9 of the ESI†)
conrm the presence of the respective elements (Fe, C, N, O, S
and K) in the vesicle walls. At concentrations c z 4.34 mM the
further growth of the primary aggregates into vesicles is eﬀectively suppressed as shown by the respective number distributions (Fig. S8c and d of the ESI†).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surfactant properties of 6. (a) Concentration-dependent surface tension and DLS measurements of 6 at t ¼ 0 d and after 5 d; (b) cryo-TEM
image of 6 (micelles and vesicles are denoted by black arrows); (c) area-selected EDX results of 6; (d) area-selected ESI images (TEM) of a dried
sample of 6 for Fe, O and C; (e) BF and UDF measurements in the STEM mode proving the presence of heavy atoms in the double layer
membranes of the vesicles. Scale bar: 25 nm.

A temperature increase from 20  C to 50  C has no detectable
eﬀect on aggregate formation (Fig. S8e of the ESI†). At even
higher concentrations, typical amphiphilic properties are
preserved and lyotropic liquid crystals are formed (Fig. S8f of
the ESI†). Hence, addition of an electrolyte converts intermolecular ion pairs or lamellar aggregates into micelles and vesicles and simultaneously increases the solubility of 6 26 fold.

Redox-induced changes of the surfactant properties of 6
An important feature of ferrocenes is their propensity to
undergo reversible one-electron oxidation. In the case of ferrocene-derived amphiphiles, the formerly hydrophobic ferrocene
nucleus is transformed into a hydrophilic ferrocenium species
and thus becomes part of the headgroup. The calculated electrostatic potential surfaces shown in Fig. 4a clearly demonstrate
this.
Cyclic voltammograms (CVs) of 6 (le middle panel of
Fig. 4b) and 6+ (right panel) indicate that the 6/6+ wave constitutes a chemically reversible redox couple with a half-wave
potential E1/2 of 438 mV versus the Ag/AgCl reference. While the
reduction peak of 6+ has the typical shape of a diﬀusioncontrolled process, the sharp, symmetric anodic counterpeak
indicates that electrogenerated 6 is adsorbed on the electrode
surface. Concomitantly, the anodic forward peak in the CV of 6

© 2021 The Author(s). Published by the Royal Society of Chemistry

is sharper and more intense than the cathodic return wave. This
matches with earlier observations on ammonium-functionalized amphiphilic ferrocenes with a dodecyl chain at the
ammonium nitrogen atom.62,63
Preparative oxidation of 6 was performed either chemically
with cerium ammonium nitrate ((NH4)2[Ce(NO3)6], CAN) as the
oxidant or by electrochemical means and is accompanied by
a color change from yellow to green (Fig S10a of the ESI†). The
UV-Vis absorption spectrum of 6+ in water features the typical
ferrocenium absorptions at lmax ¼ 585 nm (3 ¼ 220 M 1 cm 1)
and at lmax ¼ 820 nm (3 ¼ 382 M 1 cm 1) (Fig. S10b of the
ESI†).64,65 Chemical (Na2S2O3) or electrochemical reduction
converts 6+ back to the neutral state. The NMR spectra of
a sample recovered aer a full oxidation/reduction cycle indicate isomerization of the heptenyl tail from the Z to the E
conguration (see Fig. S10c of the ESI†). This is, however, not
expected to aﬀect the amphiphilic properties.
In a 0.1 M aqueous KNO3 solution, 6+ still forms a foam.
Concentration-dependent surface-tension measurements show
a surface activity g of 34 mN m 1, which is virtually identical to
that of neutral 6 (Fig. S11a of the ESI†). The surface excess area
G of 4.84 mmol m 2 is, however, ca. 30% smaller than that of 6
and corresponds to an average area Am of 34 Å2 per molecule of
6+ at the water–air interface. DLS measurements as depicted in
Fig. S11b of the ESI† indicate that aggregates of 6+ exhibit very
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Schematic drawing of the setup to detect magnetic ﬁeldinduced changes in DLS and birefringence.
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Fig. 5

Fig. 4 Redox-switchability of compound 6. (a) Electrostatic potential

surfaces of 6 (left) and 6+ (right); (b) CVs of 6 (left) and 6+ (right) obtained in 0.1 M aqueous KNO3 with a sweep rate of 100 mV s 1; (c)
cryo-TEM image of 6+ (left) and area-selected EDX spectrum (right);
(d) graphical illustrations of the monomer and vesicles of 6+. Scale bar:
50 nm.

broad size distributions while their average size gradually
increases over time (see Fig. S11c of the ESI†). DLS yielded a cac
of ca. 1.4 mM (Fig. S11d of the ESI†). The rather broad size
distribution of the dispersed aggregates matches with the
results of cryo-TEM measurements on a freshly prepared
sample of 6+ (Fig. 4c). Individual spherical objects (vesicles)
with double layer membranes of vastly diﬀerent sizes and
curvatures are observed besides more irregularly shaped and
larger, fused vesicles as well as large quantities of smaller
micelles. No thermodynamically favored morphology seems to
prevail under these conditions. As the sulfonate moiety of 6+ can
interact not only with the ammonium but also with the cationic
ferrocenium moiety, 6+ may exist in several conformations
which diﬀer with respect to their eﬀective headgroup sizes. This
may lead to large variations in eﬀective headgroup charges and
areas and, hence, diﬀerent packing parameters. Area-selected
EDX measurements on chemically oxidized samples (Fig. 4c)
prove the presence of the elements Fe, N, S, O, C, and Ce in
these aggregates. EELS measurements (Fig. S12 of the ESI†) in
the STEM mode agree with the EDX data. Hence, while oxidation does not have much of an inuence on the typical surfactant properties of 6/6+, it inicts drastic changes on their selfassembly properties and aggregation behavior in solution.
The triggering of the surfactant properties of 6+ by magnetic
elds
Ferrocenium ions are associated with an eﬀective magnetic
moment meﬀ of 2.3–2.6 mB.38,39,65 As the ferrocenium constituent
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is an integral part of the amphiphilic structure of 6+, an external
magnetic eld might exert a large eﬀect on the morphologies of
its aggregates. Seeking a method to monitor any such changes,
we combined two DLS setups with optical birefringence detection inside a split-coil electromagnet. The additional dual DLS
system allows for an independent determination of the diﬀusion coeﬃcients Dk and Dt, parallel and perpendicular to the
external eld. The ratio Dk/Dt represents the eﬀect of the
structural alignment upon Brownian motion and strongly
supports our interpretation of how the aggregates respond to an
external magnetic eld. The experimental setup is schematically
shown in Fig. 5, and further details are provided in the Methods
section.48
The following results will show that our approach is indeed
capable of monitoring eld-induced morphological changes in
real time. Moreover, we were also able to show that large
superstructures of aggregates of 6+ form and align parallel to
the magnetic eld when the eld is switched on and reorient
and/or disassemble with a sizable delay aer the eld is
switched oﬀ.
Optical birefringence Dn relies on the anisotropy of
a molecular orientation distribution, according to eqn (1).
Dn ¼ nk

nt

(1)

nk is the refractive index for light that is polarized parallel to
the external magnetic eld Bext and nt corresponds to a polarization perpendicular to Bext. The external magnetic eld
imposes the energy DcBext2, which in turn will act to deform any
magnetic aggregates. The magnetic energy is counteracted by
the thermal energy kT and the mechanical properties of the
particles' membranes.
Negligible birefringence features (Dn < 10 7) were obtained
for neutral 6 and the oxidant CAN, indicating that the observed
response is indeed due to 6+. The onset of a detectable response
to the external magnetic eld matched with the cac of 1.4 mM,
thus showing that it is tied to the presence of aggregates of 6+.
Under these conditions, an external magnetic eld of 0.8 T was
switched on and oﬀ for 10 min, respectively. Fig. 6 shows the
data collected for three freshly prepared, diﬀerently concentrated samples of 6+ (c ¼ 2.2, 3.3, and 4.3 mM). Magnetically
induced optical birefringence can be observed for all three
investigated samples, but with strongly diﬀering intensities.
The rst indications of optical birefringence as a response to
the applied external magnetic eld appear ca. 2 h aer oxidation
of 6 to 6+. More substantial intensity increases are noted aer
ca. 3.5 h for the 2.2 mM sample, aer ca. 3 h for an amphiphile

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Magnetic ﬁeld-induced (0.8 T) response of birefringence (top
panel (a)) and of the hydrodynamic radius (bottom panel (b)). The xaxis indicates the time passed after oxidation. The ﬁeld was switched
on and oﬀ for 10 minutes, respectively. The shaded, grey areas denote
the time during which the ﬁeld was switched on (B0 ¼ 0.8 T). (a) The
magnetically induced optical birefringence; (b) eﬀective hydrodynamic radius obtained by averaging the two DLS measurements. The
dots represent the mean hydrodynamic radius Rh. The width of the
semi-transparent area at Rh is a measure of the polydispersity PDI,
scaled by a factor of 0.2.

concentration of 3.3 mM, and even aer ca. 2.5 h for the 4.3 mM
sample of 6+. Every sample reached a plateau value within ca. 4–
5 h aer oxidation.

Chemical Science
The magnetically induced birefringence was measured with
modulated laser light under simultaneous DLS monitoring of
the diﬀusion coeﬃcients Dk and Dt, i.e. parallel and orthogonal
to the applied magnetic eld. The eﬀective hydrodynamic
radius as determined from the Stokes–Einstein relation as
shown in Fig. 6b and the direction-dependent analysis of the
diﬀusion anisotropy as shown in Fig. S11 of the ESI† agree with
the observed changes of the optical birefringence. Since the
initial aggregates present a broad size distribution, the
appearance and amount of higher aggregates that result from
exposing them to the magnetic eld do not scale linearly with
amphiphile concentration c (Dn ¼ 1$10 7 at c ¼ 2.2 mM, Dn ¼
3.0$10 6 for c ¼ 3.3 mM, Dn ¼ 3.8$10 6 for c ¼ 4.3 mM). The
birefringence, which represents the degree of orientation,
increases signicantly as the amphiphile concentration is
changed from 2.2 mM to 3.3 mM, but only moderately so on
increasing c further to 4.3 mM. Even larger diﬀerences are
encountered for the diﬀusion anisotropy, especially for the
most concentrated sample (4.3 mM, see Fig. S11 of the ESI†).
This indicates that higher aggregates are already present in the
3.3 mM solution. While being suﬃciently long to be wellaligned, they still exert only a modest inuence on the diﬀusional behavior. At the even higher concentration of 4.3 mM,
the aggregates can grow into very long chains, whose diﬀusion
perpendicular to the axis of orientation is consequently
hindered. The latter are detected by their diﬀusion anisotropy
and their persistent orientational order (Fig. 8). These indirectly
observed, collective phenomena are in line with TEM and cryo-

Fig. 7 (a) TEM (2.2 mM) and (b)–(d) cryo-TEM images of 3.3 and 4.3 mM samples of 6+ collected from our setup after exposing them to the

magnetic ﬁeld (0.8 T) for 5 h. (e) Schematic drawing of the reversible magnetic ﬁeld-induced deformation of vesicles of paramagnetic amphiphile
6+ in a magnetic ﬁeld and the fusion of individual vesicles into string-of-pearls-like assemblies, and their stepwise disassembly or loss of
orientational order after the ﬁeld is switched oﬀ (openings are drawn for better visualization of their inner structures).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Response and relaxation of magnetically induced birefrin-

gence. The ﬁeld was switched on/oﬀ for 10 minutes each. Solid lines:
samples aged for 5:10 h; dashed lines: samples aged for 4:30 h; dotted
lines: samples aged for 3:10 h after oxidation; the blue, orange or
green colors represent the three diﬀerent concentrations employed in
this study. Panel (a) shows the full cycle from switching the ﬁeld on
until full relaxation, and panel (b) shows the relaxation that is observed
upon switching the ﬁeld oﬀ. Three distinct timescales can be identiﬁed.
A fast relaxation occurring within a few seconds is present in all
samples. A second relaxation s2 of ca. 30–60 s is indicated by the
shaded gray area with white circles. The birefringence of the sample
with a concentration of 4.3 mM does fully not vanish with s2 but then
decays with a much slower relaxation time s3 of 10 min (indicated by
the shaded gray area with white star symbols) until ca. 5 min (two
exponential functions with s2 and s3 are provided as a guide to the eye).
0
This is followed by a ﬁnal, faster decay with a relaxation time s 2 of 60 s.

TEM measurements on samples retrieved aer exposing 2.2, 3.3
and 4.3 mM solutions of 6+ to the 0.8 T eld in our birefringence
setup. Representative images as shown in Fig. 7a–d and S13 of
the ESI† clearly reveal the formation of deformed aggregates at
the lower c and of string-of-pearls-like aggregates of slightly
deformed vesicles with lengths of up to 30 mm, particularly for
4.3 mM solutions.
Most remarkably, for every pulse of the magnetic eld, i.e.
aer switching the magnet on or oﬀ, a fast response of the
aggregates in solution can be observed (see Fig. 8). Within ca.
30–60 s a plateau is reached and only slight changes of the
optical birefringence can be observed aerwards. The plateau
value of Dn for each pulse scales with the concentrations and
average sizes of the spherical aggregates present in solution.
The time-dependent changes of the optical birefringence
aer the magnetic eld is switched oﬀ are particularly revealing.
The time constant for relaxation is proportional to r3, where r is
half the length of the long axis of the particle for both response
modes, deformation and orientation. The rotational relaxation
time srot for a diﬀusing rigid particle is given by
srot z 6phr3/kT,

(2)

where h denotes the viscosity of the medium. By analyzing the
relaxation behavior aer the eld is switched oﬀ one can estimate the sizes of the largest aggregates that were formed while
the eld was switched on.66,67
The relaxation behavior of the birefringence Dn is presented
in Fig. 8. A fast component with a time constant s1 of ca. 1 s is
present for all samples at every concentration. This component
is attributed to the fast relaxation of the population of deformed
small aggregates such as the ones shown in Fig. 7a with a size of
roughly 1 mm, most probably along the magnetic eld axis (Bext).
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A second, considerably slower component appears only for the
more concentrated samples with c ¼ 3.3 mM (s2 ¼ 30 s) or 4.3
mM (s2 ¼ 60 s). Free rotational diﬀusion on the timescale of s2
corresponds to a structure length of 6–8 mm. The contribution
of s2 can thus be attributed to the population of mid-sized
chain-like arrays of primary aggregates as sketched in the
middle right panel of Fig. 7e. The birefringence of the sample at
the highest investigated concentration of 4.3 mM displays an
additional, even slower decay with a time constant s3 of ca. 10
min. Such a long time constant corresponds to even more
extended structures with lengths of >15 mm (note that, due to
their kinked structures, the actual chainlike aggregates are
probably even longer, see Fig. 7b–d). Dual DLS measurements of
the higher concentrated sample (4.3 mM) reveal that the
diﬀusion coeﬃcient parallel to the external eld is ca. 1.5 times
larger than that measured in a perpendicular direction. This
indicates a preferential alignment of the chain-like superstructures parallel to the eld (Fig. S14 of the ESI†). The derived
diﬀusion anisotropy ratio of 1.5 is quite large and is fully
consistent with the kinked structures of these chains (note that
for an ideal, perfectly aligned rod an isotropy factor of 2 would
be expected).68
5 min aer switching the magnetic eld oﬀ, these extended
structures lose their orientational order and probably collapse
with a concomitant decay of the birefringence and an associated
0
time constant s 2 of 60 s. This nal, faster relaxation thus
indicates that the larger chains collapse into smaller fragments
with a maximum length of ca. 8 mm, similar to the length limit
obtained at the intermediate concentration. The bottom right
image of Fig. 7e provides a sketch of these transformations.69,70
The overall behavior of concentrated solutions of 6+ is therefore
reminiscent of shape-hysteresis materials, as the morphology
changes only occur with a delay aer an outer perturbation is
applied.

Conclusions and outlook
The novel surfactant FcNMe2SO3Heptene (6) presented herein
oﬀers a unique combination of features that are rooted in
utilizing ferrocene as the central building block in conjunction
with a zwitterionic sultone headgroup. This renders 6 a multi
stimuli-responsive surfactant, whose aggregation behavior can
be altered by three diﬀerent inputs, namely (i) a change of the
ionic strength, which increases the solubility of 6 26 fold with
a concomitant structure change from intermolecular ion pairs
or lamellar structures to rst micelles and then vesicles; (ii)
reversible oxidation of the ferrocene constituent to paramagnetic 6+, which leads to a distinct broadening of the size
distribution of these aggregates; and (iii) application of an
external magnetic eld (0.8 T), which induces a transformation
from individual aggregates to chain-like superstructures. Most
importantly, we have employed magnetic optical birefringence
as a powerful means to monitor the assembly and disassembly
of larger, chain-like superstructures in situ and in real time. This
allowed us to detect a shape-memory-like hysteresis of the
structural anisotropy, as orientationally ordered, larger chains
persist for ca. 5 min aer the external magnetic eld is switched
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oﬀ. This may open new horizons in dynamic, non-equilibrium
self-assembly. At the same time we have demonstrated that
magnetic optical birefringence with simultaneous double DLS
detection provides a powerful means for the live monitoring of
the formation of oriented aggregates of paramagnetic nanoparticles and their subsequent disassembly and the loss of
orientational order aer the eld is switched oﬀ. Given our
success, we expect that this technique will be of high utility for
the future investigation of such systems.
Because this eﬀect and the associated hysteresis are the
consequences of a eld-induced polarization and a molecular
reorientation process, we see similarities to certain aspects
from a totally diﬀerent area, namely the transition from para- to
ferromagnetic or from piezo- to ferroelectric materials. As the
advent of typical “ferro”-characteristics, such as remanescent
behavior, hysteresis patterns, etc., have provided a boost in
ensuing properties and applications, we are condent this can
also be the case for surfactants with ferro-self-assembly
features.

Methods
General
NMR experiments were carried out on a Varian Unity Inova 400,
a Bruker Avance III DRX 400, or a Bruker Avance Neo 800 MHz
spectrometer. 1H and 13C NMR spectra were referenced to the
respective solvent signal. 2D-NMR experiments were used to
unequivocally assign the NMR resonances. The numbering of
the nuclei is provided in Fig. S1 of the ESI.† ESIMS data were
acquired on a Bruker microTOF focus II system. Cyclic voltammetry was performed in a one-compartment cell with 5–7
mL of deionized water as the solvent and KNO3 (0.1 M) as the
supporting electrolyte. A gold electrode (B ¼ 1.1 mm, BASI) was
used as the working electrode. A computer controlled BASi
EPSILON potentiostat was used for recording the voltammograms. An Ag/AgCl (3 M KCl) reference electrode in water was
used in combination with a platinum wire auxiliary electrode.
IR/NIR spectra were recorded on a FT-IR Bruker Tensor II
instrument. UV/Vis spectroscopy was performed on a diodearray unit TIDAS manufactured by J&M ANALYTIK. ATR-IR
spectra were measured on a PerkinElmer 100 spectrometer
equipped with an ATR unit. DLS measurements were performed
on a Malvern Zen5600 instrument. The liquid crystal picture
was obtiained with an Olympus CX41 light microscope. For
surface tension measurements, a Krüss K100 instrument was
used. Additional surface tension measurements were performed by the capillary method. SAXS measurements were
acquired on a Bruker Nanostar system equipped with a pinhole
collimator and a Cu Ka radiation source. Powder X-ray diﬀraction measurements (PXRD) were performed with a Bruker AXS
D8 Avance diﬀractometer using Cu-Ka radiation and a lynxeye
detector. Geometry optimization and orbital calculations were
performed using DFT with the Gaussian16 package for ab initio
electronic structure calculation using the pbe1pbe/def2-TZVP
level of theory.71–75 The GaussSum program package was used to
analyze the results, while the visualization of the results was
performed with the Avogadro program package.76,77 Graphical
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representations of molecular orbitals were generated with the
help of GNU parallel and plotted using the vmd program
package in combination with POV-Ray.78–80 Electron microscopy
was performed on a Zeiss Libra 120 TEM instrument and a JEOL
JEM 2200FS with accelerating voltages of 120 and 200 kV,
respectively. Both microscopes were equipped with in column
energy lters. For cryo-TEM measurements the samples were
prepared using a Grid-Plunger Leica EM GP. 3 mL of the
dispersion were dropped onto both sides of a Quantifoil holey
carbon lm grid. The excess liquid was removed with a lter
paper and the resulting thin water lms were vitried by rapidly
immersing (plunging) into liquid ethane. The specimens
were then inserted into a cryo-transfer sample holder Gatan 914
and transferred to the TEM instrument. X-Ray diﬀraction
analysis on single crystals of 6 grown from acetonitrile was
performed on a STOE IPDS-II diﬀractometer equipped
with a graphite-monochromated Mo Ka radiation source
(l ¼ 0.71073 Å) and an image plate detection system at 100.15 K.
Using Olex2, the structures were solved with the SIR2004
structure solution program using direct methods or the ShelXT
structure solution program using Intrinsic Phasing and rened
with the ShelXL renement package using Least Squares
minimization.81–84 Hydrogen atoms were introduced at their
calculated positions. Optical in situ spectroscopy was performed
as follows: the sample is placed in an electromagnet and illuminated with a laser (HeNe 632 nm, 10 mW). The birefringence
is detected from the transmitted beam. Enhanced detection
sensitivity is achieved with the use of a photoelastic modulator
(PEM II/FS84 from Hinds Instruments), two Glan–Thompson
polarizers (aligned at 45 with respect to the magnetic eld)
and a lock-in amplier (Stanford ResearchSR830-DSP). The
value of birefringence is measured by compensation of the
signal with a pockels cell.85,86 The two DLS detection optics are
aligned at a scattering angle of 9 , one with a horizontal and the
other with a vertical scattering plane. The scattered light is
collected using mono-mode bers and detected with single
photon detectors (ALV SO-SIPD) that are connected to a hardware correlator (Flex02-12D/C from http://correlator.com). The
intensity autocorrelation functions are analyzed separately with
a cumulant method. The diﬀusion anisotropy is calculated
directly from the ratio of the rst cumulants. The eﬀective
hydrodynamic radius is calculated from the average diﬀusion
coeﬃcient, using the Stokes–Einstein relation. The polydispersity is estimated from the second cumulant.87

Synthesis and characterization
The reactions were performed using standard Schlenk techniques under a N2 atmosphere. Solvents were dried according to
standard procedures and stored under an argon atmosphere.
Water was deionized using a Millipore Milli-Q. C6D6, CD2Cl2,
CDCl3, D2O and MeOH-d4 were supplied by Eurisotop. Starting
materials for syntheses were purchased from commercial
sources unless stated otherwise. Hexyltriphenylphosphonium
bromide (Ph3PHexyl+Br ),88 1,10 -dibromoferrocene (FcBr2, (2)),51
and 1-formyl-10 -bromoferrocene (FcBrCHO, (3))54 were prepared
according to the literature. Detailed procedures are provided in
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the ESI.† The atom numbering pertinent to the NMR discussion
is provided in the ESI† together with the corresponding NMR
spectra.
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1-(Z)-Heptenyl-10 -bromoferrocene (FcBrHeptene, 4)
BrPPh3Hex (3.25 g, 7.61 mmol, 1 equiv.) was dissolved in 60 mL
of THF. Aer the addition of KOtBu (0.85 g, 7.61 mmol, 1 equiv.)
to the turbid solution, a colour change to red was observed. The
solution was stirred for 1 h. A solution of FcBrCHO (2.23 g, 7.61
mmol, 1 equiv.) in 20 mL of THF was added dropwise over
a period of 20 min. The solution was stirred overnight. 40 mL of
n-pentane were added, and the precipitate was ltered oﬀ. The
solvent was removed in vacuo and the crude product was puried by column chromatography (50% EE/PE) yielding
FcBrHeptene (2.52 g, 7.00 mmol, 92%) as a brown oil.
FcBrHeptene was obtained selectively in (Z)-conguration. 1H
NMR (400 MHz, CDCl3) d 6.06 (dt, 3JHH,cis ¼ 11.3 Hz, 4JHH ¼ 1.8
Hz, 1H, CpC-H), 5.55 (dt, 3JHH,cis ¼ 11.3 Hz, 3JHH ¼ 7.2 Hz, 1H,
C]CH), 4.32 (vt, 3JHH ¼ 1.9 Hz, 2H, Cp-H), 4.30 (vt, 3JHH ¼ 1.9
Hz, 2H, Cp-H), 4.26 (vt, 3JHH ¼ 1.9 Hz, 2H, Cp-H), 4.05 (vt, 3JHH ¼
1.9 Hz, 2H, Cp-H), 2.25–2.22 (m, 2H, CH2), 1.51–1.42 (m, 2H,
CH2), 1.39–1.32 (m, 4H, CH2), 0.92 (t, 3JHH ¼ 7.2 Hz, CH3).
1-(Z)-Heptenyl-10 -dimethylaminomethylferrocene
(FcNMe2Heptene, 5)
FcBrHeptene (1.14 g, 3.16 mmol, 1 equiv.) was dissolved in 50
mL of THF and the solution was cooled to 78  C. Then, 2.0 mL
of a 1.6 M solution of n-BuLi in hexane (3.16 mmol, 1 equiv.)
were added dropwise over a period of 5 min. The solution was
stirred at 78  C for another 10 min. Eschenmoser's salt (585
mg, 3.16 mmol, 1 equiv.) was added and the temperature was
kept at 78  C for one hour. Then, 20 mL of distilled water and
40 mL of ethyl acetate were added. The phases were separated,
and the aqueous phase was extracted twice with ethyl acetate.
The combined organic layers were washed with brine and dried
over MgSO4. The solvent was removed in vacuo and the crude
product was puried by column chromatography (5% NEt3/PE)
yielding 400 mg of FcNMe2Heptene (1.18 mmol, 37%) as
a brown oil. 1H NMR (400 MHz, CDCl3) d 6.02 (d, 3JHH,cis ¼ 11.5
Hz, 1H, CpC-H), 5.51 (dt, 3JHH,cis ¼ 11.5 Hz, 3JHH ¼ 7.2 Hz, 1H,
C]CH), 4.28–4.24 (m, 2H, Cp-H), 4.18–4.15 (m, 2H, Cp-H),
4.11–4.06 (m, 4H, Cp-H), 3.25 (s, 2H, NCH2), 2.26–2.24 (m, 2H,
CH2), 2.18 (s, 6H, NCH3), 1.52–1.42 (m, 2H, CH2), 1.41–1.34 (m,
2H, CH2), 0.94 (t, 3JHH ¼ 7.0 Hz, CH3).
1-(Z)-Heptenyl-10 -dimethylammoniummethyl-(3-sulfopropyl)ferrocene (FcNMe2SO3Heptene, 6)
A solution of FcNMe2Heptene (400 mg, 1.18 mmol, 1 equiv.) and
1,3-propane sultone (171 mg, 1.40 mmol, 1.2 equiv.) in 40 mL of
acetonitrile was heated to reux for 15 h. Aer cooling to room
temperature, the solvent was removed in vacuo. The orange
precipitate was washed four times with toluene (3 mL) yielding
380 mg of FcNMe2SO3Heptene (0.82 mmol, 70%). 1H NMR (400
MHz, MeOD) d 6.10 (dt, 3JHH,cis ¼ 11.4 Hz, 4JHH ¼ 1.7 Hz, 1H, H12), 5.61 (dt, 3JHH,cis ¼ 11.4 Hz, 3JHH ¼ 7.3 Hz, 1H, H-13), 4.48 (vt,
3
JHH ¼ 1.9 Hz, 2H, H-7), 4.45 (vt, 3JHH ¼ 1.9 Hz, 2H, H-10), 4.38
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(vt, 3JHH ¼ 1.9 Hz, 2H, H-8), 4.37 (s, 2H, H-5), 4.34 (vt, 3JHH ¼ 1.9
Hz, 2H, H-9), 3.45–3.39 (m, 2H, H-3), 2.96 (s, 6H, H-4), 2.88 (t,
3
JHH ¼ 6.9 Hz, 2H, H-1), 2.31–2.15 (m, 4H, H-2, H-14), 1.54–1.45
(m, 2H, H-15), 1.43–1.35 (m, 4H, H-16, H-17), 0.95 (t, 3JHH ¼ 7.1
Hz, 3H, H-18). 13C NMR (151 MHz, CDCl3) d 131.67 (s, C-13),
124.53 (s, C-12), 84.07 (s, C-11), 72.86 (s, C-7), 72.35 (s, C-9),
71.97 (s, C-6), 70.36 (s, C-10), 70.15 (s, C-8), 65.68 (s, C-5), 63.21
(s, C-3), 49.55 (s, C-4), 48.07 (s, C-1), 31.80 (s, C-16), 29.53 (s, C15), 29.19 (s, C-14), 22.74 (s, C-17), 19.73 (s, C-2), 14.25 (s, C-18).
ESIMS: [g mol 1]: (4M + Na + H)+ ¼ (C92H141Fe4N4O12S4Na)+
calc.: 1868.67, found: 1868.67; (4M + Na)+ ¼ (C92H140Fe4N4O12S4Na)+ calc.: 1867.66, found: 1867.66; (3M + Na)+ ¼ (C69H105Fe3N3O9S3Na)+ calc.: 1406.50, found: 1406.50; (2M + Na)+ ¼
(C46H70Fe2N2O6S2Na)+ calc.: 945.33, found: 945.33; (2M + H)+ ¼
(C46H71Fe2N2O6S2)+ calc.: 923.34, found: 923.34; (M + K)+ ¼
(C23H35FeNO3SK)+ calc.: 500.13, found: 500.13; (M + Na)+ ¼
(C23H35FeNO3SNa)+ calc.: 484.16, found: 484.15; (M + H)+ ¼
(C23H36FeNO3S)+ calc.: 462.18, found: 462.17; (M)+ ¼ (C23H35FeNO3S)+ calc.: 461.17, found: 461.17; (M
NMe2SO3)+ ¼
+
(C18H23Fe) calc.: 295.11, found: 295.11. IR (powder): 3067,
3037, 2955, 2918, 2853, 1638. UV-Vis (MeCN): ¼ 225 M 1 cm 1.
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Synthesis and Characterization
Hexyltriphenylphosphonium bromide (Ph3PHexyl+Br-). 1-Bromo-hexane (6.0 mL, 42.4 mmol, 1 equiv)
and PPh3 (11.55 g, 44.5 mmol, 1.05 equiv) were dissolved in 70 mL of toluene. The solution was heated to
reflux for 15 h. After cooling to room temperature, a white precipitate was obtained. It was filtered, washed
three times with 20 mL of pentane, and dried in vacuo. Ph3PHexyl+Br- (8.44 g, 19.08 mmol, 45%) was
obtained as a colourless solid. 1H NMR (400 MHz, CDCl3): 7.91-7.83 (m, 6H, Ph-H), 7.81-7.74 (m, 3H,
Ph-H), 7.73-7.66 (m, 6H, Ph-H), 3.91-3.82 (m, 2H, PCH2), 1.60-1.67 (m, 4H, CH2), 1.26-1.18 (m, 4H, CH2),
0.82 (t, 3JHH = 6.9 Hz, 3H, CH3).
1,1’-dibromoferrocene (FcBr2, 2). A solution of ferrocene (10 g, 53.75 mmol, 1 eq.), n-hexane (400 mL)
and TMEDA (19 mL, 125.24 mmol, 2.33 eq.) was stirred in a dried 1 L schlenk flask and cooled to 0 °C.
Then 1.6 M n-BuLi in hexane (72 mL, 125.24 mmol, 2.33 eq.) was added dropwise and the suspension was
raised to room temperature over night. The orange precipitate was filtered, re-suspended in diethyl ether
(350 mL) and cooled to -78 °C and a solution of 13.5 mL tetrabromoethane (TBE) (115.56 mmol, 2.15 eq.)
in 80 mL diethyl ether was added dropwise. The solution was raised to ambient temperature over night. The
dark red solution was decanted and quenched with 100 mL of water. After solvent removal the dark orange
solid was dissolved in 300 mL hexane and filtered trough celite and then washed subsequently with sat. aq.
FeCl3 (ca. 3 × 100 mL). The organic phase was extracted with water, dried over MgSO4 and the solvent was
removed in vacuo. Pure orange crystalline FcBr2 was obtained after recrystallization from MeOH in 59 %
yield (10.89 g, 31.67 mmol). 1H NMR (400 MHz, CDCl3): 4.42 (vt, 3JHH = 1.9 Hz, 4H, Cp-H), 4.17 (vt, 3JHH
= 1.9 Hz, 4H, Cp-H).
1-formyl-1’-bromoferrocene (FcBrCHO, 3). FcBr2 (9.32 g, 27.11 mmol, 1 equiv) was dissolved in 120 mL
THF and the solution was cooled to -78 °C. Then, 16.9 mL of a 1.6 M solution of n-BuLi in hexane
(27.11 mmol, 1 equiv) were added dropwise over a period of 20 min. The red solution was stirred at -78 °C
for further 30 min. DMF (3.3 mL, 43.4 mmol, 1.6 equiv) was added dropwise over a period of 10 min. The
mixture was stirred for further 30 min at -78 °C and for 2 h at room temperature. The reaction was quenched
with 20 mL of 1 M HCl and 20 mL of saturated NaCl solution. The phases were separated, and the aqueous
phase was extracted twice with 15 mL of diethyl ether. The combined organic phases were dried over
MgSO4 and the solvent was removed in vacuo. The crude product was purified by column chromatography
(1-9% EE/PE) yielding FcBrCHO (7.40 g, 25.26 mmol, 93%) as dark red needles. 1H NMR (400 MHz,
CDCl3) 9.99 (s, 1H, CHO), 4.84 (vt, 3JHH = 1.9 Hz, 2H, Cp-H), 4.63 (vt, 3JHH = 1.9 Hz, 2H, Cp-H), 4.52 (vt,
3J
3
HH = 1.9 Hz, 2H, Cp-H), 4.21 (vt, JHH = 1.9 Hz, 2H, Cp-H).
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Supporting Figures
Fig S1: Synthesis and Characterization of FcNMe2SO3Heptene 6.
(a) 1H NMR of 6.

NMR (400 MHz, MeOD)
[ppm]: 6.10 (dt, 3JHH,cis = 11.4 Hz, 4JHH = 1.7 Hz, 1H, H-12), 5.61 (dt,
3
3
3
HH,cis = 11.4 Hz, JHH = 7.3 Hz, 1H, H-13), 4.48 (vt, JHH = 1.9 Hz, 2H, H-7), 4.45 (vt, JHH = 1.9 Hz, 2H, H3
3
10), 4.38 (vt, JHH = 1.9 Hz, 2H, H-8), 4.37 (s, 2H, H-5), 4.34 (vt, JHH = 1.9 Hz, 2H, H-9), 3.45-3.39 (m, 2H,
H-3), 2.96 (s, 6H, H-4), 2.88 (t, 3JHH = 6.9 Hz, 2H, H-1), 2.31-2.15 (m, 4H, H-2, H-14), 1.54-1.45 (m, 2H,
H-15), 1.43-1.35 (m, 4H, H-16, H-17), 0.95 (t, 3JHH = 7.1 Hz, 3H, H-18).
1H
3J

(b) 13C{1H} NMR of 6.

13C

NMR (151 MHz, CDCl3) [ppm]: 131.67 (s, C-13), 124.53 (s, C-12), 84.07 (s, C-11), 72.86 (s, C-7),
72.35 (s, C-9), 71.97 (s, C-6), 70.36 (s, C-10), 70.15 (s, C-8), 65.68 (s, C-5), 63.21 (s, C-3), 49.55 (s, C-4),
48.07 (s, C-1), 31.80 (s, C-16), 29.53 (s, C-15), 29.19 (s, C-14), 22.74 (s, C-17), 19.73 (s, C-2), 14.25 (s, C18).

3

(c) ESI MS of 6 in positive mode.

(d) Zoom-in versions of ESIMS of (6) in positive mode. Left: (M+H)+ = (C23H36FeNO3S)+ calc.: 462.18, found:
462.17; (M)+ = (C23H35FeNO3S)+ calc.: 461.17, found: 461.17; Right: (2M+Na)+ = (C46H70Fe2N2O6S2Na)+
calc.: 945.33, found: 945.33.

ESI-MS [gmol-1]: (4M+Na+H)+ = (C92H141Fe4N4O12S4Na)+ calc.: 1868.67, found: 1868.67; (4M+Na)+ =
(C92H140Fe4N4O12S4Na)+ calc.: 1867.66, found: 1867.66; (3M+Na)+ = (C69H105Fe3N3O9S3Na)+ calc.: 1406.50,
found: 1406.50; (2M+Na)+ = (C46H70Fe2N2O6S2Na)+ calc.: 945.33, found: 945.33; (2M+H)+ =
(C46H71Fe2N2O6S2)+ calc.: 923.34, found: 923.34; (M+K)+ = (C23H35FeNO3SK)+ calc.: 500.13, found: 500.13;
(M+Na)+ = (C23H35FeNO3SNa)+ calc.: 484.16, found: 484.15; (M+H)+ = (C23H36FeNO3S)+ calc.: 462.18,
found: 462.17; (M)+ = (C23H35FeNO3S)+ calc.: 461.17, found: 461.17; (M-NMe2SO3)+ = (C18H23Fe)+ calc.:
295.11, found: 295.11.

4

(e) Infrared spectrum of 6.

IR (ATR, [cm-1]): 3067, 3037 (=C-H); 2955, 2918, 2853 (-C-H); 1638 (C=C); 1185 (as SO3-), 1037
(s SO3-).
(f) UV/Vis spectrum of 6 recorded in acetonitrile.

UV-Vis (MeCN): = 225 M-1cm-1.
(g) Photographic image of 6.

5

Fig. S2: DFT calculated frontier orbitals of 6.
(a) Geometry optimization and orbital calculations were performed using DFT with the Gaussian16 program
package for ab initio electronic structure calculation using the pbe1pbe/def2-TZVP level of theory. Left:
HOMO; Right: LUMO.

6

Fig. S3: Intramolecular ionic pairs.
(a) NOESY spectrum of compound 6 performed in CDCl3.

The resonance signal at = 4.41 ppm corresponds to the CH2-group between the Cp and the ammonium.
These protons show a strong through-space coupling with the CH2-group next to the sulfonate ( = 2.95
ppm). The sulfonate forms an intra- or intermolecular ionic pair with the ammonium.

7

Fig. S4: Crystal structure of 6 on crystals grown from acetonitrile.
(a) Crystal structure of 6 crystallized from acetonitrile. C dark grey, N turquoise, Fe orange, S yellow, O red;
H atoms are omitted; grey lines denote the unit cell.

8

Table 1 Crystal data and structure refinement for FcNMe2SO3Heptene.
Identification code

FcNMe2SO3Heptene

Empirical formula

C23H35FeNO3S

Formula weight

461.43

Temperature/K

100

Crystal system

monoclinic

Space group

P21/c

a/Å

26.9077(6)

b/Å

7.4341(3)

c/Å

11.4663(16)

NCA

90

OCA

100.496(4)

PCA

90

Volume/Å3

2255.3(3)

Z

4

Qcalcg/cm3

1.359

RC$$-1

0.785

F(000)

984.0

Crystal size/mm3

0.5 × 0.4 × 0.1, orange plate

Radiation

IN 5S = 0.71073)

2T range for data collection/°

4.618 to 55.996

Index ranges

-35 U h U 34, -9 U k U 9, -13 U l U 15

Reflections collected

20514

Independent reflections

5432 [Rint = 0.0438, Rsigma = 0.0317]

Data/restraints/parameters

5432/0/266

Goodness-of-fit on F2

1.082

Final R indexes [I>=2W (I)]

R1 = 0.0463, wR2 = 0.1012

Final R indexes [all data]

R1 = 0.0682, wR2 = 0.1147

Largest diff. peak/hole / e Å-3

0.35/-0.53
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Fig. S5: SAXS and PXRD measurements of 6.
(a) SAXS measurements of 6 performed in pure water (left) and 0.01M aqueous KPF6 (right).

(b) PXRD measurements of 6 performed in pure water (left) and 0.01M aqueous KPF6 (right).

1
2
4
5
6

PXRD
2Theta [°]
3.3
6.61
13.29
16.64
19.99

PXRD
d [nm]
2.68
1.34
0.67
0.53
0.44

SAXS
d [nm]
2.65

1
2
3

PXRD
2Theta [°]
2.71
5.49
8.25

PXRD
d [nm]
3.26
1.61
1.07

SAXS
d [nm]
3.24
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(c) Calculated PXRD pattern of 6 (crystallized from acetonitrile) compared to PXRD pattern of 6 obtained in
pure water.
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Fig. S6: DOSY measurements of 6.
(a) Attenuated intensity of 6 as a function of the applied gradient strength. A non-linear Gaussian regression
fit was used. The result fulfills the diffusion theory and the Stejskal-Tanner equation.1-3

Stejskal-Tanner equation (non-linear Gaussian):
=

Calculated diffusion coefficient

exp −

∆−

3

:

22.98 mM D2O
22.98 mM + 0.5 eq KPF6 in D2O

[m2/s]
1.56 ∗ 10
± 8.99 ∗ 10
9.33 ∗ 10
± 1.43 ∗ 10

#
#

12

Fig. S7: Zeta Potential measurements of 6.
(a) Cation influence on the Zeta Potential (0.01 M aqueous electrolyte solution).

(b) Anion influence on the Zeta Potential (0.01 M aqueous electrolyte solution).

(c) Electrolyte concentration influence on the Zeta Potential (0.01 and 0.1 M electrolyte solution).
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Fig. S8: Typical surfactant properties of 6.
(a) DLS data of 6 measured in 0.1M KNO3 directly after dilution (t=0d, black) and after 5 days (t=5d, grey).

(b) DLS data of 6 measured in 0.01M KPF6 directly after dilution (t=0d, black) and after 5 days (t=5d, grey).

(c) Number distribution measured in 0.1M KNO3 for a 4.34 mM (left, t=0d and t=5d) and 8.67 mM (right,
t=5d) solution of 6.
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(d) Number distribution measured in 0.01M KPF6 for a 14.81 mM solution of 6.

(e) DLS data of 6 measured in 0.01M KPF6 for a temperature of 20°C (black) and 50°C (grey). Equilibration
time per sample was 10 min.

(f) Lyotropic liquid crystals of 6 in 0.01M KPF6 solution.
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Fig. S9: EELS of 6.
(a) EELS of 6, energy loss specific for FeL3.

(b) EELS of 6, energy loss specific for OK-edge.
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Fig. S10: Oxidation of 6 to 6+ and characterization of 6+.
(a) Coloration of 6+.

(b) UV-Vis spectrum of 6+ recorded in water.
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(c) Chemical oxidation ((NH4)2[Ce(NO3)6]) and rereduction (NaS2O3) of 6/6+. 1H NMR of 6 after rereduction
measured in MeOD (Top). Compound 6 was extracted using NBu4PF6 (1H NMR of NBu4PF6, bottom).

NMR (400 MHz, MeOD) [ppm]: 6.15 (d, 3JHH,trans = 15.7 Hz, 1H, H-12), 5.97 (dt, 3JHH,trans = 15.0 Hz,
= 6.9 Hz, 1H, H-13), 4.50 (vt, 3JHH = 1.9 Hz, 2H, H-7), 4.47 (vt, 3JHH = 2.0 Hz, 2H, H-10), 4.40 – 4.35
(m, 4H, H-8, H-5), 4.33 (vt, 3JHH = 1.9 Hz, 2H, H-9), 3.45-3.39 (m, 2H, H-3), 3.00 (s, 6H, H-4), 2.90 (t,
3J
3
3
HH = 6.9 Hz, 2H, H-1), 2.27 (p, JHH = 7.1 Hz, 2H, H-2), 2.23 – 2.17 (m, 2H, H-14), 0.96 (t, JHH = 7.1 Hz,
3H, H-18).
1H

3J
HH

H-15, H-16, H-17 are superimposed by NBu4PF6 proton signals.
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1H

NMR spectrum of NBu4PF6.

NMR (400 MHz, MeOD) [ppm]: 3.31 – 3.23 (m, 8H), 1.70 (tt, 3JHH = 8.2, 6.1 Hz, 8H), 1.46 (h, 3JHH = 7.4
Hz, 8H), 1.06 (t, 3JHH = 7.3 Hz, 12H).
1H
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Fig. S11: Surfactant properties of 6+.
(a) Surface tension measurement of 6+ performed in 0.1M aqueous KNO3 solution.

(b) DLS measurement of 6+ performed in 0.1M aqueous KNO3 solution directly after preparation.

(c) DLS measurement of 6+ performed in 0.1M aqueous KNO3 solution after t=2h.
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(d) Comparison of the DLS measurement of 6+ performed in 0.1M aqueous KNO3 solution directly after
preparation (t=0h) and after t=2h.
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Fig. S12: EELS of 6+.
(a) EELS of 6+, energy loss specific for FeL3.

(b) EELS of 6+, energy loss specific for OK-edge.
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Fig. S13: Additional Cryo-TEM images of 6+ after exposure to the magnetic field
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Fig. S14: Diffusion anisotropy factor of 6+ obtained from DLS orthogonal and parallel to the external
magnetic field

The diffusion coefficient was measured with DLS, parallel and perpedicular to the magnetic field. The ratio
D / D is shown for measurements before, while and after application of the external field (0.8T, 10 min).
The effect of the external field is an increases of D / D , especially for the high concentration. This is in

accordance with assuming chains of aggregates that align parallel to the field. The theorie predicts a factor
of 2.0 for an ideal long rod.4 Thus, the observed ratio of around 1.5 indicates a considerable anisotropy of
the system. Each boxplot is generated from measurements at the absolute time 4:20, 4:40 and 5:00 after
oxidation (see Fig. 6).
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ABSTRACT: Amphiphiles are unique in their ability to self-assemble in aqueous solution
into aggregates. The control of the self-organization of amphiphiles and the live
monitoring of the ensuing structure changes by analytical methods are key challenges in
this ﬁeld. One way to gain control and to trigger the self-assembly/disassembly of
amphiphiles is to introduce a redox-active constituent to the amphiphile structure, as is
the case with metallosurfactants. In this work, we report a cyclic and square-wave
voltammetric study on the multi-stimuli-responsive amphiphile 1-(Z)-heptenyl-1′dimethylammoniummethyl-(3-sulfopropyl)ferrocene (1). We observe separate waves/
peaks for molecules of 1 present as the monomer in its electrode-immobilized, its freely
diﬀusing form, and its aggregated form. This allows for a direct monitoring of how the
underlying equilibria depend on the concentration and time. Isothermal titration
calorimetry indicates that aggregation is entropically and enthalpically favored. Our
ﬁndings thus illustrate the utility of voltammetric methods for investigating self-assembly
processes of redox-active amphiphiles and their redox switchability.
istics of a compound, as it oﬀers ready access to the
thermodynamic and kinetic parameters of electron-transfer
reactions.42−45 In the present context of ferrocene-based and
redox-switchable surfactants, Saji et al. were able to determine
the critical aggregation concentration (cac) of ammoniumfunctionalized amphiphilic ferrocenes by virtue of an abrupt
change of the associated half-wave potential.24,25 These and
several other studies on the redox-dependent self-assembly
properties of ferrocenes, however, have not provided separate
waves or peaks for the studied ferrocene-based amphiphiles in
their monomeric or aggregated forms, and only the oxidation
wave of the dissociated monomer has been detected.24−27,29,31−35 This is due to either a rapid shifting of the
equilibria within the diﬀusion layer toward the most easily
oxidized species or the eﬃcient shielding of the electroactive
constituents, which are buried inside the aggregates, by the
insulating hydrophobic tails. Only in rare cases have separate
peaks ascribed to electrode-adsorbed and freely diﬀusing
aggregates of ferrocene-based amphiphiles been observed.28,46
(11-Ferrocenyl-undecyl)trimethylammonium bromide (FTA+
Br−)/sodium dodecylbenzenesulfonate (SDBS−) mixtures were
reported to provide diﬀerent waves for amphiphiles contained in

INTRODUCTION
The intriguing propensity to self-assemble and the surface-active
properties of surfactants have led to applications that reach far
beyond the traditional ones as emulsiﬁers, stabilizing agents for
interfaces, and detergents.1−3 Because surfactants are commonly
employed in aqueous solutions and often provide quantitative
levels of structural organization, they can play an important role
in developing an atom-economic green chemistry, in particular,
if structural organization leads to properties or functions that go
beyond those of the individual surfactant molecules. Examples
are micellar catalysis, micellar light-emitting diodes (LEDs), and
micellar batteries operating in water.4−9 Surfactants with a
redox-active constituent even allow the triggering of largeamplitude changes in their self-assembly properties by a redox
stimulus and hence the switching on or oﬀ of any of the above
functions at will.10−14 The good availability and the wealth of
methods of derivatization and functionalization of the ferrocene
scaﬀold15−18 as well as the often ideal behavior of the ferrocene/
ferrocenium redox couple, even in aqueous media or aqueous
surfactant solutions,19−23 make ferrocene a prime candidate for
the construction of redox-responsive surfactants and the study of
redox-triggered changes in self-assembly and aggregate formation.24−41 The oxidation of a ferrocene-containing amphiphile transposes the ferrocene nucleus from the lipophilic part
(the so-called tail) to the hydrophilic part (the so-called
headgroup), thereby changing the overall hydrophobic-tohydrophilic balance of the molecule. This often induces largeamplitude changes in their physicochemical properties.
Cyclic voltammetry (CV) is by now the most important
electroanalytical method for monitoring the redox character-
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Figure 1. (a) Molecular structure of FcNMe2SO3Heptene (1). (b) Molecular packing of crystalline 1 (C, dark gray; N, turquoise; Fe, orange; S, yellow;
O, red; H atoms are omitted for reasons of clarity).

Figure 2. (a) Cyclic voltammogram of 1 in CH3CN at a scan rate v of 100 mV/s. (b) Randles−Sevcik plot of the anodic peak current against the square
root of the scan rate v.

micelles composed of mainly FTA+ molecules or in vesicles/
lamellar liquid crystals formed by FTA+ cations associated with
SDBS− counterions.47
We here report on a rare example of a redox-active amphiphile
that exhibits separate waves/peaks for electrode-immobilized
and freely diﬀusing monomers and for amphiphile molecules
incorporated into micellar or vesicular aggregates. This also
enabled us to monitor the temporal evolution and the
concentration-dependent aggregation behavior of this particular
amphiphile. In previous work, we introduced 1-(Z)-heptenyl-1′dimethylammoniummethyl-(3-sulfopropyl)ferrocene
(FcNMe2SO3Heptene (1); see Figure 1a for a structure
drawing) as a zwitterionic metalloamphiphile, which exhibits
structurally adaptive behavior toward electrochemical and
magnetic stimuli as well as a hysteresis eﬀect when the magnetic
ﬁeld is switched oﬀ.48 In the present work, we have employed
CV and square-wave voltammetry (SWV) to study how the
underlying monomer/aggregate equilibria evolve over time and

how they are aﬀected by the concentration of 1. In addition, the
thermodynamics of the aggregation process were investigated by
means of isothermal titration calorimetry (ITC).

RESULTS
Full details of the synthesis and characterization of amphiphile 1,
whose molecular structure is shown in Figure 1a, can be found in
our previous work.48 (See also Figure S1 of the Supporting
Information.) For convenience, we will brieﬂy summarize the
most important ﬁndings of relevance to the present study. In
nonpolar solvents, 1 adopts a closed conformation with
backfolding of the sulfonate moiety of the sultone headgroup
onto the oppositely charged ammonium constituent, as inferred
by nuclear Overhauser eﬀect spectroscopy (NOESY) nuclear
magnetic resonance (NMR) spectra. In pure water, this changes
into a stretched conformation, where ion pairing between the
oppositely charged constituents of the sultone headgroup now
occurs in an intermolecular fashion such that dimers are formed.
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This is also the situation encountered in crystalline 1, where such
dimers further associate into a lamellar structure via an intricate
network of hydrogen-bonding and hydrophobic interactions
(Figure 1b).
CV of 1 in CH3CN/NBu4PF6 (0.1 M) on a Pt working
electrode shows a chemically fully reversible one-electron
oxidation process with a half-wave potential E1/2 of +635 mV
versus the Ag/AgCl standard. The linearity of the Randles−
Sevcik plot (i.e., when plotting the peak current against the
square root of the scan rate, v1/2) indicates that the redox process
is under diﬀusion control (Figure 2).42,43
Before taking a look at the CVs of 1 in 0.01 M aqueous KPF6,
we will ﬁrst establish the basic thermodynamics of the
aggregation process. As found in our previous work, the addition
of an electrolyte is mandatory to unfold the sultone headgroup
and to trigger the self-assembly of 1 into micelles and vesicles.48
ITC is perfectly suited to determine the thermodynamic
parameters associated with the underlying molecular interactions in solution. In the present context, we employed ITC to
determine ΔGag, ΔHag, and ΔSag for the aggregation in aqueous
solution and to assess the cac at which surfactant 1 commences
to form aggregates (micelles). A solution of 1 at its saturation
concentration of 13.05 mM in 0.1 M KNO3 was slowly titrated
into 0.1 M KNO3 with concomitant monitoring of the ensuing
heat ﬂow. The ITC measurement was repeated three times and
yielded consistent data for each run. Figure 3 shows exemplarily
the integrated ITC curve for one individual experiment. The
aggregation concentration of 1 thus obtained, cac = 1.31 ± 0.03
mM, is more precise than the cac of ca. 1 mM determined by
surface tension measurements of our previous study.48
Assuming a reversible aggregation/deaggregation equilibrium,
we obtained ΔHag = −6.75 ± 0.04 kJ/mol and T·ΔSag = 19.23 ±
0.05 kJ/mol, which result in ΔGag = −25.98 ± 0.05 kJ/mol at
room temperature (r.t.), These values show that under these
conditions, aggregation is energetically and entropically favored.
This is in contrast with the more common situation, where
aggregation is endothermic but is driven entropically, in
particular, by the hydrophobic eﬀect. In the present case, the
exothermicity of the aggregation is probably due to the
zwitterionic headgroup and is caused by the formation of
contact ion pairs with the electrolyte in solution, as previously
demonstrated by Bianconi et al.49−51
After these thermodynamic considerations, we now discuss
the CV measurements of 1 in aqueous 0.01 M KPF6. These
experiments were performed on a Au working electrode owing
to the superior accessible potential range, in particular, in the
anodic regime, and the rather extensive broadening of all waves/
peaks associated with surface-immobilized species on Pt or
glassy carbon electrodes. We ﬁrst probed the time evolution of
CVs for a freshly prepared sample of 1 at a concentration c = 5.2
mM, which is ca. four times larger than cac. We have previously
established that at a concentration higher than the cac, micelles
with a diameter of ca. 4 nm form gradually, which then, on a
much longer timescale, transform into vesicles with much larger
sizes of 120 to 180 nm, depending on the counterion.48 CVs
were recorded at diﬀerent times (0, 20, 90, and 240 min) after
sample preparation. Representative scans at a sweep rate v of 100
mV/s are shown in Figure 4a. Directly after sample preparation,
only a single one-electron oxidation process with a peak-to-peak
separation ΔEp of 70 mV, a half-width of 66 mV, and the
characteristic shape of a diﬀusion-controlled electrode process
was observed at a half-wave potential E1/2 of 435 mV versus the
Ag/AgCl standard. A close inspection of this wave (denoted
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Figure 3. ITC raw data of 1 in 0.1 M aqueous KNO3 for the
deaggregation process. (a) Calorimetric traces (heat ﬂow against time).
(b) Reaction enthalpy (integrated ITC heat ﬂow) versus the total
concentration c of 1 in the sample cell according to a deaggregation
process.

further on as wave 2) reveals a faint inﬂection on the cathodic
realm of the reverse peak, ca. 130 mV positive of the main
cathodic peak. Over time, this feature evolves into the cathodic
peak of a chemically reversible redox couple at a half-wave
potential E1/2 of 568 mV versus the Ag/AgCl standard. The
symmetrical peak shape and the small peak-to-peak separation
ΔEp of ca. 30 mV for this latter wave indicate that it originates
from (mainly) a surface-conﬁned species, which is adsorbed at
the electrode surface. The intensity of the latter wave (further on
denoted as wave 3) continues to grow, as shown by plots of the
anodic peak current ip,a(3) of wave 3 as a function of time in
Figure 4b. For reasons that we will discuss later, we attribute
wave 3 to micellar aggregates of 1, which gradually form over
time, as was observed by dynamic light scattering (DLS)
measurements.48 Wave 2 obviously belongs to freely diﬀusing
monomeric species. Similar immobilization of micellar
aggregates of ferrocene-containing amphiphiles on an electrode
surface was observed on previous occasions.28,46,47 The average
size of the micellar aggregates of ca. 4 nm (see the cryo-TEM
(transmission electron microscopy) image in Figure 5a; surface
area ≈ 50.5 nm2) and the headgroup size of ca. 0.24 nm2 for an
individual molecule of amphiphile 1, as determined from
tensiometric measurements,48 provide a rough estimate of ca.
4185
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diﬀusing monomers may be due to a lower degree of ion pairing
with counterions of the electrolyte in the aggregated form, such
that the positive charge of the ammonium functionality in close
vicinity to the ferrocene nucleus is less well shielded.
The observation of separate waves for free and micelle-bound
molecules of 1, even at a slow sweep rate of 25 mV/s, indicates
that these two forms coexist in both oxidation states and that the
equilibrium between the two forms is established at a lower rate
than the voltammetric timescale in both the reduced and the
oxidized states. In particular, the chemical reversibility of wave 3
with reverse-to-forward peak current ratios of essentially unity,
even at v = 25 mV/s, indicates that micellar aggregates of 1 do
not disassemble on the voltammetric timescale (Figure S2 of the
Supporting Information). Likewise, cryo-TEM images of
oxidized 1+ also prove the persistence of aggregates in solution
(vide infra).
Even after 4 h, the system has not reached its equilibrium
state. As found in our previous study, this requires a much longer
time of up to 5 days.48 As follows, we discuss the voltammetric
behavior of such aged solutions of amphiphile 1 in 0.01 M KPF6
for a range of concentrations from c = 0.24 mM, well below the
cac, to c = 7.41 mM, which is ca. 7.5 times larger than the cac
(Figure 6), and over a range of sweep rates from 25 to 1000

Figure 4. (a) CV of a 5.2 mM solution of 1 recorded in 0.01 M aqueous
KPF6 at a scan rate v of 100 mV/s at various times after sample
preparation. Wave 2 (indicated in light blue) is attributed to the freely
diﬀusing monomer, and wave 3 (dark blue) is attributed to molecules of
1 encased in adsorbed micellar aggregates. (b) Plots of the anodic peak
currents ip,a(2) (gray squares) and ip,a(3) (blue circles) of waves 2 and 3 as
a function of time.

Figure 5. Cryo-TEM image of solutions of amphiphile 1 in 0.01 M
KPF6 aged for (a) 3 h and (b) 5 days with the corresponding scale bars.

Figure 6. Concentration-dependent CV measurements performed in
0.01 M aqueous KPF6 and at a scan rate of 100 mV/s at a Au working
electrode. For the sake of clarity, the respective CVs are partially
depicted on diﬀerent current scales (see scaling bars). Color code: Dark
blue indicates the wave of aggregates of 1 (wave 3′), medium blue
indicates that of the freely diﬀusing monomer (wave 2), and pale blue
indicates that of the adsorbed monomer (wave 1).

210 molecules of 1 per micellar aggregate. However, we cannot
state how many molecules of a micelle contribute to the
observed peak current on average. The anodic shift of the wave
of micelle-conﬁned molecules of 1 with respect to freely
4186

https://doi.org/10.1021/acs.langmuir.1c00049
Langmuir 2021, 37, 4183−4191

Langmuir

pubs.acs.org/Langmuir

Article

Figure 7. Scan rate dependence of the diﬀerent redox waves observed for aged solutions of 1 in 0.01 M aqueous KPF6 and at a concentration of 0.93
(top) or 3.71 mM (bottom) at a Au electrode. CVs of 1 at a scan rate of 25 mV/s (a,c) or at a scan rate of 1000 mV/s (b,d). Color code: Dark blue
indicates the wave due to molecules of 1 bound in aggregates (wave 3′), medium blue indicates the wave assigned to the freely diﬀusing monomers
(wave 2), and light blue indicates the wave assigned to adsorbed monomers (wave 1).

1 to nonaggregated molecules of 1 that are adsorbed at the
electrode surface. Wave 2, on the contrary, has all of the
attributes of an electrochemically reversible wave of a freely
diﬀusing species with a peak-to-peak potential diﬀerence ΔEp of
60 mV. It is therefore assigned to freely diﬀusing monomers of 1.
This is also supported by the fact that the half-wave potential of
this wave of 448 mV is, within reasonable error margins,
identical to that observed for wave 2 in the time-dependent
voltammograms of Figure 4. The limited degree of chemical
reversibility of wave 1 is paired with values ip,c(2)/ip,a(2) > 1 for
wave 2 at low sweep rates and decreasing values at faster rates.
This points to a lower propensity of oxidized 1+ to adsorb to the
electrode surface.
This pattern of two separate waves also persists upon
increasing the concentration of 1 to 0.48 and 0.93 mM, which
gradually approaches the cac. The only diﬀerence is that the
ratios of the peak currents associated with waves 1 and 2, when
recorded at the same sweep rate, shift in favor of wave 2. Thus
within the concentration range of 0.24 to 1.84 mM, the anodic
peak current of wave 2 scales with the concentration of
amphiphile 1, whereas that of wave 1 remains more constant.
(See Figure S5 of the Supporting Information.) These
observations also match the results of previous studies, where
similar competitions between adsorbed and freely diﬀusing
species were invoked.28,46 In further agreement with such an
assignment, we note that at any given concentration in this range

mV/s. Representative CVs for c = 0.93 mM, which is close to the
cac, and 3.71 mM, which is ca. three times larger than cac, at
sweep rates of 25 and 1000 mV/s are shown in Figure 7.
We start our discussion of the results in Figure 6 with the CV
response at the lowest investigated concentration of 0.24 mM
(bottom), which is ca. six times lower than the cac. (See Figure
S3 of the Supporting Information for an overlay with the
capacitive background current.) Under these conditions, 1
exists, at least predominantly, in the form of monomers. Small
amounts of dimers with intertwined zwitterionic headgroups, as
was observed in the solid state (Figure 1), cannot be ruled out,
although they should be disfavored due to the low amphiphile
concentration and ion pairing with the KPF6 electrolyte, which is
present in a large excess. Voltammograms recorded at this
concentration show two waves, wave 1 and wave 2. At low sweep
rates, the most cathodic wave, wave 1, shown in light blue color
in Figure 6, is chemically close to irreversible, with only a small
associated return peak at higher sweep rates v. The half-wave
potential was therefore extracted from SWVs, which revealed a
separate peak at 313 mV versus the Ag/AgCl reference. (See
Figure S4 of the Supporting Information.) Under conditions
where an associated CV counterpeak can be observed (v ≥ 500
mV/s) the peak-to-peak potential diﬀerence ΔEp is ca. 32 mV
and is hence appreciably smaller than what is expected of a freely
diﬀusing species in solution. The same holds for the peak width
at half-height of the square-wave peak. We therefore assign wave
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signiﬁcantly broaden the size distribution of aggregates of 1 but
not to lead to their disassembly (Figure 8).

(bottom part of Figure 6), the ratios of the associated anodic
peak currents ip,c(2)/ip,c(1) decrease with increasing sweep rate, as
is exempliﬁed in the top panel of Figure 7. This is explained by
the fact that the peak current associated with a surface-conﬁned
species scales linearly with v, whereas that of a freely diﬀusing
species scales with v1/2.52
When the concentration of amphiphile 1 is further increased
to 1.84 mM, that is, to slightly above the cac, a third wave with an
E1/2 of 580 mV, denoted as wave 3′, starts to appear. Wave 3′ is
highlighted by the dark blue color coding in Figure 6. Hence, at
concentrations of 1.84 and 3.71 mM, three coexisting waves can
be discerned in the CVs. This is also emphasized by our
observation of three overlapping peaks in the square-wave
experiments, as shown in Figure S6 of the Supporting
Information. Deconvolution of the SWVs allowed for a more
accurate determination of the associated half-wave potentials
than what can be achieved with CV. (See Figure S7 of the
Supporting Information.)
The peaks associated with wave 3′ become more prominent
when the concentration is further increased to 7.41 mM, which
exceeds the cac by a factor of nearly six. Under these conditions,
wave 1 cannot be discerned anymore in CV experiments but is
still visible in SWVs. (Note that in SWVs, wave 3′ likewise
already shows up at a concentration of 0.93 mM; see Figure S7 of
the Supporting Information.) The half-wave potential of 580
mV is very similar to that of wave 3 in Figure 4. It also shares the
attributes of an immobilized species in that it exhibits a ΔEp
value of only 24 mV. We therefore attribute it to molecules of
amphiphile 1 contained in micellar or vesicular structures, with
the latter being formed from the primary micellar aggregates on
aging for 5 days. Figure 5b provides a representative cryo-TEM
image of such vesicular aggregates.
We note that the ratio of the currents associated with the
anodic peaks of waves 3′ and 2, ip,a(3′)/ip,a(2), increases with
increasing v in a fashion very similar to what was observed for
waves 3 and 2 in Figure 4. This is again ascribed to the diﬀerent
power scalings of ip with the sweep rate v for (partly) adsorbed
and freely diﬀusing species. An alternative explanation to
account for this behavior would invoke the rapid equilibration of
molecules of amphiphile 1 entrapped in the vesicular aggregates
and free molecules of 1. In such a situation, freely diﬀusing
molecules of 1, which are oxidized prior to those entrapped in
the aggregates, would be replenished from their aggregated
forms, causing the former to deteriorate. This would deﬁne a CE
reaction, where “C” denotes a chemical reaction that delivers an
electroactive species that subsequently undergoes the electron
transfer step “E”. In such a case, the peak current function ip,a(2)·
v−1/2 versus v1/2 would be curved with a downward slope and
higher values at low sweep rates, that is, when longer times are
allowed for equilibration. Such behavior was reported on some
previous occasions when separate voltammetric waves/peaks for
freely diﬀusing and aggregate-bound ferrocene-based surfactants
were observed.46,47 However, this is not the case here, as the
peak current function of the anodic peak of wave 2 at
concentrations of 3.71 and 7.41 mM is to a good approximation
linear with v1/2, thus providing constant ratios ip,a(2)·v−1/2. It thus
appears that the equilibria (i) between surface-conﬁned and
freely diﬀusing monomers of 1 and (ii) between freely diﬀusing
and micelle-/vesicle-bound amphiphiles 1 readjust at rates that
are slower than the conventional CV timescale and that
aggregates of 1 persist even after oxidation. This also matches
the results of our previous report, where oxidation was found to

Figure 8. Cryo-TEM image of micellar/vesicular aggregates of 1+ in 0.1
M KNO3.

CONCLUSIONS
The multi-stimuli-responsive amphiphile FcNMe2SO3Heptene
(1) has proven to oﬀer a variety of unique properties. One key
feature is its structurally adaptive behavior upon the addition of
an external electrolyte, which unfolds the zwitterionic headgroup, thus allowing for its aggregation ﬁrst into micelles and
then, after much longer times, into larger vesicles. The
observation of separate voltammetric waves for amphiphile 1
in its freely diﬀusing, (presumably) monomeric and its
aggregated forms allows us to monitor how the micellar
aggregates evolve with time at a concentration larger than the
cac. This is augmented by CV and SWV investigations on aged
solutions, that is, after allowing primary micelles to evolve into
larger vesicles and at various concentration levels of amphiphile
1. We found that below the cac, freely diﬀusing monomers and
monomers, which are adsorbed at the electrode surface, coexist
in solution. No higher aggregates are electrochemically detected
under these conditions. At intermediate concentration levels or
moderately above the cac, a third wave arising from the oxidation
of micelle-/vesicle-bound molecules of amphiphile 1 is observed
alongside the former two. When the concentration is further
increased, the wave of surface-conﬁned monomers cannot be
discerned anymore, and only that of freely diﬀusing monomers
and aggregate-bound amphiphiles remains. The major diﬀerence from similar studies on other ferrocene-based amphiphiles
is that the equilibration between the freely diﬀusing and the
aggregate-bound amphiphiles 1 is slow compared with the
voltammetric timescale in the neutral and in the oxidized forms.
In addition, ITC measurements of 1 performed in 0.1 M
aqueous KNO3 show that the aggregation process of 1 is favored
by both entropic and enthalpic contributions, which is in line
with ﬁndings on other zwitterionic, sulfobetaine amphiphiles in
the literature.49−51

■

■

METHODS

The synthesis of 1 was conducted according to our previously published
multistep procedure.48 NMR experiments were carried out on a Varian
Unity Inova 400, a Bruker Avance III DRX 400, or a Bruker Avance Neo
800 MHz spectrometer. 1H and 13C spectra were referenced to the
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respective solvent signal. 2D-NMR experiments were used to
unequivocally assign the NMR resonances. The numbering of the
nuclei is provided in Figure S1 of the Supporting Information. CV was
performed in a one-compartment cell with 5−7 mL of deionized water
as the solvent and KPF6 (0.01 M) as the supporting electrolyte under a
static atmosphere of puriﬁed argon. A gold electrode (⌀ = 1.1 mm,
BASi) was used as the working electrode. A computer-controlled BASi
EPSILON potentiostat was used for recording the voltammograms. A
Ag/AgCl (3 M KCl) reference electrode in water was used in
combination with a platinum wire auxiliary electrode. The experiments
in acetonitrile as solvent were carried out under an argon inert gas
atmosphere in 0.1 M tetrabutylammonium hexaﬂuorophosphate
(NBu4PF6) as the supporting electrolyte. The indicated potentials
were referenced versus the Ag/AgCl (3 M KCl) standard; as an internal
standard, decamethylferrocene was used (E1/2 = −511 mV vs
ferrocene/ferrocenium, −943 mV vs Ag/AgCl).53,54 A platinum
working electrode (⌀ = 1.1 mm, BASi), a Pt wire auxiliary electrode,
and a Ag/AgCl wire reference electrode were used.
ITC experiments were performed on a microcal VP-ITC system
(Malvern) at 20 °C. A solution of 1 at a concentration ∼10 times higher
than cac (13.05 mM) was prepared in 0.1 M KNO3 and titrated into a
0.1 M KNO3 solution in 10 μL steps at a 307 rpm stirring speed and
with a 120 s initial delay for equilibration. The reference power (DP)
was set to 6 μcal/s. The free energy (ΔGdemic), enthalpy (ΔHdemic) and
entropy (ΔS) of the demicellation process were calculated based on the
phase separation model using eqs 1 and 2.55,56 In eqs 1 and 2, cac′
denotes the molar fraction, csyringe is the concentration of the injected
surfactant solution, and ΔRH is the observed reaction enthalpy.

ΔGdemic = − RT ln cac′ = ΔHdemic − T ΔS

(1)

ΔHdemic = ΔR Hdemic·csyringe/(csyringe − cac)

(2)
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Synthesis and Characterization
Hexyltriphenylphosphonium bromide (Ph3PHexyl+Br-).
1-Bromo-hexane (6.0 mL, 42.4 mmol, 1 equiv) and PPh3 (11.55 g, 44.5 mmol, 1.05 equiv) were dissolved
in 70 mL of toluene. The solution was heated to reflux for 15 h. After cooling to room temperature, a white
precipitate was obtained. It was filtered, washed three times with 20 mL of pentane, and dried in vacuo.
Ph3PHexyl+Br- (8.44 g, 19.08 mmol, 45%) was obtained as a colourless solid. 1H NMR (400 MHz, CDCl3):
į 7.91-7.83 (m, 6H, Ph-H), 7.81-7.74 (m, 3H, Ph-H), 7.73-7.66 (m, 6H, Ph-H), 3.91-3.82 (m, 2H, PCH2),
1.60-1.67 (m, 4H, CH2), 1.26-1.18 (m, 4H, CH2), 0.82 (t, 3JHH = 6.9 Hz, 3H, CH3).
¶-dibromoferrocene (FcBr2).
A solution of ferrocene (10 g, 53.75 mmol, 1 eq.), n-hexane (400 mL) and TMEDA (19 mL, 125.24 mmol,
2.33 eq.) was stirred in a dried 1 L schlenk flask and cooled to 0 °C. Then 1.6 M n-BuLi in hexane (72 mL,
125.24 mmol, 2.33 eq.) was added dropwise and the suspension was raised to room temperature over night.
The orange precipitate was filtered, re-suspended in diethyl ether (350 mL) and cooled to -78 °C and a
solution of 13.5 mL tetrabromoethane (TBE) (115.56 mmol, 2.15 eq.) in 80 mL diethyl ether was added
dropwise. The solution was raised to ambient temperature over night. The dark red solution was decanted
and quenched with 100 mL of water. After solvent removal the dark orange solid was dissolved in 300 mL
hexane and filtered trough celite and then washed subsequently with sat. aq. FeCl3 (ca. 3 × 100 mL). The
organic phase was extracted with water, dried over MgSO4 and the solvent was removed in vacuo. Pure
orange crystalline FcBr2 was obtained after recrystallization from MeOH in 59 % yield (10.89 g, 31.67 mmol).
1H NMR (400 MHz, CDCl ): į 4.42 (vt, 3J
3
3
HH = 1.9 Hz, 4H, Cp-H), 4.17 (vt, JHH = 1.9 Hz, 4H, Cp-H).
1-formyl-¶-bromoferrocene (FcBrCHO).
FcBr2 (9.32 g, 27.11 mmol, 1 equiv) was dissolved in 120 mL THF and the solution was cooled to -78 °C.
Then, 16.9 mL of a 1.6 M solution of n-BuLi in hexane (27.11 mmol, 1 equiv) were added dropwise over a
period of 20 min. The red solution was stirred at -78 °C for further 30 min. DMF (3.3 mL, 43.4 mmol,
1.6 equiv) was added dropwise over a period of 10 min. The mixture was stirred for further 30 min at -78 °C
and for 2 h at room temperature. The reaction was quenched with 20 mL of 1 M HCl and 20 mL of saturated
NaCl solution. The phases were separated, and the aqueous phase was extracted twice with 15 mL of
diethyl ether. The combined organic phases were dried over MgSO4 and the solvent was removed in vacuo.
The crude product was purified by column chromatography (1-9% EE/PE) yielding FcBrCHO (7.40 g,
25.26 mmol, 93%) as dark red needles. 1H NMR (400 MHz, CDCl3) į 9.99 (s, 1H, CHO), 4.84 (vt, 3JHH = 1.9
Hz, 2H, Cp-H), 4.63 (vt, 3JHH = 1.9 Hz, 2H, Cp-H), 4.52 (vt, 3JHH = 1.9 Hz, 2H, Cp-H), 4.21 (vt, 3JHH = 1.9 Hz,
2H, Cp-H).
1-(Z)-heptenyl-¶-bromoferrocene (FcBrHeptene).
BrPPh3Hex (3.25 g, 7.61 mmol, 1 equiv) was dissolved in 60 mL of THF. After the addition of KOtBu (0.85 g,
7.61 mmol, 1 equiv) to the turbid solution, a colour change to red was observed. The solution was stirred
for 1 h. A solution of FcBrCHO (2.23 g, 7.61 mmol, 1 equiv) in 20 mL of THF was added dropwise over a
period of 20 min. The solution was stirred overnight. 40 mL of n-pentane were added, and the precipitate
was filtered off. The solvent was removed in vacuo and the crude product was purified by column
chromatography (50% EE/PE) yielding FcBrHeptene (2.52 g, 7.00 mmol, 92%) as a brown oil. FcBrHeptene
was obtained selectively in (Z)-configuration. 1H NMR (400 MHz, CDCl3) į 6.06 (dt, 3JHH,cis = 11.3 Hz,
4J
3
3
3
HH = 1.8 Hz, 1H, CpC-H), 5.55 (dt, JHH,cis = 11.3 Hz, JHH = 7.2 Hz, 1H, C=CH), 4.32 (vt, JHH = 1.9 Hz,
3
3
3
2H, Cp-H), 4.30 (vt, JHH = 1.9 Hz, 2H, Cp-H), 4.26 (vt, JHH = 1.9 Hz, 2H, Cp-H), 4.05 (vt, JHH = 1.9 Hz, 2H,
Cp-H), 2.25-2.22 (m, 2H, CH2), 1.51-1.42 (m, 2H, CH2), 1.39-1.32 (m, 4H, CH2), 0.92 (t, 3JHH = 7.2 Hz, CH3).

S3

1-(Z)-heptenyl-µ-dimethylaminomethylferrocene (FcNMe2Heptene).
FcBrHeptene (1.14 g, 3.16 mmol, 1 equiv) was dissolved in 50 mL of THF and the solution was cooled to 78 °C. Then, 2.0 mL of a 1.6 M solution of n-BuLi in hexane (3.16 mmol, 1 equiv) were added dropwise over
a period of 5 min. The solution was stirred at -78 °C for another 10 PLQ (VFKHQPRVHU¶V VDOW  mg,
3.16 mmol, 1 equiv) was added and the temperature was kept at -78 °C for one hour. Then, 20 mL of distilled
water and 40 mL of ethyl acetate were added. The phases were separated, and the aqueous phase was
extracted twice with ethyl acetate. The combined organic layers were washed with brine and dried over
MgSO4. The solvent was removed in vacuo and the crude product was purified by column chromatography
(5% NEt3/PE) yielding 400 mg of FcNMe2Heptene (1.18 mmol, 37%) as a brown oil. 1H NMR (400 MHz,
CDCl3) į 6.02 (d, 3JHH,cis = 11.5 Hz, 1H, CpC-H), 5.51 (dt, 3JHH,cis = 11.5 Hz, 3JHH = 7.2 Hz, 1H, C=CH),
4.28-4.24 (m, 2H, Cp-H), 4.18-4.15 (m, 2H, Cp-H), 4.11-4.06 (m, 4H, Cp-H), 3.25 (s, 2H, NCH2), 2.26-2.24
(m, 2H, CH2), 2.18 (s, 6H, NCH3), 1.52-1.42 (m, 2H, CH2), 1.41-1.34 (m, 2H, CH2), 0.94 (t, 3JHH = 7.0 Hz,
CH3).
1-(Z)-heptenyl-¶-dimethylammoniummethyl-(3-sulfopropyl)-ferrocene (FcNMe2SO3Heptene, 1).
A solution of FcNMe2Heptene (400 mg, 1.18 mmol, 1 equiv) and 1,3-propane sultone (171 mg, 1.40 mmol,
1.2 equiv) in 40 mL of acetonitrile was heated to reflux for 15 h. After cooling to room temperature, the
solvent was removed in vacuo. The orange precipitate was washed four times with toluene (3 mL) yielding
380 mg of FcNMe2SO3Heptene (0.82 mmol, 70 %). 1H NMR (400 MHz, MeOD) į6.10 (dt, 3JHH,cis = 11.4 Hz,
4J
3
3
3
HH = 1.7 Hz, 1H, H-12), 5.61 (dt, JHH,cis = 11.4 Hz, JHH = 7.3 Hz, 1H, H-13), 4.48 (vt, JHH = 1.9 Hz, 2H,
3
3
H-7), 4.45 (vt, JHH = 1.9 Hz, 2H, H-10), 4.38 (vt, JHH = 1.9 Hz, 2H, H-8), 4.37 (s, 2H, H-5), 4.34 (vt,
3J
3
HH = 1.9 Hz, 2H, H-9), 3.45-3.39 (m, 2H, H-3), 2.96 (s, 6H, H-4), 2.88 (t, JHH = 6.9 Hz, 2H, H-1), 2.31-2.15
(m, 4H, H-2, H-14), 1.54-1.45 (m, 2H, H-15), 1.43-1.35 (m, 4H, H-16, H-17), 0.95 (t, 3JHH = 7.1 Hz, 3H, H18). 13C NMR (151 MHz, CDCl3) į131.67 (s, C-13), 124.53 (s, C-12), 84.07 (s, C-11), 72.86 (s, C-7), 72.35
(s, C-9), 71.97 (s, C-6), 70.36 (s, C-10), 70.15 (s, C-8), 65.68 (s, C-5), 63.21 (s, C-3), 49.55 (s, C-4), 48.07
(s, C-1), 31.80 (s, C-16), 29.53 (s, C-15), 29.19 (s, C-14), 22.74 (s, C-17), 19.73 (s, C-2), 14.25 (s, C-18).
ESIMS: [gmol-1]: (4M+Na+H)+ = (C92H141Fe4N4O12S4Na)+ calc.: 1868.67, found: 1868.67; (4M+Na)+ =
(C92H140Fe4N4O12S4Na)+ calc.: 1867.66, found: 1867.66; (3M+Na)+ = (C69H105Fe3N3O9S3Na)+ calc.: 1406.50,
found: 1406.50; (2M+Na)+ = (C46H70Fe2N2O6S2Na)+ calc.: 945.33, found: 945.33; (2M+H)+ =
(C46H71Fe2N2O6S2)+ calc.: 923.34, found: 923.34; (M+K)+ = (C23H35FeNO3SK)+ calc.: 500.13, found: 500.13;
(M+Na)+ = (C23H35FeNO3SNa)+ calc.: 484.16, found: 484.15; (M+H)+ = (C23H36FeNO3S)+ calc.: 462.18,
found: 462.17; (M)+ = (C23H35FeNO3S)+ calc.: 461.17, found: 461.17; (M-NMe2SO3)+ = (C18H23Fe)+ calc.:
295.11, found: 295.11. IR (powder): 3067, 3037, 2955, 2918, 2853, 1638. UV-Vis (MeCN): = 225 M-1cm-1.
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Supporting Figures
Fig. S1: Characterization of FcNMe2SO3Heptene 1.
(a) 1H NMR of 1.

H NMR (400 MHz, MeOD) į [ppm]: 6.10 (dt, 3JHH,cis = 11.4 Hz, 4JHH = 1.7 Hz, 1H, H-12), 5.61 (dt,
3
3
3
HH,cis = 11.4 Hz, JHH = 7.3 Hz, 1H, H-13), 4.48 (vt, JHH = 1.9 Hz, 2H, H-7), 4.45 (vt, JHH = 1.9 Hz, 2H, H10), 4.38 (vt, 3JHH = 1.9 Hz, 2H, H-8), 4.37 (s, 2H, H-5), 4.34 (vt, 3JHH = 1.9 Hz, 2H, H-9), 3.45-3.39 (m, 2H,
H-3), 2.96 (s, 6H, H-4), 2.88 (t, 3JHH = 6.9 Hz, 2H, H-1), 2.31-2.15 (m, 4H, H-2, H-14), 1.54-1.45 (m, 2H,
H-15), 1.43-1.35 (m, 4H, H-16, H-17), 0.95 (t, 3JHH = 7.1 Hz, 3H, H-18).
1

3J

(b) 13C{1H} NMR of 1.

C NMR (151 MHz, CDCl3) į [ppm]: 131.67 (s, C-13), 124.53 (s, C-12), 84.07 (s, C-11), 72.86 (s, C-7),
72.35 (s, C-9), 71.97 (s, C-6), 70.36 (s, C-10), 70.15 (s, C-8), 65.68 (s, C-5), 63.21 (s, C-3), 49.55 (s, C-4),
48.07 (s, C-1), 31.80 (s, C-16), 29.53 (s, C-15), 29.19 (s, C-14), 22.74 (s, C-17), 19.73 (s, C-2), 14.25 (s, C18).
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Fig. S2: Scan rate dependence of the redox-processes of 1 at c = 5.2 mM 240 min after sample preparation.

CVs of 1 recorded in 0.01M aqueous KPF6, 240 min after sample preparation. Different scan rates, at a) v
= 0.025 V/s, b) v = 0.1 V/s and c) v = 0.5 V/s.

Fig. S3: CV overlay of 1 at the lowest investigated concentration of 0.24 mM with the capacitive background
current.

CV of 1 at the lowest investigated concentration of 0.24 mM (black line) compared to the capacitive
background current (blue line) measured in 0.01 M KPF6 at a scan rate v of 0.1 V/s.
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Fig. S4: Square Wave voltammogram of 1 recorded in 0.01 M KPF6 at a concentration c = 0.24 mM.

S7

Fig. S5: Plots of ip,a(1) and ip,a(2) of 1 as a function of concentration.

.

S8

Fig. S6: Square Wave voltammograms of 1 recorded in 0.01 M aqueous KPF6 and concentrations of
c = 1.84 mM (top panel), c = 3.71 mM (middle panel) and c = 7.41 mM (bottom panel).
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S10

Fig. S7: SWVs of 1 in 0.01 M aqueous KPF6 recorded at different frequencies.

Concentration-dependent SWV measurements of 1 performed in 0.01 M aqueous KPF6. For the sake of
clarity, the respective SWVs are depicted at different current scales. Color code: Dark blue color indicates
the aggregation wave, sea blue that of the freely diffusing monomers, and pale that of the adsorbed
monomers.
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6. CONCLUSION AND OUTLOOK
The intrinsic desire of mankind to develop more and more sophisticated tools and technologies is
a constant challenge and motivation for researchers around the world. In particular, the further
miniaturization of devices creates a significant demand for materials that exhibit tailor-made
chemical and physical properties and defined nanostructuration. The highly ordered reaction
environments and highly selective reaction cascades found in nature are impressive role models and
inspire researchers to strive to reach the same levels of sophistication in smart materials and
reaction environments.[145-157] Therefore, molecules that are flexible and have the propensity to
undergo a driven self-arrangement process are of high interest. The term ´flexible´ can be
interpreted in analogy to the term ͞multi-stimuli responsive materials͘͟ It applies in particular to
molecular building blocks that are amenable to a variety of external stimuli to alter their
physicochemical properties. In combination with a distinct surfactant-like architecture, novel
material properties can emerge from synergistic effects of self-assembly and high effective
concentrations of functional building blocks in aggregates. This naturally takes the functionality of
novel smart materials to a new level.

This thesis focuses on the synthesis of novel, multi-stimuli responsive, smart materials. The multistimuli responsive characteristics were achieved through incorporation of ferrocene as the central
building block into the surfactant architecture. The ferrocene-modified amphiphiles afforded
classical surfactant properties such as self-assembly, surface activity, and foaming, thereby creating
a highly ordered structural environment with a high effective concentration of ferrocene moieties.
In doing so, we targeted novel material properties that result from the synergy of a well-defined
environment around the functional ferrocene building block of the surfactant. Ferrocene
surfactants have already been studied extensively, in particular with regard to the different selfassembly behavior in their reduced and oxidized states.[195, 207, 211] It has been shown that a redoxstimulus may induce the reversible formation or disruption of aggregates, a change in the surface
activity of the reduced and oxidized surfactants, and that reduced and oxidized ferrocene
surfactants can coexist within aggregate assemblies.[195, 208-209, 238] However, most studies were based
on a similar structural approach, a single-alkyl chain-substituted ferrocene pattern with a cationic
ammonium head group. Ferrocene is synthetically easily accessible and offers a variety of efficient
methods of derivatization.[103] Therefore, in this work, ferrocene as the central functional building
block of the surfactant has been identified as a promising platform to obtain novel (multi-)stimuli
responsive surfactants. Ferrocene offers even more stimuli-responsive properties than just a redox
trigger. Upon oxidation, the diamagnetic, hydrophobic ferrocene is transformed into a
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paramagnetic and hydrophilic ferrocenium ion with an (additional) positive charge.[141, 144] Thus,
oxidation does not only induce a change in the hydrophilic-to-lipophilic balance of the molecule, it
also generates a permanent magnetic moment. Therefore, in the scope of this thesis, particular
attention was paid to the influence of redox- and magneto-responsive stimuli on the self-assembly
ƉƌŽƉĞƌƚŝĞƐŽĨŶŽǀĞůϭ͕ϭ͛-disubstituted ferrocene surfactants. Every publication is concerned with a
different aspect of ferrocene-based surfactants and their unique self-assembly behavior with and
without the application of an external trigger.

In the first publication, we introduced a ferrocene-based surfactant with a significantly different
architecture ƚŚĂŶ ƉƌĞǀŝŽƵƐůǇ ĚĞƐĐƌŝďĞĚ ŝŶ ůŝƚĞƌĂƚƵƌĞ͘  ϭ͕ϭ͛-disubstituted ferrocene surfactant
comprising a trimethylammonium head and a (protected) S-conjugated ethynyl lipophilic group was
synthesized. The surfactant exhibits similar self-assembly behavior to those of lipids and forms
micelles that, over time, develop into unilamellar vesicles. Interestingly, aggregation already occurs
far below the concentration required to form the Gibbs monolayer at the water-air interface. This
non-classical self-assembly behavior does not comply with the Free Energy Model introduced by
TANFORD.[56-58, 67] Moreover, the surfactant is amenable to a variety of modifications at both the
hydrophilic and the hydrophobic segment. The protecting triisopropylsilyl-group can be cleaved and
the ethynyl function can be coupled to a trans-Pt(PEt3)2X (X = Cl, I) complex, resulting in a
heterobimetallic

surfactant

with

an

organometallic

lipophilic

tail.

In

addition,

the

trimethylammonium head group can be converted to other functional groups such as nitrile.
Oxidation of the surfactant in water is, however, only reversible on the time scale of cyclic
voltammetry (CV). Our initial rationale was that the Dmethylene group that connects the ferrocene
moiety to the trimethylammonium head group, could be sufficiently reactive to undergo
decomposition upon oxidation and thus be responsible for the instability. However, subsequent
experiments revealed that both the electron withdrawing alkyne moiety and the methylene carbon
in the D-position are responsible for the degradation upon oxidation and the lack of redoxswitchability beyond the CV timescale.[236]

With this publication, we extended the library of ferrocene-based surfactants. The new structural
scaffold led to the emergence of a highly unconventional self-assembly behavior. We contributed
to the understanding of nonclassical self-assembly behavior beyond the regime of the Free Energy
Model. Moreover, the surfactant serves as a platform for further modifications and allows for the
synthesis of more advanced heterobimetallic or luminescent surfactants.
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Inspired by these results, we were able to improve the stability of the oxidized ϭ͕ϭ͛-disubstituted
ferrocene surfactant through introduction of a zwitterionic head group and a lipophilic heptenyl tail.
The added sulfonate head group is able to donate electron density (+I effect) to the D-position,
rendering the methylene carbon less reactive towards nucleophilic attack. The lipophilic heptenyl
tail is, in general, less sensitive towards a nucleophilic attack by the solvent and also less electronwithdrawing as compared to an alkynyl group. Both modifications increased the electron density at
the central ferrocene moiety and thus guarantee a more robust redox-response. The self-assembly
behavior of the zwitterionic ferrocene-based surfactant with a sulfobetaine head group and a
lipophilic heptenyl chain was investigated in publication two. The self-assembly properties of the
zwitterionic ferrocene surfactant can be controlled by three different external stimuli. The intrinsic
self-assembly behavior can be triggered by the addition of an external electrolyte, which is
accompanied by a 26-fold increase in solubility of the surfactant. Inter- and intramolecular ionic
interactions of the zwitterionic head group are disrupted by ion pairing with the external electrolyte,
and surfactant properties are induced. Micelles were formed that underwent a morphology change
to vesicles after five days. Ferrocene, as the central part of the surfactant, is now amenable to a
reversible electron transfer reaction, which constitutes the second stimulus. Unlike ferrocene
surfactants that have been previously reported, oxidation leads to a significant broadening of the
size distribution of aggregates, but not to their disassembly. Interestingly, the oxidized surfactant is
almost as surface-active as the neutral surfactant. Furthermore, the oxidized surfactant is
paramagnetic and hence responds to an external magnetic field of 0.8 T. 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 novel 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 structural reorganization and
alignment of a paramagnetic surfactant in an external magnetic field in situ.[42]

With this publication, on-demand triggering of self-assembly was reported, which is of high
interest in various research fields, e.g. for catalysis (micellar nanoreactor) or electronic applications
(micellar batteries). We introduced a new class of redox-responsive surfactants, where aggregation
is preserved even after oxidation. Moreover, a new regime of ferro-self-assembly was established
that might serve as a platform to gain a more profound understanding of aggregation and structural
reorganization in a magnetic field. This may open new avenues in the development of dynamic, nonequilibrium self-assembly.
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Cyclic voltammetry is a well-established powerful method to determine the cmc of a surfactant.
The associated half-wave potential of a ferrocene-based surfactant was reported to undergo an
abrupt change once the cmc is reached and micelles are formed in solution.[195] At the electrode,
however, the electron transfer reaction involves mainly freely diffusing monomeric species that are
dissociated from micelles prior to oxidation.[204-208] Thus, in publication three, we focused on the
electrochemical analysis of the self-assembly process, especially with respect to (electrodeimmobilized) aggregates. The same zwitterionic ferrocene surfactant as in publication two was
investigated extensively by cyclic and square wave voltammetry to study the underlying equilibria
between monomeric and aggregate-bound surfactant molecules. We observed separate waves for
the monomeric and aggregate- (micelle- and vesicle-) bound species adsorbed to the electrode and
for freely-diffusing monomers. Time-, scan rate-, and concentration-dependent measurements
revealed that the adjustment of the monomer/aggregate equilibrium is slow compared to the
voltammetric timescale in both, the neutral and the oxidized forms. More specifically, the
equilibrium between surface-confined and freely diffusing monomers and/or the equilibrium
between freely diffusing and micelle/vesicle bound surfactants adapts at rates slower than or
comparable to the CV timescale. We also confirmed that aggregates persist even after oxidation.
The underlying thermodynamic parameters associated with the aggregation process were further
studied by isothermal titration calorimetry (ITC). Aggregation of the zwitterionic surfactant in
aqueous electrolyte solution appears to be energetically and entropically favored. In most cases,
aggregation is endothermic but driven entropically due to the hydrophobic effect. However, in this
system, additional contact ion pairs caused by the zwitterionic head group and the electrolyte most
likely lead to an exothermic aggregation process.[237]

With this publication, we could monitor by electrochemical methods how the underlying equilibria
between monomer and aggregate evolve over time and how they are affected by concentration.
Moreover, it seems particularly important for the performance of surfactants in future applications
such as redox-shuttles in batteries to not only know the half-wave potential of the monomer, but
also the respective half-wave potential of surfactant molecules in aggregates.

In summary, this thesis demonstrates that ferrocene surfactants ǁŝƚŚĂϭ͕ϭ͛-disubstitution pattern
represent promising candidates for the development of self-assembled and smart materials that
can be adjusted by means of multiple external stimuli. We illustrated that ferrocene surfactants are
amenable to modification reactions and may thus serve as a platform for the synthesis of more
sophisticated, e.g. heterobimetallic or luminescent surfactants. The successful application of three
external stimuli to a single ferrocene surfactant with a defined and changeable self-assembly
behavior is an important hallmark on the way to surfactants of higher functionality and for future
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applications. We further contributed to the understanding of aggregation and equilibrium processes
within a complex surfactant system. Highly functional ferrocene surfactants could therefore serve
as a starting point for the development of dynamic, non-equilibrium self-assembly.

The knowledge gained from this work about the self-assembly of (multi-)stimuli responsive
ferrocene surfactants may open new avenues in the field of ferrocene surfactant research. Since
ferrocene is synthetically well accessible and offers a variety of efficient methods of further
derivatization, the presented ferrocene surfactants can be developed further. Considering their
potential application as redox shuttles in batteries, the ferrocene entity itself might be modified to
adjust the oxidation potential of both, the monomers and the aggregates, to reach a higher
performance. It might also be interesting to use other metallocenes as the central building block of
surfactants, such as cobaltocene or ruthenocene. Also, with respect to possible applications as redox
shuttles, cyclic voltammetry measurements of aqueous ferrocene surfactant solutions, while the
system is exposed to an external magnetic field, could be highly interesting. The alignment of
oxidized species could be detected by cyclic voltammetry and the charge transport could be
hindered depending on the strength of the magnetic field as well as the applied potential. It might
be possible to reach a state of non-equilibrium.

The modification of the head group might also strongly effect the self-assembly behavior of the
ferrocene surfactant. Considering a purely anionic head group (sulfonate), oxidation generates a
zwitterionic surfactant that exhibits no formal net charge. Both solubility and self-assembly should
be affected significantly. However, since ABBOTT et al. demonstrated that oxidized and reduced
ferrocene surfactants can both be present in an aggregate, the investigation of such systems in an
external magnetic field is of high interest.[238] In this respect it is of interest to prepare and study a
ferrocene surfactant of the design of the one in publication two, but with a sulfonate instead of a
sultone head group, in different oxidation states. Exposure to a magnetic field could induce a highly
interesting morphology transformation that originates from mixed aggregates.

The lipophilic tail offers various possibilities for further modifications, as it was already
demonstrated in this thesis. Through incorporation of an active drug to the terminal end of the
lipophilic tail, all-in-one drug-delivery surfactants could be realized. Leaking of the respective drug
as it can be observed in current drug-delivery systems could be suppressed this way. ABBOTT and
LINN et al. already demonstrated that ferrocene lipids can exhibit a high transfection efficiency in
mammalian cells.[214] If the surfactant is amenable to an appropriate (pH-) response, aggregates
could disassemble in the target (tumor) tissue, releasing the drug only at the desired environment.
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By incorporation of a chromophore to the lipophilic tail, similar to those realized by MANNERS et
al., redox-switchable micellar LEDs could be designed.[233] If the emission properties respond to the
oxidation state of the ferrocene moiety, a redox-induced color change or the on/off switching of
fluorescence might be observed. Also, S-S stacking interactions inside the aggregates could lead to
different emission properties compared to the ones of the monomers in solution. Through mixing
of two or more ferrocene surfactants with differently substituted chromophores, light emission of
the entire visible spectrum could be achieved.

Another interesting aspect of ferrocene surfactants could be the realization of entirely ´stable´
aggregates. Reactive groups located at the lipophilic tail could undergo cycloaddition or
polymerization reactions within self-assembled aggregates. Thus, oxidation would not induce a
morphology transformation and aggregates are present in a fixed state. The exposure of fixed
aggregates to an external magnetic field, could unravel interesting and novel ´interaggregate´
interactions due to an alignment of anisotropic aggregates.

As we have observed, ferrocene surfactants can also self-assemble after oxidation, allowing the
generation of micellar batteries. A reversible electron transfer from the shell (ferrocene) to the core
could be achieved by an appropriate choice (e.g. tetrathiafulvalene) of the redox-active constituent
at the terminal end of the lipophilic tail.

Magneto-adaptive systems are the least studied among stimuli-responsive surfactants. Thus, it
would be of great interest to incorporate an additional permanently paramagnetic (organic)
constituent such as a polychlorinated triarylmethyl radical (PTM) into the lipophilic tail of a
ferrocene surfactant. The stability of the paramagnetic (organic) constituent could thereby be
increased, as it is buried inside the aggregates. Upon oxidation of the ferrocene moiety, a system
with two permanent spins within one molecule could be achieved. Moreover, the interactions might
be extended by exposure of the system to an external magnetic field.

The easily accessible modifications, combined with a defined self-assembly process and a (multi-)
stimuli responsive behavior will thus likely lead to many future applications of ferrocene-based
surfactants in various fields of science.
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7. ZUSAMMENFASSUNG UND AUSBLICK
Das angeborene Streben des Menschen, immer bessere Werkzeuge, Materialien, aktuelle
Anwendungen und modernste Technologien zu entwickeln und weiter zu verbessern stellt Forscher
auf der ganzen Welt vor immer neue Herausforderungen. Insbesondere die Miniaturisierung von
Geräten schafft einen erheblichen Bedarf an Materialien mit maßgeschneiderten chemischen und
physikalischen

Eigenschaften

und

definierten

Nanostrukturen.

Die

hochgeordneten

Reaktionsumgebungen und teils extrem selektiven Reaktionskaskaden in der Natur haben eine
Vorbildfunktion und inspirieren Forscher, ein ähnliches Niveau an intelligenten Materialien und
Reaktionsumgebungen zu erreichen.[145-157] Daher sind Moleküle, die hochflexibel sind und die
Fähigkeit haben, einen natürlichen Selbstanordnungsprozess zu durchlaufen, von großem Interesse.
Der Begriff "flexibel" kann sowohl mit multi-stimuli-responsiven-Materialien als auch mit
molekularen Bausteinen, die auf eine Vielzahl von externen Stimuli reagieren und ihre
physikochemischen Eigenschaften verändern können, in Verbindung gebracht werden. Im Kontext
einer tensidähnlichen Architektur können neuartige Materialeigenschaften aus synergistischen
Effekten der Selbstassemblierung sowie aus einer hohen effektiven Konzentration funktioneller
Bausteine in Aggregaten entstehen. Dies vermag, die Funktionalität neuartiger intelligenter
Materialien auf ein höheres Niveau zu heben.

Diese Arbeit beschäftigt sich mit der Synthese neuartiger und intelligenter Materialien. Die multistimuli responsiven Eigenschaften dieser Materialien wurden durch den Einbau von Ferrocen als
zentralem Baustein in eine Tensidarchitektur erreicht. Dies führt zu typischen Tensideigenschaften
wie Selbstorganisation, Oberflächenaktivität und Schaumbildung. Insbesondere resultiert eine hoch
geordnete,

strukturelle

Umgebung

mit

einer

großen

effektiven

Konzentration

von

Ferroceneinheiten. Dabei zielten wir auf neuartige Materialeigenschaften ab, die sich aus der
Synergie einer definierten Umgebung um die funktionellen Ferrocenbausteine des Tensids ergeben.
Ferrocentenside wurden bereits ausgiebig untersucht, insbesondere im Hinblick auf ihr verändertes
Verhalten bezüglich einer Selbstorganisation nach der Oxidation.[195, 207, 211] Es wurde festgestellt,
dass der Redox-Stimulus die reversible Ausbildung beziehungsweise Auflösung von Aggregaten
sowie eine Veränderung der Oberflächenaktivität der reduzierten und oxidierten Tenside zu
induzieren vermag. Es wurde ebenfalls gezeigt, dass reduzierte und oxidierte Ferrocentenside in
Aggregaten nebeneinander koexistieren können.[195, 208-209, 238] Die meisten Studien basieren jedoch
auf einem ähnlichen strukturellen Ansatz, nämlich dem Muster eines mit einer einzelnen Alkylkette
substituierten Ferrocens mit einer kationischen Ammonium-Kopfgruppe. Ferrocen ist synthetisch
gut zugänglich und bietet eine Vielzahl effizienter Methoden zur weiteren Derivatisierung.[103] Daher
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wurde in dieser Arbeit Ferrocen als zentraler funktioneller Baustein des Tensids ausgewählt, um
neuartige, (multi-)stimuli-responsive Tenside zu erhalten. Da Ferrocen noch weitere
Funktionalitäten bietet, scheint die Einführung weiterer externer Stimuli neben einem
redoxadaptiven Verhalten realisierbar. Infolge einer Oxidation wandelt sich das diamagnetische,
hydrophobe Ferrocen in ein paramagnetisches und hydrophiles Ferrocenium-Ion mit einer
zusätzlichen positiven Ladung um.[141, 144] Die Oxidation bewirkt also nicht nur eine Änderung des
Verhältnisses aus hydrophilen/lipophilen Bestandteilen des Moleküls, sondern erzeugt auch ein
permanentes magnetisches Moment. Im Rahmen dieser Arbeit wurde daher ein besonderes
Augenmerk auf den Einfluss von Redox- und magnetischen-Stimuli auf die Selbstassemblierung
neuartiger 1,1'-disubstituierter Ferrocen-Tenside gelegt. Jede Veröffentlichung trägt zu einem
anderen

Aspekt

von

Ferrocen-basierten

Tensiden

und

ihrem

einzigartigen

Selbstorganisationsverhalten mit und ohne Einwirkung eines externen Feldes bei.

In der ersten Publikation haben wir ein Ferrocen-basiertes Tensid mit einer anderen Struktur als
die bisher in der Literatur beschrieben Systeme vorgestellt. Es wurde ein 1,1'-disubstituiertes
Ferrocen-Tensid synthetisiert, welches eine Trimethylammonium-Kopfgruppe und eine (geschützte)
S-konjugierte Ethinyl-Gruppe enthält. Das Tensid zeigt ein mit Lipiden vergleichbares

Selbstassemblierungsverhalten und bildet Mizellen, die sich anschließend in unilamellare Vesikel
umwandeln. Interessanterweise tritt die Aggregation bereits weit unterhalb der Konzentration auf,
die erforderlich ist, um die Gibbs'sche Monolage an der Wasser-Luft-Grenzfläche vollständig
auszubilden. Damit zeigt es ein nicht-klassisches Selbstassemblierungsverhalten, das nicht mit dem
von TANFORD eingeführten Modell übereinstimmt.[56-58, 67] Darüber hinaus ist das Tensid für eine
Vielzahl an weiteren Modifizierungen sowohl im hydrophilen als auch im hydrophoben Segment
zugänglich. Die Triisopropylsilyl-Schutzgruppe lässt sich leicht abspalten. Die freie Ethinyl-Funktion
lässt sich dann an ein trans-Pt(PEt3)2X (X = Cl, I) koppeln. Dadurch entsteht ein heterobimetallisches
Tensid. Ferner lässt sich die Trimethylammonium-Kopfgruppe durch andere Substituenten, z. B.
Nitrile austauschen. Allerdings verläuft die Oxidation des Tensids nur auf der Zeitskala der
Cyclovoltammetrie (CV) reversibel. In einer ersten Vermutung identifizierten wir den
Methylenkohlenstoff (D-Position), der den Ferrocenrest mit der Trimethylammonium-Kopfgruppe
verbindet, als die hochreaktive Position, die für die Instabilität bei der Oxidation verantwortlich ist.
Weitere Experimente zeigten jedoch, dass sowohl die elektronenziehende Alkinyl-Gruppe als auch
der Methylenkohlenstoff in D-Position nach der Oxidation reaktiv sind. Das Tensidmolekül zeigt
dadurch kein redox-schaltbares Verhalten jenseits der CV-Zeitskala.[236]
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Mit dieser Veröffentlichung haben wir die Bandbreite von Tensiden auf Ferrocenbasis erweitert.
Ein

neuer

struktureller

Ansatz

führte

zu

einem

höchst

unkonventionellen

Selbstassemblierungsverhalten. Wir trugen damit zum Verständnis des nicht-klassischen
Selbstassemblierungsverhaltens jenseits eines Verhaltens nach dem Freien Energiemodell von
TANFORD bei. Darüber hinaus dient das Tensid als Plattform für die Entwicklung von noch
anspruchsvolleren, z. B. heterobimetallischen oder lumineszierenden, Tensiden.

Inspiriert von diesen Ergebnissen haben wir die Stabilität des 1,1'-disubstituierten Ferrocentensids
gegenüber Oxidation durch die Einführung einer zwitterionischen Kopfgruppe und eines HeptenylRestes verbessert. Die Sulfonat-Kopfgruppe ist in der Lage, Elektronendichte (+I-Effekt) auf die DPosition zu verschieben, wodurch der Methylenkohlenstoff weniger reaktiv gegenüber einem
nukleophilen Angriff wird. Der Heptenyl-Rest ist im Allgemeinen weniger empfindlich gegenüber
einem nukleophilen Angriff durch das Lösungsmittel und auch weniger elektronenziehend im
Vergleich zu einer Alkin-Gruppe. Beide Modifikationen erhöhen die Elektronendichte am zentralen
Ferrocenbaustein

und

führen

somit

zu

einer

robusteren

Ferrociniumspezies.

Das

Selbstassemblierungsverhalten des zwitterionischen Ferrocentensids mit einer SulfobetainKopfgruppe und einer Heptenyl-Kette wurde in der zweiten Publikation untersucht. Die
Selbstassemblierungseigenschaften des zwitterionischen Ferrocentensids lassen sich durch drei
verschiedene externe Stimuli kontrollieren. Die Zugabe eines externen Elektrolyten ändert die
intrinsischen Selbstaggregierungseigenschaften. Letzteres geht mit einer 26-fachen Erhöhung der
Löslichkeit des Tensids einher. Inter- und intramolekulare ionische Wechselwirkungen der
zwitterionischen Kopfgruppe werden durch Ionenpaarung mit dem externen Elektrolyten
unterbunden und Tensideigenschaften werden induziert. Es bildeten sich Mizellen, die innerhalb
von fünf Tagen eine Umwandlung zu Vesikeln durchlaufen. Ferrocen als zentraler Baustein des
Tensids ist für eine reversible Elektronentransferreaktion zugänglich, die den zweiten Stimulus
darstellt. Im Gegensatz zu den anderen literaturbekannten Ferrocentensiden führt die Oxidation zu
einer signifikanten Verbreiterung der Größenverteilung der Aggregate, nicht aber zu deren Zerfall.
Interessanterweise weist das oxidierte Tensid fast die gleiche Oberflächenaktivität auf wie das
neutrale Tensid. Das oxidierte Tensid ist paramagnetisch und reagiert daher auf ein externes
Magnetfeld (0,8 T). Es bildeten sich perlenkettenartige Aggregate, die eine feldinduzierte
Anisotropie aufweisen. Ein Hysterese-Effekt nach Abschalten des Magnetfeldes wurde beobachtet,
was zu einem neuartigen Ferro-Selbstassemblierungsverhalten führt. Darüber hinaus wurde die
optische Doppelbrechung in Kombination mit zwei dynamischen Lichtstreuungsgeräten als eine
leistungsfähige Methode zur Messung der Dynamik der strukturellen Reorganisation und
Ausrichtung in einem externen Magnetfeld etabliert.[42]
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In

dieser

Publikation

berichteten

wir

von

einem

nach

Bedarf

induzierbarem

Selbstorganisationsverhalten, das für eine Vielzahl von Forschungsfeldern, wie z.B. für katalytische
(Nanoreaktoren) oder elektronische Anwendungen (mizellare Batterien) von großem Interesse ist.
Wir stellten eine neue Klasse von redox-responsiven Tensiden vor, bei denen die Aggregation auch
nach der Oxidation erhalten bleibt. Darüber hinaus wurde ein neuer Bereich der FerroSelbstorganisation geschaffen. Dies könnte zum besseren Verständnis der Aggregation sowie der
strukturellen Reorganisation in einem Magnetfeld beitragen, wodurch sich wiederrum neue Wege
in der Entwicklung von Systemen eröffnen, welche sich in einem nicht-Gleichgewichtszustand
befinden.

Die Cyclovoltammetrie (CV) ist bereits als eine leistungsfähige Methode zur Bestimmung der cmc
eines Tensids etabliert. Das zugehörige Halbwellenpotential des Tensids erfährt eine abrupte
Änderung, wenn die cmc erreicht ist und Mizellen in Lösung vorliegen.[195] An der Elektrode findet
die Elektronentransferreaktion jedoch hauptsächlich durch die frei diffundierende monomere
Spezies statt, welche sich wiederum vor der Oxidation aus den Mizellen herauslöst.[204-208] Daher
konzentrierten

wir

uns

in

der

dritten

Publikation

auf

eine

Analyse

des

Selbstassemblierungsprozesses mittels elektrochemischer Methoden. Hierbei legten wir das
Augenmerk besonders auf die an der Grenzfläche der Elektrode immobilisierten Aggregate. Das
schon aus der zweiten Publikation bekannte zwitterionische Ferrocentensid wurde ausführlich
mittels CV untersucht, um die zugrundeliegenden Gleichgewichte zwischen monomerem und
aggregatgebundenem Tensid zu studieren. Wir beobachteten getrennte Wellen sowohl für die an
der Elektrode adsorbierten monomer- und aggregatgebundenen (Mizellen und Vesikel) Spezies, als
auch für die frei diffundierende Monomere. Zeit- und konzentrationsabhängige Messungen des
zwitterionischen Ferrocentensids zeigten die Einstellung eines gegenüber der CV-Zeitskala
langsamen Monomer/Aggregat-Gleichgewichts, sowohl in der neutralen als auch in der oxidierten
Form. Genauer gesagt stellt sich das Gleichgewicht zwischen oberflächenadsorbierten und frei
diffundierenden Monomeren und/oder das Gleichgewicht zwischen frei diffundierenden und an
Mizellen/Vesikel gebundenen Tensiden auf Zeitskalen ein, die langsamer oder vergleichbar mit der
CV-Zeitskala sind. Wir bestätigten auch, dass Aggregate selbst nach der Oxidation bestehen bleiben.
Die zugrundeliegenden thermodynamischen Parameter, die mit dem Aggregationsprozess assoziiert
sind, wurden durch isothermische Titrationskalorimetrie (ITC) untersucht. Die Aggregation des
zwitterionischen Tensids in wässriger Elektrolytlösung ist energetisch und entropisch begünstigt.
Normalerweise ist die Aggregation endotherm, wird aber entropisch durch den hydrophoben Effekt
gesteuert. In diesem System führen jedoch zusätzliche Kontaktionenpaare, die durch die
Wechselwirkung der zwitterionischen Kopfgruppe mit dem Elektrolyten entstehen, zu einem
exothermen Aggregationsprozess.[237]
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Mit dieser Veröffentlichung haben wir zu einer Verbesserung des Verständnisses des
Gleichgewichts zwischen Monomer und Aggregat beigetragen und den Einfluss der Zeit und der
Konzentration auf das sich ausbildende Gleichgewicht beleuchtet. Darüber hinaus ist es
insbesondere für die Leistungsfähigkeit von Tensiden in Anwendungen, wie z.B. als Redox-Shuttle in
Batterien, notwendig, nicht nur das Halbstufenpotential des Monomers, sondern auch das jeweilige
Halbstufenpotential der Aggregate zu kennen.

Zusammenfassend

konnte

in

dieser

Arbeit

gezeigt

werden,

dass

Ferrocentenside

vielversprechende Kandidaten für die Entwicklung von selbstassemblierenden und intelligenten
Materialien

darstellen.

Wir

haben

gezeigt,

dass

Ferrocentenside

für

weitere

Modifikationsreaktionen zugänglich sind und somit als Plattform für die Entwicklung von noch höher
entwickelten, z. B. heterobimetallischen oder lumineszierenden Tensiden dienen können. Die
erfolgreiche Anwendung von drei externen Stimuli auf ein einzelnes Ferrocentensid mit einem
definierten und veränderbaren Selbstassemblierungsverhalten ist ein wichtiger Meilenstein auf
dem Weg zu noch funktionelleren Tensiden und zukünftigen Anwendungen. Wir leisteten einen
Beitrag zum Verständnis von Aggregations- und Gleichgewichtsprozessen innerhalb eines
komplexen Tensidsystems. Hochfunktionale Ferrocentenside könnten daher als Ausgangspunkt für
die Entwicklung von dynamischen, im Ungleichgewicht befindlichen Systemen dienen.

Die in dieser Arbeit gewonnenen Erkenntnisse über die Selbstassemblierung von (multi-)stimuliresponsiven

Ferrocentensiden

eröffnen

neue

Möglichkeiten

auf

dem

Gebiet

der

Ferrocentensidforschung. Da Ferrocen synthetisch gut zugänglich ist und eine Vielzahl von
effizienten Methoden der Derivatisierung existiert, können die vorgestellten Ferrocentenside
vielseitig weiterentwickelt werden. In Anbetracht einer möglichen Anwendung als Redox-Shuttle in
Batterien könnte die Ferroceneinheit selbst modifiziert werden, um das Oxidationspotenzial sowohl
des Monomers als auch des Aggregats anzupassen und so eine höhere Leistung zu erreichen. Es
könnte auch interessant sein, andere Metallocene, wie z. B. Cobaltocen oder Ruthenocens als
zentralen Baustein von Tensiden zu verwenden. Auch im Hinblick auf eine mögliche Anwendung als
Redox-Shuttle könnten CV Messungen einer wässrigen Ferrocentensid-Lösung, während das System
einem externen Magnetfeld ausgesetzt ist, von großem Interesse sein. Die Ausrichtung der
oxidierten Spezies könnte mittels CV detektiert werden und der Ladungstransport könnte in
Abhängigkeit von der Stärke des Magnetfeldes und auch des angelegten Potentials überwacht
werden. Es könnte möglich sein, einen Zustand des Nicht-Gleichgewichts zu erreichen.
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Die Modifikation der Kopfgruppe könnte das Aggregationsverhalten des Ferrocentensids stark
beeinflussen. Beinhaltet das amphiphile Ferrocen eine rein anionische Kopfgruppe wie Sulfonat, so
entsteht durch Oxidation ein zwitterionisches Tensid, das keine äußere Ladung aufweist. Sowohl die
Löslichkeit als auch die Selbstassemblierung sollten sich dadurch deutlich ändern. Da ABBOTT et al.
bereits nachgewiesen haben, dass in Aggregaten von Ferrocentensiden die neutralen und die
oxidierten Formen nebeneinander vorliegen können, ist die Untersuchung solcher Systeme in einem
externen Magnetfeld von großem Interesse.[238] Dort könnte das multi-stimuli-responsive Tensid,
welches in Publikation zwei vorgestellt wurde, in Kombination mit dem rein anionischen
Kopfgruppentensid in verschiedenen Oxidationsstufen untersucht werden. Durch die Einwirkung
eines externen Magnetfeldes könnten hochinteressante, morphologische Transformationen
induziert werden, welche durch gemischte Aggregate entstehen.

Wie in dieser Arbeit bereits gezeigt wurde, bietet auch der lipophile Schwanz eine Vielzahl von
weiteren Möglichkeiten zur Modifikation. Durch den Einbau eines medizinischen Wirkstoffs an das
terminale Ende des lipophilen Schwanzes, könnten All-in-One-Drug-Delivery-Tenside realisiert
werden. Der ungewollte und frühzeitige Austritt des jeweiligen Wirkstoffs, wie es bei derzeitigen
Drug-Delivery-Systemen zu beobachten ist, könnte so unterbunden werden. ABBOTT und LINN et al.
haben bereits gezeigt, dass Ferrocenlipide eine hohe Transfektionsaktivität in Säugetierzellen
aufweisen.[214] Bei geeigneter (pH-)Reaktion des Tensids würden Aggregate nur im jeweiligen
(Tumor-)Gewebe zerfallen und das Medikament nur in der dafür vorgesehenen Umgebung
freisetzen.

Durch den Einbau eines Chromophors in den lipophilen Schwanz könnten, analog zu MANNERS et
al., redox-schaltbare mizellare LEDs entworfen werden.[233] Wenn sich die Emissionseigenschaften
mit dem Oxidationszustand des Ferrocenbausteins ändern, könnte ein redox-induzierter
Farbwechsel oder ein reversibles Ein- und Ausschalten der Emission beobachtet werden. Auch S-S
Stapelwechselwirkungen

innerhalb

der

Aggregate

könnten

zu

unterschiedlichen

Emissionseigenschaften im Vergleich zu den Emissionseigenschaften der Monomere in Lösung
führen. Durch das Mischen von Ferrocentensiden mit unterschiedlich substituierten Chromophoren
könnte eine breitbandige Emission über das gesamte Spektrum des sichtbaren Lichts erreicht
werden.

Ein weiterer interessanter Aspekt von Ferrocentensiden könnte die Realisierung von völlig
"stabilen" Aggregaten sein. Reaktive Gruppen, die sich am lipophilen Schwanz befinden, könnten
Cycloadditions- oder Polymerisationsreaktionen eingehen. Bei oxidierten und stabilen FerrocenAggregaten, die einem externen Magnetfeld ausgesetzt sind, könnten interessante und neuartige
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'Interaggregat'-Wechselwirkungen beobachtet werden, die wiederum zu einem einzigartigen
Selbstassemblierungsverhalten und einer Ausrichtung von anisotropen Aggregaten führen können.

Wie wir beobachtet haben, können sich Ferrocentenside auch nach der Oxidation selbst
assemblieren, was die Erzeugung von mizellaren Batterien ermöglicht. Ein reversibler
Elektronentransfer von der Schale (Ferrocen) zum Kern könnte durch eine geeignete Wahl des
redoxaktiven Bestandteils (z. B. Tetrathiafulvalen) am terminalen Ende des lipophilen Schwanzes
erreicht werden.

Magneto-adaptive Systeme sind die am wenigsten untersuchten Systeme unter den stimuliresponsiven Tensiden. Daher wäre es von großem Interesse, einen zusätzlichen permanenten
paramagnetischen (organischen) Baustein wie z.B. polychlorierte triarylmethyl-Radikale (PTM) in
den lipophilen Schwanz des Ferrocentensids einzubauen. Die Stabilität des paramagnetischen
(organischen) Bestandteils könnte verbessert sein, da er im Inneren der Aggregate geschützt ist.
Nach der Oxidation des Ferrocebausteins kann ein System mit zwei permanenten Spins entstehen,
die miteinander wechselwirken. Darüber hinaus können die Wechselwirkungen erweitert werden,
indem das System einem externen Magnetfeld ausgesetzt wird.

Die leicht zugänglichen Modifikationen, kombiniert mit einem definierten Aggregationsprozess
und einem (multi-)stimuli-responsiven Verhalten, werden zu vielen zukünftigen Anwendungen von
Ferrocen-basierten Tensiden in verschiedenen wissenschaftlichen Bereichen führen.
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