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1 General Introduction

General Introduction

The use of nanoscale systems and structures has become vital in today’s life. Countless
applications and technologies are based on the advantages of extreme miniaturization of
devices or selective surface modifications. Besides the higher loading of functional
structures (e. g. processor chips) also special physical characteristics, occurring only at the
nanometer scale, increase the technological importance. The fact that 4.8 billion transistors
are squeezed on 213 mm2 of a state-of-the-art microprocessor (‘AMD Ryzen’) is amazing.1
The majority of nanometer-sized structures are fabricated via the so-called ‘top-down’
approach. Starting from the macroscopic material the nanostructures are produced by
‘sculpting methods’ such as lithography or etching. Normally, this method is easier and
cheaper than the alternative ‘bottom-up’ approach – the construction of nanostructures
starting from atoms or molecular compounds. However, the current technology for the
production of complex sub-10 nm-sized electronic devices is becoming more and more
difficult. Due to the existing physical limits of ‘top down’ methods, much effort is put into
the research on alternative techniques. With shrinking device dimensions the number of
atoms decreases, which encourages the chemical-based ‘bottom-up’ approach. The crucial
advantage of the ‘bottom-up’ approach is the manipulation of the molecular building
blocks to gain control over the formed structure.
In this regard a glance at nature is encouraging. Wherever you look, nature impresses with
enormous diversity and the power of self-organized, functional structures with nanometer
dimensions. Examples range from proteins that are folded automatically and cellmembranes that assemble independently to the growth of bone, forming a highly
functional material. Due to this astonishing structural organization, the resulting structures
possess tailor-made chemical and physical properties. The enormous complexity of living
organisms is only achieved through the interaction of a multitude of components, each of
them with unique and defined responsibilities. Besides the actual protein-catalyzed
chemical conversions, the creation of the appropriate reaction environments (‘nano
reaction vessels’) is crucial to meet the ideal conditions required for every chemical
reaction. In nature, these nano reaction vessels are formed by surfactants. Surfactants are
molecules exhibiting a bipolar structure – a water-soluble (hydrophilic) polar head group is
connected to an oil-soluble (hydrophobic) tail. This specific structure leads to unique
organization phenomena. In aqueous solution, the interaction of water with the polar head
group is much more favored compared to the tail. This results in the formation of organized
structures, so-called micelles. Here, the surfactant molecules build an aggregate in which
the hydrophilic head groups are facing the aqueous environment whereas the hydrophobic
tails are enwrapped within the center of the micelles, forming a ‘separate phase’ according
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to the principle ‘like dissolves like’. Prior to the formation of micellar structures also the
water-air interface is occupied by surfactant molecules, resulting in the decrease of the
surface tension of water. This ‘modification’ of the water surface explains the term
‘surfactant’ which is a blend of ‘surface active agent’. Regarding terminology, one often
comes across the term ‘amphiphile’. To be entirely accurate, ‘amphiphile’ is the umbrella
term, whereas ‘surfactant’ is only used for water-soluble amphiphiles. This is often not the
case for amphiphiles with large hydrophobic entities. Nevertheless, self-organization can
be observed in polar systems like acetonitrile as well as in aqueous mixtures.2
We all know about the indispensability of surfactants in our daily life for all kinds of cleaning
applications. The same also applies to all products where a permanently blended oil-inwater system is desired, like in cosmetics, industrial polymerization processes, milk or salad
sauce. Here, the surfactants are stabilizing tiny oil droplets in water resulting in an emulsion
that appears as a homogenous mixture of oil and water. In those examples the emulsifying
properties come from synthetic surfactants as well as from proteins in milk or from mustard
in salad sauce. Surfactant properties are exclusively induced from a bipolar structure of a
molecule is extremely attractive. This allows the equipment of diverse functional molecular
systems with amphiphilic properties ‘simply’ by the addition of a hydrophilic or
hydrophobic moiety. Just like in nature, contemporary technology has recognized the
importance and the usefulness of surfactants due to their exceptional ability to form selfassembled, defined structures.3-6
By combining amphiphilic properties with functional molecules, exhibiting magnetic or
redox-active properties, novel materials can be realized. From controlled and defined
arrangement of the functional molecules unique and maybe unforeseen material
properties could arise from synergistic effects. This approach of creating a functional
surfactant that self-assembles to a structured material exhibiting enhanced properties is
very fascinating to us. Our research interest is focused on surfactants with inorganic head
groups, as they exhibit various promising properties such as magnetism or redox-activity.
We believe that the incorporation of transition or rare-earth metals is a promising
approach to realize this goal. First results from our group of a surfactant carrying a Dy3+-ion
in its head group indicated that such components show self-organization on multiple length
scales. Moreover, the formed superstructure responds to an external magnetic field.7 The
approach followed in this thesis is the use of large, inorganic head groups
(polyoxometalates) that are highly polar and redox-active. This material class can easily be
functionalized with organic moieties as well as with additional metal ions. Thus, the redox
properties are tunable. In our opinion, the combination of redox-activity with hybrid
organic/inorganic surfactants is highly promising regarding self-assembled electronic
devices.
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2 Structure of the Thesis

Structure of the Thesis

In the present thesis the following main topics are discussed in detail:


Overview over polyoxometalates



Synthesis of hybrid organic/inorganic polyoxometalate (POM) species



Self-assembly behavior of hybrid POM species



Application of functionalized POM clusters

First, an overview of the abovementioned topics is given in Chapter 3. Here, the ‘State of
the Art’ is described when the thesis was started in 2014. Furthermore, the latest progress
in the field during the last years is highlighted. In Chapter 4 ‘Challenges and Objectives’,
the resulting scientific challenges are identified to clarify the ‘Scientific Contribution’ of this
thesis in Chapter 5.
Chapter 6 lists all references to Chapters 1 to 5.
In Chapter 7.1, the multiple tasks of an amphiphilic POM-species in the fabrication of a
proton conduction polymer/POM hybrid material is presented. A closer look on the selfassembly properties of highly-charged POM-surfactants was taken in Chapter 7.2.
Complementary to proton conductivity, electronic interactions in hybrid POM-species was
in the focus of the following two chapters. In Chapter 7.3, an amphiphilic POM cluster
carrying conductive π-conjugated organic entities is introduced. In addition to the
characterization of the self-assembly behavior in solution, a film was prepared from this
material. Optoelectronic measurements of this film, formed by a lyotropic liquid crystalline
(LLC) phase, revealed semiconducting characteristics of the material. Inspired by these
findings of electronic interaction, the complexity of the hybrid POM species presented in
Chapter 7.4 is increased. In addition to the conductive chain bound to the POM cluster, a
redox-active anthraquinone residue was introduced at the end of the chain. In aggregated
state in aqueous solution, this potential gradient enables the reversible transfer of an
electron to the center of an aggregate. Electrochemical measurements could demonstrate
the expected battery-like features that are unique for self-assembled micellar systems.
Finally, in Chapters 8 ‘Conclusion and Outlook’ and 9 ‘Zusammenfassung und Ausblick’ the
key findings presented in this thesis are reflected and an outlook is given for future
perspectives in this research field.
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State of the Art

3.1 Oxometalates – From Rags to Riches
When Berzelius published his paper in 1826 dealing with the chemistry of the element
molybdenum,8 he presumably was not aware of the impact of the described yellow product
formed when mixing ammonium phosphate and molybdic acid. However, as the analytical
techniques required for structural determination were still in their infancy, the complex
composition of the formed substance remained undetected. To identifythe compounds
formed should turn out as a tough nut to crack. The first milestone was Maringnacs’
discovery of two isomers of tungstosilicic acids with a 1 to 12 ratio of silicon and tungsten
in 1864.9 In the following years many bright minds, such as Werner10, Miolati11 and
Pauling12, proposed possible structure concepts for such macroions. It was not until more
than a century after Berzelius’ original report
when J.F. Keggin in 1933 was finally able to
determine the structure of H3[PW12O40], which is
isostructural to Berzelius’ [PMo12O40], with the
assistance of X-ray diffraction.13 Later, this
structure also was named after him as α-Keggin
structure. In this structure, the heteroacid (here
PO43-) is forming the center of a cluster,
surrounded by 12 WO6 octahedra, organized in
four groups consisting of three trigonally
arranged WO6 units (see Figure 1).14-15 The
material class of these clusters is named
‘polyoxometalates’

(POMs)

and

describes

Figure 1. Schematic structure of the
Keggin-Ion XM12O40 (X=P, Si; M=Mo,
W). Triplets of corner-sharing WO6
octahedra marked in blue, green,
orange and purple.

polyatomic ions, consisting of three or more
(transition) metal oxyanions [MOx]n-. The contained metal atoms are referred to as
addenda atoms in POM-terminology. In most cases, the metal ion – typically molybdenum,
tungsten or vanadium – is octahedrally surrounded by oxygen ions. Furthermore, these
polygons are interconnected via corner- or edge-sharing. Besides the octahedral
coordination also other coordination geometries are found in POMs. In very large or
hetero-atom containing clusters alternative geometries ranging from tetrahedral, square
and pentagonal pyramidal up to the icosahedral shaped [UO12]-unit16 are required to form
stable compounds.
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The easy synthesis of those polyatomic clusters does normally not demand advanced
chemical synthesis procedures, which also explains their formation in Berzelius’
experiments. Actually, the Swedish chemist Scheele – who identified the element
molybdenum – mentioned already in 1778 his findings of characteristic blue-colored
products when experimenting with molybdate in solution.17 However, once again it was
Berzelius, who was first to postulate the chemical formula (Mo5O14) of this ‘molybdenum
blue’ species nearly 50 years later. Nevertheless, Scheele already was aware that the blue
species is formed by reduced molybdenum oxide.

Figure 2. The principal broad POM subsets. The metal–oxygen framework is shown by
sticks (M blue, O gray); heteroatoms are shown in yellow. Reproduced with permission
from ref. [22], Copyright (2010), Wiley VCH.
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Molybdenum blue solutions are always formed when reducing agents – such as lowervalent Mo species (Mo, Mo2, MoCl5) – are combined with acidic molybdate(VI) solutions.
Finding the exact composition and constitution of molybdenum blue has kept researchers
busy for a long time, although the characteristic color is an essential part in the wetchemical determination of phosphate and molybdenum ions and has therefore been used
intensively.18-19 Only in the 1990s, Müller and co-workers were able to isolate crystalline
materials from a molybdenum blue solution. They could show that huge ring-shaped
polyoxomolybdate clusters are formed, consisting of 154 molybdenum atoms with an
elemental formula of [Mo154(NO)14O448H14(H2O)70]28- among several other clusters of
similar composition. Derived from the absolute charge, the content of reduced
molybdenum (V) ions could be specified to [MoVI126MoV28].20
On the basis of their size and composition polyoxometalates can be sub-divided in the
following three classes (see Figure 2):21-22
a) Isopolyoxometalates (Iso-POMs)
Isopolyoxometalates are POM-clusters exclusively built from one metal species
and oxygen. Here, the most important species is the Lindqvist-ion [M6O18] which
represents the smallest POM cluster. However, due to the restriction to a single
metal species, the variety of stable structures is limited. Nevertheless, this
substance class is still highly interesting. Because of this high charges and
strongly basic oxygen units, they are interesting build blocks for cluster-based
materials.23
b) Heteropolyoxometalates (Hetero-POMs)
Heteropolyanions contain, as the name already suggests, hetero-oxyanions
such as [PO4]3- or [SiO4]4- that are forming the center of the cluster. This category
is by far the largest of the POM-family. As the incorporation of the central
heteroatom leads to an increase in the stability of the clusters, compared to isoPOMs, the variety of POM-species is huge. The most prominent examples for
this class are the above described Keggin-ion [XM12O40]n- (see Figure 1) and the
Wells-Dawson-ion [X2M18O62]n- (X=P, Si, S, etc. and M=Mo, W). In addition to the
symmetrical XM12 and X2M18 species, for the more robust tungsten-based POMs
also ‘defect’ species – clusters that lack up to three addenda atoms – exist.
These clusters are known as ‘lacunary’ POMs. The vacancies lead to the
emergence of electrophilic oxygen-atoms at the surface of the cluster. This
electrophilicity is the key anchor point for further chemical reactions that allow
the construction of novel clusters as well as hybrid species using the complete
toolbox of classical organic chemistry.24
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c) Reduced molybdenum blue and brown species (Mo-blue, Mo-brown)
As already mentioned above, reduced molybdenum blue species are formed
when adding a reducing agent to an acidic solution of MoVI. Here, not only the
{Mo154}-cluster is emerging, but also other large polyoxometalates ranging from
{Mo36} to {Mo368}, the largest cluster known. All of them are built from the same
Mo-fragments. One of these is the {MoV(MoIV)5} building block that is
responsible for the intense color of the clusters. This fragment is comprising a
structurally very interesting pentagonal bipyramidal {MoO7} central unit.
The optical impression of polyoxometalates containing even more reduced
MoV-centers shifts from blue to brown. These species are therefore called Mobrown clusters.
The redox properties and resulting electrochromic behavior of hetero- and
isopolyoxometalates - in particular of molybdenum-containing ones – represents a key
advantage of POMs in latest research until today. Besides their outstanding electronic
properties, POMs are also a very interesting material class with respect to their stability
and ‘natural’ negative charge.21 Moreover, the high electron density of the heavy metal
addenda atoms leads to an excellent contrast in electron microscopy and high scattering
intensities in X-ray scattering analysis. Furthermore, molecular characterization can be
easily done. Due to the various elements included in the cluster, it is possible to
characterize a known cluster unambiguously by the following standard techniques. The
unique shape and constitution of the clusters result in characteristic IR and Raman bands.
Moreover, the presence of multiple polyisotopic metal addenda atoms results in a
distinctive, complex isotope pattern in mass spectrometry. Furthermore, 95Mo and 183WNMR give valuable information about the constitution of the cluster, complemented by
NMR spectra of further incorporated hetero-atoms.
The majority of hetero- and isopolyoxometalates contain molybdenum, tungsten or
vanadium as addenda atoms. However, especially regarding classical catalysis applications,
the incorporation of noble metals in POMs is obvious. Up to now, several
heteropolyoxometalates have been described in the literature, containing gold, platinum
or palladium ions as hetero atoms. Moreover, during the past years also POMs were
synthesized that are exclusively containing noble metal ions. These POMs, where the
precious metal ions are no longer hetero atoms, but addenda, are denoted as
polyoxopalladates, -platinates and -aurates.25-27
Consequently, POM clusters can act as ideal model systems for studying nanoparticle
behavior or chemical tags. On top, POM clusters are usually well soluble in a broad range
of different solvents, depending on the counter cations. This makes POMs outstandingly
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suitable for diverse scientific questions on low-concentrated, dispersed molecular
systems concerning aggregation, structuration and self-assembly. Here again, the easy
functionalization – the linkage of an organic residue or the incorporation of further metal
centers – is a further advantage. Besides the use of POMs in model systems, those
clusters are destined to be employed in catalysis, where their thermal stability and Lewis
acidity are highly advantageous.
Pope and Müller’s review published in
1991

titled

‘Polyoxometalate

Chemistry: An Old Field with New
Dimensions in Several Disciplines’28 laid
the

foundations

for

modern

polyoxometalate research. Since then,
the annual number of publications on
this topic increased steadily (see Figure
3). In the early 2000s, further increase
of

research

activity

occurred,

presumably stimulated by a series of
visionary articles that are still cited
nowadays.29-33 Last year’s volume of
‘Advances in Inorganic Chemistry’

Figure 3. Overview over annually published
articles dealing with the topic ‘Polyoxometalate’
1985-2017 (Web of Science, February 2018)

highlights the ongoing attraction of POM clusters for future applications and scientific
questions. In this book, the role and perspective of polyoxometalate clusters is pointed
out for applications such as single-molecule electronics, spintronics and spin qubits.34-35
Besides the wide suitability of POM clusters for these several specific applications, also the
combination of organic and inorganic molecule fragments is promising regarding material
properties. Possibilities range from from tailoring of the organic/inorganic hybrid’s size and
shape to the anchoring of functional organic groups. The combination of a hydrophilic, ionic
inorganic cluster with a hydrophobic, nonpolar organic residue results in a bipolar
molecular architecture. This special structure is characteristic of surfactants and is critically
responsible for their self-assembling properties.
In the following chapter, the application of POM clusters in functional materials will be
adsorption
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3.2 From Inorganic Clusters to Functional Materials
When thinking about inorganic oxide materials, one maybe does not think of exciting
materials at first, but perhaps of dead, non-functional matter. Despite such thoughts,
chemists know that this field of materials is of great importance in the scientific research
as many state-of-the-art applications are based on the properties arising from the huge
diversity of different metals in various oxidation states. Besides the fundamental material
properties, advanced features and improvements of the materials’ performance are often
realized by gaining structural control of the surface, interface or even the whole material.3638

The overall class of materials, exhibiting electrical, optical or magnetic properties is

referred to as ‘functional material’.39 In the following chapter, the relevance of
polyoxometalates with regard to their application in functional materials will be presented.
At the bottom of the size scale of metal oxides are oxyanions such as tungstate, chromate
and vanadate. Such mono-oxometalates are also formed by many other transition metals,
however, the conditions required are often harsh.40 There are only few applications for
mono-oxometalates, for example as pigments or catalysts. The ability of clustering of
oxometalates is mainly observed for group 5 and 6 transition metals, in particular for
vanadium, molybdenum and tungsten. This clustering leads to metal oxides in a new size
range. Starting from a few Ångstrøm-sized oxometalates, polyoxometalates with a size of
up to 5 nm are built. For this reason, polyoxometalates can be regarded as intermediate on
the way to bulk metal oxides. Hereby, the defined clusters have the great advantage of still
being soluble while already starting to develop properties similar to the bulk material.
Together with the manifold and often simple modification and derivatization of those
clusters, this represents the reason for the large research interests and various potential
applications for polyoxometalates that are far more than ‘just’ metal oxide anions.
Before looking at the field of organically modified POM-clusters, which is also the context
of this thesis, an overview of the application of pure inorganic clusters will be given.
As already pointed out in the previous chapter, there was a massive increase in POM
research starting from the year 2000, also promoted by the broad spectrum of POM
applications. At the beginning of the thesis in 2014 several articles forecasted a bright
future for POM-containing materials.22, 41-45 Hereby, the following topics were in the focus:


POMs as oxidation catalyst (water oxidation and desulfurization)
It becomes obvious that molecular transition metal compounds work very well
for this kind of reactions when looking at oxidation reactions in organic
chemistry. Here, chromate, ruthenate, permanganate and osmium tetroxide
are used whenever high oxidation potentials are needed. This can be explained
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by the accessible oxidation states as well as the oxophilicity of the used
transition metals. Transferred to water oxidation and desulfurization
applications, also the high thermal and oxidation stability of POM clusters play
major roles. In described highly active water oxidation catalysts (WOCs), POM
clusters, therefore, act mainly as ligands for the actual catalytically-active
center, often containing multinuclear ruthenium or copper species. Compared
to organic ligands that are prone to irreversible oxidation, POMs are superior in
this regard. Additionally, the reversible redox chemistry of polyoxometalates
can even support the oxidation processes at the active core. In Figure 4 the
redox-process of the WOC catalytic system Co4(H2O)2(PW9O34)2]10- using
[Ru(bpy)3]3+ as co-catalyst is shown.

Figure 4. Water oxidation using the Co-substituted POM cluster
[Co4(H2O)2(PW9O34)2]10- as catalyst. Step 1: Light-induced oxidation of
[Ru(bpy)3]2+ in the presence of S2O82-. Step 2: Water oxidation catalyzed by
[Co4(H2O)2(PW9O34)2]10- and electron transfer to the oxidized [Ru(bpy)3]3+.
Reproduced from ref. [44] with permission from The Royal Society of Chemistry.
The advantages of their application as desulfurization catalysts are very similar.
The big difference here is that the POM is the active species. Oxidation of the
sulfur components either takes place by direct reduction of the POM cluster or
by pre-formed O2 adducts. Molecular oxygen or hydrogen peroxide ensure the
subsequent re-oxidation of the catalyst.


POM-based electronic materials
Besides their use in catalysis, polyoxometalates are applied in a broad range of
‘electronic materials’, ranging from batteries46-48, sensors49-51 and solar cells52-53
to magnetic materials 42, 54. The basis for those applications is again the defined,
tunable, electronic system as well as the rigidity and stability of POM clusters
that are ideal for the stabilization of complex geometries in rare-earth based
single-molecule magnets (SMMs).
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The utilization of polyoxometalates in those devices underlines impressively the versatility
of these compounds. However, in many of the mentioned applications, the POM clusters
are not essential for the materials properties. Although the properties are often boosted
massively using the inorganic clusters, the ‘active site’, with regard to redox or magnetic
properties, is formed by other ions.
In the following, POM-based materials are described, where the fundamental properties
arise from polyoxometalates. State of the art functional materials are seldom singlecomponent materials but are either composites or hybrid materials often comprising
organic entities. This also holds true for POM-based materials. A reason for this is surely
that POMs offer also excellent opportunities towards organic modification. Here, two
different strategies are known to combine organic chemistry with inorganic clusters. On
the one hand, the negatively charged clusters can be enwrapped with cationic surfactants
forming so-called ‘surfactant encapsulated clusters/polyoxometalates’ (SECs/SEPs).55 Here,
Coulomb interactions are mainly responsible for the formation of stable hybrids. On the
other hand, lacunary POM species, lacking addenda atoms, can be functionalized via
covalent bonding of the organic residue using the reactive free site of the cluster. Usually,
this is done with a condensation reaction supported by a reactive organic species as well
as with compounds of elements of group 14 and 15 such as phosphorous, silicon,
germanium or tin. Moreover, it is also possible to produce alkoxy-derivatives either by
substitution or alkylation of (bridging) oxo-ions of POM clusters.56
This combination of inorganic chemistry with the well-established reactions and finetunable properties of organic chemistry opens the door for hybrid materials with tailormade properties. In the following section the two classes – SECs and covalent modified
POMs – will be discussed in more detail, especially regarding the structure of the hybrids,
arising synergistic effects and applications of the resulting functional materials.
The encapsulation of highly charged inorganic clusters was first described by Kurth and coworkers. In their contribution from the year 2000, they exchanged the counter-ions of a
partially reduced {Mo57V3}-cluster to double-chained cationic surfactants57, in this case
(C18H37)2N(CH3)2+ (dimethyldioctadecylammonium, DODA) was used. The influence of
surfactant molecules occupying the clusters’ surface is obvious as the solubility of the
resulting SEC changes dramatically. While the ‘naked’ polyoxometalate dissolves only in
water, the SEC is immiscible with water but soluble in organic media like benzene or
chloroform. Moreover, the self-assembly properties of the SECs were studied. Stable
Langmuir-Blodgett (LB) monolayers were prepared at the water-air interface. Also, LB
multilayers as well as defined multilayers with up to 12 layers have been transferred to
solid substrates. Interestingly, the film formed by the SECs after annealing is highly ordered.
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In conclusion, the structural organization of the SECs is comparable to inverse micellar
systems, with the inorganic cluster filling the cavity in the center. One year later, Polarz et
al. focused in their contribution on the self-assembly properties of large enwrapped
isopolyoxomolybdates. The spherical {Mo132} and ring-shaped {Mo176} cluster were also
encapsulated with long-chained cationic surfactants. It was shown that SECs organize to
self-assembled structures that are analogous to lyotropic liquid crystalline (LLC) phases
formed by organic surfactants. The postulated self-assembly process is depicted in
Figure 5. Polyoxometalate clusters are encapsulated in the first step, followed by an
aggregation of the SECs to rods that in turn are forming a hexagonally packed cylindrical
phase. This alignment has been proven via transmission electron microscopic image as well
as small-angle X-ray scattering (SAXS).58

Figure 5. Self-assembly mechanism of the ring-shaped {Mo176} cluster, encapsulated by
DODA cations, into ordered columnar liquid crystalline phases. Reproduced with
permission from ref. [58], Copyright (2001), Wiley VCH and ref. [139], Copyright (2014),
Wiley VCH.
Inspired by these promising results, adding ‘2nd level’ self-organization features to
polyoxometalates – that themselves arose from a self-assembling process of oxometalates
– are an integral part of the POM research field. With the toolbox of organic chemistry in
hand, a major goal of modern materials science, namely the controlled and convenient
structuration of functional materials built from molecular precursors is coming closer.
Here, the introduction of a stimuli-responsive system that can be addressed by an external
trigger, such as an electric potential or light irradiation is crucial to targeting external
control over the material. The group of Lixin Wu, who are working feverishly on this topic,
published two different SEC-systems using azobenzene-terminated surfactants as
encapsulating agents. In their first paper, they showed that the aggregation of the
enwrapped Preyssler anion [NaP5W30O]14- can be tuned by switching the conformation of
the azo-bond from trans to cis.59 This transition is accompanied by a drastic change in
polarity and size. In toluene, this leads to an aggregation of the monodisperse distributed
SECs. Wu and coworkers showed that by this switching the POM-catalyzed oxidation of
phenyl sulfide can be controlled. As this reaction depends on the amount of accessible POM
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clusters, the oxidation rate can be decreased by triggering the aggregation of the clusters
by switching of the azo-bond configuration (Figure 6a).60 In another publication they
showed that this principle of changing the polarity of the cluster can also be applied for the
separation of the phase-transfer catalyst, here [WZn3(H2O)2(ZnW 9O34)2]12- encapsulated in
the same azo-surfactant (Figure 6b).61-62

Figure 6. Scheme of the reversible photo-induced self-assembly changes of SECs covered
with azobenzene-terminated surfactants. a) UV/Vis-controlled [NaP5W30O]14− oxidation
of methyl phenyl sulfide in Toluene/THF and (b) [WZn3(H2O)2(ZnW 9O34)2]12 − for phase
transfer catalysis of phenothiazine oxidation in toluene. Reprinted with permission from
ref. [62]. Copyright (2017) American Chemical Society.
The combination of polyoxometalates with polymers or polyelectrolytes would be the next
logical step of POM-based hybrid materials. However, those materials lack the uniformity
of chain length of the above-mentioned surfactants. Also, the large chains result in
interactions with multiple POM clusters. Therefore, self-organization on the molecular level
differs from classical molecular surfactant models, which is characterized by a stepwise
aggregation of defined fragments. This is why this topic will not be discussed within the
scope of this thesis. Nevertheless, this kind of material is fascinating and holds interesting
material properties.44, 63-69
In summary, surfactant-encapsulated polyoxometalates open up opportunities to transfer
POM clusters to organic media. Therefore, a broad range of self-assembling processes is
accessible resulting in structurally defined materials. Furthermore, the surfactant can easily
be introduced via a ligand-exchange reaction. If the surfactant is not only the surface
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active agent stabilizing the polyoxometalate cluster in organic media but possesses
additional features such as photo- or redox-activity, the transition from inorganic cluster
to a smart material is made. Despite these advantages, there are also still weaknesses of
SECs. As the surfactant is only interacting with the cluster via electrostatic forces, it is very
difficult to exactly determine the absolute number of attached surfactants to the POM.
Although the absolute charge of the cluster is defined by the nature of polyoxometalates,
other cations can be present, especially with increasing size and charge of the cluster.
Moreover, the enveloping surfactants are not nicely aligned around the cluster but are
forming an unordered shell. For a complete understanding of self-assembly, already minor
deficits in controllability may pose a problem. More importantly, synergies arising from the
interaction of polyoxometalates and organic matter may also not develop their full
potential, due to a lack of spatial proximity and electronic interaction.
A solution that directly addresses all of the above-mentioned problems is the use of
covalently functionalized hybrid polyoxometalates as chemically and structurally defined
molecular species. Due to the typical hydrophilic/hydrophobic segmentation of the
molecule, self-assembly behavior is expected. Here, lacunary POM species play a key role.
In the following section, the targeted functionalization of polyoxometalates will be
described, followed by some literature examples highlighting the advantages and
perspectives of these compounds.
There are many different methods to create hybrid POMs, differing in the type of the
anchor point forming the link between the cluster and the organic residue. Here, the full
spectrum ranging from carbon to inorganic (transition) metals is possible. As this thesis is
dealing with conductive surfactants, two major requirements are necessary. Firstly, the
anchor atom needs to be resistant to hydrolysis in (acidic) aqueous conditions. This
excludes many of the transition metals as well as organoimido derivatives. Secondly, the
linker should not contain saturated hydrocarbons to enable unhindered electronic
conductivity and interaction between the cluster and the moiety. For this reason, an only
overview of suitable anchor types will be given. For further information on the manifold
functionalization methods, the excellent review written by Dolbecq et al. provides a
complete overview of this topic.70
In the following, an overview of modifications of polyoxometalates using organometallic
compounds of group 14 elements silicon, germanium and tin, as well as the group 15
element phosphorous will be given. For all those reactions, lacunary POMs are required. As
lacunary molybdenum polyoxometalates are metastable and quickly react to the
symmetrical Keggin species71, the tungsten derivatives are commonly used for this
reaction. The negative charge of lacunary clusters that was formerly fully delocalized over
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the symmetrical cluster now is concentrated on the oxygen atoms forming the edge of the
lacuna. Those nucleophilic centers can attack the above mentioned electrophilic site of
group 14 and 15 atoms. Based on the size and shape of the lacuna (Figure 7a) and the
preferred coordination geometry of the electrophilic center, several binding geometries
are possible. SnIV and GeIV that are about the same size as WVI, can be integrated well into
the cluster of monolacunary POMs, capping all of the four reactive oxygen sites (Figure 7b,
n=1). Therefore, mono-functionalization of a cluster is feasible. For the third-period
elements silicon and phosphorous, this is not possible. These linkers are only capable of
capping two adjacent oxygen sites. Depending on their other substituents, additional
oxygen bridging atoms are needed to form a stable structure (Figure 7b, n= 2-4). This way
it is possible to control the number of attached moieties by choosing the corresponding
combination of lacunary species and linker atoms.

Figure 7. a) Representation of different lacunary POMs highlighting the geometry adopted
by the oxygen atoms (red circles) of the lacuna. b) Different topologies adopted by
monomeric lacunary heteropolytungstates functionalized with p-block elements bearing
organic groups. n indicates the degree of functionalization. Adapted with permission from
ref. [70]. Copyright (2010) American Chemical Society.
The reaction of lacunary Keggin species was first described in 1979 by Knoth. In this
contribution he reports, amongst others, the formation of intact modified clusters
exhibiting the above-mentioned functionalization degree – one substituent for Sn and Ge,
two in case of Si.72 Also, the structure of the hybrid species, based on IR- and 1H-NMR
spectroscopy as well as elemental analysis, proposed by him should prove to be correct, as
Judeinstein et al. could show in 1991 with the help of more advanced analytical methods.73
In the following years and decades of hybrid POM research organogermanium compounds
played only a marginal role in contrast to organotin and especially organosilicon species.
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This may be due to the by far more established organosilicon and -tin chemistry that led to
the niche role of germanium.
The coupling of organosilicon species is most the commonly used type of modification. The
synthesis of the hybrid polyoxometalates is either carried out in organic, polar solvents
using trichlorosilanes as reactants or trialkoxysilanes in mixed aqueous solvents under
acidic conditions. The germanium and tin species are
also

accessible

via

this

route

using

their

corresponding trichloro-precursors.74 The second
route, of course, requires the stability of the
polyoxometalate cluster at the pH value needed for
this reaction.70 The confirmation of the successful
coupling of POM and organosilicon species can be
done very quickly as the newly formed Si-O-Si motif
bridging the attached chains (see Figure 8) has a
characteristic IR-band arising at 1040 cm-1.
However, this is not a major advantage of
organosilicon-POMs. Normally all molecular POMhybrids can be characterized unambiguously
without much effort regardless of their anchoratom, simply because of the broad range of
mentioned
methods.

applicable

independent

analytical

Figure 8. Organosilicon modified
PW11O39 cluster showing the
characteristic Si-O-Si binding
motif. Color code: WO6 octahedra
blue; PO4 tetrahedron pink; silicon
yellow; oxygen red.

The anchoring of an organophosphorus group to a lacunary cluster is very similar to the
functionalization with an organosilicon species. Here, organophosphonic acids RP(O)(OH)2,
as well as the corresponding chloro-derivatives RP(O)(Cl)2, can serve as precursors to form
functionalized POM-hybrids. Analogous to silicon, phosphorous is also able to bridge the
larger lacuna of γ-XW10 (Figure 7). However, since Kim et al. first mentioned
organophosphorus modification on monolacunary Keggin species in 1992, only few
contributions were published using this anchoring method.75
Finally, there is one aspect of all the described molecular hybrid polyoxometalate species
that has not been widely discussed so far. Because of the covalent connection of the very
polar inorganic cluster and the organic moiety, all hybrid POMs possess an amphiphile-like
architecture. In contrast to the earlier described surfactant-encapsulated clusters (SECs),
which are only presenting their organic shell to the solvent, hybrid POMs are
unsymmetrically substituted. Therefore, both parts of the molecule, the POM head group
and the side chain, are in contact with the surrounding chemical environment. For this
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reason, every hybrid POM has amphiphilic properties originating from the different
interaction properties of the hydrophilic cluster head group and the hydrophobic organic
chain. Of course, an amphiphile-like structure does not automatically lead to interesting
self-assembly behavior, as this also depends on the size and constitution of the organic
entity compared to the cluster as well as the counterions and many other factors.
Nevertheless, it shows that hybrid POMs are predestined to combine tailor-made
molecular properties with self-assembly behavior.
The following section will highlight the applications and properties of hybrid POM materials
representing the state of the art of 2014 when the thesis was started. Here, special
attention is given to self-assembling properties as well as electronic properties.
The group of Anna Proust and her colleagues from the Institut Parisien de Chimie
Moléculaire in Paris, that are well-known in the POM community, contributed largely to
the field of hybrid polyoxometalates. Among other research fields, they specialized on the
development of versatile Wells-Dawson and Keggin precursors carrying Si/Ge/Sniodophenyl moieties. On this basis, various organic residues were coupled to those
precursors using established palladium-catalyzed reactions, such as the Sonogashirareaction.76-78 An overview over additional applicable C-C-coupling reactions starting from
hybrid I(C6H4)Sn-POMs is given in Figure 9.79 However, post-functionalization of
iodophenyl-modified

POMs

has

already

been

described

for

Lindqvist-type

[(Mo5O18)Mo≡N(phenyl)-I] derivatives.80-82

Figure 9. Overview over the range of established Pd-catalyzed post-functionalization
reactions. The basis are versatile Keggin and Wells-Dawson platforms each carrying one
Sn(C6H4)I moiety. Color code: WO6 octahedra blue; PO4 tetrahedra pink. Adapted with
permission from ref. [79], Copyright (2013), Wiley VCH.
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Nevertheless, the transfer to polyoxotungstate clusters and the establishment of an easy
and accessible toolkit to synthesize hybrid POMs that are substantially more stable with
regard to hydrolytic cleavage of the organic residue compared to the latter Lindqvist
systems paved the way for modern POM applications. The only disadvantage of postfunctionalization is that quantitative conversion and side-product-free transformation is
essential, as POMs can hardly be purified by conventional chromatography methods.68
Besides the development of universal hybrid-POM precursors, Proust’s research interest is
focused on studying molecular electronic properties of hybrid POM clusters and their
immobilization onto surfaces with regard to POM-based molecular devices.83-90
The motivation of Proust’s research was the development of photochemical devices aiming
at photocumulative electron transfer towards ‘artificial photosynthesis’. The few systems
that were reported until 2011, containing covalently attached dyes, 91-95 were not perfectly
suitable in her opinion. This was either due to the absence of redox activity of the used
POM or to the presence of alkyl-linkers between POM and the chromophore preventing
efficient electron transfer. This led to the development of rigid, phenyl-modified hybrid
POM precursors.
In 2013 they presented a POM-photosensitizer (POMPS) consisting of a new heteroleptic IrIII-based
chromophore linked via a conjugated organic bridge to
a Dawson-cluster (Figure 10). Data from combined
transient

absorption

and

spectro-electrochemical

measurements suggest that photo-induced electron
transfer from the IrIII-dye to the POM cluster takes
place. Hereby, the lifetime of the charge-separated
state is the longest reported for covalently bonded
photosensitized POMs. Furthermore, it was shown
that, under continuous irradiation, the POM-hybrid Figure 10. Photo-induced charge
quantitatively undergoes a second reduction in the separation in a dye-modified
presence of a sacrificial electron donor (triethylamine, Dawson-POM. Reproduced in part
from ref. [86] with permission of
TEA). Finally, the compound can be used as H2-evolving
The Royal Society of Chemistry.
catalyst in acidic solution containing also TEA. Despite
the rather low turnover frequency (TOF) of ca. 0.25 h-1, the POM-hybrid is stable under
these conditions and is producing H2 continuously over days.86 Also, it should be
mentioned that the photocatalytic activity of the hybrid system is still much higher than
that of the reference system, consisting of the free dye and the POM. This highlights the
special properties and advantages of such hybrid, covalently modified POM clusters.
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The processing of hybrid POM species from isolated molecules to functional materials is
another research interest of the Proust group. They were involved in a couple of studies
dealing with the covalent grafting of hybrid POMs onto various electrode-substrates.83, 88
The focus lies on the electronic properties of the POM-film with regard to an efficient
electron transfer between POM and electrode. Here, also the iodophenyl-POM precursors
were utilized to create various hybrids carrying partially or fully conjugated organic
moieties. Grafting to the surface is either achieved via suitable reactive sites (e. g. thiol ↔
gold) or via electrografting of
diazonium-terminated

hybrid

POMs (Figure 11). In a series of
publications, the influence of
the electron transfer kinetics
depending on the type of
anchor, the length and nature
of the linker as well as the used
Figure 11. Electrografting strategy for the covalent
POM were investigated.83, 90
modification of surfaces. Adapted with permission from
ref. [83]. Copyright (2014) American Chemical Society.
In summary, Proust and co-workers contributed decisively to the field of molecularly
defined POM-hybrids. Their development of versatile precursor-platforms is the starting
point of convenient access to POM-hybrids suitable for diverse research interests. Also, the
focus on the redox properties, that are significantly extended due to the coupling of organic
functionalities, especially with regard to conducting, π-conjugated species, is very valuable
for modern applications. However, they state in a recent publication summarizing their
research activities that the ‘Electrochemical properties of our POM hybrid platforms were
found to be largely unaffected by post-functionalization . . . . This is indicative of electron
decoupling between the POM and the grafted unit’.84
Besides the large number of results acquired and insights gained into the electronic
properties of hybrid POMs, their self-assembly behavior was not studied for the mentioned
systems. However, this topic has been intensively investigated by us and other groups.
There are several contributions showing interesting self-organization properties of hybridPOMs. The aggregation behavior of those POM-amphiphiles is very similar to that of
standard surfactant systems as they are also forming micellar and vesicular structures. This
topic also has been reviewed recently.68, 96 Among other species, also here amphiphilic
POMs derived from lacunary species are known. The missing addenda atoms of the
lacunary clusters are leading to the structural anisotropy with the classical head/chain
structure. Analogous to classical surfactants the arrangement and number of hydrophilic
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and hydrophobic entities are decisive for the self-assembly properties. In Figure 12 three
different shapes of POM-amphiphiles are shown, ranging from the classical anisotropic
shape at the top to the more symmetrical double-tailed or -headed species below. In
solution, the symmetrical amphiphiles are favoring the formation of vesicular structures.68,
97-101

Vesicles are surfactant-layers that are bent to large, hollow spherical aggregates. This

architecture is preferred as it requires less structural reorganization of the linear
amphiphiles due to the larger radius of curvature compared to the formation of micelles.
Micelles are non-hollow structures with diameters in the range of twice the length of an
amphiphile. The majority of the described amphiphilic POM systems are symmetrical,
presumably due to the reduced synthetic effort as no lacunary clusters and organometallic
chemistry is needed.

Figure 12. Different types of amphiphilic POMs. Top: classical structure derived from
lacunary POMs. Middle: Double-tailed species, based on post—functionalizing of Anderson
and Lindqvist-type POMs. Bottom: Double-headed species (bola-amphiphiles), derived
from V3-capped Wells-Dawson ions. Reproduced from ref. [68] with permission of The
Royal Society of Chemistry.
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The Polarz group is working on POM-amphiphiles with a classical surfactant structure,
based on lacunary clusters, modified with the above-described organosilicon-anchoring.
However, we are not using Proust's hybrid iodophenyl-POM platforms. With regard to the
mentioned purification issues, we rely on trialkoxy-organosilicon species that are coupled
to the cluster in the last synthetic step, overcoming the problem of separating different
hybrid POMs. This way Polarz et al. described in 2010 a novel class of surfactants consisting
of two alkyl-chains attached to a Keggin PW11O39 head group via silicon anchoring.102
Chambers et al. reported on a similar system comprising a SiW11O39 cluster and two dodecyl
chains already in 2003.103 He showed that this asymmetric molecule possesses amphiphilic
properties as it can form dense films at the water-air interphase via the Langmuir-Blodgett
technique. The crucial step for the conversion to a water-soluble surfactant described by
the Polarz group is the exchange of the organic tetraalkylammonium counterions that are
required for the synthesis, to inorganic cations. In this case, a set of three surfactants with
different chain lengths was prepared. Furthermore, the counter ions were exchanged for
H+ and Na+. It was shown that both, the chain length as well as the counterion, influence
the formation of liquid crystals at high concentrations as well as the aggregation to micelles
in diluted aqueous systems. At high concentration, the hexadecyl-modified POM with
sodium counterions PW11O39(SiC16)2)(Na)3 (Na-PW11C16) forms highly ordered, hexagonally
arranged cylinders that were characterized using small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) (Figure 13).
In addition to the high water-solubility and surfactant behavior, the acidic form of the
surfactant (H-PW11C16) can be used in the emulsion polymerization of styrene. Here, HPW11C16 plays an important double role. Firstly, the role as emulsification agent, stabilizing
the styrene droplets in water and secondly the acid head group acts as a catalyst, delivering
the required protons to initiate the cationic polymerization.102
One major goal in materials science is to gain control over self-organization processes.
Therefore, ‘smart’ and multifunctional amphiphiles are required to respond to external
triggers. Various examples in literature working with POM-amphiphiles use the polarity of
mixed solvents to control the size of the aggregates.104-105 The approach the Polarz group
has chosen to create those ‘next level’ surfactants possessing additional material functions
to self-assembly properties is based on a redox trigger. They report on the incorporation of
a second transition metal (ruthenium) into the POM head group.106 The oxidation states
contributed by the ruthenium ion are extending the already pronounced POM
electrochemical features. The resulting surfactant shows reversible switching between two
self-assembled structures of different symmetry upon changing the oxidation state of the
head group.
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Figure 13. a) Organization of the double-tailed POM-surfactant PW11O39(SiC16H33)2(Na)3
into hexagonally arranged cylinders. b) SAXS (black measured; grey simulated) and c) TEM
micrograph (scale bar 20 nm) of the obtained liquid crystalline phase. Adapted with
permission from ref. [102]. Copyright (2010) American Chemical Society.
In summary, POM based hybrid materials provide an excellent basis for diverse
requirements due to the wide range of modifications possible. Here, chemical variation
can independently either take place at the cluster or the organic chain, as the coupling of
both components relies on established and universal tools. The combination of the
hybrid, tailor-made material with self-organization properties offers an attractive
platform to tackle major aims in materials science. The already described multifunctional
systems in literature give an impression of future opportunities in the development of
smart materials with fully controllable molecular behavior.
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Challenges and Objectives

The technical and cultural evolution of humankind has always been closely related to the
evolution of materials. It is not without reason that decisive periods in human history are
named after materials that were significant for this time. Nowadays, this classification is
very difficult as the demands and requirements of materials are too broad to be
revolutionized with one new kind of material. The tremendous progress in materials
science achieved in the last decades has led to applications and technologies which have
become vital for us, such as semiconductors that are essential for the omnipresent
electronic devices. The increasing demand on functional materials coupled to the evolution
of nanoscale technology requires novel approaches for material synthesis. Developing
solutions for those specific requirements is very challenging. Besides the range of chemical
modifications responsible for the basic material properties, (nano)structuration of the bulk
material or the surface is used to fine-tune the final properties. Moreover, many
applications are based on ‘smart materials’. This term describes a class of materials that
can respond to an external trigger (temperature, pH, light, electrical potential, magnetic
field, etc.) by changing their properties. So how could the perfect material look like for
future technologies? To meet all of the above-mentioned criteria the material should
possess the following characteristics:
1. Tailor-made chemical & physical properties
2. Easy realization of (nano)structuration
3. Respond to external trigger; smart material
As already mentioned in the introduction we are convinced that the combination of selfassembly and functional molecule architectures is an attractive platform for realizing
smart, self-organizing systems. Therefore, we are using hybrid organic/inorganic species to
profit from advantages of both, the organic and inorganic chemistry. With regard to the
planned responsiveness of the system, we chose to concentrate on redox-activity as this
feature can be nicely integrated into the organic as well as the inorganic entity of the
molecule. The perfect inorganic platform for this purpose are negatively charged clusters,
the so-called polyoxometalates (POM), which have been extensively described in Chapter
3. A very informative review about the latest progress on redox-responsive molecular
systems and materials has been published only recently.107 Besides the presentation of
fruitful results, also several issues are addressed. One of those is the lack of a design
strategy to align molecules containing multiple π-conjugated organic components in a
defined spatial manner. However, few successful examples are already known, including
also POM-based materials.89, 108 Along with the hybrid structure of the target molecules, an
amphiphilic character arises from the different polarities of the organic and inorganic part,
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resulting in POM-based amphiphiles. In previous publications, we could already show the
amphiphilic behavior of POM-surfactants (POM-SURFs), which possess a decent watersolubility, upon the change to inorganic counterions (H+, Na+). Additionally, multifunctionality was demonstrated as POM-SURFs carrying proton counterions were able to
stabilize styrene droplets in aqueous solution and furthermore act as catalyst in subsequent
polymerization.102 Even smart behavior could be attributed to a ruthenium-modified POMSURF. Here, micellar size was controlled via the redox state of the POM-SURF.106
The focus of this thesis is laid on ‘conductive systems’, including electronic and proton
conductivity. The aim of the thesis was to extend and deepen the understanding of POMbased materials with respect to self-assembly and resulting materials properties.
The following scientific objectives are presented in this thesis:


Creation of a proton-conductive material using the POM-SURF as multifunctional
material



Contribute to the understanding of self-assembly of highly charged surfactants



Design of novel hybrid POM species equipped with π-systems aiming at inter- and
intramolecular electron transfer

We are convinced that the potential of organically modified POM-SURFs is still not fully
exploited. The coupling of conjugated organic moieties to POMs has already been shown.9195

Their electronic properties were investigated, also for species grafted onto a surface.

However, the transformation to POM-surfactants and the following investigation and
characterization of self-assembled structures has never been done. The organization of
POM-SURFs to defined structures could lead to unique properties which have not yet been
known for molecule-based systems. The spatial proximity and the ‘phase separation’ of
head and tail of the surfactants in self-assembled micellar or liquid crystalline systems are
highly promising for ‘conducting’ applications. Protons could be easily transported along
the aligned, super-acidic head groups. The same applies to the transport of electrons. Here,
the transfer could either be based via the redox-active head as well as via the conjugated,
organic moieties forming the inside of a rod-like micelle. Furthermore, the storage of
electrons in aggregated state is thinkable when both parts of the POM-SURFs are in
electronic contact. Upon reduction of the POM cluster, the electron could slide to the
organic core of the micelle. Additionally, the confinement of the micellar structure could
prevent from accidental re-oxidation.
However, the realization of such systems faces several challenges. First the successful
synthesis of the planned organic moieties as well as the final coupling to the cluster is
crucial. As the desired conjugated organic building block surely possesses different
solubility behavior compared to aliphatic components, the corresponding reaction
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conditions need to be modified. Secondly, the characterization of the redox properties of
the molecule and the assembled material is demanding, as it is normally not trivial to
identify the redox-active site and any successive electron transfers. Moreover, the
influence of head and chain on the amphiphilic behavior of POM-SURFs has never been
studied. It is expected that POM-SURFs, equipped with extended π-systems as chains,
behave differently due to additional π - π interactions of the chains, let alone the increased
hydrophobicity. Here, additional investigations of less complex POM-SURFs could provide
valuable insights.
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Scientific Contribution of the Thesis

In this chapter, the scientific contribution to the field of polyoxometalate-based surfactants
(POM-SURF) will be presented. The key achievements and progress made are divided into
the following topics:


Proton-conductive materials based on POM-SURFs



POM-SURFs as model systems to unravel self-assembly phenomena of highly
charged surfactants



Exploiting synergistic effects of self-assembly and materials properties of POMSURFs regarding electronic applications

5.1 Proton-conductive materials based on POM-SURFs
Since the development of fuel cells, proton conductive materials are given increased
attention. Fuel cells have been recognized as an attractive energy source using hydrogen
as fuel. With regard to sustainable energy production, the use of a renewable, emissionfree fuel is highly appreciated. The operating principle of a fuel cell is based on isolated
redox-reactions of hydrogen and oxygen in separated half-cells. The two cells are separated
by a membrane that is permeable for protons exclusively, which are generated at the
anode. At the cathode, the protons combine with oxygen by forming water. At the same
time, electrons travel from the anode to the cathode through an external circuit producing
electricity.109 Prerequisite for those different pathways for the electrons and protons is the
presence of the semipermeable membrane. Therefore, the proton conductive membrane
separating anode and cathode is decisive for the performance of the fuel cell. The most
prominent proton conductive material in fuel cells is Nafion, a sulfonated, perfluorinated
block-copolymer. The proton conductivity is based on the special structure of the
polyelectrolyte: Microphase separation of the hydrophobic and hydrophilic domains of the
polymer results in channels rich in sulfonic acid groups.110 Already small water contents
inside this material lead to a good proton conductivity, probably due to the Grotthuss
mechanism.111-113 Although Nafion membranes exhibit numerous advantages such as
robustness and high proton conductivity, the high cost as well as the low operation
temperature (80 °C maximum) rule out a broad-range application. The temperature range
is mainly limited by the water inside the material. Therefore, alternative materials
exhibiting a broader temperature range are interesting. Aside from Nafion-type polymeric
polyelectrolyte membranes, also other potent proton conductive materials are known,
such as crystalline porous materials. This material class includes coordination polymers
(CPs), metal-organic frameworks (MOFs), covalent organic frameworks (COFs) and
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polyoxometalates. POMs have attracted much attention in recent years, due to their
chemical stability, material fabrication and feasibility of hybridization with other
materials.109 POMs stand out from these materials as they cannot only be used separately
but also as a part of the other materials mentioned, for example incorporated into their
pores. (Figure 14) Here, especially the super-acidity of heteropolyacids (POMs with proton
counterions) is the key property. Moreover, it has been shown recently that the
performance of Nafion under low relative humidity can be improved by the incorporation
of phosphotungstic acid, H3[PW12O40].114
Figure 14. Schematic view of the research field
of crystalline porous materials, including
POMs, metal–organic frameworks (MOFs),
coordination polymers (CPs) and covalent
organic frameworks (COFs). Reproduced from
ref. [109] with permission of The Royal Society
of Chemistry.
In summary, the potential of crystalline, porous materials and in particular POMs is known
with regard to proton conductivity. However, as a consequence of the high water solubility
of those clusters in combination with lacking fixation of POMs inside the pores, the
durability of the material could be negatively affected by leaching of the heteropolyacids.
In order to overcome this problem, in the first publication, we presented a
polydimethylsiloxane (PDMS)/POM material exhibiting proton conductivity.115 As POM
component a POM-SURF carrying two alkyl chains was used. Besides being active species
for proton conductivity, POM-SURF acts as an emulsifier for the siloxane monomer as
well as the catalyst for the successive acid-catalyzed polymerization to PDMS.
Additionally, the PDMS/POM-SURF material can be converted to nanostructured
WO3/SiO2 hybrid material resembling the morphology of the PDMS/POM-SURF phase by
thermal treatment. With this approach, we could profit from the synergy of the superacidity of the POM cluster and the
amphiphilic properties arising from the
hybrid, molecular structure. The presented
POM-SURF is fourfold active – starting with
the hybrid material synthesis and ending
with the contribution of fundamental
material functionalities – underlining the Figure 15. TOC-Figure of publication 1.[115]
broad application spectrum of POMs and Published by The Royal Society of Chemistry
the advantages of hybrid POM species as (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.
multifunctional materials.
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5.2 POM-SURFs as model systems to unravel self-assembly
phenomena of highly charged surfactants
In the second publication, the focus was shifted from functional material synthesis to a
more general investigation of self-assembly properties. POM-SURFs can exhibit
exceptional high negative charges compared to conventional surfactants. Whereas typical
anionic head groups like sulfonate, sulfate, phosphonate or phosphate allow only up to two
charges per head group, the large POM clusters can carry much higher charges. The
classification of highly charged POM-SURFs with regard to established self-assembly
concepts is important for materials based on tailored self-assembly of POM-SURFs. The
scope of those concepts is to explain and even predict molecular self-assembly in surfactant
solutions. Built on Tanford’s Free Energy Model,116 Israelachvili et al. developed the wellknown packing parameter model117 P=Vc/aeLc, where Vc and Lc are the volume and the
length of the surfactant chain and ae is the surface area of the hydrophobic core of the
aggregate expressed per molecule in the aggregate. As for aliphatic chains the term Vc/Lc is
constant (21 Å2 for a single chain), the area per molecule ae defines the packing parameter.
Broadly speaking, this concept explains the self-assembly behavior of surfactants on a
geometrical base regarding the corresponding curvatures needed for spherical, cylindrical
or bilayer aggregates. In this consideration, the area per molecule ae has been reduced
from a complex thermodynamic quantity to a simple geometrical shape, which is definitely
not correct but very descriptive. This theory has been continuously refined and adapted,
also in order to include the neglected influence of the surfactant tail.118-119 In the meantime,
already highly complex aggregates can be simulated using state of the art computational
methods.120
However, as those theories are based and focusing on typical, lowly-charged surfactants,
the exploration of the self-assembly of highly charged surfactants such as the POM-SURFs
explored in this thesis, is very interesting. It is possible to alter the head group charge of
POM-SURFs by varying the heteroatom in the center of the cluster. This modification has
no influence on the size and shape of the POM-SURFs. Therefore, it is possible to exclusively
study the influence of the head group charge on the self-assembly behavior.
In publication 2, the synthesis and characterization of a series of three POM-SURFs, with
charges ranging from -3 to -5, is described. It was shown that the head group charge
strongly influences self-assembly in solution and LLC phase. Moreover, a model has been
developed, explaining the observed structuration on the basis of long-range repulsive
interactions arising from the exceptionally high charge.121 With this publication, we
contributed to the understanding of self-assembly phenomena arising from exceptionally
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high surfactant charges. The elucidation of those fundamental processes is crucial for
effective tailoring of self-assembled materials.
Figure 16. TOC-Figure of
publication 2. Reproduced with
permission from ref. [121].
Copyright (2016) American
Chemical Society.

5.3 Exploiting synergistic effects of self-assembly and material
properties of POM-SURFs regarding electronic applications
In publications 3 and 4 the achievements regarding the main goal of the thesis, the
synthesis of electronically active surfactants, as well as their processing to smart, selfassembled materials is presented. Our approach was to combine redox-active POM
clusters with organic, π conjugated moieties. Although Proust et al. indicated that no
electron coupling of POM and a grafted organic π-system is present,84 preliminary results
obtained by us pointed towards the desired effect. We observed a strong red-shift of the
UV/Vis absorption band after coupling of a π-conjugated system to a POM cluster
compared to the pure organic compound (the POM cluster is colourless). This leads to the
assumption that electronic interaction must be present, implying that shared orbitals of
the POM and the grafted chain exist.
In the third publication, which was published in
2016, we presented the synthesis of a POMSURF carrying rigid, π-conjugated oligomer
chains (PW11TPE). Aside from the expected selfassembly characteristics, we were able to show
that PW11TPE is featuring electron transfer in
lyotropic liquid crystalline (LLC) phase. This was
demonstrated by a photocurrent measurement
of

PW11TPE

in

LLC

state,

exhibiting

semiconducting characteristics.122 We could

Figure 17. TOC-Figure of publication 3.
Reproduced with permission from ref.
intermolecular electron transfer in hybrid, self[122]. Copyright (2016) American
assembled POM-SURFs is possible.
Chemical Society.
prove by these findings that intra- and
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With the obtained positive results we were curious if this is also possible in diluted, aqueous
micellar systems or if the condensed phase is crucial for an efficient electronic interaction
of POM-SURFs. This would be highly interesting with regard to ‘nanoreactors’,123-125
comprising a conductive shell or even ‘micellar batteries’, that are able to store electrons
reversibly.
Consequently, in publication 4 we describe
the synthesis of a highly water-soluble
POM-SURF, modified by a redox-active
anthraquinone (AQ) moiety (AQπPOM).
Both parts are linked via a π-conjugated
spacer. After proving the formation of
micelles in aqueous solution, we were able
to show that reversible electron transfer
from the shell to the center of the micelles
takes place. Also, it was confirmed that the
aggregates remain intact after reduction.
On the basis of the reversible charging and

discharging, this system can be attributed Figure 18. TOC-Figure of publication 4.
Reproduced with permission from ref. [126],
a ‘battery-like’ behavior.126 Such a system
Copyright (2018), Wiley VCH.
has never been described before for a selfassembled system.
These results show that POM-SURFs, equipped with π-conjugated organic moieties,
represent a highly interesting class of materials. The unique properties arising from
electronic and self-assembly features combined in a single compound is pushing the
limits of smart, functional materials. On top, the vast possibilities for tailoring material
properties by chemical modification is contributing to a possible bright future of POMSURFs.
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7.1 Publication I:
Fourfold Action of Surfactants with Superacid Head Groups:
Polyoxometalate-Silicone Nanocomposites as Promising
Candidates for Proton-Conducting Materials, New Journal of
Chemistry 2016

Alexander Klaiber, Steve Landsmann, Tobias Löffler, Sebastian Polarz*

Abstract: Conventional, organic surfactants normally fulfill only one task associated with
their amphiphilic character. The situation changes and multifunctionality is granted for
surfactants containing inorganic entities, so-called I-SURFs. Here, we demonstrate that an
I-SURF with a heteropolyacid head fulfills four tasks at once. It acts as an effective
emulsification agent, it catalyzes the polymerization of silicone monomers, it provides
proton-conductivity in a PDMS/polyoxometalate hybrid, and it acts as a precursor for a
nanostructured WO3 material.

Reproduced with permission from ref. [115]. Published by The Royal Society of Chemistry
(RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the RSC.
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Introduction
One of the major challenges societies face today and in the near future is securing sufficient
resources and energy in the context of exponentially growing population and industries,
and at the same time avoiding an irreversible impact on our ecological environment.
Because the residue in hydrogen technology is water, substantial scientific activity was
invested for more than one decade.127-128 Key element of hydrogen technology is the fuelcell converting chemical energy into electrical energy. Significant research was done in
materials science regarding the optimization of every component of fuels cells, anode,
cathode and electrolyte. Still, the so-called Nafion, a polymer-based, proton-conducting
material is a standard as an electrolyte.129-131 Nafion, developed in the 1960s by Dupont, is
a Teflon derivative with side-chains containing sulfonic acid groups. Thus, it has amphiphilic
properties resulting in a structure with water-filled nano-channels, in which protonconduction takes place.132 Because the preparation of Nafion is demanding and expensive,
there is still a high demand of promising materials as substitutes.133-136
Here, we present a unique approach towards novel proton-conducting materials containing
special polyoxometalate compounds (POMs).22, 70 A special sub-group of polyoxometalates,
the so-called heteropolyacids, contain protons as counter-ions to the negatively charged
metal-oxo cluster and are known for their high acidity due to pKa values in the range of
superacids, which makes them interesting in catalysis.137-138 Very recently, there have been
few papers reporting about beneficial, proton-conducting materials containing
heteropolyacids. For instance Borros et al. have combined H3Mo12PO40 in combination with
a benzimidazole polymer and phosphoric acid,139 or the polyoxometalate could be
incorporated into the pores of metal-organic framework materials (MOFs) like
demonstrated by Banerjee et al.136 However, due to the weak interaction between the
POM and the support, the large drawback of the latter approaches is that the
heteropolyacid could quickly leach out (on the basis of days), which will negatively affect
the durability of the materials. The route presented in the current paper is schematically
depicted in Scheme 1.
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Scheme 1 (a) The heteropolyacid surfactant [(C16H33Si)2PW11O39]3-(H+)3 used as an
emulsification agent for preparing an emulsion of TSIL in water. For better indication of
the emulsion character the surfactants are omitted in the front region of the droplet (b).
The acid-catalysed polymerization leads to polysiloxane (red)-POM surfactant nanohybrid
particles, which are then assembled into porous networks for proton-conduction.

Results and Discussion
First a special type of surfactant with a heteropolyacid head group (Scheme 1a) was
prepared according to a method developed in our group.77, 102, 106, 140-141 The lacunary
Keggin [PW11O39]7- is reacted with two equivalents of the alkoxy-organosilane
(MeO)3Si(CH2)15CH3, followed by cation exchange with protons. The identity of the desired
compounds [(C16H33Si)2PW11O39](H)3 (1) was proven by a combination of analytical
techniques (see also electronic supplementary information ESI-1). In electrospray
ionization mass spectrometry (ESI-MS) the main signal at 1600 m/z can be assigned to the
doubly-deprotonated form of (1) (see Figure 1a). In NMR-spectra given in ESI-1 (1H, 29Si,
31P, 183W) all signals can be assigned to (1), and in particular the occurrence of a broad signal

at (1H) = 5.46 ppm proves the existence of protons, respectively H3O+ ions.
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The surfactant character of (1) can be seen from its ability to form lyotropic liquid crystals
(LCC) at high concentration in contact with water (Figure 1b,c). Microscopy under crossed
polarizers (see ESI-1e) shows a birefringent phase. The texture is in agreement with a
lamellar phase. The lamellar character is confirmed by transmission electron microscopy
(TEM; Figure 1b). The interlamellar spacing (d = 3.5 nm) can be determined more precisely
from the main signal in small angle X-ray scattering (SAXS) shown in Figure 1c. Because d is
less than the double length of the surfactant, there is presumably a partial interdigitation
of the alkyl chains in the LCC phase as shown in ESI-1f.

Figure 1. (a) Experimental ESI-MS signal (black) and comparison to the theoretical pattern
(grey) of [(C16H33Si)2PWa11O39](H)2-. (b) TEM micrograph of a lamellar phase of (1) and the
corresponding SAXS pattern (c).
At lower concentration (1) forms micellar solutions with an average aggregate diameter
of3.6 nm determined from dynamic light scattering (DLS) (see ESI-1g). However, it is much
more important for the current work that the POM-surfactant can also be used for the
generation of stable emulsions of octamethylcyclotetrasiloxane (TSIL) in water. The
dispersions are stable over weeks and months (see ESI-2a). TSIL was used as a cyclic
monomer for the acid-catalyzed generation of polydimethylsiloxane (PDMS), with
additional PhSi(OEt)3 used as a crosslinker. However, no additional acid needed to be
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added, because the acidity of the surfactant is high enough to self-catalyse the reaction.
The successful consumption of TSIL and formation of PDMS was monitored using 29Si-NMR
spectroscopy. With time the signal at  = -20.1 ppm for TSIL disappears almost completely
and the new signal for PDMS ( = -22.7 ppm) emerges (Figure 2a). The resulting dispersion
contains almost spherical  155 nm large particles with fairly narrow size distribution as
found by DLS and TEM (Figure 2b,c). The DLS shows also a weak second size distribution
around 30 nm. The origin of this peak is not clear at the moment. Eventually there are also
some smaller particles formed in the course of the emulsion polymerization, or one sees
vesicular structure, which are known to occur for polyoxometalate surfactants.141 Also
these dispersions are stable for weeks, which demonstrates the effective steric stabilization
due to the negatively charges POM-surfactant at the surfaces of the particles. Furthermore,
we could not detect any leaching of tungstate species and degradation of the surfactant
into the aqueous phase, as long as it is secured that the pH-value remains acidic. The reason
for the stability of the material is that the alkyl-chain of the surfactant is tightly locked
inside the PDMS matrix (see Scheme 1c).

Figure 2. (a) 29Si-NMR spectrum after PDMS formation. (b) DLS size distribution of
PDMS-POM-surfactant particles in aqueous dispersion. (c) TEM of PDMS-POMsurfactant particles; scalebar  200 nm. (d) SEM of PDMS-POM-surfactant particle
aggregates obtained after freeze-drying; scale bar  1 m.
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Aggregation of these particles can either be induced by addition of salt, or by drying. We
have used freeze-drying until all water has been removed. Solid, highly elastic, rubber-like
materials were obtained (see also ESI-3). The particles in these solids have formed a fairly
porous network shown via scanning electron microscopy (SEM) in Figure 2d. The porosity
and inner surface area (ABET = 33 m2/g) was determined using N2 physisorption analysis
(isotherm shown in ESI-3). It is important to note that the porous network is stable and
particles cannot be re-dispersed, no matter which solvent is used (see also Figure 3). This
is caused by linkage between the particles due to partial fusion, which can be seen from
magnified SEM images (ESI-3). The homogeneity of the resulting material was also
investigated in further analytical techniques. As expected there are no crystalline domains
found by powder X-ray diffraction (PXRD) and no periodicities on the meso-scale seen by
small angle X-ray scattering (SAXS); both data not shown. However, using FT-IR and FTRaman spectroscopy provided in ESI-3, it can be proven that the material is composed
exclusively of the POM-surfactant and the siloxane polymer. No other constituents are
present. Further proof that the mentioned material still contains the POM constituent was
done by a combined TGA (thermogravimetric analysis) PXRD experiment. The mass loss
observed in TGA in air (see ESI-3) is larger than expected for the decomposition and
removal of volatile components originating from the organosilsesquioxane species alone,
and as a product a mixture of amorphous SiO2 and crystalline WO3 (data given in ESI-4) was
obtained. Considering modern applications of WO3,142-143 an interesting aspect, which
however is beyond the scope of the current manuscript, is that the obtained SiO2/WO3
hybrid material is also nanostructured and resembles the morphology of the PDMS/POMsurfactant phase (see ESI-4).

Figure 3. Pure PDMS body (as a non-acidic reference, a) and PDMS/POM-surfactant nanohybrid (b) in a solution containing a pH-indicator dye. (c) Impedance spectra of two
PDMS/POM-surfactant nanohybrids containing different amount of compound (1). Circles
 H+:Si ratio equals 1:90; squares  H+:Si ratio equals 1:20.
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Coming back to the PDMS/POM nanohybrid there are some obvious similarities to Nafion.
We have a hydrophobic backbone with highly acidic, water compatible groups covering
exclusively the surfaces of a porous structure (Scheme 1). It now needs to be probed, if the
material is conducting protons. A first, phenomenological proof is coming from adding the
material to an aqueous solution containing a pH-indicator (see Figure 3a,b). In comparison
to a PDMS material prepared with a conventional, surfactant (SDS) instead of (1) there is
clearly an acidic reaction not only in solution, but also directly inside the solid material.
Furthermore, the materials (after equilibration of samples with water)144 were
characterized using impedance spectroscopy, which is a good method for the investigation
of proton conduction in solid materials.145-146 Figure 3c shows the Nyquist diagram of the
data, which were evaluated using literature-known methods.146-147 The proton conductivity
is calculated from the low frequency real-axis intercept of the semicircular arc by scaling
the resistance appropriately with pellet thickness and pellet diameter. As expected the
proton conductivities depend on the relative amount of POM-surfactant to PDMS polymer,
respectively the ratio of protons provided by (1) and Si from the polymer; ((H+:Si=1:90) =
5.9  10-5 S/cm; ((H+:Si=1:20) = 7.5  10-3 S/cm).

Conclusion
In the current paper we discuss a surfactant containing a special inorganic entity as a head
group,

a

so-called

heteropolyacid.

This

polyoxometalate

surfactant

[(C16H33Si)2PW11O39](H)3 exhibits fourfold action at once. First of all it is an effective
emulsification agent for monomers leading to polysiloxane polymers (silicones). Secondly,
its protic character catalyses the polymerization of the monomers, which leads to spherical
PDMS/POM-surfactant particles. Solvent removal allows to assemble a nanoporous
network from these particles. Because the POM-surfactants are located at the surfaces of
this network, their third function is to provide proton-conductivity inside the channels of
the materials. Finally, the POM head could be used as a precursor for WO3, and interesting,
nanostructured silica-WO3 hybrid materials were briefly discussed in the paper.
Unfortunately, the material cannot compete yet with Nafion as the most prominent
proton-conducting material used in fuel cells. Depending on literature source and
conditions the conductivity of Nafion is reported in the region 10-1-10-2 S/cm,148 whereas
our material is roughly 1-2 orders of magnitude worse. This requires some optimization
processes in the future. In particular the degree of PDMS cross-linking needs to be adjusted
for controlling and increasing the porosity of the PDMS/POM-surfactant nanohybrid.
However we could show that PDMS/POM materials are promising candidates for protonconducting membranes, as they exhibit good proton conductivity with respect to their low
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inner surface area, which indicates a high proton mobility within the material. We are
aware that the porosity of the material is not the only factor for high performance protonconduction materials as Nafion beads exhibit BET surfaces of only 0.02 m2/g.149 In addition
to applications as proton-conducting membranes, one can also imagine that the materials
presented here are interesting in heterogeneous catalysis.150

Experimental Section and Supporting Information
An emulsion is prepared by sonication (using a Bandelin TT13; 5 min) of a mixture of the
POM-surfactant (1) (e.g. 0.031 mmol), water (16 mL), TSIL (e.g. 1.5 mmol) and PhSi(OEt)3
as a cross-linker. The resulting dispersion is stirred for 20h at 80°C. Impedance spectroscopy
was performed using a Zahner IM6 workstation over a frequency range of 1-10-7 Hz with
oscillating voltage 50-500 mV.
ESI-1.
Additional

information

[(C16H33Si)2PW11O39](H)3 (1).
(a) 1H NMR data

(*) solvent signals.

for

the

surfactant

with

heteropolyacid

head
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(b) 31P NMR data

(c) 29Si-NMR data
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(d) 183W NMR data

(e) Polarization microscopy of a LCC formed with (1) in water.
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(f) Schematic image of the POM-surfactant packing in the lamellar LCC phase.

(g) Particle size distribution curve of a micellar solution of (1) obtained by DLS.
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ESI-2.
Additional information for the emulsion formed with TSIL, water and (1) as an emulsifier.

(a) Photographic image of the emulsion after 5 weeks.

ESI-3.
Additional data for the solid PDMS-POM-surfactant nanohybrid.
(a) Photographic image of the PDMS-POM-surfactant nanohybrid after freeze drying.
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(b) N2 physisorption isotherm of the of the PDMS-POM-surfactant nanohybrid after
freeze drying.

squares  adsorption branch
circles  desorption branch

(c) Enlarged SEM picture showing the partial fusion of PDMS/POM-surfactant hybrid
particles inside the porous network.

scalebar = 500 nm.
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(d) TGA data (black graph) in air and first derivative of TGA data (grey graph).

Step (i): Removal of residual solvent.
Step (ii): Conversion of organosilsesquioxane species to SiO2
Step (iii): Conversion of POM-surfactant to WO3; sublimation of resulting P2O5

(e) IR and RAMAN data of the produced PDMS/POM material and the starting materials
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We would like to highlight
the unique signals, proving
the presence of all of the
three

starting

materials.

Those are:



the peak at 1009 cm-1 (IR) indicating the P-O vibration of the PW11O39-Cluster



the very prominent symmetrical C-H-deformation of the TSIL Si-CH3 groups at 1259 cm-1
(IR)



typical phenyl-vibrations at 1595 and 1569 cm-1 in the Raman spectrum indicating the
presence of PhSiOEt3.

ESI-4.
Additional data for material obtained after calcination of the PDMS-POM-surfactant
nanohybrid.
(a) PXRD analysis

The reference pattern of
tetragonal WO3 is shown as
grey bars. In addition, one
sees a very broad signal at
22°, which is typical for
substantial

amounts

of

amorphous SiO2 present in
the sample.
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(b) SEM image showing the structure of the WO3-SiO2 material after calcination of the
PDMS-POM-surfactant nanohybrid.

ESI-5.
Synthesis of PDMS/POM materials:
The synthesis of H3[PW11O40(SiC16H33)2] (H-PW11C16) was performed according to known
literature.102
To 100 mg (0.031 mmol) of H-PW11C16 in 16 ml of destilled water was added
octamethylcyclotetrasiloxane (TSIL) (1.7 mmol) and PhSi(OEt)3 (1.5 mmol) as crosslinker.
The emulsion was generated by sonification with a Bandelin-Sonoplus TT13/F2 (65%,
5 mins). After stirring the emulsion for 20 h at 80° C the material was obtained by freezedrying the reaction mixture.
For the synthesis of the H+:Si 1:20 material 0.37 mmol of TSIL and 0.31 mmol of crosslinker
were used.

71

7 Publications and Contribution

7.2 Publication II:
Maximizing Headgroup Repulsion: Hybrid Surfactants with
Ultrahighly Charged Inorganic Heads and Their Unusual SelfAssembly, Langmuir 2016

Alexander Klaiber, Cornelia Lanz, Steve Landsmann, Julia Gehring, Markus Drechsler,
Sebastian Polarz*

Abstract: Non-equilibrium states of matter are arousing huge interest based on outstanding
possibilities to generate unprecedented structures with novel properties. Self-organizing
soft-matter is the ideal object of study as it unifies periodic order and high dynamics.
Compared to settled systems it becomes vital to realize more complex interaction patterns.
A promising and intricate approach is implementing controlled balance between attractive
and repulsive forces. We try to answer a fundamental question in surfactant science: How
are processes like lyotropic liquid crystals and micellization affected, when head group
charge becomes so large that repulsive interactions are inevitable? A particular challenge
is that size and shape of the surfactant must not change. We could realize the latter by
means of new hybrid surfactants with a heteropolyanion head [EW11O39]n- (E = PV, SiIV, BIII;
n = 3, 4, 5). Among the unusual self-assembled structures, we report about micelles of a
new type with dumbbell morphology.

Reproduced with permission from ref. [121]. Copyright (2016) American Chemical Society.
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Record of Contribution
Material synthesis, characterization and interpretation was realized by A. Klaiber. C. Lanz
performed the surfactant synthesis under the supervision of A. Klaiber and carried out the
DLS experiments. S. Landsmann contributed to the development of the synthesis of the
surfactants. J. Gehring contributed high-resolution TEM micrographs. M. Drechsler
performed high-resolution cryo-TEM. S. Polarz designed the research and wrote the
manuscript. All authors have given approval to the final version of the manuscript.

Introduction
The spontaneous formation of organized patterns as an intrinsic property of a system
containing discrete constituents, a process termed self-assembly,6,

151

has fascinated

scientist in all fields because entropy commonly leads to disorder. Nature displays the
enormous potential of self-organization attributed to many of the unexcelled properties of
biological matter; for example, self-repair originates from the ability to achieve selfassembly.152 In materials science, full exploration of this potential has still not been
achieved, and as for the next level, which is programmable self-assembly, we need to learn
how to encode more complex interaction. For nanoparticles, Cademartiri discussed the
latter aspect in 2015.153 One learns that a straightforward approach for finding unique selfassembled structures is to implement long-range and highly directional repulsive forces in
addition to the attractive interactions, which are responsible for aggregation first.
A special class of self-assembled materials is given by liquid crystals. They unify structural
order and a high degree of mobility. These special features lead to a plethora of fascinating
properties as also stated in the seminal article published by Tschierke in 2013.154 Liquid
crystals are formed by unique molecular compounds, and one can roughly distinguish
between thermotropic and lyotropic liquid crystals (LLCs). LLCs and, at lower concentration,
micellization rely on amphiphiles, most importantly surfactants. Surfactants are lowmolecular-weight compounds comprising a hydrophilic head group, often charged,
attached to at least one alkyl-chain of medium length (C12-C20) as a hydrophobic entity. An
important variable in surfactant science is the so-called packing parameter, a number
describing roughly the shape of the molecule. On programmed self-assembly in the sense
discussed above, there exists a substantial limitation: Intermolecular interactions cannot
be tuned without substantially changing the morphology and solvent compatibilities of the
surfactant at the same time. For instance, although the role of the charge of the head group
has been discussed intensely 155-156 for classical, organic surfactants one can hardly extend
the charge to values larger than 2 without significantly altering the packing parameter.
What one can do is to increase the number of charged functionalities, but an additional
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headgroup will of course alter the molecular shape significantly. Therefore, for any effect
would be unclear if this is due to the charge, the altered packing parameter or both.
Surfactants, with varying charge but constant shape are needed.
In our paper, we will report about the synthesis of such surfactants with highly charged
head, and we will investigate the self-assembled structures formed at different
concentrations in water. The redox states of transition-metal compounds are variable.
Thus, one could imagine obtaining differently charged surfactants without changing their
shape, when such transition-metal containing entities are used as head groups.140
However, an important question is, which kind of “inorganic moiety” is most suitable for
our purpose. Recently, we presented a prototype for hybrid surfactants (denoted as
PW11C16) containing a polyoxometalate (POM) head group [PW11O39]3-.102, 106, 140-141 It was
synthesized starting from a so-called lacunary Keggin ion [PW11O39]7- (see also Figure 1).102
Because lacunary compounds exist not only for phosphorus but also for other elements E
in the center of the oxo-cluster (E = Si(IV), B(III)),70 our idea is to prepare a systematic series
of surfactants with identical structure but different overall charge and to examine the
effect of the increasing charge on self-assembly.

Results and Discussion
Molecular Synthesis of Surfactants with Ultrahigh Head Group Charge.
Based on our work on surfactants with [PW11O39]3- head,102, 106, 140-141 the main aim of the
current work is to increase the charge of the head by synthesizing new surfactants
containing [SiW11O39]4- and [BW11O39]5- moieties. Because only the central element is
varied, we expect that only charge differs and molecular shape remains constant. The latter
was one of the key goals formulated in the introduction section of this paper.
Three surfactants EW11C16 were prepared by condensation of two alkylsilanes to the cavity
of the lacunary species [EW11O39](4+n)- (n = 3,4,5). The resulting compounds were
characterized unambiguously by a combination of analytical methods, most importantly
electro-spray ionization mass spectrometry (ESIMS) recorded in anion mode shown in
Figure 1. For overview spectra see Supporting Information, Figure S-1 to S-3. One can
identify several signals, which correspond to either the molecular ion or fragments having
different charge due to attachment of cations (most importantly H+). The signals for the
bare ions [EW11O40Si2C32H66]n- (nE=P=3; nE=Si=4; nE=B=5) are present, but they are relatively
weak in intensity. Instead, the most intense signal was selected for detailed analysis in each
of the cases (Figure 1). By comparison to theoretically modeled patterns, we see there is
an agreement with the triply charged, partially protonated species. Please note that in such
spectra mass is divided by charge z. Thus, a signal at 1066.74 gmol-1 (average m/z) for a
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charge 3- stands for a species with M = 3200.22 gmol-1 (PW11C16). The charge can be
determined from the distance between the isotope peaks. A distance of 1/3 between each
isotope peak as for the signals shown in Figure 1 indicates a charge of -3. Supporting
Information Figure S-1, S-2, S-3 summarize all additional spectroscopic data for PW11C16,
SiW11C16 and for BW11C16. SiW11C16 will be discussed here as an exemplary case: In 29Si-NMR
(Figure S-2a,b) one observes two signals characteristic for the silicon atom in the center of
the oxo-cluster (δ = -85 ppm) and the one attached to the hydrocarbon chain (δ = -52 ppm).
Additionally, coupling between silicon and the different W atoms of the POM-cluster can
be seen (2JSi-W = 10.3 Hz, 21.1 Hz). The structure of the headgroup proposed in Figure 1
could also be proven by the characteristic 2:2:1:2:2:2 pattern and the 2JW-W = 10-20 Hz
coupling constant in

183W-NMR

spectra (Figure S-2c). The observation of the mentioned

nuclear coupling shows that the NMR experiments have been performed with high
sensitivity. Because no unwanted signals are seen, we assume that there are no impurities
present within the detection limit of NMR spectroscopy. Elemental analysis was aggravated
by difficulties in drying/ quantitative removal of any solvents used during synthesis (e.g.
water).

However,

CHN

values

are

in

satisfactory

agreement

(e.g.

for

TMA4[SiW11O40(SiC16H33)2]; C: 16.50 % (calc. 16.31 %), H: 3.29 % (calc. 3.49 %), N: 1.60 %
(calc. 1.78 %)); see also the Experimental Section.

Figure 1 Top: Reaction sequence for the synthesis of surfactants with different heteropolytungstate head groups and systematically varying charge. M (Na+, H+). Middle: Molecular
structure of the resulting surfactant (hydrogen atoms omitted) with the head group region
highlighted in polyhedral plot (green  'WO6' octahedra; grey  'EO4' tetrahedron). Right:
Main signals in ESIMS patterns for the compounds with different central atoms. P: blue
graph  experimental pattern; pale blue bars  simulated pattern for [C32H66Si2PW11 O40]3-.
Si: black graph  experimental pattern; grey bars  simulated pattern for H[C32H66Si3W11
O40]3-. B: red graph  experimental pattern; pale red graph  simulated pattern for
H2[C32H66Si2BW11 O40]3-. Magnified images of the above signals are given in the Supporting
Information Figure S-1,2,3.
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FT-Raman and FT-IR spectra (Figure S-2d-f) are also in full agreement with the

proposed structure of SiW11C16. Please note that cation exchange (Na+, H+) is necessary for
increasing the solubility of the surfactants in water compared to the organic (CH3)4N+
counterion originating from the first synthesis step (see Figure 1). The solubility with
tetramethylammonium as a cation is less than 1 mg/mL. After cation exchange, e.g. for Na+,
solubility increases and is of the order of 100 mg/mL. From spectroscopic data (see
Supporting Information Figures S-1, S-2) one can conclude the cation exchange does not
affect the integrity of the molecular structure of the surfactants at all.
Self-Assembly at High Concentration, Lyotropic Phases. After successful preparation and
characterization of the EW11C16 compounds, it is time to explore their amphiphilic features
with special emphasis on self-organized structures and the dependency on headgroup
charge. First, we will focus on the high concentration regime resulting in LLCs. A dispersion
containing c0 = 75% weight surfactant was used for the sample preparation (see also the
Experimental Section). Agreeing with our previous results on this system,102 the Na-PW11C16
surfactant forms phases which are typical for lyotropic liquid crystals. The LLC character
can be seen from birefringence in optical microscopy between crossed polarizers (POLMIC)
(see Figure 2a). The so-called smokey/ mosaic texture is in agreement with a hexagonal
phase. In transmission electron microscopy (TEM) images taken from dried samples, one
can observe a nicely ordered structure comprising cylindrical aggregates arranged in a
hexagonal packing P6/mm (Figure 2b), which is a common LLC phase. Results from small
angle X-ray scattering (SAXS) shown in Figure 2c confirm the latter. The periodicity of the
hexagonal system is a = 4.2 nm (q = 1.49 nm-1). Considering the extension of a single
surfactant is roughly 3.0 nm, one has to assume there is partial interdigitation of the alkyl
chains in the cylindrical aggregates, which is also not unusual in LLC phases.
Next, we want to discuss SiW11C16 used at otherwise constant conditions (c0 = 75% weight;
Na+ as a counterion). The headgroup charge of the surfactant has increased to “4-“. A first
assessment - if the change in headgroup charge has an influence - can be done using
POLMIC (Figure 2d). In addition, SiW11C16 forms LLCs. The observed texture is different
compared to Na-PW11C16. The silicon derivative shows features which are typical for a
lamellar system.157 This is in agreement with SAXS measurements (Figure 2f) pointing to a
lamellar substructure with a periodicity of 6.6 nm (q = 0.94 nm-1). The mentioned
periodicity is substantially larger than for Na-PW11C16 and is of the order of twice the
extension of a single surfactant, which is quite typical for lamellar surfactant structures.
Unfortunately, the signals of the lamellar phase are relatively week and are superposed by
an unspecific tail, which might indicate there is also a less structured, amorphous part of
the sample. TEM measurements (Figure 2e) reveal that Na-PW11C16 does not form a
common lamellar phase with sheets extended in 2-D. The structure is unique: Objects with
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stripy, periodic features (a = 6.5 nm) are identified, which are extended in one direction up
to 150 nm (Figure 2e).

Figure 2. POLMIC (a), TEM (b; scale bar 100 nm) and SAXS (c) data for the Na-PW11C16
surfactant at high concentration. POLMIC (d), TEM (e; scale bar 100 nm, inlet: scale bar
10 nm) and solid-state SAXS (f) data for the Na-SiW11C16 surfactant at high concentration.
Black bars mark the expected patterns for a cylindrical-hexagonal phase P6/mm (c) and a
lamellar phase Im3m (f), and the inlet graphics show the suiting LLC phase.
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However, we recognize several unusual features. For a lamellar phase it is unusual that
confined rod-like growth is favored over extended 2-D growth, for example, into sheet-like
structures. One should also note the extension of the self-organized aggregates
perpendicular to the growth axis is fairly uniform ( 10 nm). Because of the large difference
in electron density between the W-containing head and the hydrocarbon side chains one
can easily differentiate between inorganic (dark) and organic (bright) regions in the
structure. Considering the dimensions of the respective region one can then speculate
about how the surfactant is organized in the self-assembled structure. The size of the dark
stripes is  2 nm according to the evaluation of TEM data using the program ImageJ. For
better visibility, a high-resolution image was added as an inset in Figure 2e. Force-field
calculations were done, pointing out that the extension of the head [SiW11O39] headgroup
with attached counter-ions is roughly ~1 nm. Thus, we assume a double-layer packing of
the surfactants in the structure (see also Scheme 1).
The size of the bright stripes ( 4.5 nm) compared to the length of the alkyl-chains (lchain
~2.2 nm) provides evidence for a stretched conformation and the absence of any
interdigitation. If the alkyl-chains would interpenetrate or were strongly bent, a
significantly smaller value for the alkyl-region would have been expected. Similar patterns
as seen in Figure 2e have been reported in the past for nanoparticles, for example,
prismatic BaCrO4,158 forming ordered chains induced by oriented attachment.159
Considering the various arguments, we propose the structure for the aggregates shown in
Scheme 1a. Plate-like aggregates with a bilayer substructure stack, resulting in the 'striped
worms' and the overall lamellar architecture. The charge of the Na-BW11C16 surfactant is
even one unit higher (see Figure 1), and this seems to prevent any defined selforganization, at least under conditions chosen here. In POLMIC (given in Supporting
Information Figure S-4a) one sees birefringent, fractal objects, that look similar to phases
found for columnar thermotropic liquid crystals. However, in TEM (Figure S-4b) and SAXS
(Figure S-4c) no particular structure is observed. Only seldom, and not very reproducibly, a
spot with an unusual structure comprising triangular shapes (Figure S-4d) is found. Because
of the lacking ability of BW11C16 to present well-defined LLC systems, we did not consider it
for further studies.
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Self-Assembly at Low Concentration, Micellization. For conventional surfactants we
expect that in water, at lower concentrations (c = 10 mg/mL) compared to the LLC phases
but above a critical concentration (cmc), micellar aggregates will be observed. This is
exactly the case for H-PW11C16 as shown in Figure 3a,c. Particle size distributions derived
from dynamic light scattering measurements (DLS) show species with a hydrodynamic
radius of 2.4 nm, which fits well to spherical micelles composed of partially interdigitated

Scheme 1. Image Illustrating the Proposed Intermolecular Interactions (Left) and the
Structure of the Self-Assembled Aggregates at High Concentration (Middle) and Low
(Right), with Lines Indicating an Electric Field Originating from the Respective
Polyoxometalate Head Group Treated as a Point-Charge: (a) Shows the Situation for the
Surfactant with Higher Charge (SiW11C16) and (b) Lower Charge (PW11C16)a.
a

Because the cations (shown in blue) cannot penetrate into the alkyl-phase (black), there is
shielding of the field predominantly in one direction. The resulting electrostatic repulsion is plotted
as either green or red vectors. Balance of repulsion with attractive forces (black vectors)
determines the formation of the particular self-assembled structures. Regarding the structure of
the self-assembled aggregates of SiW11C16 (a) at high concentration, see also Figure 2e, and at low
concentration (dumbbell aggregates), see also Figure 3d,e. (b) Regarding the behavior for the
lower-charged PW11C16, see Figure 2b for hexagonal LLC phases and Figure 3c for classical micelles
in water.
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surfactant molecules. TEM investigations confirm the latter finding (Figure 3c). Spherical,
monodisperse objects with a diameter of  5 nm are found. All aggregates have a dark rim,
which we assign to the high electron density of the [PW11O39] head and the resulting
imaging contrast.77 Enlarged TEM images can be found in Supporting Information Figure
S-5.
In comparison, for H-SiW11C16 there are only few aggregates found by DLS with sizes small
enough for ordinary micelles. The major fraction is composed of larger objects (RH  16 nm).
The DLS data are consistent with TEM investigations (Figure 3d), which show objects with
 25 nm in length and 5-7 nm in width. However, one can clearly see there is an asymmetric
distribution of contrast (Figure 3e). Each aggregate has dumbbell shape with two zones of
high electron density opposite to each other and an area of lower imaging contrast in
between. Kaya et al. have calculated theoretically the small angle scattering curves for
dumbbell-like micelles.160 However, we were only able to fit the SAXS curve of H-PW11C16
with a core-shell model (Figure 3f). Due to the very high electron density of the POM
clusters forming the edge of the aggregate, the development of a “dumbbell core-shell
model” would be of certain interest for the simulation of the SAXS curve obtained for
H-SiW11C16.
To the best of our knowledge, such a micellar morphology is unique. At higher
magnification, the area in the middle seems to comprise a lamellar substructure (Figure 3e;
bottom particle). Despite the fact the geometry of the PW11C16, SiW11C16 and BW11C16
surfactants is the same, undoubtedly the difference in headgroup charge leads to marked
effects for the self-organization processes. PW11C16 with a headgroup charge of '3-' still
behaves like an ordinary surfactant. It forms “ordinary” cylindrical LLC phases and at lower
concentration in water spherical, micellar aggregates (Scheme 1b).
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Figure 3. DLS measurements of aqueous dispersions (c = 10 mg/mL) of the H-PW11C16
surfactant (a) and of the H-SiW11C16 surfactant (b). TEM micrograph of a H-PW11C16 micellar
dispersion (c) and of aggregates formed by H-SiW11C16 in water at two different
magnifications; scale bar = 50 nm (d), scale bar = 25 nm (e). (f) SAXS data recorded from
aqueous dispersions of H-PW11C16 (blue circles), fitted using a spherical core-shell model
(blue line) and H-SiW11C16 (black squares).
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Conclusion
In the current contribution, we showed the synthesis and characterization of a series of
three polyoxometalate-surfactants with the same structure and dimensions, but different
charges: [PW11C16]3-, [SiW11C16]4- and [BW11C16]5-. There is another important factor in
aqueous POM-systems, which is cation-mediated attraction. Is has been shown among
others by Liu161 and Weinstock162 that self-assembly of POM clusters is affected by the
counterions. Molecular dynamic simulations of Keggin clusters in acid aqueous
environment performed by Chaumont and Wipff163 also show that SiW12O404- exhibits a
larger tendency of aggregation compared to PW12O403-, despite its higher charge.
Furthermore, they found that the distance between the aggregated clusters changes only
marginally (0.1 Å). Transferring these findings to our systems one can conclude that our
assumptions on the equality of the headgroup sizes of the herein analyzed surfactants are
correct. Despite the fact we cannot quantify the influence of cation-mediated attraction
our assumptions are still valid as the systems comprise the same sort of cations in the
compared low and high concentration regimes.
We investigated the formation of lyotropic structures in water at high and at low
concentration. We found that there is a substantial influence of charge on the selforganization behavior. The self-assembly behavior for PW11C16, despite its charge of “3-“,
perfectly matched the structures one would expect for classical surfactants with the help
of the concept of the “packing parameter”117. Unusual aggregates were found for head
charge '-4' SiW11C16 (Figure 2e; Figure 3d,e). When the headgroup charge is even higher, as
for BW11C16, it was pointed out the emergence of ordered aggregates is aggravated.
Although we cannot give a precise physical picture of the interactions and thermodynamics
leading to the unusual phenomena, we want to discuss some ideas and check, if they are
in-line with existing theories on surfactant self-assembly. These ideas are also summarized
in Scheme 1. Considering the inspiring seminal work of Grzybowski and coworkers on
nanoparticle self-assembly,164 one condition for achieving unprecedented modes of selfassembly is the existence of competing attractive and repulsive forces. The attractive forces
in the current molecular system are of course the interaction of the head with cations and
the van-der-Waals/ hydrophobic interactions between the alkyl-chains, just like in any
other surfactant system.165 As classical surfactants carry only a low headgroup charge the
electrical field is too weak to result in a substantial repulsive force. The electrical field
originates from unshielded charge, caused by the unbalanced distribution of the counter
cations around the POM headgroup, as they cannot be situated in the hydrophobic
domains of the aggregate. As a consequence, one observes known structures dictated by
the attractive interactions. As such compact and highly charged surfactants like described
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in our work were not considered when Israelachvili and coworkers published their popular
work, is not surprising that our systems exceed the limitations of the packing parameter.
As a very rough model we consider the electric field resulting from a polyoxometalate
cluster treated as an isolated point-charge fixed of a surface (of an dielectric medium of
low polarizability) immersed in an electrolyte with a Helmholtz-type layer of cations
attached to the headgroup. The contribution of the attractive, hydrophobic interactions is
constant in both systems (PW11C16 and SiW11C16, indicated by black arrows in Scheme 1).
Whereas the repulsive electrostatic force (green & red arrows) grows stronger with higher
charge of the surfactant and eventually crosses the threshold repulsive interaction starts
influencing the self-assembly behavior. Because of high headgroup charge it would be
favorable for SiW11C16 also at high concentration to form curved structures, which militates
against a classical lamellar phase. Besides, the high charge could also increase the packing
parameter of the surfactant, and this is also a factor favoring curved aggregates. Due to the
described electrostatic repulsion SiW11C16 cannot adopt cylindrical aggregates as easily as
this would require interdigitation of the alkyl-chains and thus a smaller distance between
the negative poles, which is obviously disadvantageous. Thus, the bilayer aggregates can
be seen as a compromise between a cylindrical structure and a lamellar phase. It can be
argued that at lower concentration, water molecules might penetrate the interlayer space
comprising the POM heads and their counter-ions. The bisection of the lamellar structure
and reorganization of the aggregates is the result (see Scheme 1a). The solvation of the
cations leads to a further increase of the packing parameter, and normally a micelle, the
structure with the maximum curvature, is formed (Scheme 1b). Because of the same
reasons given above, SiW11C16 can also not exist in the state of spherical micelles so easily,
and again one can rationalize the emergence of a new pattern (Figure 3d,e) caused by the
necessary compromise. The process can be thought to result from the transition of the
bilayer plates on its two flat sides, which could explain the symmetry of the dumbbell
objects, the overall extensions of those particles and the central, lamellar subdomain with
weak electron contrast (Scheme 1b, right image). This morphology is distinct from
dumbbell micelles for purely organic systems described in some theoretical predictions,
but there are similarities. For instance, Leermakers predicted anisotropic, elongated
micelles, if the length of the alkyl-chain is small, which could lead to an enhanced repulsion
between the heads in an aggregate.166 Disher et al. argue the formation of dumbbell
micelles can be the effect of a curvature-driven nanophase separation.167 This model is of
course oversimplifying the real situation, but, unfortunately, quantitative calculations
would require sophisticated ab-initio calculation, which can only be done by specialists.
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Experimental Section
Synthesis part. The lacunary polyoxometalates K7[PW11O39]168, K8[SiW11O39]169 and
K8H[BW11O39]170 were synthesized according to the literature.
Synthesis of TMA3[PW11O40(SiC16H33)2]. In a 5 L beaker 5.00 g of powdered K7[PW11O39] ·
14 H2O (1.56 mmol) was dissolved in 5 L of acetonitrile. To the resulting suspension 3.67
mmol of hexadecyltrimethoxysilane, 4.4 eq of 1 M HCl (7.34 mL) and 7.5 eq of
tetramethylammonium chloride was added and stirred for 24 h at room temperature. After
filtration and removal of the solvent the resulting white precipitate was collected and
washed with water, methanol and diethyl ether (50 mL each). Yield: 2.83 g (53% based on
K7[PW11O39]), white powder.
1H NMR (DMSO-d6): δ = 3.23 (s, 36H), 1.62– 1.08 (m, 56H), 0.85 (t, J=6.7, 6H), 0.71 (t, J=7.5,

4H). 29Si NMR (DMSO-d6): δ = -51.20. 31P NMR (DMSO-d6): δ = -13.83. 183W-NMR (25 MHz,
Acetonitrile-d3): δ = -103.16 (d, J = 1.0 Hz, 2W), -108.71 (d, J = 1.0 Hz, 2W), -112.78 (d, J =
1.5 Hz, 1W), -124.63 (d, J = 1.2 Hz, 2W), -202.35 (d, J = 1.6 Hz, 2W), -253.96 (d, J = 1.4 Hz,
2W). IR (ATR): 1111 (Si-O-Si), 1063 (P-O), 1051 (P-O), 1033 (P-O), 981, (W=O), 959 (sh,
W=O), 951 (W=O), 861 (W-O-W), 810 (W-O-W), 776 (W-O-W), 747 (W-O-W), 704 (W-O-W).
Elemental analysis C,H,N: 15.47%, 3.1 %, 1.23%.
Synthesis of TMA4[SiW11O40(SiC16H33)2]. In a 5 L beaker 5.00 g of powdered K8[αSiW11O39]·13 H2O (1.56 mmol) was dissolved in 5 L of acetonitrile. To the resulting
suspension 3.67 mmol of hexadecyltrimethoxysilane, 4.4 eq of 1M HCl (7.34 mL) and 7.5
eq of tetramethylammonium chloride was added and stirred for 24 h at room temperature.
After filtration and removal of the solvent the resulting white precipitate was collected and
washed with water, methanol and diethyl ether (50 mL each). Yield: 4.57 g (84% based on
K8[α-SiW11O39]), white powder.
1H NMR (DMSO-d6): δ = 3.23 (s, 48H), 1.62– 1.08 (m, 56H), 0.86 (t, J=6.7, 6H), 0.56 (t, J=7.5,

4H).

29Si

NMR (DMSO-d6): δ = -52.32, -85.11.

183W-NMR

(25 MHz, Acetonitrile-d3): δ

= -112.77 (2W), -116.69 (2W), -119.91 (1W), -133.43 (2W), -180.09 (2W), -257.37 (2W).
Elemental analysis C,H,N: 16.50%, 3.29%, 1.60%.
Synthesis of TMA5[BW11O40(SiC16H33)2]. In a 5 L beaker 5.00 g of powdered K8H[αBW11O39]·13 H2O (1.56 mmol) was dissolved in 5 L of acetonitrile. To the resulting
suspension 3.67 mmol of hexadecyltrimethoxysilane, 4.4 eq of 1M HCl (7.34 mL) and 7.5 eq
of tetramethylammonium chloride was added and stirred for 24 h at room temperature.
After filtration and removal of the solvent the resulting white precipitate was collected and
washed with water, methanol and diethyl ether (50 mL each). Yield: 4.2 g (76% based on
K8H[α-BW11O39]), white powder.
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1H NMR (DMSO-d6): δ = 3.23 (s, 51H), 1.62– 1.08 (m, 56H), 0.85 (t, J=6.7, 6H), 0.62 (t, J=7.5,

4H). 11B NMR (DMSO-d6): δ = 1.89.

29Si

NMR (DMSO-d6): δ = -49.00. Elemental analysis

C,H,N: 17.59%, 3.58%, 1.97%.
Ion Exchange to the Corresponding H- and Na-[XW11O40(SiC16H33)2]. Cations were
exchanged to Na+ by slow filtration of a 5 mg/mL solution of TMA-POM through a column
packed with Amberlite-IR120-H/Na. Complete exchange was confirmed via 1H-NMR
(absence of signal at δ = 3.23 ppm).
Analytical methods. NMR measurements (1H, 11B, 13C, 29Si, 31P) were performed on a Varian
Unity INOVA 400 Spectrometer. The 183W-NMR-spectra were recorded on a Bruker Avance
III 600MHz Spectrometer with 10 mm NMR tubes. ESI-MS data were acquired on a Bruker
microtof II system. The solutions were injected directly into the evaporation chamber. SAXS
was acquired on a Bruker Nanostar system equipped with pinhole collimation and
CuKradiation. The samples were placed between X-ray transparent mylar foils and were
measured in an evacuated chamber. For avoiding the contamination of the measurement
chamber, samples were dried prior to use. Liquid samples were sealed in a 1 mm Marktubes made of soda lime glass. Modeling of liquid cell data was performed using the
SASView software (developed by the DANSE project under NSF award DMR-0520547).
Textures of liquid-crystalline samples were studies with an Olympus CX41 light microscope.
TEM was acquired on a Zeiss Libra 120 system and a JEOL JEM-2200FS. The dry sample was
placed directly on carbon coated copper grids. For cryo transmission electron microscopy
studies, a sample droplet of 2 µl was put on a lacey carbon filmed copper grid (Science
Services, Muenchen), which was hydrophilized by air plasma glow discharge unit (30s with
50W, Solarus 950, Gatan, Muenchen, Germany). Subsequently, most of the liquid was
removed with blotting paper in a Leica EM GP (Wetzlar, Germany) grid plunge device,
leaving a thin film stretched over the lace holes in the saturated water atmosphere of the
environmental chamber. The specimens were instantly shock frozen by rapid immersion
into liquid ethane cooled to approximately 97K by liquid nitrogen in the temperaturecontrolled freezing unit of the Leica EM GP. The temperature was monitored and kept
constant in the chamber during all the sample preparation steps. The specimen was
inserted into a cryotransfer holder (CT3500, Gatan, Muenchen, Germany) and transferred
to a Zeiss / LEO EM922 Omega EFTEM (Zeiss Microscopy GmbH, Jena, Germany).
Examinations were carried out at temperatures around 95K. The TEM was operated at an
acceleration voltage of 200kV. Zero-loss filtered images (E = 0eV) were taken under
reduced dose conditions (100 – 1000 e/nm2). All images were registered digitally by a
bottom mounted CCD camera system (Ultrascan 1000, Gatan, Muenchen, Germany)
combined and processed with a digital imaging processing system (Digital Micrograph GMS
1.9, Gatan, Muenchen, Germany). Collected images were processed with a background-
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subtraction routine and, where appropriate, a smoothing filter (Butterworth Filter) was
applied to reduce noise. IR-spectroscopy was performed on a Perkin Elmer 100 system.
Dynamic light scattering was measured on a Viscotek 802 DLS machine. Raman
measurements were performed on a Perkin-Elmer Ramanstation 400.

Supporting Information
S-1. Additional data for the molecular characterization of PW11C16.
(a) 31P-NMR

blue  (CH3)4N+ as counterions.
red  Na+ as counterions.
black  H+ as counterions.
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(b) 29Si-NMR

blue  (CH3)4N+ as counterions.
red  Na+ as counterions.
black  H+ as counterions.

(c) 29Si-NMR high resolution
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(d) 1H-NMR

blue  (CH3)4N+ as counterions.
red  Na+ as counterions.
black  H+ as counterions.

(e) 183W-NMR

characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.
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Assignment of peaks by unique coupling patterns & integrals: [171]
2J

W-W coupling

of corner-shared octahedra: 20 Hz

2J

W-W coupling

of edge-shared octahedra: 10 Hz

2J

P-W coupling

(1-1.6 Hz) also visible in every Signal

Chem. Shift [ppm] # of 10 Hz couplings # of 20 Hz couplings Integral

Tungsten atom

-103.16

2

1

2

6+7

-108.71

1

2

2

10+12

-112.78

2

2

1

11

-124.63

2

2

2

5+8

-202.35

-

2

2

4+9

-253.96

2

-

2

2+3
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(f) FT-Raman spectrum

Characteristic bands of W-O-W and terminal W=O virbrations at 1001 and 983 cm-1 show
that Keggin-Cluster is intact.

(g) FT-IR spectrum
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Characteristic vibrations for modified Keggin-Cluster:

Wave number [cm-1]

Assignment

1110

Si-O-Si

1063
1051

P-O

1033
997
982
962

W=O

944
856
812
774

(h) ESI-MS pattern

blue = experimental pattern
grey = simulated pattern [C32H66Si2PW11 O40]3-

W-O-W
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Peak table:
m/z

intensity

m/z

intensity

1060.8926

0.1295

1067.2354

94.4931

1061.2264

0.3142

1067.5692

89.4444

1061.5603

0.7104

1067.9030

78.4967

1061.8941

1.4376

1068.2369

69.5637

1062.2278

2.7525

1068.5708

56.7242

1062.5617

4.8202

1068.9045

47.2667

1062.8956

8.1043

1069.2384

35.5365

1063.2294

12.6431

1069.5723

27.8728

1063.5632

19.0193

1069.9061

19.3075

1063.8971

26.8056

1070.2398

14.2186

1064.2309

36.7341

1070.5738

8.9908

1064.5646

47.2841

1070.9076

6.2368

1064.8985

59.4126

1071.2414

3.5615

1065.2324

70.5104

1071.5753

2.3173

1065.5661

82.0617

1071.9092

1.1839

1065.9000

89.8568

1072.2429

0.7198

1066.2339

97.3335

1072.5769

0.3233

1066.5677

99.0505

1072.9107

0.1812

1066.9015

100.0000
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S-2. Additional data for the molecular characterization of SiW11C16.
(a) 29Si-NMR

blue  (CH3)4N+ as counterions.
red  Na+ as counterions.
black  H+ as counterions.

(b) 29Si-NMR high resolution
Signal of Si-Linker:
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Signal of SiO4-center of POM:
No 2JSi-W coupling is visible. Consistent with 31P-NMR of PW11C16, where also no coupling
was visible.

(c) 183W-NMR

Characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.
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No complete assignment possible due to lack of resolution of 2JW-W couplings.
In all Signals except for δ= -257.38 ppm 20 Hz coupling visible  edge-shared octahedra.
Signal at δ= -119.91 ppm  W # 11 (due to Integral of 1)
Signal at δ= -257.38 ppm  W # 2+3 (no corner-shared octahedral  no 20 Hz coupling)

(d) 1H-NMR

blue  (CH3)4N+ as counterions.
red  Na+ as counterions.
black  H+ as counterions.
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(e) FT-Raman spectrum

Characteristic bands of W-O-W and terminal W=O virbrations at 993 and 980 cm-1 show
that Keggin-Cluster is intact.
(f) FT-IR spectrum
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Characteristic vibrations for modified Keggin-Cluster:
Wave number [cm-1]

Assignment

1110

Si-O-Si

1063
1051

P-O

1033
997
982
962

W=O

944
856
812

W-O-W

774

(g) ESI-MS

black

=

experimental

pattern
grey = simulated pattern
H[C32H66Si3W11 O40]3-
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Peak table
m/z

intensity

m/z

intensity

1059.8937

0.1222

1066.2364

94.9721

1060.2274

0.2976

1066.5702

90.1098

1060.5613

0.6746

1066.9039

79.6080

1060.8952

1.3704

1067.2378

70.6602

1061.2289

2.6308

1067.5717

58.0620

1061.5627

4.6241

1067.9054

48.4628

1061.8966

7.7936

1068.2393

36.7945

1062.2304

12.2028

1068.5732

28.8585

1062.5642

18.4047

1068.9070

20.2377

1062.8981

26.0291

1069.2407

14.9011

1063.2319

35.7620

1069.5747

9.5617

1063.5656

46.2118

1069.9085

6.6205

1063.8995

58.1938

1070.2423

3.8608

1064.2334

69.3487

1070.5761

2.4987

1064.5671

80.9177

1070.9101

1.3121

1064.9010

89.0046

1071.2437

0.7921

1065.2349

96.6074

1071.5777

0.3690

1065.5687

98.8038

1071.9115

0.2048

1065.9024

100.0000
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S-3. Additional data for the molecular characterization of BW11C16.

(a) 11B-NMR spectrum

(11B) = 1.8 ppm (central 'BO4' unit).

(b) 183W-NMR spectrum

Characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.
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(c) 1H-NMR spectrum

(d) FT-Raman spectrum

Spectrum of BW11C16 (red)
in

comparison

to

the

spectrum of PW11C16 (blue)
as a reference. The Raman
pattern is in general in
POM-chemistry

very

characteristic

for

the

symmetry

the

oxo-

of

cluster. It can be seen that,
as expected, the lacunary
cluster is intact. However,
the slight shift for the W-OW and W=O vibrations (991
and 967 cm-1) to lower energy for BW11C16 can be explained by the higher charge density
compared to the headgroup in PW11C16.
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(e) ESI-MS

red = experimental pattern
pink = simulated pattern H2[C32H66Si2BW11 O40]3-

Peak table
m/z

intensity

m/z

intensity

1054.2384

0.1675

1060.5809

94.1367

1054.5722

0.3962

1060.9147

87.8995

1054.9060

0.8610

1061.2485

77.3526

1055.2399

1.7121

1061.5823

67.5547

1055.5736

3.1898

1061.9162

55.2223

1055.9074

5.5166

1062.2500

45.2912

1056.2413

9.0717

1062.5838

34.3038

1056.5750

14.0213

1062.9177

26.3373
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1056.9087

20.7356

1063.2516

18.4361

1057.2427

28.9739

1063.5853

13.2897

1057.5765

39.1242

1063.9192

8.4999

1057.9102

50.1068

1064.2530

5.7458

1058.2441

62.1017

1064.5869

3.3421

1058.5780

73.3260

1064.9206

2.1089

1058.9117

84.2826

1065.2546

1.0994

1059.2455

92.1024

1065.5883

0.6461

1059.5794

98.3257

1065.9222

0.2975

1059.9133

100.0000

1066.2560

0.1603

1060.2470

99.7233

S-4. Analytical data regarding the self-assembly of the BW11C16 surfactant.
(a) Polmic
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(b) TEM

(c) SAXS
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(d) TEM; rarely observed

scalebar 100 nm
S-5. TEM images of micellar aggregates formed by the PW11C16 surfactant in water.

7 Publications and Contribution

104

105

7 Publications and Contribution

7.3 Publication III:
Passing Current through Electrically Conducting Lyotropic
Liquid Crystals and Micelles Assembled from Hybrid
Surfactants with π-Conjugated Tail and Polyoxometalate
Head, ACS Nano 2016

Alexander Klaiber, Sebastian Polarz*

Abstract:

The

solvent-mediated

ability for molecularly-encoded selfassembly into states of higher order
(micelles, lyotropic liquid-crystals)
embodies

the

basis

for

many

applications of surfactants in science
and society. Surfactants are used
frequently in recipes for nanoparticle
synthesis.

Because

ordinary

surfactants

comprise

insulating

constituents (alkyl-groups as sidechains and charged organic heads)
such nanostructures are wrapped in
an electrically inactive barrier, and
this is a large disadvantage for future

Reproduced with permission from ref. [122].
Copyright (2016) American Chemical Society.

developments in nanotechnology.
Implications of micelles with electrically conducting walls made from either ‘metallic’ or
‘semiconducting’ surfactants are huge, also in other areas like in nano-electrocatalysis or in
micellar energy storage. We cross this frontier by replacing not only the hydrophilic chain
but also the hydrophilic head by electronically conducting entities. We report the synthesis
of surfactants with oligo para-phenylene-ethynylene as -conjugated side-chain attached
to a redox-active, inorganic polyoxometalate cluster as charged head. It is proven that
electronic communication between head and tail takes place. Hybridization on the
molecular level leads to the emergence of advanced surfactant features like semiconductor
properties (Egap = 2.6 eV) in soft lyotropic systems (micelles, liquid crystals).
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Record of Contribution
Material synthesis, characterization and interpretation was realized by A. Klaiber. S. Polarz
designed the research and wrote the manuscript. All authors have given approval to the
final version of the manuscript.

Introduction
Molecular architectonics, respectively the assembly of molecular entities into functional
patterns coupling their properties to the nano-, then to the meso- and finally to the
macroscopic world, is key for implementing future technologies.172-173 Eventually, the
spontaneous formation of such organized structures takes place as an intrinsic property of
a system containing discrete constituents, a process termed self-assembly.6, 151 A special
class of self-assembling materials are liquid crystals (LCs), because they unify structural
order and a high degree of mobility. This leads to a plethora of properties as also stated in
the seminal article published by Tschierke in 2013.154 Liquid crystals are formed by certain
molecular compounds, and one can distinguish between thermotropic and lyotropic LCs.
Rising interest was devoted to the self-assembly of -conjugated systems because of their
large potential in (supra-)molecular electronics.174 A prominent application is for instance
in field-effect transistors.175 Several papers have also reported about the semiconducting
features of LC-phases formed by these molecules.176-177 This year (2016) Kim and coworkers have summarized the potential of LCs based on graphene oxide.178 Most of the
described systems belong to thermotropic phases. A molecular system with lyotropic
(solvent-triggered self-assembly) and amphiphilic properties in combination with
electronic conductivity could feature very interesting properties, for example, micelles as
nanoreactors with electrically active and transmittive shells, etc. Another important aspect
is that surfactants located on the surfaces of nanoparticles lead to an insulating layer. This
is a large disadvantage for numerous applications of nanoparticles requiring electronic
transport.179
Little is known about electrically conducting surfactants or amphiphiles in general. Li and
co-workers presented in an interesting study a molecular hybrid of fullerene attached to a
polythiophene oligomer. They showed some amphiphilic properties.180 Hecht and coworkers achieved a meta-phenylene ethynylene derivative bound to an oligo-ethylene
oxide chain as a hydrophilic constituent of the amphiphile. The authors reported intriguing,
helical self-assembly.181 For an amphiphile, or finally a surfactant, appointed for molecular
electronics, it becomes clear the isolating character of typical, hydrophilic headgroups like
oligo-ethylene-oxide or ammonium is a large disadvantage. Therefore, a class of surfactants
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comprising a hydrophobic and electrically conducting chain and a (hydrophilic) headgroup,
which is also capable of conducting electrons, would represent a major advance.
Recently, organic-inorganic hybrid surfactants with heads containing transition metal
species were receiving attention because their ability for self-assembly could be combined
with added properties characteristic for coordination compounds (for example magnetic
properties, catalytic activity, etc.).140 Our group could identify a surfactant class with a
purely inorganic head, respectively a lacunary polyoxometalate (POM) cluster [PW11O39],
and conventional alkyl-chains as hydrophobic moieties.77, 102, 106, 141, 182 From our previous
work we know the polytungstate head can be reduced (for example by electrochemical
methods)106 and, in addition, reduced POMs belong to compounds with partially
delocalized electronic systems (Robin-Day classification II).183 Thus, [PW11O39] is a
promising candidate for the desired, electrically conducting headgroup. Obviously the
alkyl-chain needs to be exchanged by a conducting entity, e.g. -conjugated system. Others
have already shown that the attachment of POM species to -systems like dyes (for
example perylene) can be done in general, but their target was not the synthesis of
surfactant species.76, 82, 184-185 Therefore, in our current contribution, we would like to
create a compound with surfactant-like architecture containing a linear, -conjugated
chain as used in molecular electronics with a terminal, hydrophilic POM cluster.

Results and Discussion
Surfactant preparation. The target compound (3), also marked as PW11TPE, a lacunary
[PW11O39] polytungstate cluster attached to two para-phenylene ethynylene trimers via
siloxane bridges was synthesized as depicted in Scheme 1.

Scheme 1. Synthesis of the amphiphilic compound with inorganic polytungstate head and
-conjugated side chain.
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The alkoxy-silane modified para-phenylene ethynylene derivative (1) required for
coupling with the lacunary POM cluster and its synthesis are described in detail in the
Supporting Information Figure S-1. The successful reaction of (1) with [PW11O39]7- (2) was
examined by various methods (see also Supporting Information Figure S-2), but most
importantly using 183W- nuclear magnetic resonance (NMR) spectroscopy and electrospray
ionization mass spectrometry (ESIMS) shown in Figure 1.

Figure 1. (a) Molecular structure of compound (3) as proven from various analytical data.
The color code of the [PW11O39] head group marks the symmetry equivalent W atoms
appearing in 183W-NMR spectroscopy (b). (c) Experimental ESIMS pattern (black) in
comparison to the calculated pattern of the molecular ion (3) (gray).
The isotope lines of the ESIMS signal centered at m/z = 1239 gmol-1 and recorded in
negative ion modus are separated by 0.33 units, saying the charge of the ion is -3. Thus, the
resulting mass of the molecular species (m z = 3717 gmol-1) matches nicely to the nonfragmented molecular ion (3) and as a result, there is a perfect match with the theoretically
expected isotope pattern (Figure 1c). In the 183W-NMR spectrum shown in Figure 1b one
sees the characteristic 2:2:1:2:2:2 pattern of the lacunary [PW11O39] POM cluster bound to
two organosiloxane units. Thus, one can infer the molecular architecture is intact. Also in
31P-NMR

spectroscopy (Figure S-2b) one sees only one signal ( = -13.94), which is

characteristic for the central 'PO4' unit in [PW11O39] and proves the good purity of the
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compound. FT-IR spectroscopy (Figure S-2a) confirms the latter results, and it can be seen
that also the CC-triple bonds are still present (𝜈 =2150 cm-1). The presence of the
characteristic Si-O-Si vibration (𝜈 =1110 cm-1) is also in full agreement with the proposed
structure of the surfactant. Therefore, the molecular structure of the target compound is
proven unambiguously.
Investigation of Self-Organization. Similar to the alkyl-modified [PW11O39]-surfactants
(for example (CH3(CH2)14CH2SiO0.5)2[PW11O39]3- (4) as a reference; all reference systems
used in this study are summarized in Supporting Information Figure S-3),77, 102, 106, 141, 182
we also expect that compound (3) has amphiphilic properties because of its dipolar
character considering the hydrophilic and charged headgroup and (two) attached,

Figure 2. (a) Particle size distribution curve obtained from DLS measurements. (b) Guinier
plot of SAXS data; gray circles  background measurement; black squares  (3) in aqueous
solution; blue, red line  linear fits for DG1,2. (c) TEM micrograph of a dispersion of
aggregates formed by (3) in aqueous solution; scale bar = 500 nm. Larger TEM micrographs
are given the Supporting Information Figure S-4. (d) Proposed structure of the aggregates;
green  polyhedral plot of the [PW11O39]3- head group; black  organic phenylene
ethynylene chains. Cations are omitted. All dispersions had a concentration of 0.1 g/L of
PW11TPE (3) in water.
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hydrophobic hydrocarbon chains. Water is added to (3) and for concentrations c > 1 g/L
one still observes a sediment remaining in the test vial. This indicates the solubility of (3) is
lower compared to classical organic surfactants e.g. SDS (sodium dodecyl sulfate) and also
of the alkyl analog (4). However, even at c = 0.1 g/L we could observe the formation of selfassembled structures in water (see Figure 2). In particle size distribution functions obtained
from dynamic light scattering (DLS) one sees two signals at a hydrodynamic diameter DH =
4.9 nm and 18 nm (Figure 2a).
The critical micelle concentration (CMC) of surfactants such as SDS (CMC = 2.3 g/L) or
polysorbate 80 (CMC = 0.16 g/L) is typically larger. Attempts to determine the CMC of
PW11TPE precisely were not successful, because ring tensiometry fails for all surfactants
with highly charged PW11 heads122 and other methods (like DLS) are no longer sensitive to
low concentrations (<0.1 g/L). The overall lower solubility and lower critical aggregation
concentration are assigned to the presence of the -conjugated chain, which could induce
other, more strong intermolecular interactions in the hydrophobic block like -bonding.
For further clarification, we have performed small-angle x-ray scattering (SAXS)
measurements. Considering the Kratky-plot of the SAXS data (see Supporting Information
Figure S-4) the shape of the observed aggregates is close to a rigid-rod morphology,
indicated by the linear increase of the curve. Further, the dimension of the aggregates is
DG1  6 nm and DG2  20 nm according to the two different slopes obtained from the
Guinier analysis of the data (Figure 2b), which fits nicely with the values obtained from DLS.
Images received from transmission electron microscopy (TEM) analysis (Figure 2c) are
consistent with the latter results. The impression of 'hollow structures' is typical for selfassembled structures resulting from [PW11O39] surfactants due the large difference in
electronic density between the headgroup region and the organic tail.102, 141 Although there
is a large tendency to film formation, the size distribution of the objects is narrow, the
objects are slightly elongated with dimensions of  15 - 20 nm. Compared to alkyl-modified
surfactants, for example the reference system (4), there are some important differences.
DH = 4.9 nm is obviously smaller than the double extension of PW11TPE (see Figure 1a), and
this speaks for a substantial interdigitation of the hydrocarbon chains. Because the
hydrocarbon chain can only adopt a stretched conformation because of the triple bonds,
interdigitation is problematic since intersection becomes almost unavoidable for any
classical shape of a micelle. However, density functional density calculations show the two
phenylene ethynylene chains do not prefer a parallel orientation, but there is an angle
between them of  60° (see Supporting Information S-5). Considering this specific
geometry of the amphiphile (3) we propose the special structure of the micellar aggregates
shown in Figure 2d. Our suggestion is in line with the crystal structure of a lacunary Dawson
polyoxometalate cluster bound to a pyrene moiety.76 The model also accounts for the
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elongated shape of the aggregates, which could a result of the additional  interactions
of the phenylene ethynylene moieties. It is important to note that all structures involving
charged surfactants contain substantial amounts of counterions. For surfactants with
polyoxometalate

heads

this

aspect is crucial because of the
high negative charge. We have
recently

explored

polyoxo-

tungstate surfactants with charges
up to '-5' and we saw that not only
the choice of cation is important,
but also surfactants with charges
higher than '-3' exhibit unusual
self-assembly features because of
the

inevitable

electrostatic

repulsion.121 Here, we have not
varied the counterion. Sodium
compounds were used in all the
cases. We assume that hydrated
Na+ remains in close proximity to
the negative headgroup, but the
exact position cannot be resolved
as also for other systems known in
the literature.161, 163, 186
The

self-assembly

concentration

of

at

high

PW11TPE

(lyotropic LC) was studied using
SAXS and TEM given in Figure 3.
The water content in the samples
was

determined

by

thermogravimetric analysis and
was found to be 4.7%. At low
angles, two diffraction signals are
present, which fit to a hexagonally
ordered cylindrical liquid crystal
phase (a = 5.74 nm) (space group
P6mm). In addition, there is one

Figure 3. (a) Experimental small angle X-ray (CuK)
diffraction pattern measured at two different
detector distances (circles, squares), signals
expected (gray bars) for a hexagonal packing of
cylinders (P6mm) with periodicity a and for an
additional dense packing of the head groups in
the single cylinders c. (b) TEM micrograph of
solid, dried PW11TPE; scale bar = 100 nm.
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signal at higher q values (c = 1.14 nm),
which we assign to a dense packing of the
[PW11O39] headgroups located at the
surface of the cylindrical aggregates (see
Figure 3a).
However, the internal order is not high,
which is signaled by the significant width
of the SAXS signals. The latter is confirmed
by TEM investigations for which we could
only find a disordered, wormlike phase
(Figure 3b). Compared to the alkyl
derivative as a reference (PW11C16)102
performing

electron

microscopy

is

intricate because PW11TPE undergoes
radiation damage much more easily.
Investigation

of

electronic

and

electrical properties. Now, that the
amphiphilic properties of PW11TPE (3)
have been examined and some selfassembled

structures

have

been

introduced, the question needs to be
answered, if there is any electronic
communication between the redox active
[PW11O39]

headgroup

and

the

-

conjugated chain(s). We studied the
electronic properties of (3) in solution
first. As the solubility of PW11TPE is limited
in water, electrical (cyclic voltammetry
(CV))

and

electronic

(UV/Vis

and

photoluminescence (PL)) characterization
was carried out in organic solvents for
better

comparison

to

references

(PW11TPE, PW11 and TPE) and to meet the
required minimal concentrations for the
analytical techniques. Figure 4a shows
cyclic voltammetry data of PW11TPE in
comparison to the alkyl analogue PW11C16.

Figure 4. (a) CV data of PW11TPE (3) (green
line) in comparison to PW11C16 (4) as a
reference (gray line). (b) PL spectra of
PW11TPE (3) (green squares) and as
references PW11 (2) (black circles), PW11C16
(4) (gray hashes) and TPE (5) (blue triangles).
The yellow line marks the excitation
wavelength exc = 405 nm. (c) Fluorescence
decay curves for PW11TPE (3) (green line) in
comparison to TPE (5) (blue curve).
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Both compounds show two reduction/
oxidation waves due to the redox pair
WVI/WV. Two effects can be seen. The
reversibility of the redox process is limited
for PW11C16 as documented by the second
oxidation wave in comparison to the
corresponding

reduction

wave.

Interestingly, for PW11TPE the redox
reversibility has increased significantly.
Further, the reduction waves have shifted
to lower potentials (-840 mV to -750 mV),
meaning the transfer of one electron to the
headgroup is eased.
It can be reasoned there is clearly an
effect of the -conjugated chain attached
to

the

[PW11O39]

headgroup.

Photoluminescence measurements also
show an influence of the attached conjugated chain (Figure 4b). Whereas
there is no or only limited signal for PW11
(2) and PW11C16 (4), the presence of the TPE
chain leads to a noticeable fluorescence
signal in the VIS-region. Attaching the
[PW11O39] moiety to the TPE chain induces
a red shift of the fluorescence by max =
18 nm.

From

fluorescence

lifetime

measurements (Figure 4c) one sees there is
clearly a bi-exponential decay for PW11TPE
and the related relaxation constants are
markedly different (see fits given in
Supporting

Information

Figure

S-6).

Because the electronic system of [PW11O39]
is very different from the organic TPE chain,
it is expected that disparate decay
constants exists. Because excitation is
based on the absorption band of TPE, the
occurrence of both decays is an indication

Figure 5. (a) Photographic images of
PW11TPE (left) and the unmodified TPE
chain (right). (b) UV/VIS spectra of (3) in
the solid-state (green squares), and as
references solid TPE (blue triangles) and
[PW11O39]Na7 (black circles) with F(R) 
Kubelka-Munk function. The absorption
spectrum of (3) in solution is shown as well
(green line). (c) By attachment of the
lacunary [PW11O39] cluster (left) to the TPE
chain (right), one obtains a liquid
crystalline semiconductor (middle) with a
band-gap in the visible range.
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of the successful transfer of the excited state from the chain to the headgroup. The bare
TPE chain (for better comparison also fitted by a bi-exponential curve) compares well to
the slower decay rate of PW11TPE and the second component is much faster. Since it is
known that fluorescence lifetimes are influenced by the presence of heavy atoms, the latter
results can be interpreted as an additional evidence for the delocalization of the
photogenerated, excited state from the -conjugated chain to the polyoxometalate
headgroup containing the heavy W-atoms. We wanted to gain further, independent
confirmation of the latter by using spectroelectrochemical (SEC) IR measurements (see
Supporting Information Figure S-7). We expected a shift of the CC stretching vibration
because of the occupation of antibonding orbitals, when an electron of a reduced
[PW11O39] headgroup would eventually hop to the -conjugated chain. Clearly there is no
shift, and as a result one has to assume the transfer of electrons from the headgroup to the
chain in solution is at least aggravated. Several factors can be responsible for this: First, one
has to consider the reduction of conjugated -systems is in general not favorable.187 Then,
in solution rotation of the chain about the Si-Csp2 bond is possible, and therefore the
chances for overlap between the head and the -system are reduced.
Therefore, it makes sense to investigate the described solid-state structure of (3) next.
As expected, it can be seen that "bare" TPE is a yellow compound with an absorption
maximum at (max = 399 nm; Ehv = 3.1 eV). The "bare" [PW11O39] also absorbs in the UV
(Figure 5). Considering a 'particle in a box model' the significant red-shift of the absorption
band of PW11OTPE compared to TPE can be explained by an extension of the electronic
system. Further, one sees the band of (3) is significantly broader, and this is indicative for
a bigger dispersion of the density of states (DOS) function. This and the fact that the optical
properties of (3) in solution differ so much suggest that PW11TPE in its solid-state has less
molecular character and is gaining semiconducting properties. As a result, charge carriers
can be delocalized over dimensions larger than just the molecular scale. This theory is
confirmed by PL measurements shown in the Supporting Information Figure S-8. While
pure TPE (5) is characterized by several distinct fluorescence features, all signals are
quantitatively quenched for (3). We explain this by the increased delocalization of the
excited state also to the head-group region and fluorescence quenching because of the
high atomic number of W, in addition to the known “self-quenching” effect, due to excimer
formation in highly concentrated samples.188 Final proof that PW11TPE truly is a
semiconductor comes from current-voltage measurements and from testing the materials
as a photoconductor (Figure 6). One sees that PW11TPE shows the typical I/V behavior of
semiconductors. The asymmetry in the graph (Figure 6a) is presumably due to the possible
redox process (reduction of the head; see above). When PW11TPE is irradiated with light,
because of its semiconducting character, excitons (electron-hole pairs) are formed and this
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increases the electrical conductivity of the material. Therefore, we can note an increase in
current which quickly ceases when the light is turned off. Interestingly, afterward the
resistance seems to be slightly higher than before but then recovers over time. When
considering the results from PL and photosensor experiments together it gets obvious that
very interesting semiconducting properties arose from the presented hybrid material in LC
phase. The determined band gap of 2.6 eV is very similar to established semi-conductors
like ZnSe (2.7 eV), which opens the door for manifold applications.

Figure 6. I/V (a) and photocurrent measurement (b) for PW11TPE. The period when the
material was exposed to light is marked by the yellow bars.

Conclusion
In the current paper we showed that -conjugated systems cannot only be used for
constructing soft semiconductors via thermotropic liquid crystals, but the presented
organic-inorganic hybrid amphiphile allows to enter the world of lyotropic, soft
semiconductors. Because the set of analytical techniques is different for the micellar state
and the LLC phase, it is very hard to compare the results directly. But it was shown that the
type of aggregation also has an influence on the degree of electronic delocalization. When
there is less conformational freedom of the -conjugated chain with respect to the
polyoxometalate head (in the solid state), delocalization is improved. It has also been
demonstrated that in condensed phases intermolecular charge transfer between adjacent
surfactants is possible, and that this contributes to the semiconductor features.
When imagining possible applications of our materials, a first idea is to relate to classical
semiconductors with similar gap-energy (e.g. ZnSe).189-190 However, compared to
semiconductor quantum dots, a soft semiconductor like presented here is fundamentally
different. Therefore, our system should not be seen as an alternative to inorganic
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nanoparticles. It is much more promising to identify possibilities benefiting from the
features of the presented system. These are the surfactant characteristics and the presence
of the polyoxometalate group. Tempting ideas are to use conducting surfactants for surface
stabilization of nanoparticles enabling direct inter-particle charge transfer or to explore the
option for the generation of self-organizing photovoltaic films. In combination with the idea
of electrically conducting micelles and considering the catalytic activity of
heteropolyoxometalates we want to approach innovative routes in electrocatalysis. When
redox active compounds are confined in micelles with conductive walls, one can also
imagine to find possible applications in energy storage by charge storage and transport via
reduction and oxidation. However, before these perspectives can be realized, most
importantly the solubility in water has to be improved, for example by attaching side-chains
to the -backbone. In addition, more advanced physical measurements are planned to
understand the mechanism of charge generation and transport in these systems.

Experimental Section
General information: All experiments involving Pd complexes were carried out under
nitrogen atmosphere using standard Schlenk techniques. Solvents were dried and distilled
prior to use. Unless otherwise specified, reagents were used as received without further
purification. Please refer to Supporting Information Figure S-1 regarding numeration of
compounds.
Synthesis of ((4-iodophenyl)ethynyl)trimethylsilane. A solution of 13.2 g (40 mmol) 1,4diiodobenzene, 1 mol% Pd(PPh3)4, 2 mol% CuI and 50 mmol of trimethylsilylacetylene
(TMSA) in 90 mL THF/NEt3 (2:1, v/v) was prepared. After stirring for 20 hours at 50° C the
solvent was evaporated and the residue was extracted with pentane. After evaporation of
the solvent, the crude product was purified by column chromatography on silica gel and
pentane as eluent. 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.72-7.54 (m, 2H), 7.21-7.10 (m,
2H), 0.25, (s, 9H, TMS).
General procedure for the Pd-catalyzed coupling of terminal alkynes and (2). A solution
of (2), 1 mol% Pd(PPh3)4, 2 mol% CuI and 1.05 equivalents of terminal alkyne were prepared
in THF/NEt3 (2:1, v/v). After stirring for 20 hours at 50° C the solvent was evaporated and
the residue was extracted with pentane. After evaporation of the solvent, the crude
product was purified by column chromatography on silica gel and pentane as eluent.
3a (TMA-3) colourless oil; yield: 85%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.39 (s, 4H, Ph),
1.13 (m, 21H, TIPS), 0.25 (s, 9H, SiMe3).
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4a (TMA-4) yellowish powder; yield: 91%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.45 (m, 8H,
both Ph), 1.14 (m, 21H, TIPS), 0.26 (s, 9H, SiMe3).
5a (TMA-5) yellowish powder; yield: 77%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.50 (s, 4H,
Ph) und 7.46 (m, 8H, 2xPh), 1.14 (m, 21H, TIPS), 0.26 (s, 9H, SiMe3).
General procedure for the selective cleavage of the trimethylsilyl-group. TMS-protected
alkyne was dissolved in 240 mL CH2Cl2/MeOH (1:2, v/v) and 15 eq of K2CO3 were added.
After stirring the resulting dispersion for 2h, 240 mL of water were added. After separation
of the phases, the organic solvent was removed. The obtained product was used without
further purification.
3 white powder; yield: 92%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.42 (s, 4H, Ph), 3.15 (s,
1H, C≡CH), 1.13 (m, 21H, TIPS).
4 white powder; yield: 87%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.47 (s, 4H) und 7.45 (s,
4H, both Ph), 3.18 (s, 1H, C≡CH), 1.14 (m, 21H, TIPS).
5 yellowish powder; yield: 95%; 1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.51 (s, 4H, Ph), 7.48
(s, 4H, Ph at terminal alkyne), 7.46 (s, 4H, Ph at TIPS), 3.18 (s, 1H, C≡CH), 1.14 (s, 21H, TIPS).
13C-NMR

(101 MHz, CDCl3) δ (ppm) = 132.26, 132.16, 131.74, 131.73, 131.64 und 131.54

(aromatic CH), 123.75, 123.64, 123.30, 123.08, 122.97 und 122.28 (quaternary C’s of Ph),
106.75 (C≡C−Si), 93.17 (C≡C−Si), 91.30, 91.18, 90.97 und 90.94 (internal C≡C), 83.38 (C≡CH),
79.20 (C≡CH), 18.82 (CH of TIPS), 11.48 (Me of TIPS). 29Si-NMR (79 MHz, CDCl3) δ (ppm)
= -1.51.
Preparation of Si-TPE (6) by hydrosilylation of (5). To a degassed solution of 300 mg
(0.6 mmol, 1.0 eq) of (5) in 30 mL of CH2Cl2 102 mg triethoxysilane (0.6 mmol, 1.0 eq) and
3 drops of Karstedt’s catalyst in PDMS were added. After stirring for 48 h the solvent was
removed. The resulting dark yellow residue (6) was used without further purification.
29Si-NMR

Synthesis

(79 MHz, CDCl3) δ (ppm) = -1.65 (TIPS), -57.02 (Si(OEt)3).
of

the

hybrid

polyoxometalate

species

PW11-TPE.

polyoxotungstate K7PW11O39 was synthesized according to known

The

lacunary

literature.168

To a

dispersion of 670 mg powdered K7PW11O39 (0.22 mmol, 1.0 eq) in 700 mL acetonitrile 7.5
eq NMe4Cl (TMACl, 186 mg, 1.7 mmol), 4.4 eq of 1M HCl (1 mmol) and 2.2 eq Si-TPE (6)
(323 mg, 0.5 mmol) in 2 mL CH2Cl2 were added and stirred for 24 h. After filtration, the
solvent was removed and the residue was collected. Washing of the residue with water,
methanol and diethyl ether afforded the desired TMA salt of the product as a red powder
in 90 % yield (810 mg, 0.2 mmol). 1H-NMR (400 MHz, DMSO−d6) δ (ppm) = 8.0-5.5 (very
broad, 28H, aromatic & vinylic protons), 3.13 (s, 36H, NMe4+), 1.09 (breit, 42H, TIPS). 29Si-
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NMR (79 MHz, MeCN−d3) δ (ppm) = -1.33 (TIPS), -63.33. 31P-NMR (162 MHz, DMSO−d6) δ
(ppm) = -13.60.

183W-NMR

(25 MHz, DMSO−d6) δ (ppm) = -97.08 (2W), -101.29

(2W), -106.19 (1W), -119.06 (2W), -195.17 (2W), -245.99 (2W). IR (ATR): 1110 (Si-O-Si),
1064 (P-O), 1054 (P-O), 1035 (P-O), 996, (W=O), 985
(W=O), 959 (W=O), 865 (W-O-W), 806 (W-O-W), 788 (W-O-W) [cm−1]. ESI-MS PW11-TPE ·
dmso: measured: m/z =1265.24408 (simulation: 1265.22904); PW11-TPE · 2MeCN:
measured: m/z =1266.59049 (simulation: 1266.58478).
Ion exchange to Na-PW11-TPE. Cations were exchanged to Na+ by slow filtration of a
5mg/mL solution of TMA-POM in acetonitrile through a column packed with AmberliteIR120-Na. The success of the exchange was controlled via 1H-NMR (no peak at δ = 3.23 ppm
any more).
Preparation of high concentration phases. A dispersion of 100 mg PW11TPE in water was
prepared. Acetonitrile is added until full homogenization has taken place. Due to its lower
boiling point (82 °C) compared to water it is removed in a second step slowly in vacuum.
The content of water can be controlled by the evaporation time, and its content was
investigated using TGA.
Analytical methods
NMR measurements (1H,
Spectrometer. The

13C, 29Si, 31P)

183W-NMR-spectra

were performed on a Varian Unity INOVA 400
were recorded on a Bruker Avance III 600MHz

Spectrometer with 10 mm NMR tubes. ESI-MS data were acquired on a Bruker microtof II
system. The solutions were injected directly into the evaporation chamber. SAXS was
acquired on a Bruker Nanostar system equipped with pinhole collimation and CuKα
radiation. The samples were placed between X-ray transparent foils and were measured in
an evacuated chamber. Liquid samples were sealed in a 1 mm Mark-tubes made of soda
lime glass. TEM was acquired on a Zeiss Libra 120 system and a JEOL JEM-2200FS. The dry
sample was placed directly on carbon coated copper grids. IR-spectroscopy was performed
on a Perkin Elmer 100 system. UV/Vis-spectroscopy was performed on a Varian Cary 100.
Dynamic light scattering was measured on a Viscotek 802 DLS machine. Photosensor
measurements were performed on 3 mm × 3 mm sensor substrates from
“Umweltsensortechnik” and measured with a Zahner IM6 potentiostat. A solution of NaPW11-TPE in acetonitrile/water (5/1) solution was subsequently dropped onto the
substrate and allowed to dry. Fluorescence spectroscopy was performed on a FluoTime
3000. All experiments were performed with λex = 405 nm. Because signals were too noisy
in pure water due to the low concentration of PW11TPE. Therefore, solutions with higher
concentration (c = 5 g/L) were prepared using tetrahydrofurane (THF). Cyclic voltammetry
was measured with the Epsilon-potentiostat (BASi) (reference electrode: Ag/Ag+ wire;
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counter electrode: Pt wire; scan rate: 100 mV/s). Because signals were too noisy in pure
water due to the low concentration of PW11TPE. Therefore, solutions with higher
concentration (c = 1 g/L) were prepared using dimethyl sulfoxide (DMSO).
Thermogravimetric analysis (TGA) was recorded using a Netzsch TG 203 instrument.

Supporting Information
S-1. Synthesis and characterization of compounds (1).
(a) Synthesis

(b) FT-IR spectra documenting the hydrosilylation reaction (final step).

- Band at 3300 cm-1 (for
C≣C-H) disappears.
- Band at 1100 cm-1 (for
Si-O) appears.
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(c) Electron-impact (EI) mass spectrometry.

black pattern = experimental measurement
red pattern = calculated signals

(d) 29Si-NMR spectroscopy.

additional signal at -25 ppm is due to PDMS originating from the catalyst needed for
hydrosilylation. In suceeding steps, this impurity is separated.
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S-2. Additional analytical data for compound (3).
(a) FT-IR spectrum

IR spectroscopy reveals first of all, that all the expected vibrations for the attached
phenylene-ethynylene chains are present: the alkyne C≡C stretching mode at 2150 cm-1
and the aromatic vibrations at 1514 cm-1. The bands above 2850 cm-1 indicate the presence
of alkyl species, here the expected signals for the TIPS group and also the
tetramethylammonium counter ions. Looking at the fingerprint region of the spectra, the
characteristic bands of the Keggin ion can be seen. These vibrations can be assigned to the
P-O (1064, 1056, 1035 cm-1), W=O (985, 959, 948 cm-1) and W-O-W (865, 806, 791 cm-1)
modes of the cluster. These results show that TPE and Keggin cluster are both present in
the material, but it does not prove any connection of the two compounds. For the intended
linkage of cluster and chain, there should be a vibration band of the chemical bridge
between the two components. In this case the [Si-O-Si]-motif must be formed upon
condensation of two TPE-Si(OEt)3 molecules with the [PW11O39] cluster. Indeed, this
characteristic vibration is present in the spectra at 1110 cm-1, proving the successful
synthesis of the desired hybrid PW11TPE compound.
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(b) 31P-NMR spectrum.

(c) 29Si-NMR spectroscopy.
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S-3. Summary of the systems relevant in this study.

S-4. Further data for aqueous dispersion of compound (3) PW11TPE.
(a) SAXS analysis Kratky plot.

SAXS is a valuable technique to study the self-assembly behavior of amphiphiles over a wide
concentration range. In the present manuscript we used SAXS to analyze the aggregation
mode of PW11TPE in aqueous solution with a concentration of 1 mg/mL, as well as in solid
state. The SAXS pattern of the low concentrated liquid sample was plotted and analyzed
according to standard procedures (Guinier & Kratky plot). These plots provide information
about the shape and the dimensions of the aggregates. The linear slope at higher q values
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in the Kratky plot and the occurrence of a second slope in the Guinier analysis indicate the
formation of elongated, rod-like aggregates with dimensions of about 6 times 20 nm.
Consequently, the aggregates formed need to show interdigitation of the organic chains or
somehow other structuration of the TPE residues, as the diameter of the aggregate is
smaller than twice the dimension of one PW11TPE amphiphile. The structure we propose
(Figure 2d) is in line with recent published literature and is based on a stacking of trimers
of the triangular-shaped rigid surfactant with a 60 ° rotation between each layer.

(b) TEM micrographs at higher magnification.

scalebar = 500 nm
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scalebar = 100 nm

S-5. Molecular structure of compound (3) PW11TPE optimized by DFT calculations.
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Geometry optimization was performed using Density-Functional Theory (DFT) with the
TURBOMOLE Program Package for ab initio Electronic Structure Calculations using
B3LYP/def2-TZVP level of theory. TURBOMOLE V6.6 2014, a development of University of
Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since
2007; available from http://www.turbomole.com. Density Functional: Treutler, O.;
Ahlrichs, R., Efficient Molecular Numerical Integration Schemes. J. Chem. Phys. 1995, 102
(1), 346-354.
Parallel Version: Von Arnim, M.; Ahlrichs, R., Performance of Parallel TURBOMOLE for
Density Functional Calculations. J. Comput. Chem. 1998, 19 (15), 1746-1757. RI-J Method:
Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, R., Auxiliary Basis Sets for Main Row Atoms
and Transition Metals and their Use to Approximate Coulomb Potentials. Theor. Chem. Acc.
1997, 97 (1), 119-124. Eichkorn, K.; Treutler, O.; Öhm, H.; Häser, M.; Ahlrichs, R., Auxiliary
Basis sets to Approximate Coulomb Potentials. Chem. Phys. Lett. 1995, 240 (4), 283-290.
The authors acknowledge support by the state of Baden-Württemberg through bwHPC.
S-6. Fluorescence decay constants obtained by biexponential fits of the lifetime
measurements.

TPE:

1 = 1.54 ns

PW11TPE: 1 = 1.66 ns

2 = 1.27 ns

2 = 0.59 ns
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Photoluminescence spectra of PW11TPE show very nicely the influence of the attached TPE
chain. Reference measurements with pure TPE confirm that the broad fluorescence band
of TPE in the VIS range was transferred to the PW11TPE system (Figure 2b). The spectra
were acquired in THF solution for better comparability, as the bare TPE is insoluble in water
at λex=405 nm. Furthermore, we could show by additional reference measurements of the
bare cluster [PW11] and an alkyl modified species [PW11C16], that none of these compounds
shows notable fluorescence bands in the VIS range. Therefore, this can be regarded as
another proof for the successful synthesis of PW11TPE. Moreover, there is a first indication
of an electronical interaction of the cluster and the TPE chains, as the shape of the
fluorescence band is different for TPE and PW11TPE. Moreover the position of the bands’
maximum is shifted by 18 nm for the amphiphile. Also the fluorescence decay changes,
which is discussed in more detail in the next comment. In solid state the fluorescence of
TPE is decreased dramatically. This effect is even larger for PW11TPE, where complete
quenching of fluorescence is observed. Like in solution, this behavior can be attributed to
the presence of the heavy tungsten atoms that are known to induce fluorescence
quenching. The effectivity of the quenching might also point to an electronic interaction of
the excited state, located on the TPE chain with the POM cluster.

S-7. SEC-IR measurements of PW11TPE (3).
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S-8. Photoluminescence measurements of PW11TPE (3) in the solid state.

green

squares:

PW11TPE (3)
blue triangles: TPE (5)
as a reference.

Fluorescence quenching is observed in both samples. This quenching is well-known and
called “Aggregation-Caused Quenching (ACQ)” or “self-quenching”, which describes a
weakening of the fluorescence in the with rising concentration of the fluorophore. Reason
for this behavior is the formation of excimers (excited dimers that are dissociated in the
ground state). Excimer formation is known for most aromatic hydrocarbons.188
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7.4 Publication IV:
Electron Transfer in Self-Assembled Micelles Built by
Conductive Polyoxometalate-Surfactants Showing BatteryLike Behavior, Advanced Materials Interfaces 2018

Alexander Klaiber, Tom Kollek, Simon Cardinal, Nicolas Hug, Markus Drechsler, Sebastian
Polarz*
Abstract: An ideal material for the
storage of electrical energy is
characterized by high specific energy and
high specific power at the same time,
which is a task of enormous difficulty.
The so-called redox flow battery is a
highly promising approach. This new
energy storage technology is based on
two half-cells containing dissolved
electrochemically
active
species.
Compared to conventional, static
accumulators it is not only engineered in
a unique way but also needs a tailormade basis of chemical materials.
Therefore, many different redox-active
materials are being investigated.
However, research is focused mainly on Reproduced with permission from ref. [126],
the redox properties, not taking possible
Copyright (2018), Wiley VCH.
synergistic effects arising from selfassembled structures into account. Here, a novel surfactant is presented containing an
electroactive polyoxometalate (POM) head connected to anthraquinone (AQ) as the
relevant electron reservoir via a π-conjugated chain. When organized into micelles,
electrons put on the POM corona “slide” into their depot inside the micellar core until
needed. Cyclic voltammetry proves the high reversibility and stability of this system, which
therefore can be regarded as micellar energy storage.
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Introduction
As world population keeps growing, urbanization is continuously increasing. Pollution, in
particular air pollution, has become a major problem in cities. To solve this problem the
displacement of devices powered by fossil fuels with those driven by electricity seems to
be inevitable. As a consequence, materials science has seen a tremendous research activity
in the development of novel sustainable technologies. Here, efforts have been made on a
broad range of applications reaching from storage of electrical energy in accumulators191192

to chemical synthesis in “green solvents” such as water193. For energy storage, the

development of materials and technologies characterized by high energy and high power
density at the same time represents a great challenge.194 A promising concept, which might
be able to achieve this high goal is the so-called redox flow battery.195-196 Ideally, either the
cathode or the anode should be dispersed in water. In synthetic chemistry, encouraging
results in terms of sustainability have already been presented in the research field of
homogeneous catalysis, showing that water-sensitive reactions can also be carried out in
aqueous solution by adding catalytically-active surfactants.193, 197-199 Here, the surfactants
are forming the reaction vessels or micelles which are a prerequisite to enable those
chemical reactions. For both - energy storage as well as micellar (electro)catalysis200 – the
development of electrochemically active micelles201-202 represents a worthwhile goal. A
micelle is a self-assembled structure formed in water by amphiphilic molecules like
surfactants. Classical surfactants like SDS (sodium dodecyl sulfate) consist of electrically
insulating organic entities. Thus, they are not suitable for the generation of electroactive
micelles. So far, only few examples of surfactants containing redox-active groups exist. The
most prominent examples are those based on ferrocene (Fc) linked to an aliphatic chain.
Two very informative reviews by Brown et al. and Abbot and Liu are addressing this class
of functional molecules in detail.203-204 Ferrocene-based surfactants have for instance been
used to study redox-triggered self-assembly processes. However, Fc-surfactants carrying
an aliphatic chain are not ideal for potential storage of electrons. This is due to the fact that
the hydrophobic part of the molecule forming the center of the micelle is insulating. This
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decreases the accessible volume for the electrons introduced by reduction. Additionally,
electrostatic charge builds up, which quickly results in a counter-potential. Therefore,
micelles which can also store charges inside their core appear to be highly interesting.
Obviously, a more refined surfactant architecture is required. The surfactant must contain
an electrochemically active, hydrophilic head and a redox switchable, hydrophobic group
connected by sort of a molecular wire. Here, we describe the synthesis of such a novel
surfactant and we investigate the capabilities to act as a ‘micellar battery’.
We have recently described a series of surfactants with a polyoxometalate head group
(POM) and an alkyl tail.102, 106 We could already demonstrate that the [PW11O39] head can
be reduced and oxidized electrochemically.205 Kastner et al. reported on the self-assembly
and redox-properties of an alkylthiol-functionalized Wells-Dawson-type-polyoxotungstate.
They were able to show that micelles are formed in aqueous solution which can undergo
reversible redox reactions preserving their aggregated structure.206 In a recent study, we
were able to exchange the alkyl tail by a molecular wire resulting in a new, amphiphilic
semiconductor.122 Regarding the synthesis of conjugated POM-organic hybrids, Proust and
co-workers among others were involved in some inspiring studies, dealing with hybrid
(partly) conjugated organo-POM species as well as their molecular electronic properties.90,
207

Results and Discussion
Our target molecule is shown in Scheme 1. It consists of a Keggin-type polyoxometalate
cluster [PW11O39]3- and a well-known organic redox species, anthraquinone (AQ), linked by
a -conjugated chain. We chose AQ as redox-active group as is has been shown in the
literature that water-soluble quinone species are suitable components for redox-flow
batteries.208-210 The desired surfactant was generated by a synthesis sequence in 7 steps
displayed in Scheme 1 (for details see the experimental part). First, a -conjugated chain
(2,5-dibutoxy-bis-1,4-ethynyl)-benzene was connected to anthraquinone as the
hydrophobic part of the surfactant. The terminal alkoxysilane group attached next was
used for the condensation reaction with a lacunary Keggin species [PW11O39]7- resulting in
the double-tailed surfactant AQPOM. Finally, ion exchange chromatography was
employed to change the counter ions from tetramethylammonium (TMA) to sodium to
improve water solubility.
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Scheme 1. Shortened synthesis sequence for the redox-active surfactant with POM
head (blue = PW11O39).
The product was characterized via a combination of different analytical methods. The IR
spectrum is given in Supporting Information Figure S-1. Signals from anthraquinone and
the Keggin ion can be identified in the fingerprint region. At 1110 cm-1 the band of the
Si-O-Si motif (Figure 1a) formed by the condensation of cluster and chain is present,
proving the correct constitution of the hybrid molecule. The existence and integrity of the
POM head group is confirmed via 31P- and 183W-NMR (Supporting Information Figure S-2).
However, most valuable information about the success of the synthesis can be derived
from electrospray-ionization mass spectrometry (ESI-MS) measured in anion mode and is
shown in Figure 1a. The isotope pattern for the most intense signal is separated by
m/z = 0.33 meaning the corresponding species is triply charged (3-). The molecular mass of
the corresponding species (M = 3704.8 gmol-1) as well as the calculated isotope pattern fits
AQPOM3-. The entire spectrum with an assignment of additional signals is given in
Supporting Information Figure S-3.
The optical spectrum of AQPOM shown in Figure 1b is a superposition of the features of
the POM cluster (max = 251 nm) and the organic chain (max = 403 nm), but both absorption
signals are shifted to lower energy. This could be seen as the first indication for an increase
in the electron confinement length caused by an electronic communication between the
polyoxometalate head and the -conjugated tail. The latter can be confirmed by density
functional theory calculations (DFT). The highest occupied molecular orbital (HOMO)
shown in Figure 1c is mainly situated at the middle segment of the molecule, but it also
extends into the -system of the anthraquinone. The LUMO is located on the [PW11O39]
head group, and it can interact with the HOMO. The effect becomes even more pronounced
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in the solid state; see Supporting Information Figure S-4. K7PW11O39 and AQ are colorless
respectively pale yellow samples, while AQPOM has a deep-brown color.
Before we discuss the electrochemical properties, it is important to investigate whether
AQPOM has surfactant properties, most importantly if it forms micelles in aqueous
solution. At higher concentration AQPOM forms lyotropic liquid crystals, but this was not
the focus of the current study. The simplest method to check for aggregates in solution is
using dynamic light scattering (DLS). The resulting particle size-distribution is shown in
Figure 2a.

Figure 1. (a) ESI-MS pattern of AQPOM; black = experimental pattern, grey =
simulated pattern for [M]3-. (b) UV/Vis spectra measured in solution of AQPOM
(black) and as references AQ (blue) and POM (red). HOMO (c) and LUMO (d) of
AQPOM determined from DFT calculations.
Even at a very low concentration such as c = 0.01 g/L one can observe aggregates with a
hydrodynamic diameter of 8.7 nm. Thus, the corresponding critical micelle concentration
is much lower compared to classical surfactants like sodium dodecyl sulfate (SDS;
cmc = 2.3 g/L). Despite the low cmc, the new surfactant is highly soluble in water
(cmax = 20 g/L). The size of the micelle fits also quite well to twice the molecular extension
of AQPOM including the counter-ions. The formation of the AQPOM micelles can be
confirmed by high-resolution transmission electron microscopy (HRTEM) under cryogenic
conditions (Figure 2b). The micelles seem to be deformed slightly due to the electron
radiation, but one can still identify spherical aggregates with a size of  10 nm. In addition,
small angle X-ray scattering (SAXS) was performed. The SAXS pattern of a micellar solution
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is shown in Figure 2c. Calculation of the pair-size distribution function P(D) from the SAXS
data results in a maximum at D=8 nm, which is in good agreement with the micellar size
determined from the other methods. The structural model for the AQPOM micelles is
shown in Figure 2d.

Figure 2. (a) Particle size distribution determined from DLS measurements of a dispersion
of AQPOM (c = 0.01 g/L) in water. (b) Cryo-TEM of AQPOM (c = 10 g/L) in water; scale
bar 50 nm. Inset: scale bar 25 nm. (c) SAXS pattern (black) and pair-size distribution function
(grey). (d) Structural model for the micelles. (e) CV data for AQPOM (i; black) and as
references C16POM (ii; blue) and a mixture of C16POM and AQ (iii; red); Peak maxima for
forward Ep,f (dashed lines) and reverse waves Ep,r (dotted lines). All: c=5 g/L, v = 1000 mV/s,
in water at T = 293(± 3) K with 0.1 M NaClO4 electrolyte.
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As discussed before, photo-generated charge carriers can access both regions, the
surfactant tail and the surfactant head. The crucial questions remaining are, if persistent
charge transfer is possible, and in particular, if the AQ unit located inside the hydrophobic
core of the micelles can be used to store charge. The most suitable method to answer this
question is cyclic voltammetry (CV) performed on a micellar solution of AQPOM shown in
Figure 2e. During cycling between +500 mV to -950 mV, two reversible redox processes can
be observed. The first one at -625 mV and -50 mV, the second one at -800 mV and –745 mV.
The peak potentials of the forward (Ep,f) and reverse (Ep,r) half waves of the second redox
process are very similar, whereas the waves of the first process are split significantly. For a
better understanding of the CV of AQPOM micelles, the data is compared to two
reference systems. One reference system is represented by a micellar state formed by
surfactants with [PW11O39] heads, but with a non-conducting and redox-inactive hexadecyl
chain as the hydrophobic entity (denoted as C16POM).102 Because this surfactant contains
the POM as the only redox-active species, it is clear that all redox features can be assigned
to the head group-region (Figure 2e). The cyclic voltammogram shows three reversible
reductions with small ΔEp values. The second reference system comprises a micellar
solution of C16POM, as before, but here AQ has been added as a molecular compound.
Because AQ is insoluble in water, it is present inside the hydrophobic core of the micelles,
similar to micelles formed by AQPOM (Figure 2d). The difference is, that because of the
insulating alkyl chains in C16POM, there will be no electron transfer between the POM
cluster and AQ. The corresponding cyclic voltammogram (Figure 2e) shows one additional
reversible redox process for AQ at less negative potential than the known Alkyl-POM
waves.
Coming back to the CV of AQPOM, it can be concluded that the signals at higher potential
correspond to a redox reaction taking place at the surfactant head, and signals at lower
(less negative) potential are associated with reduction/ oxidation of the AQ unit. To ensure
that the micellar system is also stable in its reduced state and no disruption of the
aggregates due to stronger repulsive interactions from the additional negative charge takes
place, DLS measurements of a bulk-electrolyzed sample of aqueous AQPOM were
performed (see Figure S-6). One observes a slight increase of the hydrodynamic diameter
of ~3 nm, which is in good agreement with the expected charge-induced repulsion and the
expansion of the hydrate sphere containing additional cations. Moreover, decomposition
of micelles during reduction can be excluded as no lower dimensional species can be
detected in the DLS measurements.
The unusual CV pattern of AQPOM micelles can now be understood and is summarized in
Figure 3. The hydrophilic POM clusters form the corona of the micelles, and only they, are
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reduced during the reduction (Figure 3ab). One electron seems to remain at the POMcluster as there is only a very small shift for the corresponding oxidation wave. However,
for the second electron, there is a large shift of ΔEp of 570 mV, and the oxidation signal is
now in the region, which is characteristic for AQ. This means that at least one electron is
transferred to the inner region of the micelle (Figure 3bc), and can then also be extracted
from the micellar core again closing the cycle (Figure 3cda). The described sequence
fits also to the results obtained from DFT calculations (Figure 1c,d) because here the first
acceptor orbital (the LUMO) has been located at the POM region of the surfactant. The
reversibility of the process was investigated by running multiple cycles (see Figure S-5). As
there are only minor changes in the cyclic voltammograms, we conclude that a reversible
electron transfer to the inner part of the micelle is possible.

Figure 3. Redox mechanism for AQPOM: (a) AQPOM micelles in aqueous solution. (b)
Reduction of the accessible POM cluster. (c) Transfer of the electron to the anthraquinone
unit via the conjugated linker. (d) Reoxidation originates from anthraquinone residue.

Conclusion
In this contribution, we report the synthesis and characterization of a novel redox-active
surfactant (AQPOM) consisting of a polyoxometalate (POM) cluster functionalized with
two -conjugated chains, bearing an anthraquinone residue (AQ). This amphiphilic system
combines structuration characteristics with functional material properties. In contrast to
known redox-active surfactants, charge taken up by the head group is transferred to the
center of micelles formed by AQPOM in aqueous solution where it can be stored
reversibly. Because of this reversible charge uptake and separation by transferring the
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electron to the inner part of the aggregate, the system can be described as a “micellar
battery”. To the best of our knowledge, the presented AQPOM material possesses unique
features that have never been mentioned for a self-assembled, molecular system before.
The synergy of self-assembly with tailor-made redox characteristics shows the great
potential of functionalized hybrid polyoxometalates and illustrates the vast possibilities of
this substance class in most diverse applications. Certainly, the concept of micellar energy
storage is not at its limits with the presented system as the application in a redox-flow
battery is in an early stage of development. Nevertheless, the shown electronic properties
of AQPOM could play an important role in the creation of future smart micellar systems.

Experimental Section
Synthesis of AQPOM: To a dispersion of 670 mg powdered K7PW11O39 (0.22 mmol, 1.0 eq)
in 700 mL acetonitrile 7.5 eq NMe4Cl (TMACl, 186 mg, 1.7 mmol), 4.4 eq of 1M HCl (1 mmol)
and 2.2 eq AQ-Si(OEt)3 (238 mg, 0.5 mmol) in 2 mL acetonitrile were added and stirred for
24 h. After filtration, the solvent was removed and the residue was collected. Washing of
the residue with water, methanol and diethyl ether afforded the desired TMA salt of the
product as a red powder in 80 % yield (700 mg, 0.18 mmol).
31P

NMR (400 MHz, DMSO-d6, δ): -13.2; HRMS (ESI) m/z: [M]3- calcd. for C46H58O48PSi2W11,

1234.8683; found, 1234.8621

Supporting Information
Analytical Methods.
NMR measurements (1H,
spectrometer. The

183W

13C, 31P)

were performed on a Varian Unity INOVA 400

NMR spectra were recorded on a Bruker Avance III 600 MHz

spectrometer with 10 mm NMR tubes. ESIMS data were acquired on a Bruker microtof II
system. The solutions were injected directly into the evaporation chamber. For cryo
transmission electron microscopy studies, a sample droplet of 2µl was put on a lacey
carbon filmed copper grid (Science Services, Muenchen), which was hydrophilized by air
plasma glow discharge unit (30s with 50W, Solarus 950, Gatan, Muenchen, Germany).
Subsequently, most of the liquid was removed with blotting paper in a Leica EM GP
(Wetzlar, Germany) grid plunge device, leaving a thin fi lm stretched over the lace holes in
the saturated water atmosphere of the environmental chamber. The specimens were
instantly shock frozen by rapid immersion into liquid ethane cooled to approximately 97K
by liquid nitrogen in the temperature-controlled freezing unit of the Leica EM GP. The
temperature was monitored and kept constant in the chamber during all the sample
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preparation steps. The specimen was inserted into a cryotransfer holder (CT3500, Gatan,
Muenchen, Germany) and transferred to a Zeiss/LEO EM922 Omega EFTEM (Zeiss
Microscopy GmbH, Jena, Germany). Examinations were carried out at temperatures
around 95K. The TEM was operated at an acceleration voltage of 200 kV. Zero-loss filtered
images (ΔE = 0 eV) were taken under reduced dose conditions (100 − 1000 e/nm2). All
images were registered digitally by a bottom mounted CCD camera system (Ultrascan 1000,
Gatan, Muenchen, Germany) combined and processed with a digital imaging processing
system (Digital Micrograph GMS 1.9, Gatan, Muenchen, Germany). Collected images were
processed with a background-subtraction routine, and where appropriate, a smoothing
filter (Butterworth Filter) was applied to reduce noise. IR spectroscopy was performed on
a PerkinElmer 100 system. UV/vis spectroscopy was performed on a Varian Cary 100.
Dynamic light scattering was measured on a Malvern Zetasizer Nano ZSP machine.
Reduced species were generated in a bulk electrolysis cell, equipped with a Pt working
electrode and an Ag reference electrode. The counter electrode contained potassium
hexacyanidoferrate(II) as sacrificial reductant.
Cyclic voltammetry was measured with an Epsilon-potentiostat (BASi) (working electrode:
glassy carbon, reference electrode: Ag/AgCl electrode (3M KCl); counter electrode: Pt
wire). SAXS was acquired on a Bruker Nanostar system equipped with pinhole collimation
and Cu K α radiation. The liquid sample was sealed in a 1 mm Mark tube made of soda lime
glass. Geometry optimization and orbital calculation was performed using DensityFunctional Theory (DFT) with the TURBOMOLE Program Package for ab initio Electronic
Structure Calculations using BP86/def2-TZVP level of theory. TURBOMOLE V7.1 2016,
a development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH,
1989-2007, TURBOMOLE GmbH, since 2007; available from http://www.turbomole.com.
The authors acknowledge support by the state of Baden-Württemberg through bwHPC.
Experimental Section
General Information.
All experiments involving Pd complexes were carried out under a nitrogen atmosphere
using standard Schlenk techniques. Solvents were dried and distilled prior to use. Unless
otherwise specified, reagents were used as received without further purification.
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2-Iodo-anthraquinone (1)
2-Iodo-anthraquinone has been synthesized according to standard Sandmeyer-procedure,
for example described by Yamada et al.211
2-(Trimethylsilyl)ethynyl-anthraquinone (2)
A solution of 5.9 g (17.6 mmol) of 2-iodo-anthraquinone, 50 mg (0.7 mol %) CuI, 150 mg
Pd(PPh3)4 (1.5 mol %) and 2.6 mL of trimethylmethylsilylacetylene (TMSA) (19.4 mmol,
1.1 eq) in 60 ml tetrahydrofuran (THF) and trimethylamine (NEt3) (2/1, v/v) was prepared.
After stirring for 48 h at 50°C the solvent was evaporated and the residue was extracted
with pentane. After evaporation of the solvent, the crude product was purified by column
chromatography on silica gel and pentane as eluent. The product was obtained as colorless
powder (5.3 g, 17.4 mmol, 98 %).
1H

NMR (400 MHz, Chloroform-d) δ 8.37 (d, J = 1.7 Hz, 1H), 8.34 – 8.30 (m, 2H), 8.26 (d, J =

8.0 Hz, 3H), 0.29 (s, 9H, TMS).
2-Ethynyl-anthraquinone (3)
3.0 g (10 mmol) of TMS-protected alkyne (2) was dissolved in 150 mL of CH2Cl2/MeOH (1:2,
v/v), and 15 equiv. of K2CO3 was added. After stirring the resulting dispersion for 2 h,
200 mL of water was added. After separation of the phases, the organic solvent was dried
using MgSO4 and removed under reduces pressure. The obtained product was used
without further purification (2.2 g, 9.3 mmol, 95 %).

NMe4+
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NMR (400 MHz, Chloroform-d) δ 8.43 (dd, J = 1.7, 0.5 Hz, 1H), 8.36 – 8.33 (m, 2H), 8.30

(dd, J = 8.0, 0.5 Hz, 1H), 7.89 (dd, J = 8.0, 1.7 Hz, 1H), 7.86 – 7.82 (m, 2H), 3.39 (s, 1H, Alkyne).
13C

NMR (101 MHz, CDCl3) δ 182.59, 182.55, 137.25, 134.50, 134.44, 133.61, 133.57,

133.52, 133.06, 131.02, 128.47, 127.51, 127.49, 127.48, 82.20, 82.02.
((2,5-Dibutoxy-4-iodophenyl)ethynyl)trimethylsilane (4)
(4) was prepared via standard etherification, iodination and Sonogashira reaction, for
example described by Shinomiya et al.212
2-((2,5-Dibutoxy-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-anthraquinone (5)
A solution of 1.3 g (6.5 mmol) of alkyne (3), 50 mg (4 mol %) CuI, 150 mg Pd(PPh3)4 (2 mol%)
and 2.5 g of compound (4) (6.5 mmol, 1.0 eq) in 60 ml THF/NEt3 (2/1, v/v) was prepared.
After stirring for 48 h at 50°C the solvent was evaporated and the residue was extracted
with pentane. After evaporation of the solvent, the crude product was purified by column
chromatography on silica gel and CH2Cl2/pentane (1:1, v/v) as eluent. The product was
obtained as orange powder (1.8 g, 3.3 mmol, 50 %).
1H

NMR (400 MHz, Chloroform-d) δ 8.42 (d, J = 1.6 Hz, 1H), 8.32 (ddd, J = 5.2, 4.1, 1.2 Hz,

2H), 8.29 (d, J = 8.0 Hz, 1H), 7.87 (dd, J = 8.0, 1.7 Hz, 1H), 7.84 – 7.78 (m, 2H), 7.00 (s, 1H),
6.97 (s, 1H), 4.03 (dt, J = 7.6, 6.4 Hz, 4H, OCH2CH2CH2CH3), 1.90 – 1.76 (m, 4H,
OCH2CH2CH2CH3), 1.66 – 1.51 (m, 4H, OCH2CH2CH2CH3), 1.02 (dt, J = 12.3, 7.4 Hz, 6H,
OCH2CH2CH2CH3), 0.27 (s, 9H, TMS).
13C

NMR (101 MHz, CDCl3) δ 182.62, 182.48, 154.17, 153.87, 136.35, 134.28, 134.16,

133.60, 133.50, 133.45, 132.25, 130.12, 129.82, 127.39, 127.31, 127.30, 117.17, 117.06,
114.96, 113.03, 100.96, 100.82, 93.38, 91.12, 69.35, 69.32, 31.38, 31.33, 19.31, 19.27,
13.90, -0.07.
2-((2,5-Dibutoxy-4-ethynylphenyl)ethynyl)-anthraquinone (6)
1.8 g (3.3 mmol) of TMS-protected alkyne (5) was dissolved in 150 mL of CH2Cl2/MeOH (1:2,
v/v), and 15 equiv. of K2CO3 was added. After stirring the resulting dispersion for 2 h,
200 mL of water was added. After separation of the phases, the organic solvent was dried
using MgSO4 and removed under reduces pressure. The obtained product was used
without further purification (1.6 g, 3.3 mmol, 99 %).
1H

NMR (400 MHz, CDCl3) 8.44 (d, J = 1.7 Hz, 1H), 8.35 – 8.29 (m, 3H), 7.88 (dd, J = 8.1,

1.7 Hz, 1H), 7.81 (ddd, J = 6.4, 2.6, 1.2 Hz, 2H), 7.04 (s, 1H), 7.01 (s, 1H), 4.04 (td, J = 6.5,
1.9 Hz, 4H, OCH2CH2CH2CH3), 3.37 (s, 1H, alkyne) 1.93 – 1.76 (m, 4H, OCH2CH2CH2CH3), 1.65
– 1.48 (m, 4H, OCH2CH2CH2CH3), 1.02 (dt, J = 14.6, 7.4 Hz, 6H, OCH2CH2CH2CH3).
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NMR (101 MHz, CDCl3) δ 182.72, 182.59, 154.26, 153.94, 136.50, 134.42, 134.30,

133.71, 133.63, 133.56, 132.42, 130.28, 129.86, 127.51, 127.43, 117.85, 117.11, 113.89,
113.58, 93.54, 91.01, 82.97, 79.98, 77.48, 77.36, 77.16, 76.84, 69.54, 69.48, 31.45, 31.39,
19.45, 19.35, 14.04, 14.03.
2-((2,5-Dibutoxy-4-(2-(triethoxysilyl)vinyl)phenyl)ethynyl)-anthraquinone (7)
To a degassed solution of 640 mg (0.9 mmol, 1.0 equiv) of (6) in 30 mL of CH2Cl2 were added
160 mg of triethoxysilane (0.9 mmol, 1.0 equiv) and 3 drops of Karstedt’s catalyst in xylene.
After stirring for 48 h the solvent was removed after reaction control. Here, the alkynesignal in 1H-NMR vanished and characteristic vinyl-signals arose. The resulting orange
residue was used without further purification.
Synthesis of AQ-POM
Synthesis of AQ-POM as well as ion exchange was performed analogous to previously
described procedure.3
1H

NMR (400 MHz, CD3CN): as the signals are very broad, integration was not possible.

Comparison with the spectrum of the pure chain (6) reveals that the reaction was
successful.

Tail
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*

alkyne
*

8

6

4

/ [ppm]

2

0

7 Publications and Contribution

142

S-1: IR-spectroscopy
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In the IR spectra, one can clearly see the Si-O-Si vibration, the characteristic motif of the
linkage of organic chain and cluster. Furthermore the presence of vibrations of both, cluster
and anthraquinone, confirm the correct structure of AQ-POM.
Vibrations of AQ-POM (cm-1): 1672 (AQ), 1483 (N-Me), 1282 (AQ), 1111 (Si-O-Si), 1063,
1046, 1032 (all P-O), 996, 985, 961, 945 (all W=O), 861, 800, 756 (W-O-W)
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Comparison of TMA and Na-form of AQPOM
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In the lower spectrum the complete ion exchange is confirmed as the TMA signal at
1483 cm-1 vanished, whereas the other signals are unaffected.
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S-2: Multicore NMR spectra
31P-NMR
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NMR (162 MHz, CD3CN) δ -13.35.

Chemical shift fits to organically substituted Keggin-Cluster.3-4
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183W

NMR (25 MHz, CDCl3) δ -99.35, -110.41, -121.18, -123.15, -197.23, -256.84.

Comparison with previously described hybrid POM-SURF shows similar chemical shifts.
Assignment of peaks has been done accordingly.122
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S-3: ESI-MS

black = experimental pattern
grey = simulated pattern for [M+H]2-

S-4: Optical properties.
AQ:

145

7 Publications and Contribution

AQPOM:

UV-Vis spectroscopy (solid state; diffuse reflectance modus):

blue curve = AQPOM
red curve = PW11O39
black curve = AQ
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S-5: Electronic properties.
Multi-cyclic voltammetry (20 cycles) measurement of AQPOM (c=5 mg/mL, v = 1000 mV/s,
in water at T = 293(± 3) K with 0.1 M NaClO4 electrolyte.) showing the reversible redox
properties.

Normalized intensity/ [a.u.]

S-6: DLS of reduced system
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DLS of unreduced (black) and reduced (grey) micellar solution (c=0.01 g/L), V= -1000 mV

147

8

8 Conclusion and Outlook

Conclusion and Outlook

The evolution of materials is omnipresent in current research. Driven by the constant
improvement of state-of-the-art technologies revised demands for material properties are
defined steadily. To meet these great expectations, nanotechnology has become a vital
part for the tailoring of material properties or at least in their production process.213 There
are two reasons for this. Firstly, the special chemical and physical behavior of nano-sized
structures compared to bulk materials, due to the high number of atoms at the surface.
Secondly, material properties profit from the controlled structuration enabled by ‘topdown’ and ‘bottom-up’ approaches (Chapter 1). The high relevance of this topic is also
reflected by the accumulation of journals focusing on materials and nanotechnology among
the top-cited journals.
The presented thesis is focusing on the synthesis of nanostructured, functional materials.
Structuration of the materials was achieved using surfactants as self-assembling molecules.
Therefore, special surfactant molecules were designed that are equipped with a functional
group. Thereby we aimed at novel material properties arising from the synergy of nanostructuration and the surfactants’ functional group. In this work, surfactants with
polyoxometalate (POM) head group have been identified as a suitable platform. POMs are
defined inorganic clusters, containing transition metal ions. The use of the POM head group
offers several advantages: along with the high polarity, which is important for future
amphiphilic behavior, a broad spectrum of properties such as redox-activity or magnetic
behavior can be introduced to the surfactants, thanks to the incorporated transition metal
ions. The resulting surfactants hereafter are referred to as POM-surfactants or POM-SURFs.
Within the scope of this thesis, special attention is given to the synthesis of conductive
materials, including proton as well as electronic conductivity. Each of the four published
contributions are focusing on another aspect of POM-SURF based materials. Starting with
the demonstration of the universal action of a simple POM-SURF in the production of a
proton conductive material, ending with the development of a tailor-made POM-SURF that
self-assembles to a micellar system exhibiting battery-like behavior.
In the first publication (Chapter 7.1), we presented a polydimethylsiloxane (PDMS)/POM
material exhibiting proton conductivity.115 As POM component a POM-SURF, consisting of
a PW11O39-cluster, functionalized with two hexadecyl chains H3[PW11O39(SiC16H33)2O]
(H-PW11C16) was used. Besides the active species for proton conductivity, H-PW11C16 acts
as an emulsifier for the cyclic siloxane monomer octamethylcyclotetrasiloxane ((CH3)2SiO)4
(TSIL) as well as the catalyst for the successive acid-catalyzed polymerization to PDMS. The
resulting spherical PDMS-particles are decorated with POM-clusters that are anchored via
the attached aliphatic chains which presumably are embedded in the hydrophobic PDMS

8 Conclusion and Outlook

148

matrix. No leaching or degradation of the POM-SURF into the aqueous phase could be
detected. Upon freeze-drying of the dispersion, irreversible aggregation was induced to
create a porous network that exhibits the described proton conducting properties. The
observed proton conductivity of 7.5 × 10−3 S cm−1 is close to 10−1 – 10−2 S cm-1 which is the
value reported for Nafion.148,
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Moreover, the PDMS/POM-SURF material can be

thermally converted to nanostructured WO3/SiO2 hybrid material.
With this example, we demonstrated the multifunctional applications of POM-SURFs.
Here, the super-acidity of the POM head group played a major role in catalysis and proton
conductivity. Furthermore, the equipment of the cluster with amphiphilic properties
enabled the use as emulsifier as well as the embedding of the POM-SURFs in the polymer
matrix.
Inspired by these results, we took a closer look at the self-assembly behavior of pure POMSURFs. In contrast to conventional surfactants, the POM-SURFs can easily carry charges
beyond ‘-2’. The influence of this exceptional high head group charge is analyzed in
publication 2 (Chapter 7.2). The alteration of the surfactant charge can easily be realized
using POMs as head group. By variation of the heteroacid in the center of the cluster, the
overall negative charge can be adjusted. This is interesting as the modification in the inner
of the cluster has no effect on the surfactant size and geometry. Therefore, the influence
of the surfactant’s charge on self-assembly can be studied exclusively without any
structural components.
Comparable studies with non-POM surfactants would be conceivable, upon reduction of
the anionic head group. However, this would hardly deliver comparable results as the
necessary chemical environment required for the formation of the reduced species would
be different, whereas the POM-SURF series with different charges are stable under
identical conditions.
To investigate the charge influence on self-assembly, a series of three POM-SURFs with
charges ranging from -3 to -5 is described in the publication. The subsequent structural
characterization in solution and lyotropic liquid crystalline (LLC) phase showed a
dependence of the POM-SURF’s charge. Whereas the triply charged PW11C163- surfactant is
behaving as expected, forming spherical micelles at low concentration and hexagonally
ordered cylinders in LLC phase, the fivefold charged BW11C165- hardly forms ordered
structures. Most interestingly, the fourfold-charged SiW11C164- is building unusual
dumbbell-shaped micelles and also the LLC phase changes to a bilayer-structure. It was
concluded that such high head group charges strongly influence the self-assembly
behavior, resulting in an exotic micelle shape. Furthermore, a model was proposed,
explaining the observed structuration on the basis of long-range repulsive interactions
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arising from the exceptionally high charge. It was suggested that the repulsive interactions
are based on an electrical field originating from the unshielded charge, caused by the
unbalanced distribution of the counter cations around the POM head group. The counter
ions are not equally distributed around the head group, as they cannot be situated in the
hydrophobic domain of the aggregate.
These findings contribute to an increased understanding of self-assembly under
exceptional conditions. With the presented highly charged POM-SURFs the limits of the
classical packing parameter model117 is reached. Therefore, the knowledge of the selfassembly behavior of POM-SURFs is very important, regarding the controlled construction
of a POM-SURF-based material. On the basis of the occurrence of strong repulsive
contribution on self-assembly for POM-SURFs with charges higher than -3, the
corresponding PW11O39 was used for further POM-SURFs.
In publications 3 and 4 (Chapter 7.3 and 7.4) the contributions and progress made on the
field of ‘electronically active surfactants’ are presented. As mentioned before, the
approach we used was to combine redox-active POM clusters with conductive, organic
entities. In both publications, we describe the synthesis of novel POM-SURFs and the
following conversion to self-assembled materials. Besides the structural characterization,
we focused on the evaluation of the electronic properties of the materials.
We presented the synthesis of a POM-SURF carrying short, rigid, conjugated oligomer
chains (PW11TPE) in the third publication (Chapter 7.3). Finally, we were able to show that
the self-assembly properties of rigid-chained POM-SURFs are similar to flexible-chained
ones. More importantly, PW11TPE is featuring electron transfer in lyotropic liquid crystalline
phase. This was demonstrated by a photocurrent measurement of PW11TPE, exhibiting
semiconducting characteristics. Upon irradiation with light, the electrical conductivity
increases and decreases again when the light is turned off. The determined band gap of 2.6
eV is similar to ZnO. It can thus be concluded that intra- and intermolecular electron
transfer in hybrid, self-assembled POM-SURFs is possible.122
Motivated by the obtained results we wanted to achieve efficient electronic transfer also
in diluted, aqueous micellar systems. The demands to achieve an efficient electron transfer
in a spatially confined micelle surely are higher compared to the tightly-packed, condensed
LLC phase, as the number of potential electron pathways is substantially lower. Reaching
this goal would be interesting regarding ‘nanoreactors’,123-125 comprising a conductive shell
or even ‘micellar batteries’, that are able to store electrons reversibly. However, the
characterization of those diluted, aqueous solutions is very hard as PW11TPE exhibits only
very limited water-solubility due to the large, hydrophobic tail. Consequently, in
publication 4 (Chapter 7.4) we describe the synthesis of a well water-soluble POM-SURF,
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modified by a redox-active anthraquinone (AQ) moiety (AQπPOM). Both parts are linked
via a conjugated spacer. Our vision was to create a micellar system which, upon reduction
at the shell of the micelle, is able to transport the electron to the center of the aggregate
reversibly. Such a system has never been described before for a self-assembled system.
The key prerequisite for this is, besides the formation of micelles that create the required
compartment, the existence of a second redox-active functionality in the POM-SURF.
Furthermore, the redox potential of the second redox site should be less negative than the
POM, enabling the enthalpy-driven electron transfer from the POM cluster to the core of
the micelle. Therefore, anthraquinone as second redox-active was chosen. Increased
water-solubility was achieved through the introduction of alkoxy side-chains to the spacer.
Characterization of the structuration of AQπPOM in aqueous solution proves that micelles
are formed. By cyclic voltammetry measurements, we were able to show that the desired
reversible electron transfer from the shell to the center of the micelles takes place. During
several redox-cycles, no decomposition was observed. Also, it was confirmed via coupled
dynamic light scattering - cyclic voltammetry analysis that the aggregates remain intact
after reduction. On the basis of the reversible charging and discharging, this system can
be attributed a ‘battery-like’ behavior.126
These results show that POM-SURFs, equipped with π-conjugated moieties, represent a
unique class of materials. The vast possibilities of tailoring the chemical and physical
properties of POM clusters, in combination with accessible organic modifications is
extremely attractive for the development of smart, functional materials. With the last
two publications, we showed that interesting materials can be realized using synergistic
effects arising from molecular, electronic functionalities and self-assembly features.
In summary, this thesis demonstrated that surfactants comprising a polyoxometalate head
group (POM-SURFs) are promising candidates for the creation of self-assembled, smart
materials. The successful application of POM-SURFs as proton and electron conductive
materials has been shown and were published in three publications. Additionally, a fourth
article dealing with the special aggregation behavior of the highly-charged POM-SURFs
contributed to the understanding of charge influence on self-assembly.
The insights gained from this work are opening the door for further POM-SURF research.
Having performed the proof-of-principle experiments, showing the feasibility of molecular
electron transfer in self-assembled systems, various optimization of the presented POMSURFs can be done. As already described in Chapter 3, the spectrum of POM-SURF
modifications is very broad. Regarding electron transfer applications, the modification of
the redox potential of POM and the organic entity could be in the focus of further research
to reach the full potential of this system. Furthermore, the modification of the silicon linker
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to a ‘more metallic’ element is a worthwhile goal to achieve tailored electronic properties.
Although the presented POM-SURFs with rigid, conjugated moieties are forming ordered
structures, the structuration is not as pronounced as for POM-SURFs carrying flexible
chains. As the electron transfer is also dependent on the quality of structuration of the
material, there is still considerable scope for improvement. Furthermore, conductive POMSURFs could also be applied for the stabilization of nanoparticles. As normal surfactants are
electrically insulating, the use of POM-SURFs could prove very useful for nanoparticlebased electronic devices.
In addition to the application as conductive material, a POM-SURF equipped with magnetic
properties could be very interesting. Magnetic ions could be located at the POM cluster or
the side-chain or even at both sites. The additional magnetic contribution to the selforganization behavior promises unusual properties. Here again, the huge range of
accessible synthetic modifications of polyoxometalate clusters is the key feature.
There are also manifold developments thinkable regarding the functionality of the organic
residue. Reactive groups located at the organic chain could be used to initiate severe
structural changes. Suitable unsaturated groups that can undergo a cycloaddition reaction,
are leading to the intermolecular connection of different chains attached to one POMhybrid. This could be used to trigger the conversion to different self-assembled structures
depending on the shape of the molecule. Even more interesting and challenging would be
the development of POM-SURFs that can change their shape not only once, but also the
reverse reaction. This could also be realized as some cycloaddition reactions are reversible.
Inspired by the chemical connection of intermolecular groups, covalent linkage of an
assembly of POM-SURFs to realize a ‘stable micelle’ would be highly interesting. As the
micelle formation is sensitive to many parameters like concentration of the surfactants,
solvent and temperature, the shape of the aggregate can be manipulated and subsequently
stabilized by a polymerization reaction. The polymerizable groups are again located at the
organic chain. Such stabilized aggregates could be used as water-compatible containers for
hydrophilic markers for example in biological systems or even as a slow-release drug
reservoir.
The easy incorporation of many different elements, combined with the structural diversity
and the straight-forward modification with organic moieties were and will be the unique
characteristics of POMs. It is thus not surprising that POM-materials can be applied in very
diverse applications with their own specific demands. Additional synergistic effects from
self-assembled nano-structuration, also shown in this thesis, are contributing and even
broadening the spectrum of potential applications.
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Zusammenfassung und Ausblick

Das allgegenwärtige Thema aktueller Forschung ist die ständige Weiterentwicklung von
Materialien. Angetrieben durch die ständige Verbesserung moderner Technologien
werden ständig neue Anforderungen an die Materialeigenschaften gestellt. Um diese
hohen Erwartungen zu erfüllen, ist die Nanotechnologie bereits jetzt ein unverzichtbarer
Baustein. Sie ist notwendig um maßgeschneiderte Materialeigenschaften zu realisieren, sei
es zur Strukturierung des Materials selbst oder bei seinem Herstellungsprozess.213 Hierfür
gibt es zwei Gründe. Zum einen das besondere chemische und physikalische Verhalten von
Nanostrukturen im Vergleich zu makroskopischen Materialien aufgrund der hohen Anzahl
von Atomen an der Oberfläche. Zum anderen können die Materialeigenschaften durch
kontrollierte Strukturierung mithilfe von „Top-Down“- und „Bottom-Up“- Ansätzen
verbessert werden (Kapitel 1). Die hohe Relevanz dieses Themas spiegelt sich ebenfalls in
der großen Anzahl von Fachzeitschriften mit dem Schwerpunkt auf Materialien und
Nanotechnologie unter den meistzitierten Zeitschriften wider.
Der Fokus der vorliegenden Arbeit liegt auf der Synthese von nanostrukturierten,
funktionellen Materialien. Die Strukturierung der Materialien erfolgte mit Tensiden als
selbstorganisierende Moleküle. Dazu wurden spezielle Tensidmoleküle entwickelt, die mit
einer funktionellen Gruppe ausgestattet sind. Ziel war hierbei die Entwicklung neuer
Materialeigenschaften, die sich aus der Synergie von Nanostrukturierung und der
funktionellen Gruppe der Tenside ergeben. In dieser Arbeit konnte gezeigt werden, dass
Tenside mit Polyoxometallat (POM)-Kopfgruppe eine geeignete Stoffklasse hierfür
darstellen. POMs sind definierte anorganische Cluster, die Übergangsmetallionen
enthalten. Der Einsatz der POM-Kopfgruppe bietet mehrere Vorteile: Neben der hohen
Polarität, die für zukünftiges amphiphiles Verhalten wichtig ist, kann durch die eingebauten
Übergangsmetallionen ein breites Spektrum an Eigenschaften in die Tenside eingebracht
werden, wie Redox-Aktivität oder magnetisches Verhalten. Die resultierenden Tenside
werden im Folgenden als POM-Tenside oder POM-SURFs bezeichnet. Im Rahmen dieser
Arbeit wird besonderes Augenmerk auf die Synthese von leitfähigen Materialien,
einschließlich Protonen- und elektronischer Leitfähigkeit, gelegt. Jede der vier
Veröffentlichungen konzentriert sich auf einen anderen Aspekt von POM-SURF-basierten
Materialien. Angefangen mit der Demonstration der universellen Wirkung eines einfachen
POM-SURF bei der Herstellung eines protonenleitenden Materials bis hin zur Entwicklung
eines maßgeschneiderten POM-SURFs, das sich selbstständig zu einem mizellaren System
zusammenfügt und batterieähnliches Verhalten aufweist.

9 Zusammenfassung und Ausblick

154

In der ersten Veröffentlichung (Kapitel 7.1) wurde ein Polydimethylsiloxan (PDMS)/POMMaterial mit Protonenleitfähigkeit vorgestellt.115 Als POM-Komponente kam ein POMSURF zum Einsatz, bestehend aus einem PW11O39-Cluster, welcher mit zwei
Hexadecylketten funktionalisiert wurde (H3[PW11O39(SiC16H33)2O], kurz: H-PW11C16). Neben
der aktiven Spezies für die Protonenleitfähigkeit ist H-PW11C16 als Emulgator aktiv für das
zyklische Siloxan-Monomer Octamethylcyclotetrasiloxan ((CH3)2SiO)4 (TSIL), sowie als
Katalysator für die nachfolgende säurekatalysierte Polymerisation zu PDMS. Die Oberfläche
der resultierenden sphärischen PDMS-Partikel ist übersät mit POM-Clustern, die vermutlich
über die angebrachten aliphatischen Ketten in der hydrophoben PDMS-Matrix eingebettet
sind. Es konnte keine Auslaugung oder Degradierung des POM-SURFs in die wässrige Phase
festgestellt werden. Die Umwandlung zu einem protonenleitenden Material wurde durch
Gefriertrocknung der Dispersion erreicht. Hierbei aggregieren die dispergierten Partikel
irreversibel und bilden ein poröses Netzwerk. Die beobachtete Protonenleitfähigkeit von
7,5 × 10−3 S cm−1 liegt nahe bei dem für Nafion angegebenen Wert von 10−1 – 10−2 S cm-1.148,
214

Darüber hinaus kann das PDMS/POM-SURF Material thermisch in nanostrukturiertes

WO3/SiO2 Hybridmaterial umgewandelt werden.
Anhand dieses Beispiels konnten wir die multifunktionalen Einsatzmöglichkeiten von
POM-SURFs demonstrieren. Die supersaure POM-Kopfgruppe spielte hierbei eine
wichtige Rolle bei der Katalyse und der Protonenleitfähigkeit. Die Modifizierung des
Clusters mit amphiphilen Eigenschaften ermöglichte zudem den Einsatz als Emulgator
sowie die Einbettung der POM-SURFs in die Polymermatrix.
Ermutigt von diesen Ergebnissen wurde im Weiteren zunächst die Selbstanordnung reiner
POM-SURFs genauer betrachtet. Im Gegensatz zu herkömmlichen Tensiden können POMSURFs leicht Ladungen größer als '-2' tragen. Der Einfluss dieser außergewöhnlich hohen
Kopfgruppenladung wurde in Publikation 2 (Kapitel 7.2) untersucht. Die Variation der
Kopfgruppen-Ladung kann leicht mit POMs als Kopfgruppe realisiert werden, da durch
Variation der Heterosäure im Zentrum des Clusters die negative Ladung eingestellt werden
kann. Dies ist interessant, da die Veränderung im Inneren des Clusters keinen Einfluss auf
die Größe und Geometrie des Tensids hat. Der Einfluss der Tensidladung auf die
Selbstanordnung kann somit separat untersucht werden, ohne Beiträge einer
Strukturänderung beachten zu müssen.
Vergleichbare Studien mit gewöhnlichen Tensiden wären ebenfalls denkbar. Durch eine
Reduktion der anionischen Kopfgruppe könnte die Ladung ebenfalls verändert werden.
Dies würde jedoch nur schwer vergleichbare Ergebnisse liefern, da die für die Bildung der
reduzierten Spezies erforderliche chemische Umgebung anders wäre, während die POMSURF-Serie mit unterschiedlichen Ladungen unter identischen Bedingungen stabil ist.
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Zur Untersuchung des Ladungseinflusses auf die Selbstanordnung wird in der Publikation
eine Serie von drei POM-SURFs mit Ladungen von -3 bis -5 beschrieben. Die anschließende
strukturelle Charakterisierung in Lösung und lyotroper flüssigkristalliner Phase zeigte eine
Abhängigkeit der Ladung des POM-SURF. Während sich das dreifach geladene Tensid
PW11C163- wie erwartet verhält und in der LLC-Phase hexagonal geordnete Zylinder sowie
bei niedriger Konzentration kugelförmige Mizellen ausbildet, sind beim fünffach geladenen
BW11C165- kaum noch geordnete Strukturen erkennbar. Interessanterweise können beim
vierfach geladenen SiW11C164- ungewöhnliche hantelförmige Mizellen beobachtet werden
und auch die LLC-Phase wechselt in eine Doppelschichtstruktur. Es wurde der Schluss
gezogen, dass solche hohen Kopfgruppenladungen die Selbstanordnung stark
beeinflussen, was zu einer exotischen Mizellenform führt. Darüber hinaus wurde ein
Modell vorgeschlagen, das die beobachtete Strukturierung auf der Basis von
langreichweitigen, abstoßenden Wechselwirkungen erklärt, die sich aus der
außergewöhnlich hohen Ladung ergeben. Es wurde vorgeschlagen, dass die abstoßenden
Wechselwirkungen auf einem elektrischen Feld beruhen, das von nicht abgeschirmten
Ladungen stammt, die durch die unsymmetrische Verteilung der Gegenionen um die POMKopfgruppe verursacht werden. Die Gegenionen sind nicht gleichmäßig um die Kopfgruppe
verteilt, da sie sich nicht im inneren, hydrophoben Bereich der Mizelle befinden können.
Diese Erkenntnisse tragen zu einem besseren Verständnis der Selbstanordnung unter
außergewöhnlichen Bedingungen bei. Mit den vorgestellten hochgeladenen POM-SURFs
werden die Grenzen des klassischen Packungsparameter-Modells117 erreicht. Daher ist das
Wissen um die spezielle Selbstanordnung von POM-SURFs sehr wichtig, für den
kontrollierten Aufbau eines POM-SURF-basierten Materials. Aufgrund des starken
Einflusses auf die Selbstanordnung bei POM-SURFs mit Ladungen über -3 wurde das
entsprechende PW11O39 für weitere POM-SURFs Materialien verwendet.
In den Publikationen 3 und 4 (Kapitel 7.3 und 7.4) werden die Beiträge und Fortschritte
auf dem Gebiet der "elektronisch aktiven Tenside" dargestellt. Wie bereits erwähnt, wurde
der Ansatz verfolgt, redox-aktive POM-Cluster mit leitfähigen, organischen Resten
auszustatten. In beiden Publikationen beschreiben wir die Synthese neuartiger POM-SURFs
und die anschließende Bildung selbstorganisierter Materialien. Neben der strukturellen
Charakterisierung lag der Fokus auf der Untersuchung der elektronischen Eigenschaften
der Materialien.
Die Synthese eines POM-SURF mit kurzen, starren, konjugierten Oligomerketten (PW11TPE)
wurde in der dritten Publikation (Kapitel 7.3) vorgestellt. Wir konnten zeigen, dass die
Selbstanordnung von POM-SURFs, welche starre Seitenketten tragen, mit den bekannten
Spezies mit flexiblen Ketten vergleichbar sind. Noch wichtiger ist, dass für PW11TPE in
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lyotroper Flüssigkristallphase ein Elektronentransfer nachgewiesen werden konnte. Dies
wurde

durch eine Photostrom-Messung

von PW11TPE demonstriert, die die

charakteristischen Merkmale für Halbleiter aufweist. Bei Bestrahlung mit Licht steigt die
elektrische Leitfähigkeit an und sinkt wieder ab, wenn das Licht ausgeschaltet wird. Die
ermittelte Bandlücke von 2,6 eV ist ähnlich der von ZnO. Daraus lässt sich schließen, dass
ein intra- und intermolekularer Elektronentransfer in hybriden, selbstorganisierten POMSURFs möglich ist.122
Angespornt durch die erzielten Ergebnisse wollten wir einen effizienten Elektronentransfer
auch in verdünnten, wässrigen mizellaren Systemen erreichen. Die Anforderungen hierfür
sind in einer räumlich begrenzten Mizelle sicherlich höher als in der dicht gepackten,
kondensierten LLC-Phase, da die Anzahl der potentiellen Pfade für den Elektronentransfer
wesentlich geringer ist. Dieses Ziel zu erreichen ist interessant in Bezug auf
`Nanoreaktoren',123-125 die aus einer leitfähigen Hülle oder sogar `Mizellaren Batterien'
bestehen, die in der Lage sind, Elektronen reversibel zu speichern. Die Charakterisierung
dieser verdünnten, wässrigen Lösungen ist jedoch sehr schwierig, da PW11TPE aufgrund der
großen, hydrophoben Seitenkette nur sehr begrenzt wasserlöslich ist. In Publikation 4
(Kapitel 7.4) beschreiben wir daher die Synthese eines gut wasserlöslichen POM-SURF,
modifiziert durch eine redox-aktive Anthrachinon (AQ)-Einheit (AQπPOM). Beide Teile sind
über einen konjugierten Baustein miteinander verbunden. Unsere Vision war es, ein
mizellares System zu schaffen, das nach Reduktion an der Schale der Mizelle in der Lage ist,
das Elektron reversibel zum Zentrum des Aggregats zu transportieren. Ein solches System
wurde noch nie für ein selbstassembliertes System beschrieben. Wesentliche
Voraussetzung dafür ist neben der Bildung von Mizellen, die das gewünschte
Kompartiment bilden, die Existenz einer zweiten redox-aktiven Funktionalität innerhalb
des POM-SURF-Moleküls. Außerdem sollte das Redox-Potential der zweiten redox-aktiven
Spezies weniger negativ sein als das des POMs, um einen energetisch-begünstigten
Elektronentransfer vom POM-Cluster zum Kern der Mizelle zu ermöglichen. Aus diesem
Grund wurde Anthrachinon als zweiter Redox-Baustein gewählt. Erhöhte Wasserlöslichkeit
wurde durch die Einführung von Alkoxy-Seitenketten erreicht. Die strukturelle
Charakterisierung von AQπPOM in wässriger Lösung beweist, dass Mizellen gebildet
werden. Durch Cylcovoltammetrie-Messungen konnten wir zeigen, dass der gewünschte
reversible Elektronentransfer von der Schale zum Zentrum der Mizellen stattfindet.
Während mehrerer Redox-Zyklen wurde keine Zersetzung beobachtet. Auch wurde durch
eine gekoppelte dynamische Lichtstreuung - Cylcovoltammetrie - Messung bestätigt, dass
die Aggregate auch nach der Reduktion intakt bleiben. Aufgrund der reversiblen Ladung
und Entladung kann diesem System ein "batterieähnliches" Verhalten zugeschrieben
werden. 126
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Diese Ergebnisse zeigen, dass POM-SURFs, ausgestattet mit π-konjugierten Einheiten,
eine einzigartige Klasse von Materialien darstellen. Die umfangreichen Möglichkeiten,
die chemischen und physikalischen Eigenschaften von POM-Clustern einzustellen, in
Kombination mit den zugänglichen organischen Modifikationen, sind für die Entwicklung
intelligenter, funktioneller Materialien äußerst attraktiv. Mit den beiden letzten
Publikationen haben wir gezeigt, dass sich interessante Materialien durch
Synergieeffekte

aus

molekularen,

elektronischen

Funktionalitäten

und

Selbstorganisationsmerkmalen realisieren lassen.
Zusammenfassend zeigte diese Arbeit, dass Tenside, die eine Polyoxometallat-Kopfgruppe
(POM-SURFs) enthalten, vielversprechende Kandidaten für die Herstellung von
selbstorganisierten, intelligenten Materialien sind. Die erfolgreiche Anwendung von POMSURFs als protonen- und elektronenleitende Materialien wurde gezeigt und in drei
Publikationen veröffentlicht. Ein vierter Artikel über das spezielle Aggregationsverhalten
hochgeladener POM-SURFs trug zusätzlich zum Verständnis des Ladungseinflusses auf die
Selbstanordnung bei.
Die daraus gewonnenen Erkenntnisse öffnen die Tür für die weitere POM-SURF-Forschung.
Nach Durchführung der „Proof-of-Principle“-Experimente, die die Machbarkeit des
molekularen Elektronentransfers in selbstorganisierten Systemen zeigen, können
verschiedene Optimierungen der vorgestellten POM-SURFs durchgeführt werden. Wie
bereits in Kapitel 3 beschrieben, ist das Spektrum der POM-SURF-Modifikationen sehr
breit. In Bezug auf Elektronentransferanwendungen könnte die Modifikation des RedoxPotentials von POM und der organischen Entität im Fokus der weiteren Forschung stehen,
um das volle Potential dieses Systems zu erreichen. Darüber hinaus ist die Modifikation des
Ankerpunkts des organischen Restes - in dieser Arbeit Silizium - zu einem "metallischeren"
Element ein lohnendes Ziel um maßgeschneiderte elektronische Eigenschaften realisieren
zu können. Obwohl die vorgestellten POM-SURFs mit starren, konjugierten Einheiten
geordnete Strukturen bilden, ist deren Strukturierung nicht so ausgeprägt wie bei POMSURFs mit flexiblen Ketten. Da der Elektronentransfer auch von der Qualität der
Strukturierung des Materials abhängt, gibt es in dieser Hinsicht noch erhebliches
Verbesserungspotenzial. Weiterhin könnten leitfähige POM-SURFs auch zur Stabilisierung
von Nanopartikeln eingesetzt werden. Da normale Tenside elektrisch isolierend sind,
könnte sich der Einsatz von POM-SURFs für elektronische Bauelemente auf Basis von
Nanopartikeln als sehr nützlich erweisen.
Neben der Anwendung als leitfähiges Material, könnte ein POM-SURF mit magnetischen
Eigenschaften sehr interessant sein. Magnetische Ionen könnten hier am POM-Cluster oder
an der Seitenkette, wenn nicht sogar an beiden Stellen eingefügt werden. Der zusätzliche
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magnetische Beitrag zum Selbstorganisationsverhalten verspricht ungewöhnliche
Eigenschaften. Auch hier ist die große Bandbreite an zugänglichen synthetischen
Modifikationen von Polyoxometallat-Clustern ein großer Vorteil.
Auch in Bezug auf die Funktionalität der organischen Seitenketten sind vielfältige
Weiterentwicklungen denkbar. Reaktive Gruppen an der organischen Kette könnten
verwendet werden, um große strukturelle Veränderungen einzuleiten. Geeignete
ungesättigte Gruppen, die in einer Cycloadditionsreaktion reagieren können, führen zur
intermolekularen Verbindungen verschiedener Ketten, die an einen POM-Hybrid gebunden
sind. Auf diese Weise könnte die Umwandlung in unterschiedliche, selbstorganisierte
Strukturen ausgelöst werden, bedingt durch die veränderte Molekülform. Noch
interessanter und herausfordernder wäre die Entwicklung von POM-SURFs, deren Form
nicht nur einmalig geschaltet werden können, sondern auch die Rückreaktion möglich ist.
Dies könnte ebenfalls realisiert werden, da einige Cycloadditionsreaktionen reversibel sind.
Inspiriert von der chemischen Verbindung intermolekularer Gruppen wäre die kovalente
Verknüpfung einer Anordnung von POM-SURFs zur Realisierung einer "stabilen Mizelle"
sehr interessant. Da die Mizellbildung auf viele Parameter wie Konzentration der Tenside,
Lösungsmittel und Temperatur reagiert, kann die Form des Aggregats manipuliert und
anschließend

durch

eine

Polymerisationsreaktion

stabilisiert

werden.

Die

polymerisierbaren Gruppen befinden sich wieder an der organischen Kette. Solche
stabilisierten Aggregate könnten als wasserkompatible Behälter für hydrophile Marker
beispielsweise in biologischen Systemen oder sogar als Arzneimittelreservoir für ein
langsames Freisetzen verwendet werden.
Der einfache Einbau vieler verschiedener Elemente, kombiniert mit der strukturellen
Vielfalt und der einfachen Modifikation mit organischen Anteilen, waren und werden auch
in Zukunft DAS Alleinstellungsmerkmal von POMs sein. Es ist also nicht verwunderlich, dass
POM-Materialien in sehr unterschiedlichen Anwendungen mit ihren spezifischen
Anforderungen eingesetzt werden können. Zusätzliche Synergieeffekte aus der
selbstorganisierten Nanostrukturierung, die auch in dieser Arbeit gezeigt werden, tragen
dazu bei und erweitern sogar das Spektrum möglicher Anwendungen.
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10.1 Abbreviations
°C

degree Celsius

Å

1 Ångstrøm = 10 nm

DMSO

dimethylsulfoxide

DFT

density functional theory

HOMO

highest occupied molecular orbital

LUMO

lowest unoccupied molecular orbital

POLMIC

polarized light microscopy

POM

polyoxometalate

POM-SURF

hybrid organic/inorganic polyoxometalate (polyoxometalate-surfactant)

PS

photosensitizer

PXRD

powder X-ray diffraction

SAXS

small-angle X-ray scattering

SEC

surfactant encapsulated cluster

TEM

transmission electron microscopy

TGA

thermogravimetric analysis
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Fourfold action of surfactants with superacid head
groups: polyoxometalate–silicone
nanocomposites as promising candidates for
proton-conducting materials†
Alexander Klaiber,a Steve Landsmann,ab Tobias Löfflera and Sebastian Polarz*a
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Conventional, organic surfactants normally fulfill only one task
associated with their amphiphilic character. The situation changes
and multifunctionality is granted for surfactants containing inorganic
entities, so-called I-SURFs. Here, we demonstrate that an I-SURF with
a heteropolyacid head fulfills four tasks at once. It acts as an effective
emulsification agent, it catalyzes the polymerization of silicone monomers, it provides proton-conductivity in a PDMS/polyoxometalate
hybrid, and it acts as a precursor for a nanostructured WO3 material.

One of the major challenges societies face today and in the near
future is securing sufficient resources and energy in the context
of exponentially growing population and industries, and at the
same time avoiding an irreversible impact on our ecological
environment. Because the residue in hydrogen technology is
water, substantial scientific activity was invested for more than one
decade.1,2 The key element of hydrogen technology is the fuel-cell
converting chemical energy into electrical energy. Significant
research was done in materials science regarding the optimization
of every component of fuels cells, anode, cathode and electrolyte.
Still, the so-called Nafion, a polymer-based, proton-conducting
material is a standard as an electrolyte.3–5 Nafion, developed
in the 1960s by Dupont, is a Teflon derivative with side chains
containing sulfonic acid groups. Thus, it has amphiphilic properties resulting in a structure with water-filled nano-channels, in
which proton-conduction takes place.6 Because the preparation of
Nafion is demanding and expensive, there is still a high demand of
promising materials as substitutes.7–10
a

Department of Chemistry, University of Konstanz, Universitätsstrasse 10,
78457 Konstanz, Germany. E-mail: sebastian.polarz@uni-konstanz.de
b
EMPA-Materials Science and Technology, Überlandstrasse 129, 8600 Dübendorf,
Switzerland
† Electronic supplementary information (ESI) available: S1. Additional information for the surfactant with a heteropolyacid head [(C16H33Si)2PW11O39](H)3 (1).
Additional information for the emulsion formed with TSIL, water and (1) as an
emulsifier. S3. Additional data for the solid PDMS–POM–surfactant nanohybrid.
S4. Additional data for the material obtained after calcination of the PDMS–POM–
surfactant nanohybrid. See DOI: 10.1039/c5nj01544h

Here, we present a unique approach towards novel protonconducting materials containing special polyoxometalate compounds (POMs).11,12 A special sub-group of polyoxometalates,
the so-called heteropolyacids, contain protons as counter-ions
to the negatively charged metal-oxo cluster and are known for
their high acidity due to pKa values in the range of superacids,
which makes them interesting in catalysis.13,14 Very recently, there
have been a few papers reporting about beneficial, protonconducting materials containing heteropolyacids. For instance
Borros et al. have combined H3Mo12PO40 with a benzimidazole
polymer and phosphoric acid,15 or the polyoxometalate could be
incorporated into the pores of metal–organic framework materials
(MOFs) as demonstrated by Banerjee et al.10 However, due to the
weak interaction between the POM and the support, the large
drawback of the latter approaches is that the heteropolyacid could
quickly leach out (on the basis of days), which will negatively affect
the durability of the materials. The route presented in the current
paper is schematically depicted in Scheme 1.
First a special type of surfactant with a heteropolyacid head
group (Scheme 1a) was prepared according to a method developed
in our group.16–20 The lacunary Keggin [PW11O39]7 is reacted with
two equivalents of the alkoxy-organosilane (MeO)3Si(CH2)15CH3,
followed by cation exchange with protons. The identity of the
desired compounds [(C16H33Si)2PW11O39](H)3 (1) was proven by
a combination of analytical techniques (see also ESI,† S1). In
electrospray ionization mass spectrometry (ESI-MS) the main
signal at 1600 m/z can be assigned to the doubly-deprotonated
form of (1) (see Fig. 1a). In the NMR-spectra given in ESI,† S1
(1H, 29Si, 31P, 183W) all signals can be assigned to (1), and in
particular the occurrence of a broad signal at d(1H) = 5.46 ppm
proves the existence of protons, respectively H3O+ ions.
The surfactant character of (1) can be seen from its ability
to form lyotropic liquid crystals (LCC) at high concentration in
contact with water (Fig. 1b and c). Microscopy under crossed
polarizers (see ESI,† S1e) shows a birefringent phase. The texture
is in agreement with a lamellar phase. The lamellar character is
confirmed by transmission electron microscopy (TEM; Fig. 1b).
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Scheme 1 (a) The heteropolyacid surfactant [(C16H33Si)2PW11O39]3 (H+)3
used as an emulsification agent for preparing an emulsion of TSIL in water.
For better indication of the emulsion character the surfactants are omitted
in the front region of the droplet (b). The acid-catalysed polymerization
leads to polysiloxane (red)-POM surfactant nanohybrid particles (c), which
are then assembled into porous networks for proton-conduction (d).

octamethylcyclotetrasiloxane (TSIL) in water. The dispersions
are stable over weeks and months (see ESI,† S2a). TSIL was used
as a cyclic monomer for the acid-catalyzed generation of polydimethylsiloxane (PDMS), with additional PhSi(OEt)3 used as a
crosslinker. However, no additional acid needed to be added,
because the acidity of the surfactant is high enough to selfcatalyse the reaction. The successful consumption of TSIL and
formation of PDMS was monitored using 29Si-NMR spectroscopy.
With time the signal at d = 20.1 ppm for TSIL disappears
almost completely and the new signal for PDMS (d = 22.7 ppm)
emerges (Fig. 2a). The resulting dispersion contains almost
spherical E155 nm large particles with fairly narrow size distribution as found by DLS and TEM (Fig. 2b and c). The DLS also
shows a weak second size distribution around 30 nm. The origin
of this peak is not clear at the moment. Eventually there are also
some smaller particles formed in due course of the emulsion
polymerization, or one sees vesicular structure, which are known
to occur for polyoxometalate surfactants.17 Also these dispersions are stable for weeks, which demonstrates the effective
steric stabilization due to the negatively charged POM-surfactant
at the surfaces of the particles. Furthermore, we could not detect
any leaching of tungstate species and degradation of the surfactant into the aqueous phase, as long as it is secured that the
pH-value remains acidic. The reason for the stability of the
material is that the alkyl-chain of the surfactant is tightly locked
inside the PDMS matrix (see Scheme 1c).
Aggregation of these particles can either be induced by
addition of salt, or by drying. We have used freeze-drying until
all water has been removed. Solid, highly elastic, rubber-like
materials were obtained (see also ESI,† S3). The particles in
these solids have formed a fairly porous network shown via
scanning electron microscopy (SEM) in Fig. 2d. The porosity

Fig. 1 (a) Experimental ESI-MS signal (black) and comparison to the
theoretical pattern (grey) of [(C16H33Si)2PW11O39](H)2 . (b) TEM micrograph
of a lamellar phase of (1) and the corresponding SAXS pattern (c).

The interlamellar spacing (d = 3.5 nm) can be determined more
precisely from the main signal in small angle X-ray scattering
(SAXS) shown in Fig. 1c. Because d is less than the double length
of the surfactant, there is presumably a partial interdigitation of
the alkyl chains in the LCC phase as shown in ESI,† S1f.
At lower concentration (1) forms micellar solutions with an
average aggregate diameter of 3.6 nm determined from dynamic
light scattering (DLS) (see ESI,† S1g). However, it is much
more important for the current work that the POM-surfactant
can also be used for the generation of stable emulsions of

920 | New J. Chem., 2016, 40, 919--922

Fig. 2 (a) 29Si-NMR spectrum after PDMS formation. (b) DLS size distribution of
PDMS-POM-surfactant particles in aqueous dispersion. (c) TEM of PDMS-POMsurfactant particles; scale bar D200 nm. (d) SEM of PDMS-POM-surfactant
particle aggregates obtained after freeze-drying; scale bar D1 mm.
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and inner surface area (ABET = 33 m2 g 1) was determined using
N2 physisorption analysis (isotherm shown in ESI,† S3). It is
important to note that the porous network is stable and particles
cannot be re-dispersed, no matter which solvent is used (see also
Fig. 3). This is caused by linkage between the particles due to
partial fusion, which can be seen from magnified SEM images
(ESI,† S3). The homogeneity of the resulting material was also
investigated in a further analytical technique. As expected there are
no crystalline domains found by powder X-ray diffraction (PXRD)
and no periodicities on the meso-scale seen by small angle X-ray
scattering (SAXS); both data not shown. However, using FT-IR and
FT-Raman spectroscopy provided in ESI,† S3, it can be proven that
the material is composed exclusively of the POM-surfactant and
the siloxane polymer. No other constituents are present. Further
proof that the mentioned material still contains the POM constituent was provided by a combined TGA (thermogravimetric
analysis) PXRD experiment. The mass loss observed in TGA
in air (see ESI,† S3) is larger than expected for the decomposition
and removal of volatile components originating from the organosilsesquioxane species alone, and as a product a mixture of
amorphous SiO2 and crystalline WO3 (data given in ESI,† S4)
was obtained. Considering modern applications of WO3,21,22 an
interesting aspect, which however is beyond the scope of the
current manuscript, is that the obtained SiO2/WO3 hybrid material
is also nanostructured and resembles the morphology of the
PDMS/POM-surfactant phase (see ESI,† S4).
Coming back to the PDMS/POM nanohybrid there are some
obvious similarities to Nafion. We have a hydrophobic backbone
with highly acidic, water compatible groups covering exclusively the
surfaces of a porous structure (Scheme 1). It now needs to be probed,
if the material is conducting protons. A first, phenomenological
proof is coming from adding the material to an aqueous solution
containing a pH-indicator (see Fig. 3a and b). In comparison to a
PDMS material prepared with a conventional, surfactant (SDS)
instead of (1) there is clearly an acidic reaction not only in solution,
but also directly inside the solid material.
Furthermore, the materials (after equilibration of samples with
water)23 were characterized using impedance spectroscopy, which
is a good method for the investigation of proton conduction
in solid materials.24,25 Fig. 3c shows the Nyquist diagram of the
data, which were evaluated using literature-known methods.25,26
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The proton conductivity is calculated from the low frequency realaxis intercept of the semicircular arc by scaling the resistance
appropriately with pellet thickness and pellet diameter. As expected
the proton conductivities depend on the relative amount of POMsurfactant to PDMS polymer, respectively, the ratio of protons
provided by (1) and Si from the polymer; (s(H+ : Si = 1 : 90) =
5.9  10 5 S cm 1); (s(H+ : Si = 1 : 20) = 7.5  10 3 S cm 1).
In the current paper we discuss a surfactant containing a special
inorganic entity as a head group, a so-called heteropolyacid. This
polyoxometalate surfactant [(C16H33Si)2PW11O39](H)3 exhibits fourfold action at once. First of all it is an effective emulsification
agent for monomers leading to polysiloxane polymers (silicones).
Secondly, its protic character catalyses the polymerization of the
monomers, which leads to spherical PDMS/POM-surfactant particles. Solvent removal allows us to assemble a nanoporous network
from these particles. Because the POM-surfactants are located at the
surfaces of this network, their third function is to provide protonconductivity inside the channels of the materials. Finally, the POM
head could be used as a precursor for WO3, and interesting,
nanostructured silica–WO3 hybrid materials were obtained that
are briefly discussed in the paper.
Unfortunately, the material cannot compete yet with Nafion
as the most prominent proton-conducting material used in fuel
cells. Depending on the literature source and conditions the conductivity of Nafion is reported in the region 10 1–10 2 S cm 1,27
whereas our material is roughly 1 and 2 orders of magnitude
worse. This requires some optimization processes in the future. In
particular the degree of PDMS cross-linking needs to be adjusted
for controlling and increasing the porosity of the PDMS/POMsurfactant nanohybrid. However we could show that PDMS/POM
materials are promising candidates for proton-conducting membranes, as they exhibit good proton conductivity with respect to
their low inner surface area, which indicates a high proton
mobility within the material. We are aware that the porosity of
the material is not the only factor for high performance protonconduction materials as Nafion beads exhibit BET surfaces of only
0.02 m2 g 1.28 In addition to applications as proton-conducting
membranes, one can also imagine that the materials presented
here are interesting in heterogeneous catalysis.29

Experimental section
An emulsion is prepared by sonication (using a Bandelin TT13;
5 min) of a mixture of the POM-surfactant (1) (e.g. 0.031 mmol),
water (16 mL), TSIL (e.g. 1.7 mmol) and PhSi(OEt)3 as a crosslinker. The resulting dispersion is stirred for 20 h at 80 1C.
Impedance spectroscopy was performed using a Zahner IM6
workstation over a frequency range of 1–10 7 Hz with an oscillating
voltage 50–500 mV.

Fig. 3 Pure PDMS body (as a non-acidic reference, a) and PDMS/POMsurfactant nanohybrid (b) in a solution containing a pH-indicator dye.
(c) Impedance spectra of two PDMS/POM-surfactant nanohybrids containing
different amounts of compound (1). Circles D H+ : Si ratio equals 1 : 90;
squares D H+ : Si ratio equals 1 : 20.
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ESI-1. Additional information for the surfactant with heteropolyacid head
[(C16H33Si)2PW11O39](H)3 (1).
(a) 1H NMR data.

(*) solvent signals.

(b)

31P

NMR data.

(c) 29Si-NMR data

(d) 183W NMR data

(e) Polarization microscopy of a LCC formed with (1) in water.

(f) Schematic image of the POM-surfactant packing in the lamellar LCC phase.

(g) Particle size distribution curve of a micellar solution of (1) obtained by DLS.

ESI-2.
Additional information for the emulsion formed with TSIL, water and (1) as an
emulsifier.

(a) Photographic image of the emulsion after 5 weeks.

ESI-3.
Additional data for the solid PDMS-POM-surfactant nanohybrid.
(a) Photographic image of the PDMS-POM-surfactant nanohybrid after freeze drying.

(b) N2 physisorption isotherm of the of the PDMS-POM-surfactant nanohybrid after freeze
drying.

squares  adsorption branch
circles  desorption branch

(c) Enlarged SEM picture showing the partial fusion of PDMS/POM-surfactant hybrid
particles inside the porous network.

scalebar = 500 nm.

(d) TGA data (black graph) in air and first derivative of TGA data (grey graph).

Step (i): Removal of residual solvent.
Step (ii): Conversion of organosilsesquioxane species to SiO2
Step (iii): Conversion of POM-surfactant to WO3; sublimation of resulting P2O5

(e) IR and RAMAN data of the produced PDMS/POM material and the starting materials

We would like to highlight the unique signals, proving the presence of all of the three starting
materials. Those are:


the peak at 1009 cm-1 (IR) indicating the P-O vibration of the PW11O39-Cluster



the very prominent symmetrical C-H-deformation of the TSIL Si-CH3 groups at 1259
cm-1 (IR)



typical phenyl-vibrations at 1595 and 1569 cm-1 in the Raman spectrum indicating the
presence of PhSiOEt3.

ESI-4.
Additional data for material obtained after calcination of the PDMS-POM-surfactant
nanohybrid.
(a) PXRD analysis

The reference pattern of tetragonal WO3 is shown as grey bars. In addition, one sees a very
broad signal at 22°, which is typical for substantial amounts of amorphous SiO2 present in
the sample.

(b) SEM image showing the structure of the WO3-SiO2 material after calcination of the
PDMS-POM-surfactant nanohybrid.

ESI-5.
Synthesis of PDMS/POM materials:
The synthesis of H3[PW11O40(SiC16H33)2] (H-PW11C16) was performed according to known
literature.20
To 100 mg (0.031 mmol) of H-PW11C16 in 16 ml of destilled water was added
octamethylcyclotetrasiloxane (TSIL) (1.7 mmol) and PhSi(OEt)3 (1.5 mmol) as crosslinker.
The emulsion was generated by sonification with a Bandelin-Sonoplus TT13/F2 (65%, 5
mins). After stirring the emulsion for 20 h at 80° C the material was obtained by freeze-drying
the reaction mixture.
For the synthesis of the H+:Si 1:20 material 0.37 mmol of TSIL and 0.31 mmol of crosslinker
were used.
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ABSTRACT: Nonequilibrium states of matter are arousing
huge interest because of the outstanding possibilities to
generate unprecedented structures with novel properties. Selforganizing soft matter is the ideal object of study as it uniﬁes
periodic order and high dynamics. Compared to settled
systems, it becomes vital to realize more complex interaction
patterns. A promising and intricate approach is implementing
controlled balance between attractive and repulsive forces. We
try to answer a fundamental question in surfactant science:
How are processes like lyotropic liquid crystals and
micellization aﬀected, when headgroup charge becomes so
large that repulsive interactions are inevitable? A particular
challenge is that size and shape of the surfactant must not change. We could realize the latter by means of new hybrid surfactants
with a heteropolyanion head [EW11O39]n− (E = PV, SiIV, BIII; n = 3, 4, 5). Among the unusual self-assembled structures, we report
a new type of micelle with dumbbell morphology.
low-molecular-weight compounds comprising a hydrophilic
headgroup, often charged, attached to at least one alkyl-chain of
medium length (C12−C20) as a hydrophobic entity. An
important variable in surfactant science is the so-called packing
parameter, a number describing roughly the shape of the
molecule. On programmed self-assembly in the sense discussed
above, there exists a substantial limitation: Intermolecular
interactions cannot be tuned without substantially changing the
morphology and solvent compatibilities of the surfactant at the
same time. For instance, although the role of the charge of the
headgroup has been discussed intensely6,7 for classical, organic
surfactants, one can hardly extend the charge to values larger
than 2 without signiﬁcantly altering the packing parameter.
What one can do is to increase the number of charged
functionalities, but an additional headgroup will of course alter
the molecular shape signiﬁcantly. Therefore, for any eﬀect, it
would be unclear if this is due to the charge, the altered packing
parameter, or both. Surfactants with varying charge but
constant shape are needed.
In our paper, we will report about the synthesis of such
surfactants with highly charged head, and we will investigate the
self-assembled structures formed at diﬀerent concentrations in

INTRODUCTION
The spontaneous formation of organized patterns as an
intrinsic property of a system containing discrete constituents,
a process termed self-assembly,1,2 has fascinated scientist in all
ﬁelds because entropy commonly leads to disorder. Nature
displays the enormous potential of self-organization attributed
to many of the unexcelled properties of biological matter; for
example, self-repair originates from the ability to achieve selfassembly.3 In materials science, full exploration of this potential
has still not been achieved, and for the next level, which is
programmable self-assembly, we need to learn how to encode
more complex interaction. For nanoparticles, Cademartiri
discussed the latter aspect in 2015.4 One learns that a
straightforward approach for ﬁnding unique self-assembled
structures is to implement long-range and highly directional
repulsive forces in addition to the attractive interactions, which
are responsible for aggregation ﬁrst.
A special class of self-assembled materials is given by liquid
crystals. They unify structural order and a high degree of
mobility. These special features lead to a plethora of fascinating
properties as also stated in the seminal article published by
Tschierke in 2013.5 Liquid crystals are formed by unique
molecular compounds, and one can roughly distinguish
between thermotropic and lyotropic liquid crystals (LLCs).
LLCs and, at lower concentration, micellization rely on
amphiphiles, most importantly surfactants. Surfactants are
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water. The redox states of transition-metal compounds are
variable. Thus, one could imagine obtaining diﬀerently charged
surfactants without changing their shape, when such transitionmetal containing entities are used as head groups.8 However, an
important question is, which kind of “inorganic moiety” is most
suitable for our purpose. Recently, we presented a prototype for
hybrid surfactants (denoted as PW11C16) containing a
polyoxometalate (POM) headgroup [PW11O39]3−.8−11 It was
synthesized starting from a so-called lacunary Keggin ion
[PW11O39]7− (see also Figure 1).9 Because lacunary compounds exist not only for phosphorus but also for other
elements E in the center of the oxo-cluster (E = Si(IV),
B(III)),12 our idea is to prepare a systematic series of
surfactants with identical structure but diﬀerent overall charge
and to examine the eﬀect of the increasing charge on selfassembly.

■

Ion Exchange to the Corresponding H- and Na[XW11O40(SiC16H33)2]. Cations were exchanged to Na+ by slow
ﬁltration of a 5 mg/mL solution of TMA-POM through a column
packed with Amberlite-IR120-H/Na. Complete exchange was
conﬁrmed via 1H NMR (absence of signal at δ = 3.23 ppm).
Analytical Methods. NMR measurements (1H, 11B, 13C, 29Si, 31P)
were performed on a Varian Unity INOVA 400 Spectrometer. The
183
W-NMR-spectra were recorded on a Bruker Avance III 600 MHz
Spectrometer with 10 mm NMR tubes. ESI-MS data were acquired on
a Bruker microtof II system. The solutions were injected directly into
the evaporation chamber. SAXS was acquired on a Bruker Nanostar
system equipped with pinhole collimation and Cu Kα radiation. The
samples were placed between X-ray transparent mylar foils and were
measured in an evacuated chamber. For avoiding the contamination of
the measurement chamber, samples were dried prior to use. Liquid
samples were sealed in a 1 mm Mark-tubes made of soda lime glass.
Modeling of liquid cell data was performed using the SASView
software (developed by the DANSE project under NSF award DMR0520547). Textures of liquid-crystalline samples were studies with an
Olympus CX41 light microscope. TEM was acquired on a Zeiss Libra
120 system and a JEOL JEM-2200FS. The dry sample was placed
directly on carbon-coated copper grids. For cryo transmission electron
microscopy studies, a sample droplet of 2ul was put on a lacey carbon
ﬁlmed copper grid (Science Services, Muenchen), which was
hydrophilized by air plasma glow discharge unit (30s with 50W,
Solarus 950, Gatan, Muenchen, Germany). Subsequently, most of the
liquid was removed with blotting paper in a Leica EM GP (Wetzlar,
Germany) grid plunge device, leaving a thin ﬁlm stretched over the
lace holes in the saturated water atmosphere of the environmental
chamber. The specimens were instantly shock frozen by rapid
immersion into liquid ethane cooled to approximately 97K by liquid
nitrogen in the temperature-controlled freezing unit of the Leica EM
GP. The temperature was monitored and kept constant in the
chamber during all the sample preparation steps. The specimen was
inserted into a cryotransfer holder (CT3500, Gatan, Muenchen,
Germany) and transferred to a Zeiss/LEO EM922 Omega EFTEM
(Zeiss Microscopy GmbH, Jena, Germany). Examinations were carried
out at temperatures around 95K. The TEM was operated at an
acceleration voltage of 200 kV. Zero-loss ﬁltered images (ΔE = 0 eV)
were taken under reduced dose conditions (100−1000 e/nm2). All
images were registered digitally by a bottom mounted CCD camera
system (Ultrascan 1000, Gatan, Muenchen, Germany) combined and
processed with a digital imaging processing system (Digital Micrograph GMS 1.9, Gatan, Muenchen, Germany). Collected images were
processed with a background-subtraction routine, and where
appropriate, a smoothing ﬁlter (Butterworth Filter) was applied to
reduce noise. IR-spectroscopy was performed on a PerkinElmer 100
system. Dynamic light scattering was measured on a Viscotek 802 DLS
machine. Raman measurements were performed on a PerkinElmer
Ramanstation 400.

EXPERIMENTAL SECTION

Synthesis Methods. The lacunary polyoxometalates
K7[PW11O39],13 K8[SiW11O39],14 and K8H[BW11O39]15 were synthesized according to the literature.
Synthesis of TMA3[PW11O40(SiC16H33)2]. In a 5 L beaker, 5.00 g of
powdered K7[PW11O39]·14 H2O (1.56 mmol) was dissolved in 5 L of
acetonitrile. To the resulting suspension, 3.67 mmol of hexadecyltrimethoxysilane, 4.4 eq of 1 M HCl (7.34 mL), and 7.5 eq of
tetramethylammonium chloride were added and stirred for 24 h at
room temperature. After ﬁltration and removal of the solvent, the
resulting white precipitate was collected and washed with water,
methanol, and diethyl ether (50 mL each). Yield: 2.83 g (53% based
on K7[PW11O39]), white powder.
1
H NMR (DMSO-d6): δ = 3.23 (s, 36H), 1.62−1.08 (m, 56H),
0.85 (t, J = 6.7, 6H), 0.71 (t, J = 7.5, 4H). 29Si NMR (DMSO-d6): δ =
−51.20. 31P NMR (DMSO-d6): δ = −13.83. 183W-NMR (25 MHz,
acetonitrile-d3): δ = −103.16 (d, J = 1.0 Hz, 2W), −108.71 (d, J = 1.0
Hz, 2W), −112.78 (d, J = 1.5 Hz, 1W), −124.63 (d, J = 1.2 Hz, 2W),
−202.35 (d, J = 1.6 Hz, 2W), −253.96 (d, J = 1.4 Hz, 2W). IR (ATR):
1111 (Si−O−Si), 1063 (P−O), 1051 (P−O), 1033 (P−O), 981, (W =
O), 959 (sh, W = O), 951 (W = O), 861 (W−O−W), 810 (W−O−
W), 776 (W−O−W), 747 (W−O−W), 704 (W−O−W). Elemental
analysis C,H,N: 15.47%, 3.1%, 1.23%.
Synthesis of TMA4[SiW11O40(SiC16H33)2]. In a 5 L beaker 5.00 g of
powdered K8[α-SiW11O39]·13 H2O (1.56 mmol) was dissolved in 5 L
of acetonitrile. To the resulting suspension, 3.67 mmol of
hexadecyltrimethoxysilane, 4.4 eq of 1 M HCl (7.34 mL), and 7.5
eq of tetramethylammonium chloride were added and stirred for 24 h
at room temperature. After ﬁltration and removal of the solvent, the
resulting white precipitate was collected and washed with water,
methanol, and diethyl ether (50 mL each). Yield: 4.57 g (84% based
on K8[α-SiW11O39]), white powder.
1
H NMR (DMSO-d6): δ = 3.23 (s, 48H), 1.62−1.08 (m, 56H),
0.86 (t, J = 6.7, 6H), 0.56 (t, J = 7.5, 4H). 29Si NMR (DMSO-d6): δ =
−52.32, −85.11. 183W-NMR (25 MHz, acetonitrile-d3): δ = −112.77
(2W), −116.69 (2W), −119.91 (1W), −133.43 (2W), −180.09 (2W),
−257.37 (2W). Elemental analysis C,H,N: 16.50%, 3.29%, 1.60%.
Synthesis of TMA5[BW11O40(SiC16H33)2]. In a 5 L beaker, 5.00 g of
powdered K8H[α-BW11O39]·13 H2O (1.56 mmol) was dissolved in 5
L of acetonitrile. To the resulting suspension, 3.67 mmol of
hexadecyltrimethoxysilane, 4.4 eq of 1 M HCl (7.34 mL), and 7.5
eq of tetramethylammonium chloride were added and stirred for 24 h
at room temperature. After ﬁltration and removal of the solvent, the
resulting white precipitate was collected and washed with water,
methanol, and diethyl ether (50 mL each). Yield: 4.2 g (76% based on
K8H[α-BW11O39]), white powder.
1
H NMR (DMSO-d6): δ = 3.23 (s, 51H), 1.62−1.08 (m, 56H),
0.85 (t, J = 6.7, 6H), 0.62 (t, J = 7.5, 4H). 11B NMR (DMSO-d6): δ =
1.89. 29Si NMR (DMSO-d6): δ = −49.00. Elemental analysis C,H,N:
17.59%, 3.58%, 1.97%.

RESULTS AND DISCUSSION
Molecular Synthesis of Surfactants with Ultrahigh
Head Group Charge. Based on our work on surfactants with
a [PW11O39]3− head,8−11 the main aim of the current work is to
increase the charge of the head by synthesizing new surfactants
containing [SiW11O39]4− and [BW11O39]5− moieties. Because
only the central element is varied, we expect that only charge
diﬀers and molecular shape remains constant. The latter was
one of the key goals formulated in the Introduction section of
this paper.
Three surfactants EW11C16 were prepared by condensation
of two alkylsilanes to the cavity of the lacunary species
[EW11O39](4+n)− (n = 3,4,5). The resulting compounds were
characterized unambiguously by a combination of analytical
methods, most importantly electro-spray ionization mass
spectrometry (ESIMS) recorded in anion mode shown in
Figure 1. For overview spectra, see Supporting Information,
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Figure 1. Top: Reaction sequence for the synthesis of surfactants with diﬀerent heteropolytungstate head groups and systematically varying charge.
M (Na+, H+). Middle: Molecular structure of the resulting surfactant (hydrogen atoms omitted) with the headgroup region highlighted in polyhedral
plot (green ≅ WO6 octahedra; gray ≅ EO4 tetrahedron). Right: Main signals in ESIMS patterns for the compounds with diﬀerent central atoms. P:
blue graph ≅ experimental pattern; pale blue bars ≅ simulated pattern for [C32H66Si2PW11O40]3−. Si: black graph ≅ experimental pattern; gray bars
≅ simulated pattern for H[C32H66Si3W11 O40]3−. B: red graph ≅ experimental pattern; pale red graph ≅ simulated pattern for
H2[C32H66Si2BW11O40]3−. Magniﬁed images of the above signals are given in the Supporting Information Figures S-1, S-2, S-3.

lammonium as a cation is less than 1 mg/mL. After cation
exchange (e.g. for Na+) solubility increases and is of the order
of 100 mg/mL. From spectroscopic data (see Supporting
Information Figures S-1, S-2), one can conclude the cation
exchange does not aﬀect the integrity of the molecular structure
of the surfactants at all.
Self-Assembly at High Concentration, Lyotropic
Phases. After successful preparation and characterization of
the EW11C16 compounds, it is time to explore their amphiphilic
features with special emphasis on self-organized structures and
the dependency on headgroup charge. First, we will focus on
the high concentration regime resulting in LLCs. A dispersion
containing c0 = 75% weight surfactant was used for the sample
preparation (see also the Experimental Section). Agreeing with
our previous results on this system,9 the Na-PW11C16 surfactant
forms phases which are typical for lyotropic liquid crystals. The
LLC character can be seen from birefringence in optical
microscopy between crossed polarizers (POLMIC) (see Figure
2a). The so-called smokey/mosaic texture is in agreement with
a hexagonal phase. In transmission electron microscopy (TEM)
images taken from dried samples, one can observe a nicely
ordered structure comprising cylindrical aggregates arranged in
a hexagonal packing P6/mm (Figure 2b), which is a common
LLC phase. Results from small-angle X-ray scattering (SAXS)
shown in Figure 2c conﬁrms the latter. The periodicity of the
hexagonal system is a = 4.2 nm (q = 1.49 nm−1). If we consider
that the extension of a single surfactant is roughly 3.0 nm, one
has to assume there is partial interdigitation of the alkyl chains
in the cylindrical aggregates, which is also not unusual in LLC
phases.
Next, we want to discuss SiW11C16 used at otherwise
constant conditions (c0 = 75% weight; Na+ as a counterion).
The headgroup charge of the surfactant has increased to “4−”.
A ﬁrst assessmentif the change in headgroup charge has an
inﬂuencecan be done using POLMIC (Figure 2d). In
addition, SiW11C16 forms LLCs. The observed texture is
diﬀerent compared to Na-PW11C16. The silicon derivative
shows features which are typical for a lamellar system.16 This is
in agreement with SAXS measurements (Figure 2f) pointing to
a lamellar substructure with a periodicity of 6.6 nm (q = 0.94
nm−1). The mentioned periodicity is substantially larger than
for Na-PW11C16 and is of the order of twice the extension of a
single surfactant, which is quite typical for lamellar surfactant

Figures S-1 to S-3. One can identify several signals, which
correspond to either the molecular ion or fragments having
diﬀerent charge due to attachment of cations (most importantly
H+). The signals for the bare ions [EW11O40Si2C32H66]n− (nE=P
= 3; nE=Si = 4; nE=B = 5) are present, but they are relatively weak
in intensity. Instead, the most intense signal was selected for
detailed analysis in each of the cases (Figure 1). By comparison
to theoretically modeled patterns, we see there is an agreement
with the triply charged, partially protonated species. Please note
that in such spectra, mass is divided by charge z. Thus, a signal
at 1066.74 g mol−1 (average m/z) for a charge of −3 represents
a species with M = 3200.22 g mol−1 (PW11C16). The charge can
be determined from the distance between the isotope peaks. A
distance of 1/3 between each isotope peak as for the signals
shown in Figure 1 indicates a charge of −3. Supporting
Information Figures S-1, S-2, S-3 summarize all additional
spectroscopic data for PW11C16, SiW11C16, and BW11C16.
SiW11C16 will be discussed here as an exemplary case: In 29Si
NMR (Figure S-2a,b), one observes two signals characteristic
for the silicon atom in the center of the oxo-cluster (δ = −85
ppm) and the one attached to the hydrocarbon chain (δ = −52
ppm). Additionally, coupling between silicon and the diﬀerent
W atoms of the POM-cluster can be seen (2JSi−W = 10.3 Hz,
21.1 Hz). The structure of the headgroup proposed in Figure 1
could also be proven by the characteristic 2:2:1:2:2:2 pattern
and the 2JW−W = 10−20 Hz coupling constant in 183W-NMR
spectra (Figure S-2c). The observation of the mentioned
nuclear coupling shows that the NMR experiments have been
performed with high sensitivity. Because no unwanted signals
are seen, we assume that there are no impurities present within
the detection limit of NMR spectroscopy. Elemental analysis
was aggravated by diﬃculties in drying/quantitative removal of
any solvents used during synthesis (e.g., water). However,
CHN values are in satisfactory agreement (e.g., for
TMA4[SiW11O40(SiC16H33)2]; C: 16.50% (calcd 16.31%), H:
3.29% (calcd 3.49%), N: 1.60% (calcd 1.78%)); see also the
Experimental Section.
1
H NMR, FT-Raman, and FT-IR spectra (Figure S-2d,f) are
also in full agreement with the proposed structure of SiW11C16.
Please note that cation exchange (Na+, H+) is necessary for
increasing the solubility of the surfactants in water compared to
the organic (CH3)4N+ counterion originating from the ﬁrst
synthesis step (see Figure 1). The solubility with tetramethy10922

DOI: 10.1021/acs.langmuir.6b02661
Langmuir 2016, 32, 10920−10927

Langmuir

Article

roughly ∼1 nm. Thus, we assume a double-layer packing of
the surfactants in the structure (see also Scheme 1).
The size of the bright stripes (≈4.5 nm) compared to the
length of the alkyl-chains (lchain ∼ 2.2 nm) provides evidence for
a stretched conformation and the absence of any interdigitation.
If the alkyl-chains would interpenetrate or were strongly bent, a
signiﬁcantly smaller value for the alkyl-region would have been
expected. Similar patterns, as seen in Figure 2e, have been
reported in the past for nanoparticles, for example, prismatic
BaCrO4,17 forming ordered chains induced by oriented
attachment.18 Considering the various arguments, we propose
the structure for the aggregates shown in Scheme 1a. Plate-like
aggregates with a bilayer substructure stack, resulting in the
“striped worms” and the overall lamellar architecture. The
charge of the Na-BW11C16 surfactant is even one unit higher
(see Figure 1), and this seems to prevent any deﬁned selforganization, at least under conditions chosen here. In
POLMIC (given in Supporting Information Figure S-4a) one
sees birefringent, fractal objects, that look similar to phases
found for columnar thermotropic liquid crystals. However, in
TEM (Figure S-4b) and SAXS (Figure S-4c), no particular
structure is observed. Only seldom, and not very reproducibly,
a spot with an unusual structure comprising triangular shapes
(Figure S-4d) is found. Because of the lacking ability of
BW11C16 to present well-deﬁned LLC systems, we did not
consider it for further studies.
Self-Assembly at Low Concentration, Micellization.
For conventional surfactants we expect that in water, at lower
concentrations (c = 10 mg/mL) compared to the LLC phases
but above a critical concentration (cmc), micellar aggregates
will be observed. This is exactly the case for H-PW11C16, as
shown in Figure 3a,c. Particle size distributions derived from
dynamic light scattering measurements (DLS) show species
with a hydrodynamic radius of 2.4 nm, which ﬁts well to
spherical micelles composed of partially interdigitated surfactant molecules. TEM investigations conﬁrm the latter ﬁnding
(Figure 3c). Spherical, monodisperse objects with a diameter of
≈5 nm are found. All aggregates have a dark rim, which we
assign to the high electron density of the [PW11O39] head and
the resulting imaging contrast.19 Enlarged TEM images can be
found in Supporting Information Figure S-5.
In comparison, for H-SiW11C16 there are only few aggregates
found by DLS with sizes small enough for ordinary micelles.
The major fraction is composed of larger objects (RH ≈ 16
nm). The DLS data are consistent with TEM investigations
(Figure 3d), which show objects with ≈25 nm in length and 5−
7 nm in width. However, one can clearly see there is an
asymmetric distribution of contrast (Figure 3e). Each aggregate
has dumbbell shape with two zones of high electron density
opposite to each other and an area of lower imaging contrast
between. Kaya et al. have calculated theoretically the small
angle scattering curves for dumbbell-like micelles.20 However,
we were only able to ﬁt the SAXS curve of H-PW11C16 with a
core−shell model (Figure 3f). Due to the very high electron
density of the POM clusters forming the edge of the aggregate,
the development of a “dumbbell core−shell model” would be of
certain interest for the simulation of the SAXS curve obtained
for H-SiW11C16..
To the best of our knowledge, such a micellar morphology is
unique. At higher magniﬁcation, the area in the middle seems
to comprise a lamellar substructure (Figure 3e; bottom
particle). Despite the fact the geometry of the PW11C16,
SiW11C16, and BW11C16 surfactants is the same, undoubtedly

Figure 2. POLMIC (a), TEM (b; scale bar 100 nm) and SAXS (c)
data for the Na-PW11C16 surfactant at high concentration. POLMIC
(d), TEM (e; scale bar 100 nm, inlet: scale bar 10 nm) and solid-state
SAXS (f) data for the Na-SiW11C16 surfactant at high concentration.
Black bars mark the expected patterns for a cylindrical-hexagonal phase
P6/mm (c) and a lamellar phase Im3m (f), and the inset graphics show
the suiting LLC phase.

structures. Unfortunately, the signals of the lamellar phase are
relatively week and are superposed by an unspeciﬁc tail, which
might indicate there is also a less structured, amorphous part of
the sample. TEM measurements (Figure 2e) reveal that NaPW11C16 does not form a common lamellar phase with sheets
extended in 2-D. The structure is unique: Objects with stripy,
periodic features (a = 6.5 nm) are identiﬁed, which are
extended in one direction up to 150 nm (Figure 2e). However,
we recognize several unusual features. For a lamellar phase it is
unusual that conﬁned rod-like growth is favored over extended
2-D growth, for example, into sheet-like structures. One should
also note the extension of the self-organized aggregates
perpendicular to the growth axis is fairly uniform (≈10 nm).
Because of the large diﬀerence in electron density between the
W-containing head and the hydrocarbon side chains, one can
easily diﬀerentiate between inorganic (dark) and organic
(bright) regions in the structure. Considering the dimensions
of the respective region, one can then speculate about how the
surfactant is organized in the self-assembled structure. The size
of the dark stripes is ≈2 nm, according to evaluation of TEM
data using the program ImageJ. For better visibility, a highresolution image was added as an inset in Figure 2e. Force-ﬁeld
calculations were done, pointing out that the extension of the
head [SiW11O39] headgroup with attached counterions is
10923

DOI: 10.1021/acs.langmuir.6b02661
Langmuir 2016, 32, 10920−10927

Langmuir

Article

Scheme 1. Image Illustrating the Proposed Intermolecular Interactions (Left) and the Structure of the Self-Assembled
Aggregates at High Concentration (Middle) and Low (Right), with Lines Indicating an Electric Field Originating from the
Respective Polyoxometalate Head Group Treated as a Point-Charge: (a) Shows the Situation for the Surfactant with Higher
Charge (SiW11C16) and (b) Lower Charge (PW11C16)a

a
Because the cations (shown in blue) cannot penetrate into the alkyl-phase (black), there is shielding of the ﬁeld predominantly in one direction.
The resulting electrostatic repulsion is plotted as either green or red vectors. Balance of repulsion with attractive forces (black vectors) determines
the formation of the particular self-assembled structures. Regarding the structure of the self-assembled aggregates of SiW11C16 (a) at high
concentration, see also Figure 2e, and at low concentration (dumbbell aggregates), see also Figure 3d,e. (b) Regarding the behavior for the lowercharged PW11C16 surfactant, see Figure 2b for hexagonal LLC phases and Figure 3c for classical micelles in water.

higher charge. Furthermore, they found that the distance
between the aggregated clusters changes only marginally (0.1
Å). Transferring these ﬁndings to our systems, one can
conclude that our assumptions on the equality of the
headgroup sizes of the herein-analyzed surfactants are correct.
Despite the fact we cannot quantify the inﬂuence of cationmediated attraction, our assumptions are still valid as the
systems comprise the same sort of cations in the compared lowand high-concentration regimes.
We investigated the formation of lyotropic structures in
water at high and at low concentration. We found that there is a
substantial inﬂuence of charge on the self-organization
behavior. The self-assembly behavior for PW11C16, despite its
charge of “3−”, perfectly matched the structures one would
expect for classical surfactants with the help of the concept of
the “packing parameter”.24 Unusual aggregates were found for
head charge “−4” SiW11C16 (Figure 2e; Figure 3d,e). When the

the diﬀerence in headgroup charge leads to marked eﬀects for
the self-organization processes. PW11C16 with a headgroup
charge of “3−” still behaves like an ordinary surfactant. It forms
“ordinary” cylindrical LLC phases and at lower concentration in
water spherical, micellar aggregates (Scheme 1b).

SUMMARY AND CONCLUSIONS
In the current contribution, we showed the synthesis and
characterization of a series of three polyoxometalate surfactants
with the same structure and dimensions but diﬀerent charges:
[PW11C16]3−, [SiW11C16]4−, and [BW11C16]5−. There is another
important factor in aqueous POM-systems, which is cationmediated attraction. Is has been shown among others by Liu21
and Weinstock22 that self-assembly of POM clusters is aﬀected
by the counterions. Molecular dynamic simulations of Keggin
clusters in acid aqueous environment performed by Chaumont
and Wipﬀ23 also show that SiW12O404− exhibits a larger
tendency of aggregation compared to PW12O403−, despite its
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Figure 3. DLS measurements of aqueous dispersions (c = 10 mg/mL) of the H-PW11C16 surfactant (a) and of the H-SiW11C16 surfactant (b). TEM
micrograph of a H-PW11C16 micellar dispersion (c) and of aggregates formed by H-SiW11C16 in water at two diﬀerent magniﬁcations; scale bar = 50
nm (d), scale bar = 25 nm (e). (f) SAXS data recorded from aqueous dispersions of H-PW11C16 (blue circles), ﬁtted using a spherical core−shell
model (blue line) and H-SiW11C16 (black squares).

competing attractive and repulsive forces. The attractive forces
in the current molecular system are of course the interaction of
the head with cations and the van der Waals/hydrophobic
interactions between the alkyl-chains, just like in any other
surfactant system.26 As classical surfactants carry only a low
headgroup charge, the electrical ﬁeld is too weak to result in a
substantial repulsive force. The electrical ﬁeld originates from
unshielded charge, caused by the unbalanced distribution of the
counter cations around the POM headgroup, as they cannot be
situated in the hydrophobic domains of the aggregate. As a

headgroup charge is even higher, as for BW11C16, it was pointed
out the emergence of ordered aggregates is aggravated.
Although we cannot give a precise physical picture of the
interactions and thermodynamics leading to the unusual
phenomena, we want to discuss some ideas and check if they
are in-line with existing theories on surfactant self-assembly.
These ideas are also summarized in Scheme 1. Considering the
inspiring seminal work of Grzybowski and co-workers on
nanoparticle self-assembly,25 one condition for achieving
unprecedented modes of self-assembly is the existence of
10925
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consequence, one observes known structures dictated by the
attractive interactions. As such compact and highly charged
surfactants like described in our work were not considered
when Israelachvili and co-workers published their popular work,
is not surprising that our systems exceed the limitations of the
packing parameter. As a very rough model, we consider the
electric ﬁeld resulting from a polyoxometalate cluster treated as
an isolated point-charge ﬁxed of a surface (of an dielectric
medium of low polarizability) immersed in an electrolyte with a
Helmholtz-type layer of cations attached to the headgroup. The
contribution of the attractive, hydrophobic interactions is
constant in both systems (PW11C16 and SiW11C16, indicated by
black arrows in Scheme 1). Whereas the repulsive electrostatic
force (green and red arrows) grows stronger with a higher
charge of the surfactant and eventually crosses the threshold
repulsive interaction starts inﬂuencing the self-assembly
behavior. Because of a high headgroup charge, it would be
favorable for SiW11C16 also at high concentration to form
curved structures, which militates against a classical lamellar
phase. Besides, the high charge could also increase the packing
parameter of the surfactant, and this is also a factor favoring
curved aggregates. Due to the described electrostatic repulsion,
SiW11C16 cannot adopt cylindrical aggregates as easily as this
would require interdigitation of the alkyl-chains and thus a
smaller distance between the negative poles, which is obviously
disadvantageous. Thus, the bilayer aggregates can be seen as a
compromise between a cylindrical structure and a lamellar
phase. It can be argued that at lower concentration, water
molecules might penetrate the interlayer space comprising the
POM heads and their counterions. The bisection of the lamellar
structure and reorganization of the aggregates is the result (see
Scheme 1a). The solvation of the cations leads to a further
increase of the packing parameter, and normally a micelle, the
structure with the maximum curvature, is formed (Scheme 1b).
Because of the same reasons given above, SiW11C16 can also not
exist in the state of spherical micelles so easily, and again one
can rationalize the emergence of a new pattern (Figure 3d,e)
caused by the necessary compromise. The process can be
thought to result from the transition of the bilayer plates on its
two ﬂat sides, which could explain the symmetry of the
dumbbell objects, the overall extensions of those particles, and
the central, lamellar subdomain with weak electron contrast
(Scheme 1b, right image). This morphology is distinct from
dumbbell micelles for purely organic systems described in some
theoretical predictions, but there are similarities. For instance,
Leermakers predicted anisotropic, elongated micelles, if the
length of the alkyl-chain is small, which could lead to an
enhanced repulsion between the heads in an aggregate.27
Disher et al. argue the formation of dumbbell micelles can be
the eﬀect of a curvature-driven nanophase separation.28 This
model is of course oversimplifying the real situation, but,
unfortunately, quantitative calculations would require sophisticated ab initio calculation, which can only be done by
specialists.
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SUPPORTING INFORMATION
___________________
S-1. Additional data for the molecular characterization of PW11C16.
(a) 31P-NMR.

blue @ (CH3)4N+ as counterions.
red @ Na+ as counterions.
black @ H+ as counterions.

S-1

(b) 29Si-NMR.

blue @ (CH3)4N+ as counterions.
red @ Na+ as counterions.
black @ H+ as counterions.

S-2

(c) 29Si-NMR high resolution.

(d) 1H-NMR.

blue @ (CH3)4N+ as counterions.
red @ Na+ as counterions.
black @ H+ as counterions.

S-3

(e) 183W-NMR.

characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.
Assignment of peaks by unique coupling patterns & integrals: [1]
2
JW-W coupling of corner-shared octahedra: 20 Hz
2
JW-W coupling of edge-shared octahedra: 10 Hz
2
JP-W coupling (1-1.6 Hz) also visible in every Signal

Chem. Shift [ppm]
-103.16
-108.71
-112.78
-124.63
-202.35
-253.96

# of 10 Hz couplings
2
1
2
2
2

# of 20 Hz couplings
1
2
2
2
2
S-4

Integral
2
2
1
2
2
2

Tungsten atom
6+7
10+12
11
5+8
4+9
2+3

(f) FT-Raman spectrum.

Characteristic bands of W-O-W and terminal W=O virbrations at 1001 and 983 cm-1 show
that Keggin-Cluster is intact.

S-5

(g) FT-IR spectrum.

Characteristic vibrations for modified Keggin-Cluster:
Wave number [cm-1]
1110
1063
1051
1033
997
982
962
944
856
812
774

S-6

Assignment
Si-O-Si
P-O

W=O

W-O-W

(h) ESI-MS pattern

blue = experimental pattern
grey = simulated pattern [C32H66Si2PW11 O40]3-

S-7

Peak table:
m/z
1060.89262
1061.2264
1061.56028
1061.89413
1062.22784
1062.56172
1062.89562
1063.22936
1063.56315
1063.89708
1064.23087
1064.56462
1064.89852
1065.23241
1065.56612
1065.9
1066.2339
1066.56767
1066.90146
1067.2354
1067.5692
1067.90296
1068.23686
1068.57077
1068.90447
1069.23839
1069.57228
1069.90606
1070.23984
1070.57384
1070.90758
1071.24143
1071.57528
1071.90921
1072.24287
1072.57692
1072.91069

I
0.12949
0.3142
0.71037
1.43758
2.75247
4.82023
8.10431
12.64309
19.01932
26.8056
36.73412
47.28408
59.41264
70.51039
82.06172
89.85682
97.33348
99.05052
100
94.49314
89.44444
78.49674
69.56367
56.72416
47.26667
35.53647
27.8728
19.3075
14.2186
8.99081
6.23676
3.56148
2.31734
1.18391
0.71976
0.32329
0.18124

S-8

S-2. Additional data for the molecular characterization of SiW11C16.
(a) 29Si-NMR

blue @ (CH3)4N+ as counterions.
red @ Na+ as counterions.
black @ H+ as counterions.

S-9

(b) 29Si-NMR high resolution.
Signal of Si-Linker:

Signal of SiO4-center of POM:
No 2JSi-W coupling is visible. Consistent with 31P-NMR of PW11C16, where also no coupling was
visible.

S-10

(c) 183W-NMR.

Characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.
No complete assignment possible due to lack of resolution of 2JW-W couplings.
In all Signals except for δ= -257.38 ppm 20 Hz coupling visible à edge-shared octahedra.
Signal at δ= -119.91 ppm à W # 11 (due to Integral of 1)
Signal at δ= -257.38 ppm à W # 2+3 (no corner-shared octahedral à no 20 Hz coupling)

S-11

(d) 1H-NMR

blue @ (CH3)4N+ as counterions.
red @ Na+ as counterions.
black @ H+ as counterions.
(e) FT-Raman spectrum.

Characteristic bands of W-O-W and terminal W=O virbrations at 993 and 980 cm-1 show that
Keggin-Cluster is intact.
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(f) FT-IR spectrum.

Characteristic vibrations for modified Keggin-Cluster:
Wave number [cm-1]
1110
1063
1051
1033
997
982
962
944
856
812
774

S-13

Assignment
Si-O-Si
P-O

W=O

W-O-W

(g) ESI-MS

black = experimental pattern
grey = simulated pattern H[C32H66Si3W11 O40]3-

S-14

Peak table
m/z
1059.89365
1060.22743
1060.56131
1060.89516
1061.22886
1061.56274
1061.89663
1062.23038
1062.56416
1062.89808
1063.23188
1063.56561
1063.8995
1064.23341
1064.56712
1064.90096
1065.23487
1065.56865
1065.90241
1066.23635
1066.57017
1066.90391
1067.23779
1067.57172
1067.90543
1068.23929
1068.57317
1068.90699
1069.24072
1069.5747
1069.90849
1070.24226
1070.5761
1070.91008
1071.24374
1071.57765
1071.91147

I
0.12215
0.29759
0.6746
1.37037
2.63078
4.62411
7.79364
12.2028
18.40473
26.02909
35.76202
46.21182
58.19378
69.34874
80.91767
89.00461
96.60739
98.80379
100
94.97205
90.1098
79.60796
70.66021
58.06195
48.46281
36.79451
28.85853
20.23768
14.90108
9.56174
6.62051
3.86076
2.49867
1.31212
0.79211
0.36898
0.20475

S-15

S-3. Additional data for the molecular characterization of BW11C16.
(a) 11B-NMR spectrum.

d(11B) = 1.8 ppm (central 'BO4' unit).
(b) 183W-NMR spectrum.

Characteristic 2:2:1:2:2:2 pattern for lacunary [PW11O39] oxo-cluster.

S-16

(c) 1H-NMR spectrum.

(d) FT-Raman spectrum.

Spectrum of BW11C16 (red) in comparison to the spectrum of PW11C16 (blue) as a reference.
The Raman pattern is in general in POM-chemistry very characteristic for the symmetry of
the oxo-cluster. It can be seen that, as expected, the lacunary cluster is intact. However, the
slight shift for the W-O-W and W=O vibrations (991 and 967 cm-1) to lower energy for
BW11C16 can be explained by the higher charge density compared to the head group in
PW11C16.

S-17

(e) ESI-MS

red = experimental pattern
pink = simulated pattern H2[C32H66Si2BW11 O40]3-

S-18

Peak tabe
m/z
1054.23844
1054.57217
1054.90602
1055.23988
1055.57356
1055.90738
1056.24125
1056.57504
1056.90874
1057.24265
1057.57652
1057.91024
1058.24405
1058.57797
1058.91173
1059.24549
1059.57938
1059.91326
1060.24696
1060.58085
1060.91474
1061.2485
1061.58227
1061.91623
1062.25001
1062.58378
1062.91765
1063.25159
1063.58526
1063.9192
1064.25303
1064.58687
1064.92058
1065.25464
1065.58833
1065.92222
1066.25597

I
0.16753
0.39623
0.86102
1.71211
3.18981
5.5166
9.07172
14.02134
20.73564
28.97388
39.12421
50.10683
62.10173
73.32604
84.28263
92.10235
98.32572
100
99.72327
94.13668
87.8995
77.35257
67.5547
55.22226
45.29118
34.30383
26.33726
18.43608
13.28971
8.49986
5.74582
3.34213
2.10889
1.09944
0.64613
0.29752
0.16031

S-19

S-4. Analytical data regarding the self-assembly of the BW11C16 surfactant.
(a) Polmic.

(b) TEM.

S-20

(c) SAXS.

(d) TEM; rarely observed.

scalebar 100nm

S-21

S-5. TEM images of micellar aggregates formed by the PW11C16 surfactant in water.

S-22
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ABSTRACT: The solvent-mediated ability for molecularly encoded self-assembly
into states of higher order (micelles, lyotropic liquid crystals) embodies the basis for
many applications of surfactants in science and society. Surfactants are used
frequently in recipes for nanoparticle synthesis. Because ordinary surfactants
comprise insulating constituents (alkyl groups as side-chains and charged organic
heads), such nanostructures are wrapped in an electrically inactive barrier, and this is
a large disadvantage for future developments in nanotechnology. Implications of
micelles with electrically conducting walls made from either “metallic” or
“semiconducting” surfactants are huge, also in other areas such as nanoelectrocatalysis or micellar energy storage. We cross this frontier by replacing not
only the hydrophilic chain but also the hydrophilic head by electronically conducting
entities. We report the synthesis of surfactants with oligo para-phenylene-ethynylene
as a π-conjugated side-chain attached to a redox-active, inorganic polyoxometalate
cluster as charged head. It is proven that electronic communication between head and tail takes place. Hybridization on the
molecular level leads to the emergence of advanced surfactant features such as semiconductor properties (Egap = 2.6 eV) in
soft lyotropic systems (micelles, liquid crystals).
KEYWORDS: surfactants, liquid crystals, polyoxometalates, organic−inorganic hybrids, molecular conductors
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by these molecules.8,9 This year (2016) Kim and co-workers
have summarized the potential of LCs based on graphene
oxide.10 Most of the described systems belong to thermotropic
phases. A molecular system with lyotropic (solvent-triggered
self-assembly) and amphiphilic properties in combination with
electronic conductivity could feature very interesting properties,
for example, micelles as nanoreactors with electrically active
and transmittive shells. Another important aspect is that
surfactants located on the surfaces of nanoparticles lead to an
insulating layer. This is a large disadvantage for numerous
applications of nanoparticles requiring electronic transport.11
Little is known about electrically conducting surfactants or
amphiphiles in general. Li and co-workers presented in an
interesting study a molecular hybrid of fullerene attached to a
polythiophene oligomer. They showed some amphiphilic

olecular architectonics, the assembly of molecular
entities into functional patterns coupling their
properties to the nano-, then to the meso-, and
ﬁnally to the macroscopic world, is key for implementing future
technologies.1,2 Eventually, the spontaneous formation of such
organized structures takes place as an intrinsic property of a
system containing discrete constituents, a process termed selfassembly.3,4 A special class of self-assembling materials are
liquid crystals (LCs), because they unify structural order and a
high degree of mobility. This leads to a plethora of properties as
also stated in the seminal article published by Tschierke in
2013.5 Liquid crystals are formed by certain molecular
compounds, and one can distinguish between thermotropic
and lyotropic LCs.
Rising interest was devoted to the self-assembly of πconjugated systems because of their large potential in
(supra)molecular electronics.6 A prominent application is for
instance in ﬁeld-eﬀect transistors.7 Several papers have also
reported on the semiconducting features of LC phases formed
© 2016 American Chemical Society
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properties.12 Hecht and co-workers achieved a meta-phenylene
ethynylene derivative bound to an oligo-ethylene oxide chain as
a hydrophilic constituent of the amphiphile. The authors
reported intriguing, helical self-assembly.13 For an amphiphile,
or ﬁnally a surfactant, appointed for molecular electronics, it
becomes clear that the isolating character of typical, hydrophilic
headgroups such as oligo-ethylene-oxide or ammonium is a
large disadvantage. Therefore, a class of surfactants comprising
a hydrophobic and electrically conducting chain and a
(hydrophilic) headgroup, which is also capable of conducting
electrons, would represent a major advance.
Recently, organic−inorganic hybrid surfactants with heads
containing transition metal species were receiving attention
because of their ability to self-assemble could be combined with
added properties characteristic for coordination compounds
(magnetic properties, catalytic activity, etc.).14 Our group could
identify a surfactant class with a pure inorganic head, namely, a
lacunary polyoxometalate (POM) cluster [PW11O39], and
conventional alkyl chains as hydrophobic moieties.15−19 From
our previous work we know the polytungstate head can be
reduced (for example by electrochemical methods),18 and, in
addition, reduced POMs belong to compounds with partially
delocalized electronic systems (Robin−Day classiﬁcation II).20
Thus, [PW11O39] is a promising candidate for the desired,
electrically conducting headgroup. Obviously the alkyl chain
needs to be exchanged by a conducting entity, e.g., a πconjugated system. Others have already shown the attachment
of POM species to π-systems such as dyes (for example,
perylene) can be done in general, but their target was not the
synthesis of surfactant species.21−24 Therefore, in our current
contribution, we would like to create a compound with
surfactant-like architecture containing a linear, π-conjugated
chain as used in molecular electronics with a terminal,
hydrophilic POM cluster.

Figure 1. (a) Molecular structure of compound 3 as proven from
various analytical data. The color code of the [PW11O39] headgroup
marks the symmetry equivalent W atoms appearing in the 183W
NMR spectroscopy (b). (c) Experimental ESIMS pattern (black) in
comparison to the calculated pattern of the molecular ion 3 (gray).

The isotope lines of the ESIMS signal centered at m/z =
1239 g mol−1 and recorded in negative ion mode are separated
by 0.33 unit, aﬃrming the charge of the ion is −3. Thus, the
resulting mass of the molecular species (m × z = 3717 g mol−1)
matches nicely the nonfragmented molecular ion 3, and as a
result, there is a perfect match with the theoretically expected
isotope pattern (Figure 1c). In the 183W NMR spectrum shown
in Figure 1b one sees the characteristic 2:2:1:2:2:2 pattern of
the lacunary [PW11O39] POM cluster bound to two organosiloxane units. Thus, one can infer the molecular architecture is
intact. Also in the 31P NMR spectroscopy (Figure S-2b) one
sees only one signal (δ = −13.94), which is characteristic for
the central “PO4” unit in [PW11O39] and proves the high purity
of the compound. FT-IR spectroscopy (Figure S-2a) conﬁrms
the latter results, and it can be seen that also the CC triple
bonds are still present (ν̃ = 2150 cm−1). The presence of the
characteristic Si−O−Si vibration (ν̃ = 1110 cm−1) is also in full
agreement with the proposed structure of the surfactant.
Therefore, the molecular structure of the target compound is
proven unambiguously.
Investigation of Self-Organization. Similar to the alkylmodiﬁed [PW11O39] surfactants (for example
(CH3(CH2)14CH2SiO0.5)2[PW11O39]3− (4) as a reference; all
reference systems used in this study are summarized in
Supporting Information Figure S-3),15−19 we also expect that
compound 3 has amphiphilic properties because of its dipolar
character considering the hydrophilic and charged headgroup
and (two) attached, hydrophobic hydrocarbon chains. Water is
added to 3, and for concentrations c > 1 g/L one still observes a
sediment remaining in the test vial. This indicates the solubility
of 3 is lower compared to classical organic surfactants, e.g., SDS
(sodium dodecyl sulfate), and also the alkyl analogue 4.
However, even at c = 0.1 g/L we could observe the formation
of self-assembled structures in water (see Figure 2). In particle
size distribution functions obtained from dynamic light
scattering (DLS) one sees two signals at a hydrodynamic
diameter DH = 4.9 and 18 nm (Figure 2a).
The critical micelle concentration (CMC) of surfactants such
as SDS (CMC = 2.3 g/L) or polysorbate 80 (CMC = 0.16 g/L)

RESULTS AND DISCUSSION
Surfactant Preparation. The target compound (3), also
noted as PW11TPE, a lacunary [PW11O39] polytungstate cluster
attached to two para-phenylene ethynylene trimers via siloxane
bridges, was synthesized as depicted in Scheme 1.
Scheme 1. Synthesis of the amphiphilic compound with an
inorganic polytungstate head and π-conjugated side chain.

The alkoxy-silane-modiﬁed para-phenylene ethynylene derivative (1) required for coupling with the lacunary POM
cluster and its synthesis are described in detail in Supporting
Information Figure S-1. The successful reaction of 1 with
[PW11O39]7− (2) was examined by various methods (see also
Supporting Information Figure S-2), but most importantly
using 183W-nuclear magnetic resonance (NMR) spectroscopy
and electrospray ionization mass spectrometry (ESIMS) shown
in Figure 1.
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Figure 2. (a) Particle size distribution curve obtained from DLS measurements. (b) Guinier plot of SAXS data: gray circles ≅ background
measurement; black squares ≅ 3 in aqueous solution; blue, red line ≅ linear ﬁts for DG1,2. (c) TEM micrograph of a dispersion of aggregates
formed by 3 in aqueous solution; scale bar = 500 nm. Larger TEM micrographs are given in Supporting Information Figure S-4. (d) Proposed
structure of the aggregates: green ≅ polyhedral plot of the [PW11O39]3− headgroup; black ≅ organic phenylene ethynylene chains. Cations are
omitted. All dispersions had a concentration of 0.1 g/L of PW11TPE (3) in water.

obviously smaller than the double extension of PW11TPE (see
Figure 1a), and this speaks for a substantial interdigitation of
the hydrocarbon chains. Because the hydrocarbon chain can
adopt only a stretched conformation because of the triple
bonds, interdigitation is problematic since intersection becomes
almost unavoidable for any classical shape of a micelle.
However, density functional calculations show that the two
phenylene ethynylene chains do not prefer a parallel
orientation, but there is an angle between them of ∼60° (see
Supporting Information S-5). Considering this speciﬁc
geometry of the amphiphile 3, we propose the special structure
of the micellar aggregates shown in Figure 2d. Our suggestion is
in line with the crystal structure of a lacunary Dawson
polyoxometalate cluster bound to a pyrene moiety.23 The
model also accounts for the elongated shape of the aggregates,
which could be a result of the additional π−π interactions of the
phenylene ethynylene moieties. It is important to note that all
structures involving charged surfactants contain substantial
amounts of counterions. For surfactants with polyoxometalate
heads this aspect is crucial because of the high negative charge.
We have recently explored polyoxotungstate surfactants with
charges up to −5, and we saw that not only the choice of cation
is important but also surfactants with charges higher than −3
exhibit unusual self-assembly features because of the inevitable
electrostatic repulsion.25 Here, we have not varied the
counterion. Sodium compounds were used in all cases. We
assume that hydrated Na+ remains in close proximity to the

is typically larger. Attempts to determine the CMC of
PW 11 TPE precisely were not successful, because ring
tensiometry fails for all surfactants with highly charged PW11
heads25 and other methods (such as DLS) are no longer
sensitive to such low concentrations (<0.1 g/L). The overall
lower solubility and lower critical aggregation concentration are
assigned to the presence of the π-conjugated chain, which could
induce other, stronger intermolecular interactions in the
hydrophobic block such as π−π bonding. For further
clariﬁcation, we have performed small-angle X-ray scattering
(SAXS) measurements. Considering the Kratky plot of the
SAXS data (see Supporting Information Figure S-4), the shape
of the observed aggregates is close to a rigid-rod morphology,
indicated by the linear increase of the curve. Further, the
dimension of the aggregates is DG1 ≈ 6 nm and DG2 ≈ 20 nm
according to the two diﬀerent slopes obtained from the Guinier
analysis of the data (Figure 2b), which ﬁts nicely with the values
obtained from DLS. Images received from transmission
electron microscopy (TEM) analysis (Figure 2c) are consistent
with the latter results. The impression of “hollow structures” is
typical for self-assembled structures resulting from [PW11O39]
surfactants due to the large diﬀerence in electronic density
between the headgroup region and the organic tail.15,17
Although there is a large tendency for ﬁlm formation, the
size distribution of the objects is narrow and the objects are
slightly elongated with dimensions of ∼15−20 nm. Compared
to alkyl-modiﬁed surfactants, for example the reference system
4, there are some important diﬀerences. DH = 4.9 nm is
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the alkyl derivative as a reference (PW11C16),15 performing
electron microscopy is intricate because PW11TPE undergoes
radiation damage much more easily.
Investigation of Electronic and Electrical Properties.
Now that the amphiphilic properties of PW11TPE (3) have
been examined and some self-assembled structures have been
introduced, the question needs to be answered, if there is any
electronic communication between the redox-active [PW11O39]
headgroup and the π-conjugated chain(s). We studied the
electronic properties of 3 in solution ﬁrst. As the solubility of
PW11TPE is limited in water, electrical (cyclic voltammetry
(CV)) and electronic (UV/vis and photoluminescence (PL))
characterization was carried out in organic solvents for better
comparison to references (PW11C16, PW11, and TPE) and to
meet the required minimal concentrations for the analytical
techniques. Figure 4a shows cyclic voltammetry data of
PW11TPE in comparison to the alkyl analogue PW11C16.
Both compounds show two reduction/oxidation waves due
to the redox pair WVI/WV. Two eﬀects can be seen. The
reversibility of the redox process is limited for PW11C16, as
documented by the second oxidation wave in comparison to
the corresponding reduction wave. Interestingly, for PW11TPE
the redox reversibility has increased signiﬁcantly. Further, the
reduction waves have shifted to lower potentials (−840 to
−750 mV), meaning the transfer of one electron to the
headgroup is eased.
It can be reasoned there is clearly an eﬀect of the πconjugated chain attached to the [PW11O39] headgroup.
Photoluminescence measurements also show an inﬂuence of
the attached π-conjugated chain (Figure 4b). Whereas there is
no or only limited signal for PW11 (2) and PW11C16 (4), the
presence of the TPE chain leads to a noticeable ﬂuorescence
signal in the VIS region. Attaching the [PW11O39] moiety to the
TPE chain induces a red-shift of the ﬂuorescence by Δλmax = 18
nm. From ﬂuorescence lifetime measurements (Figure 4c) one
sees there is clearly a biexponential decay for PW11TPE and the
related relaxation constants are markedly diﬀerent (see ﬁts
given in Supporting Information Figure S-6). Because the
electronic system of [PW11O39] is very diﬀerent from the
organic TPE chain, it is expected that disparate decay constants
exist. Because excitation is based on the adsorption band of
TPE, the occurrence of both decays is an indication of the
successful transfer of the excited state from the chain to the
headgroup. The bare TPE chain (for better comparison also
ﬁtted by a biexponential curve) compares well to the slower
decay rate of PW11TPE, and the second component is much
faster. Since it is known that ﬂuorescence lifetimes are
inﬂuenced by the presence of heavy atoms, the latter results
can be interpreted as an additional evidence for the
delocalization of the photogenerated, excited state from the
π-conjugated chain to the polyoxometalate headgroup containing the heavy W atoms. We wanted to gain further,
independent conﬁrmation of the latter by using spectroelectrochemical (SEC) IR measurements (see Supporting
Information Figure S-7). We expected a shift of the CC
stretching vibration because of the occupation of antibonding
orbitals, when an electron of a reduced [PW11O39] headgroup
would eventually hop to the π-conjugated chain. Clearly there is
no shift, and as a result, one has to assume the transfer of
electrons from the headgroup to the chain in solution is at least
aggravated. Several factors can be responsible for this: First, one
has to consider the reduction of conjugated π-systems is in
general not favorable.29 Then, in solution rotation of the chain

negative headgroup, but the exact position cannot be resolved
as for other systems known in the literature.26−28
The self-assembly at high concentration of PW11TPE
(lyotropic LC) was studied using SAXS and TEM given in
Figure 3. The water content in the samples was determined by

Figure 3. (a) Experimental small-angle X-ray (Cu Kα) diﬀraction
pattern measured at two diﬀerent detector distances (circles,
squares) and signals expected (gray bars) for a hexagonal packing
of cylinders (P6mm) with periodicity a and for an additional dense
packing of the headgroups in the single cylinders c. (b) TEM
micrograph of solid, dried PW11TPE; scale bar = 100 nm.

thermogravimetric analysis and was found to be 4.7%. At low
angles, two diﬀraction signals are present, which ﬁt to a
hexagonally ordered cylindrical liquid crystal phase (a = 4.99
nm) (space group P6mm). In addition, there is one signal at
higher q values (c = 1.14 nm), which we assign to a dense
packing of the [PW11O39] headgroups located at the surface of
the cylindrical aggregates (see Figure 3a).
However, the internal order is not high, which is signaled by
the signiﬁcant width of the SAXS signals. The latter is
conﬁrmed by TEM investigations, for which we could only
ﬁnd a disordered, wormlike phase (Figure 3b). Compared to
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Figure 5. (a) Photographic images of PW11TPE (left) and the
unmodiﬁed TPE chain (right). (b) UV/vis spectra of 3 in the solid
state (green squares) and as references solid TPE (blue triangles)
and [PW11O39]Na7 (black circles) with F(R) ≅ Kubelka−Munk
function. The absorption spectrum of 3 in solution is shown as well
(green line). (c) By attachment of the lacunary [PW11O39] cluster
(left) to the TPE chain (right), one obtains a liquid crystalline
semiconductor (middle) with a band gap in the visible range.

Figure 4. (a) CV data of PW11TPE (3) (green line) in comparison
to PW11C16 (4) as a reference (gray line). (b) PL spectra of
PW11TPE (3) (green squares) and as references PW11 (2) (black
circles), PW11C16 (4) (gray hashes), and TPE (5) (blue triangles).
The yellow line marks the excitation wavelength λexc = 405 nm. (c)
Fluorescence decay curves for PW11TPE (3) (green line) in
comparison to TPE (5) (blue curve).

bigger dispersion of the density of states (DOS) function. This
and the fact that the optical properties of 3 in solution diﬀer so
much suggest that PW11TPE in its solid state has less molecular
character and is gaining semiconducting properties. As a result,
charge carriers can be delocalized over dimensions larger than
just the molecular scale. This theory is conﬁrmed by PL
measurements shown in Supporting Information Figure S-8.
While pure TPE (5) is characterized by several distinct
ﬂuorescence features, all signals are quantitatively quenched for
3. We explain this by the increased delocalization of the excited
state also to the headgroup region and ﬂuorescence quenching
because of the high atomic number of W, in addition to the

about the Si−Csp2 bond is possible, and therefore the chances
for overlap between the head and the π-system are reduced.
Therefore, it makes sense to investigate the described solidstate structure of 3 next. As expected, it can be seen that “bare”
TPE is a yellow compound with an adsorption maximum at
λmax = 399 nm (Ehν = 3.1 eV). The “bare” [PW11O39] also
absorbs in the UV (Figure 5). Considering a “particle in a box
model”, the signiﬁcant red-shift of the absorption band of
PW11OTPE compared to TPE can be explained by an
extension of the electronic system. Further, one sees the
band of 3 is signiﬁcantly broader, and this is indicative for a
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Figure 6. (a) I/V and (b) photocurrent measurement for PW11TPE. The period when the material was exposed to light is marked by the
yellow bars.

known “self-quenching” eﬀect, due to excimer formation in
high-concentration samples.30
Final proof that PW11TPE truly is a semiconductor comes
from current−voltage measurements and from testing the
materials as a photoconductor (Figure 6). One sees that
PW11TPE shows the typical I/V behavior of semiconductors.
The asymmetry in the graph (Figure 6a) is presumably due to
the possible redox process (reduction of the head; see above).
When PW11TPE is irradiated with light, because of its
semiconducting character, excitons (electron−hole pairs) are
formed, and this increases the electrical conductivity of the
material. Therefore, we can note an increase in current that
quickly ceases when the light is turned oﬀ. Interestingly,
afterward the resistance seems to be slightly higher than before
but then recovers over time. When considering the results from
PL and photosensor experiments together, it gets obvious that
very interesting semiconducting properties arose from the
presented hybrid material in LC phase. The determined band
gap of 2.6 eV is very similar to established semiconductors such
as ZnSe (2.7 eV), which opens the door for manifold
applications.

more promising to identify possibilities beneﬁting from the
features of the presented system. These are the surfactant
characteristics and the presence of the polyoxometalate group.
Tempting ideas are to use conducting surfactants for surface
stabilization of nanoparticles, enabling direct interparticle
charge transfer, or to explore the option for the generation of
self-organizing photovoltaic ﬁlms. In combination with the idea
of electrically conducting micelles and considering the catalytic
activity of heteropolyoxometalates we want to approach
innovative routes in electrocatalysis. When redox-active
compounds are conﬁned in micelles with conductive walls,
one can also imagine ﬁnding possible applications in energy
storage by charge storage and transport via reduction and
oxidation. However, before these perspectives can be realized,
most importantly the solubility in water has to be improved, for
example by attaching side-chains to the π-backbone. In
addition, more advanced physical measurements are planned
to understand the mechanism of charge generation and
transport in these systems.

CONCLUSIONS
In the current paper not only do we show that π-conjugated
systems can be used for constructing soft semiconductors via
thermotropic liquid crystals, but the presented organic−
inorganic hybrid amphiphile allows entering the world of
lyotropic, soft semiconductors. Because the set of analytical
techniques is diﬀerent for the micellar state and the LLC phase,
it is very hard to compare the results directly. But it was shown
that the type of aggregation also has an inﬂuence on the degree
of electronic delocalization. When there is less conformational
freedom of the π-conjugated chain with respect to the
polyoxometalate head (in the solid state), delocalization is
improved. It has also been demonstrated that in condensed
phases intermolecular charge transfer between adjacent
surfactants is possible and that this contributes to the
semiconductor features.
When imagining possible applications of our materials, a ﬁrst
idea is to relate to classical semiconductors with similar gap
energy (e.g., ZnSe).31,32 However, compared to semiconductor
quantum dots, a soft semiconductor like that presented here is
fundamentally diﬀerent. Therefore, our system should not be
seen as an alternative to inorganic nanoparticles. It is much

General Information. All experiments involving Pd complexes
were carried out under a nitrogen atmosphere using standard Schlenk
techniques. Solvents were dried and distilled prior to use. Unless
otherwise speciﬁed, reagents were used as received without further
puriﬁcation. Refer to Supporting Information Figure S-1 regarding
numbering of compounds.
Synthesis of ((4-Iodophenyl)ethynyl)trimethylsilane (ii). A
solution of 13.2 g (40 mmol) of 1,4-diiodobenzene (i), 1 mol %
Pd(PPh3)4, 2 mol % CuI, and 50 mmol of trimethylsilylacetylene
(TMSA) in 90 mL of tetrahydrofuran (THF)/NEt3 (2:1, v/v) was
prepared. After stirring for 20 h at 50 °C the solvent was evaporated
and the residue was extracted with pentane. After evaporation of the
solvent, the crude product was puriﬁed by column chromatography on
silica gel and pentane as eluent. 1H NMR (400 MHz, CDCl3): δ
(ppm) = 7.72−7.54 (m, 2H), 7.21−7.10 (m, 2H), 0.25, (s, 9H, TMS).
General Procedure for the Pd-Catalyzed Coupling of
Terminal Alkynes and (ii). A solution of (ii), 1 mol % Pd(PPh3)4,
2 mol % CuI, and 1.05 equiv of terminal alkyne were prepared in
THF/NEt3 (2:1, v/v). After stirring for 20 h at 50 °C the solvent was
evaporated and the residue was extracted with pentane. After
evaporation of the solvent, the crude product was puriﬁed by column
chromatography on silica gel and pentane as eluent.
Trimethylsilyl-protected Tri-iso-propylsilylacetylenyl Phenylacetylene (TMS-iii): colorless oil; yield 85%; 1H NMR (400 MHz, CDCl3) δ
(ppm) = 7.39 (s, 4H, Ph), 1.13 (m, 21H, TIPS), 0.25 (s, 9H, SiMe3).
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evaporation time, and its content was investigated using thermogravimetric analysis (TGA).
Analytical Methods. NMR measurements (1H, 13C, 29Si, 31P)
were performed on a Varian Unity INOVA 400 spectrometer. The
183
W NMR spectra were recorded on a Bruker Avance III 600 MHz
spectrometer with 10 mm NMR tubes. ESIMS data were acquired on a
Bruker microtof II system. The solutions were injected directly into
the evaporation chamber. SAXS was acquired on a Bruker Nanostar
system equipped with pinhole collimation and Cu Kα radiation. The
samples were placed between X-ray transparent foils and were
measured in an evacuated chamber. Liquid samples were sealed in 1
mm Mark tubes made of soda lime glass. TEM was acquired on a Zeiss
Libra 120 system and a JEOL JEM-2200FS. The dry sample was
placed directly on carbon-coated copper grids. IR spectroscopy was
performed on a PerkinElmer 100 system. UV/vis spectroscopy was
performed on a Varian Cary 100. Dynamic light scattering was
measured on a Viscotek 802 DLS machine. Photosensor measurements were performed on 3 mm × 3 mm sensor substrates from
Umweltsensortechnik and measured with a Zahner IM6 potentiostat.
A solution of Na-PW11-TPE in acetonitrile/water (5/1) solution was
subsequently dropped onto the substrate and allowed to dry.
Fluorescence spectroscopy was performed on a FluoTime 3000. All
experiments were performed with λex = 405 nm. Because signals were
too noisy in pure water due to the low concentration of PW11TPE,
solutions with higher concentration (c = 5 g/L) were prepared using
THF. Cyclic voltammetry was measured with an Epsilon-potentiostat
(BASi) (reference electrode: Ag/Ag+ wire; counter electrode: Pt wire;
scan rate: 100 mV/s). Because signals were too noisy in pure water
due to the low concentration of PW11TPE, solutions with higher
concentration (c = 1 g/L) were prepared using dimethyl sulfoxide
(DMSO). TGA was recorded using a Netzsch TG 203 instrument.

Trimethylsilyl-protected Tri-iso-propylsilylacetylenyl bis-phenylacetylene (TMS-iv): yellowish powder; yield 91%; 1H NMR (400
MHz, CDCl3) δ (ppm) = 7.45 (m, 8H, both Ph), 1.14 (m, 21H,
TIPS), 0.26 (s, 9H, SiMe3).
Trimethylsilyl-protected Tri-iso-propylsilylacetylenyl tris-phenylacetylene (TMS-v): yellowish powder; yield 77%; 1H NMR (400 MHz,
CDCl3) δ (ppm) = 7.50 (s, 4H, Ph) and 7.46 (m, 8H, 2×Ph), 1.14 (m,
21H, TIPS), 0.26 (s, 9H, SiMe3).
General Procedure for the Selective Cleavage of the
Trimethylsilyl Group. TMS-protected alkyne was dissolved in 240
mL of CH2Cl2/MeOH (1:2, v/v), and 15 equiv of K2CO3 was added.
After stirring the resulting dispersion for 2 h, 240 mL of water was
added. After separation of the phases, the organic solvent was
removed. The obtained product was used without further puriﬁcation.
(iii): white powder; yield 92%; 1H NMR (400 MHz, CDCl3) δ
(ppm) = 7.42 (s, 4H, Ph), 3.15 (s, 1H, CCH), 1.13 (m, 21H,
TIPS).
(iv): white powder; yield 87%; 1H NMR (400 MHz, CDCl3) δ
(ppm) = 7.47 (s, 4H) and 7.45 (s, 4H, both Ph), 3.18 (s, 1H, C
CH), 1.14 (m, 21H, TIPS).
(v): yellowish powder; yield 95%; 1H NMR (400 MHz, CDCl3) δ
(ppm) = 7.51 (s, 4H, Ph), 7.48 (s, 4H, Ph at terminal alkyne), 7.46 (s,
4H, Ph at TIPS), 3.18 (s, 1H, CCH), 1.14 (s, 21H, TIPS); 13C
NMR (101 MHz, CDCl3) δ (ppm) = 132.26, 132.16, 131.74, 131.73,
131.64, and 131.54 (aromatic CH), 123.75, 123.64, 123.30, 123.08,
122.97, and 122.28 (quaternary C’s of Ph), 106.75 (CC−Si), 93.17
(CC−Si), 91.30, 91.18, 90.97, and 90.94 (internal CC), 83.38
(CCH), 79.20 (CCH), 18.82 (CH of TIPS), 11.48 (Me of
TIPS); 29Si NMR (79 MHz, CDCl3) δ (ppm) = −1.51.
Preparation of Si-TPE (1; see Scheme 1) by Hydrosilylation
of (v). To a degassed solution of 300 mg (0.6 mmol, 1.0 equiv) of (v)
in 30 mL of CH2Cl2 were added 102 mg of triethoxysilane (0.6 mmol,
1.0 equiv) and 3 drops of Karstedt’s catalyst in PDMS (poly(dimethylsiloxane)). After stirring for 48 h the solvent was removed.
The resulting dark yellow residue 1 was used without further
puriﬁcation.
29
Si NMR (79 MHz, CDCl3) δ (ppm) = −1.65 (TIPS), −57.02
(Si(OEt)3).
Synthesis of the Hybrid Polyoxometalate Species PW11-TPE
(3). The lacunary polyoxotungstate K7PW11O39 was synthesized
according to known literature.33 To a dispersion of 670 mg of
powdered K7PW11O39 (0.22 mmol, 1.0 equiv) in 700 mL of
acetonitrile were added 7.5 equiv of NMe4Cl (tetramethylammonium
chloride, 186 mg, 1.7 mmol), 4.4 equiv of 1 M HCl (1 mmol), and 2.2
equiv of Si-TPE (1) (323 mg, 0.5 mmol) in 2 mL of CH2Cl2, and the
mixture was stirred for 24 h. After ﬁltration, the solvent was removed
and the residue was collected. Washing of the residue with water,
methanol, and diethyl ether aﬀorded the desired TMA salt of the
product as a red powder in 90% yield (810 mg, 0.2 mmol): 1H NMR
(400 MHz, DMSO-d6) δ (ppm) = 8.0−5.5 (very broad, 28H, aromatic
and vinylic protons), 3.13 (s, 36H, NMe4+), 1.09 (broad, 42H, TIPS);
29
Si NMR (79 MHz, MeCN-d3) δ (ppm) = −1.33 (TIPS), −63.33; 31P
NMR (162 MHz, DMSO-d6) δ (ppm) = −13.60; 183W NMR (25
MHz, DMSO-d6) δ (ppm) = −97.08 (2W), −101.29 (2W), −106.19
(1W), −119.06 (2W), −195.17 (2W), −245.99 (2W). IR (ATR):
1110 (Si−O−Si), 1064 (P−O), 1054 (P−O), 1035 (P−O), 996,
(WO), 985 (WO), 959 (WO), 865 (W−O−W), 806 (W−O−
W), 788 (W−O−W) [cm−1]; ESIMS PW11-TPE·DMSO measured m/
z = 1265.244 08 (simulation: 1265.229 04); PW11-TPE·2MeCN
measured m/z = 1266.590 49 (simulation: 1266.584 78).
Ion Exchange with Na-PW11-TPE. Cations were exchanged with
Na+ by slow ﬁltration of a 5 mg/mL solution of TMA-POM in
acetonitrile through a column packed with Amberlite-IR120-Na. The
success of the exchange was controlled via 1H NMR (no peak at δ =
3.23 ppm any more).
Preparation of High-Concentration Phases. A dispersion of
100 mg of PW11TPE in water was prepared. Acetonitrile was added
until full homogenization had taken place. Due to its lower boiling
point (82 °C) compared to water, it is removed in a second step
slowly under vacuum. The content of water can be controlled by the
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Passing Current Through Electrically Conducting Lyotropic
Liquid Crystals and Micelles Assembled from Hybrid
Surfactants with p-Conjugated Tail and Polyoxometalate
Head
Alexander Klaiber,[a] Sebastian Polarz*[a]

SUPPORTING INFORMATION
S-1. Synthesis and characterization of compounds (1).
(a) Synthesis

S-1

(b) FT-IR spectra documenting the hydrosilylation reaction (final step).

- Band at 3300 cm-1 (for C≣C-H) disappears.
- Band at 1100 cm-1 (for Si-O) appears.

S-2

(c) Electron-impact (EI) mass spectrometry.

black pattern = experimental measurement
red pattern = calculated signals
(d) 29Si-NMR spectroscopy.

Additional signal at -25 ppm is due to PDMS originating from the catalyst needed for
hydrosilylation. In succeeding steps, this impurity is separated.

S-3

S-2. Additional analytical data for compound (3).
(a) FT-IR spectrum

IR spectroscopy reveals first of all, that all the expected vibrations for the attached
phenylene-ethynylene chains are present: the alkyne C≡C stretching mode at 2150
cm-1 and the aromatic vibrations at 1514 cm-1. The bands above 2850 cm-1 indicate
the presence of alkyl species, here the expected signals for the TIPS group and also
the tetramethylammonium counter ions. Looking at the fingerprint region of the
spectra, the characteristic bands of the Keggin ion can be seen. These vibrations can
be assigned to the P-O (1064, 1056, 1035 cm-1), W=O (985, 959, 948 cm-1) and WO-W (865, 806, 791 cm-1) modes of the cluster. These results show that TPE and
Keggin cluster are both present in the material, but it does not prove any connection
of the two compounds. For the intended linkage of cluster and chain, there should be
a vibration band of the chemical bridge between the two components. In this case the
[Si-O-Si]-motif must be formed upon condensation of two TPE-Si(OEt)3 molecules
with the [PW11O39] cluster. Indeed, this characteristic vibration is present in the
spectra at 1110 cm-1, proving the successful synthesis of the desired hybrid
PW11TPE compound.

S-4

(b) 31P-NMR spectrum.

S-5

(c) 29Si-NMR spectroscopy.

S-6

S-3. Summary of the systems relevant in this study.

S-7

S-4. Further data for aqueous dispersion of compound (3) PW11TPE.
(a) SAXS analysis Kratky plot.

SAXS is a valuable technique to study the self-assembly behavior of
amphiphiles over a wide concentration range. In the present manuscript we
used SAXS to analyze the aggregation mode of PW11TPE in aqueous solution
with a concentration of 1 mg/mL, as well as in solid state. The SAXS pattern of
the low concentrated liquid sample was plotted and analyzed according to
standard procedures (Guinier & Kratky plot). These plots provide information
about the shape and the dimensions of the aggregates. The linear slope at
higher q values in the Kratky plot and the occurrence of a second slope in the
Guinier analysis indicate the formation of elongated, rod-like aggregates with
dimensions of about 6 times 20 nm. Consequently, the aggregates formed
need to show interdigitation of the organic chains or somehow other
structuration of the TPE residues, as the diameter of the aggregate is smaller
than twice the dimension of one PW11TPE amphiphile. The structure we
propose (Fig. 2d) is in line with recent published literature and is based on a
stacking of trimers of the triangular-shaped rigid surfactant with a 60 ° rotation
between each layer.

S-8

(b) TEM micrographs at higher magnification.

scalebar = 500 nm

S-9

scalebar = 100 nm

S-10

S-5. Molecular structure of compound (3) PW11TPE optimized by DFT calculations.1-4

Geometry optimization was performed using Density-Functional Theory (DFT)
with the TURBOMOLE Program Package for ab initio Electronic Structure
Calculations using B3LYP/def2-TZVP level of theory. TURBOMOLE V6.6 2014, a
development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH,
1989-2007,

TURBOMOLE

GmbH,

since

2007;

available

from

http://www.turbomole.com.
The authors acknowledge support by the state of Baden-Württemberg through
bwHPC.
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S-6. Fluorescence decay constants obtained by biexponential fits of the lifetime
measurements.

TPE:

t1 = 1.54 ns
t2 = 1.27 ns

PW11TPE:

t1 = 1.66 ns
t2 = 0.59 ns

Photoluminescence spectra of PW11TPE show very nicely the influence of the
attached TPE chain. Reference measurements with pure TPE confirm that the broad
fluorescence band of TPE in the VIS range was transferred to the PW11TPE system
(Fig. 2b). The spectra were acquired in THF solution for better comparability, as the
bare TPE is insoluble in water at λex=405 nm. Furthermore, we could show by
additional reference measurements of the bare cluster [PW11] and an alkyl modified
species [PW11C16], that none of these compounds shows notable fluorescence bands
in the VIS range. Therefore, this can be regarded as another proof for the successful
synthesis of PW11TPE. Moreover, there is a first indication of an electronical
interaction of the cluster and the TPE chains, as the shape of the fluorescence band
is different for TPE and PW11TPE. Moreover the position of the bands’ maximum is
shifted by 18 nm for the amphiphile. Also the fluorescence decay changes, which is
S-12

discussed in more detail in the next comment. In solid state the fluorescence of TPE
is decreased dramatically. This effect is even larger for PW11TPE, where complete
quenching of fluorescence is observed. Like in solution, this behavior can be
attributed to the presence of the heavy tungsten atoms that are known to induce
fluorescence quenching. The effectivity of the quenching might also point to an
electronic interaction of the excited state, located on the TPE chain with the POM
cluster.

S-13

S-7. SEC-IR measurements of PW11TPE (3).

S-14

S-8. Photoluminescence measurements of PW11TPE (3) in the solid state.

green squares: PW11TPE (3)
blue triangles: TPE (5) as a reference.

Fluorescence quenching is observed in both samples. This quenching is well-known and

called “Aggregation-Caused Quenching (ACQ)” or “self-quenching”, which describes
a weakening of the fluorescence in the with rising concentration of the fluorophore.
Reason for this behavior is the formation of excimers (excited dimers that are
dissociated in the ground state). Excimer formation is known for most aromatic
hydrocarbons.5
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Electron Transfer in Self-Assembled Micelles Built
by Conductive Polyoxometalate-Surfactants Showing
Battery-Like Behavior
Alexander Klaiber, Tom Kollek, Simon Cardinal, Nicolas Hug, Markus Drechsler,
and Sebastian Polarz*
development of materials and technologies characterized by high energy and high
power density at the same time represents
a great challenge.[3] A promising concept,
which might be able to achieve this high
goal is the so-called redox flow battery.[4]
Ideally, either the cathode or the anode
should be dispersed in water. In synthetic
chemistry, encouraging results in terms of
sustainability have already been presented
in the research field of homogeneous catalysis, showing that water-sensitive reactions
can also be carried out in aqueous solution
by adding catalytically-active surfactants.[2,5]
Here, the surfactants are forming the
reaction vessels or micelles which are a
prerequisite to enable those chemical reactions. For both—energy storage as well as
micellar (electro)catalysis[6]—the development of electrochemically active micelles[7]
represents a worthwhile goal. A micelle
is a self-assembled structure formed in
water by amphiphilic molecules like surfactants. Classical surfactants like SDS (sodium dodecyl sulfate) consist of electrically
insulating organic entities. Thus, they are not suitable for the
generation of electroactive micelles. So far, only few examples
of surfactants containing redox-active groups exist. The most
prominent examples are those based on ferrocene (Fc) linked to
an aliphatic chain. Two very informative reviews by Brown et al.
and Abbot and Liu are addressing this class of functional molecules in detail.[8] Ferrocene-based surfactants have for instance
been used to study redox-triggered self-assembly processes.
However, Fc-surfactants carrying an aliphatic chain are not ideal
for potential storage of electrons. This is due to the fact that
the hydrophobic part of the molecule forming the center of the
micelle is insulating. This decreases the accessible volume for
the electrons introduced by reduction. Additionally, electrostatic
charge builds up, which quickly results in a counter-potential.
Therefore, micelles which can also store charges inside their
core appear to be highly interesting.
Obviously, a more refined surfactant architecture is required.
The surfactant must contain an electrochemically active,
hydrophilic head and a redox switchable, hydrophobic group
connected by sort of a molecular wire. Here, we describe the
synthesis of such a novel surfactant and we investigate the
capabilities to act as a “micellar battery.”

An ideal material for the storage of electrical energy is characterized by
high specific energy and high specific power at the same time, which is
a task of enormous difficulty. The so-called redox flow battery is a highly
promising approach. This new energy storage technology is based on two
half-cells containing dissolved electrochemically active species. Compared to
conventional, static accumulators it is not only engineered in a unique way
but also needs a tailor-made basis of chemical materials. Therefore, many
different redox-active materials are being investigated. However, research
is focused mainly on the redox properties, not taking possible synergistic
effects arising from self-assembled structures into account. Here, a novel
surfactant is presented containing an electroactive polyoxometalate (POM)
head connected to anthraquinone (AQ) as the relevant electron reservoir via a
π-conjugated chain. When organized into micelles, electrons put on the POM
corona “slide” into their depot inside the micellar core until needed. Cyclic
voltammetry proves the high reversibility and stability of this system, which
therefore can be regarded as micellar energy storage.

As world population keeps growing, urbanization is continuously increasing. Pollution, in particular air pollution, has
become a major problem in cities. To solve this problem the displacement of devices powered by fossil fuels with those driven
by electricity seems to be inevitable. As a consequence, materials
science has seen a tremendous research activity in the development of novel sustainable technologies. Here, efforts have been
made on a broad range of applications reaching from storage
of electrical energy in accumulators[1] to chemical synthesis
in “green solvents” such as water.[2] For energy storage, the
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We have recently described a series of surfactants with a
polyoxometalate head group (POM) and an alkyl tail.[9] We could
already demonstrate that the [PW11O39] head can be reduced
and oxidized electrochemically.[10] Kastner et al. reported on the
self-assembly and redox-properties of an alkylthiol-functionalized Wells–Dawson-type-polyoxotungstate. They were able to
show that micelles are formed in aqueous solution which can
undergo reversible redox reactions preserving their aggregated
structure.[11] In a recent study, we were able to exchange the
alkyl tail by a molecular wire resulting in a new, amphiphilic
semiconductor.[12] Regarding the synthesis of conjugated POMorganic hybrids, Proust and co-workers among others were
involved in some inspiring studies, dealing with hybrid (partly)
conjugated organo-POM species as well as their molecular electronic properties.[13]
Our target molecule is shown in Scheme 1. It consists of a
Keggin-type polyoxometalate cluster [PW11O39]3− and a wellknown organic redox species, anthraquinone (AQ), linked by
a π-conjugated chain. We chose AQ as redox-active group as
it has been shown in the literature that water-soluble quinone
species are suitable components for redox-flow batteries.[14] The
desired surfactant was generated by a synthesis sequence in
seven steps displayed in Scheme 1 (for details see the Experimental Section). First, a π-conjugated chain (2,5-dibutoxy-bis1,4-ethynyl)-benzene was connected to anthraquinone as the
hydrophobic part of the surfactant (AQπ). The terminal alkoxysilane group attached next was used for the condensation reaction with a lacunary Keggin species [PW11O39]7− resulting in the
double-tailed surfactant AQπPOM. Finally, ion exchange chromatography was employed to change the counter ions from
tetramethylammonium (TMA) to sodium to improve water
solubility.
The product was characterized via a combination of different
analytical methods. The IR spectrum is given in Figure S1 in the
Supporting Information. Signals from anthraquinone and the
Keggin ion can be identified in the fingerprint region. At 1110 cm−1
the band of the SiOSi motif (Figure 1a) formed by the condensation of cluster and chain is present, proving the correct
constitution of the hybrid molecule. The existence and integrity

of the POM head group is confirmed via 31P- and 183W-NMR
(Figure S2, Supporting Information). However, most valuable
information about the success of the synthesis can be derived
from electrospray-ionization mass spectrometry (ESI-MS) measured in negative ion mode and is shown in Figure 1a. The isotope pattern for the most intense signal is separated by m/z =
0.33 meaning the corresponding species is triply charged (3-). The
molecular mass of the corresponding species (M = 3704.8 gmol−1)
as well as the calculated isotope pattern fits AQπPOM3−. The
entire spectrum with an assignment of additional signals is given
in Figure S3 in the Supporting Information.
The optical spectrum of AQπPOM shown in Figure 1b is a
superposition of the features of the POM cluster (λmax = 251 nm)
and the organic chain (λmax = 403 nm), but both absorption signals are shifted to lower energy. This could be seen as the first
indication for an increase in the electron confinement length
caused by an electronic communication between the polyoxometalate head and the π-conjugated tail. The latter can be confirmed by density functional theory calculations (DFT). The
highest occupied molecular orbital (HOMO) shown in Figure 1c
is mainly situated at the middle segment of the molecule, but
it also extends onto the π-system of the anthraquinone. The
lowest occupied molecular orbital (LUMO) is located on the
[PW11O39] head group, and it can interact with the HOMO. The
effect becomes even more pronounced in the solid state; see
Figure S4 in the Supporting Information. K7PW11O39 and AQπ
are colorless respectively pale yellow samples, while AQπPOM
has a deep-brown color.
Before we discuss the electrochemical properties, it is important to investigate whether AQπPOM has surfactant properties,
most importantly if it forms micelles in aqueous solution. At
higher concentration AQπPOM forms lyotropic liquid crystals,
but this was not the focus of the current study. The simplest
method to check for aggregates in solution is using dynamic
light scattering (DLS). The resulting particle size-distribution
is shown in Figure 2a. Even at a very low concentration such as
c = 0.01 g L−1 one can observe aggregates with a hydrodynamic
diameter of 8.7 nm. Thus, the corresponding critical micelle
concentration is much lower compared to classical surfactants

Scheme 1. Shortened synthesis sequence for the redox-active surfactant with polyoxometalate head (blue = PW11O39).
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Figure 1. a) ESI-MS pattern of AQπPOM; black = experimental pattern, grey = simulated pattern for [M]3− . b) UV/Vis spectra measured in solution of
AQπPOM (black) and as references AQπ (blue) and POM (red). c) HOMO and d) LUMO of AQπPOM determined from DFT calculations.

like SDS (cmc = 2.3 g L−1). Despite the low cmc, the new surfactant is highly soluble in water (cmax = 20 g L−1). The size of
the micelle fits also quite well to twice the molecular extension of AQπPOM including the counter-ions. The formation
of the AQπPOM micelles can be confirmed by high-resolution
transmission electron microscopy under cryogenic conditions
(Cryo-TEM) (Figure 2b). The micelles seem to be deformed
slightly due to the electron radiation, but one can still identify spherical aggregates with a size of ≈10 nm. In addition,
small angle X-ray scattering (SAXS) was performed. The SAXS
pattern of a micellar solution is shown in Figure 2c. Calculation of the pair-size distribution function P(D) from the SAXS
data results in a maximum at D = 8 nm, which is in good
agreement with the micellar size determined from the other
methods. The structural model for the AQπPOM micelles is
shown in Figure 2d.
As discussed before, photogenerated charge carriers can
access both regions, the surfactant tail and the surfactant
head. The crucial questions remaining are, if persistent charge
transfer is possible, and in particular, if the AQ unit located
inside the hydrophobic core of the micelles can be used to
store charge. The most suitable method to answer this question is cyclic voltammetry (CV) performed on a micellar solution of AQπPOM shown in Figure 2e. During cycling between
+500 and −950 mV, two reversible redox processes can be
observed. The first one at −625 and −50 mV, the second one
at −800 and −745 mV. The peak potentials of the forward (Ep,f)
and reverse (Ep,r) half waves of the second redox process are
very similar, whereas the waves of the first process are split significantly. For a better understanding of the CV of AQπPOM
micelles, the data are compared to two reference systems. One
reference system is represented by a micellar state formed by
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surfactants with [PW11O39] heads, but with a nonconducting
and redox-inactive hexadecyl chain as the hydrophobic entity
(denoted as C16POM).[9a] Because this surfactant contains the
POM as the only redox-active species, it is clear that all redox
features can be assigned to the head group-region (Figure 2e).
The cyclic voltammogram shows three reversible reductions
with small ∆Ep values. The second reference system comprises
a micellar solution of C16POM, as before, but here AQ has been
added as a molecular compound. Because AQ is insoluble in
water, it is present inside the hydrophobic core of the micelles,
similar to micelles formed by AQπPOM (Figure 2d). The difference is, that because of the insulating alkyl chains in C16POM,
there will be no electron transfer between the POM cluster
and AQ. The corresponding cyclic voltammogram (Figure 2e)
shows one additional reversible redox process for AQ at less
negative potential than the known Alkyl-POM waves.
Coming back to the CV of AQπPOM, it can be concluded
that the signals at higher potential correspond to a redox reaction taking place at the surfactant head, and signals at lower
(less negative) potential are associated with reduction/oxidation
of the AQ unit. To ensure that the micellar system is also stable
in its reduced state and no disruption of the aggregates due
to stronger repulsive interactions from the additional negative
charge takes place, DLS measurements of a bulk-electrolyzed
sample of aqueous AQπPOM were performed (see Figure S6
in the Supporting Information). One observes a slight increase
in the hydrodynamic diameter of ≈3 nm, which is in good
agreement with the expected charge-induced repulsion and the
expansion of the hydrate sphere containing additional cations.
Moreover, decomposition of micelles during reduction can be
excluded as no lower dimensional species can be detected in
the DLS measurements.

1701430 (3 of 6)
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Figure 2. a) Particle size distribution determined from DLS measurements of a dispersion of AQπPOM (c = 0.01 g L−1) in water. b) Cryo-TEM of
AQπPOM (c = 10 g L−1) in water; scale bar 50 nm. Inset: scale bar 25 nm. c) SAXS pattern (black) and pair-size distribution function (grey). d) Structural model for the micelles. e) CV data for AQπPOM (i; black) and as references C16POM (ii; blue) and a mixture of C16POM and AQ (iii; red); Peak
maxima for forward Ep,f (dashed lines) and reverse waves Ep,r (dotted lines). All: c = 5 g L−1, v = 1000 mV s−1, in water at T = 293(±3) K with 0.1 M
NaClO4 electrolyte.

The unusual CV pattern of AQπPOM micelles can now be
understood and is summarized in Figure 3. The hydrophilic
POM clusters form the corona of the micelles, and only they
are reduced during the reduction (Figure 3a→b). One electron
seems to remain at the POM-cluster as there is only a very
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small shift for the corresponding oxidation wave. However, for
the second electron, there is a large shift of ∆Ep of 570 mV, and
the oxidation signal is now in the region, which is characteristic
for AQ. This means that at least one electron is transferred to
the inner region of the micelle (Figure 3b→c), and can then
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Figure 3. Redox mechanism for AQπPOM: a) AQπPOM micelles in aqueous solution. b) Reduction of the accessible POM cluster. c) Transfer of the
electron to the anthraquinone unit via the conjugated linker. d) Reoxidation originates from anthraquinone residue.

also be extracted from the micellar core again closing the cycle
(Figure 3c→d→a). The described sequence fits also to the results
obtained from DFT calculations (Figure 1c,d) because here the
first acceptor orbital (the LUMO) has been located at the POM
region of the surfactant. The reversibility of the process was
investigated by running multiple cycles (see Figure S5 in the
Supporting Information). As there are only minor changes in
the cyclic voltammograms, we conclude that a reversible electron transfer to the inner part of the micelle is possible.
In this contribution, we report the synthesis and characterization of a novel redox-active surfactant (AQπPOM) consisting
of a POM cluster functionalized with two π-conjugated chains,
bearing an anthraquinone residue. This amphiphilic system
combines structuration characteristics with functional material properties. In contrast to known redox-active surfactants,
charge taken up by the head group is transferred to the center
of micelles formed by AQπPOM in aqueous solution where
it can be stored reversibly. Because of this reversible charge
uptake and separation by transferring the electron to the inner
part of the aggregate, the system can be described as a “micellar
battery.” To the best of our knowledge, the presented AQπPOM
material possesses unique features that have never been mentioned for a self-assembled, molecular system before. The synergy of self-assembly with tailor-made redox characteristics
shows the great potential of functionalized hybrid polyoxometalates and illustrates the vast possibilities of this substance class
in most diverse applications. Certainly, the concept of micellar
energy storage is not at its limits with the presented system as
the application in a redox-flow battery is in an early stage of
development. Nevertheless, the shown electronic properties of
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AQπPOM could play an important role in the creation of future
smart micellar systems.

Experimental Section
Synthesis of AQπPOM: To a dispersion of 670 mg powdered
K7PW11O39 (0.22 mmol, 1.0 eq) in 700 mL acetonitrile 7.5 eq NMe4Cl
(TMACl, 186 mg, 1.7 mmol), 4.4 eq of 1 M HCl (1 mmol), and 2.2 eq
AQπ-Si(OEt)3 (238 mg, 0.5 mmol) in 2 mL acetonitrile were added and
stirred for 24 h. After filtration, the solvent was removed and the residue
was collected. Washing of the residue with water, methanol, and diethyl
ether afforded the desired TMA salt of the product as a red powder in
80% yield (700 mg, 0.18 mmol).
31P NMR (400 MHz, DMSO-d ,
6 δ): −13.2; HRMS (ESI) m/z:
[M] 3− calcd. for C46H58O48PSi2W11, 1234.8683; found, 1234.8621.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Analytical Methods.
NMR measurements ( 1H, 13C, 31P) were performed on a Varian Unity INOVA 400 spectrometer. The
183
W NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer with 10 mm NMR
tubes. ESIMS data were acquired on a Bruker microtof II system. The solutions were injected
directly into the evaporation chamber. For cryo transmission electron microscopy studies, a sample
droplet of 2µl was put on a lacey carbon filmed copper grid (Science Services, Muenchen), which
was hydrophilized by air plasma glow discharge unit (30s with 50W, Solarus 950, Gatan, Muenchen,
Germany). Subsequently, most of the liquid was removed with blotting paper in a Leica EM GP
(Wetzlar, Germany) grid plunge device, leaving a thin fi lm stretched over the lace holes in the
saturated water atmosphere of the environmental chamber. The specimens were instantly shock frozen
by rapid immersion into liquid ethane cooled to approximately 97K by liquid nitrogen in the
temperature-controlled freezing unit of the Leica EM GP. The temperature was monitored and kept
constant in the chamber during all the sample preparation steps. The specimen was inserted into a
cryotransfer holder (CT3500, Gatan, Muenchen, Germany) and transferred to a Zeiss/LEO EM922
Omega EFTEM (Zeiss Microscopy GmbH, Jena, Germany). Examinations were carried out at
temperatures around 95K. The TEM was operated at an acceleration voltage of 200 kV. Zero-loss
filtered images (ΔE = 0 eV) were taken under reduced dose conditions (100 − 1000 e/nm2). All
images were registered digitally by a bottom mounted CCD camera system (Ultrascan 1000, Gatan,
Muenchen, Germany) combined and processed with a digital imaging processing system (Digital
Micrograph GMS 1.9, Gatan, Muenchen, Germany). Collected images were processed with a
background-subtraction routine, and where appropriate, a smoothing filter (Butterworth Filter) was
applied to reduce noise. IR spectroscopy was performed on a PerkinElmer 100 system. UV/vis
spectroscopy was performed on a Varian Cary 100. Dynamic light scattering was measured on a
Malvern Zetasizer Nano ZSP machine. Reduced species were generated in a bulk electrolysis cell,
equipped with a Pt working electrode and an Ag reference electrode. The counter electrode contained
potassium hexacyanidoferrate(II) as sacrificial reductant.
Cyclic voltammetry was measured with an Epsilon-potentiostat (BASi) (working electrode: glassy
carbon, reference electrode: Ag/AgCl electrode (3M KCl); counter electrode: Pt wire). SAXS was
acquired on a Bruker Nanostar system equipped with pinhole collimation and Cu K α radiation. The
liquid sample was sealed in a 1 mm Mark tube made of soda lime glass. Geometry optimization and
orbital calculation was performed using Density-Functional Theory (DFT)
with
the
TURBOMOLE Program Package for ab initio Electronic Structure Calculations using
BP86/def2-TZVP level of theory. TURBOMOLE V7.1 2016, a development of University of
Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since
2007; available from http://www.turbomole.com. The authors acknowledge support by the state of
Baden-Württemberg through bwHPC.

Experimental Section
General Information.
All experiments involving Pd complexes were carried out under a nitrogen atmosphere using standard
Schlenk techniques. Solvents were dried and distilled prior to use. Unless otherwise specified,
reagents were used as received without further purification.

2-Iodo-anthraquinone (1)
2-Iodo-anthraquinone has been synthesized according to standard Sandmeyer-procedure, for example
described by Yamada et al.1

2-(Trimethylsilyl)ethynyl-anthraquinone (2)
A solution of 5.9 g (17.6 mmol) of 2-iodo-anthraquinone, 50 mg (0.7 mol %) CuI, 150 mg Pd(PPh3)4
(1.5 mol %) and 2.6 mL of trimethylmethylsilylacetylene (TMSA) (19.4 mmol, 1.1 eq) in 60 ml
tetrahydrofuran (THF) and trimethylamine (NEt3) (2/1, v/v) was prepared. After stirring for 48 h at
50°C the solvent was evaporated and the residue was extracted with pentane. After evaporation of the
solvent, the crude product was purified by column chromatography on silica gel and pentane as
eluent. The product was obtained as colorless powder (5.3 g, 17.4 mmol, 98 %).
1
H NMR (400 MHz, Chloroform-d) δ 8.37 (d, J = 1.7 Hz, 1H), 8.34 – 8.30 (m, 2H), 8.26 (d, J =
8.0 Hz, 3H), 0.29 (s, 9H, TMS).

2-Ethynyl-anthraquinone (3)
3.0 g (10 mmol) of TMS-protected alkyne (2) was dissolved in 150 mL of CH2Cl2/MeOH (1:2, v/v),
and 15 equiv. of K2CO3 was added. After stirring the resulting dispersion for 2 h, 200 mL of water
was added. After separation of the phases, the organic solvent was dried using MgSO 4 and removed

under reduces pressure. The obtained product was used without further purification (2.2 g, 9.3 mmol,
95 %).
1
H NMR (400 MHz, Chloroform-d) δ 8.43 (dd, J = 1.7, 0.5 Hz, 1H), 8.36 – 8.33 (m, 2H), 8.30 (dd, J
= 8.0, 0.5 Hz, 1H), 7.89 (dd, J = 8.0, 1.7 Hz, 1H), 7.86 – 7.82 (m, 2H), 3.39 (s, 1H, Alkyne).
13
C NMR (101 MHz, CDCl3) δ 182.59, 182.55, 137.25, 134.50, 134.44, 133.61, 133.57, 133.52,
133.06, 131.02, 128.47, 127.51, 127.49, 127.48, 82.20, 82.02.

((2,5-Dibutoxy-4-iodophenyl)ethynyl)trimethylsilane (4)
(4) was prepared via standard etherification, iodination and Sonogashira reaction, for example
described by Shinomiya et al.11

2-((2,5-Dibutoxy-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-anthraquinone (5)
A solution of 1.3 g (6.5 mmol) of alkyne (3), 50 mg (4 mol %) CuI, 150 mg Pd(PPh3)4 (2 mol %) and
2.5 g of compound (4) (6.5 mmol, 1.0 eq) in 60 ml THF/NEt3 (2/1, v/v) was prepared. After stirring
for 48 h at 50°C the solvent was evaporated and the residue was extracted with pentane. After
evaporation of the solvent, the crude product was purified by column chromatography on silica gel
and CH2Cl2/pentane (1:1, v/v) as eluent. The product was obtained as orange powder (1.8 g, 3.3
mmol, 50 %).
1
H NMR (400 MHz, Chloroform-d) δ 8.42 (d, J = 1.6 Hz, 1H), 8.32 (ddd, J = 5.2, 4.1, 1.2 Hz, 2H),
8.29 (d, J = 8.0 Hz, 1H), 7.87 (dd, J = 8.0, 1.7 Hz, 1H), 7.84 – 7.78 (m, 2H), 7.00 (s, 1H), 6.97
(s, 1H), 4.03 (dt, J = 7.6, 6.4 Hz, 4H, OCH2CH2CH2CH3), 1.90 – 1.76 (m, 4H, OCH2CH2CH2CH3),
1.66 – 1.51 (m, 4H, OCH2CH2CH2CH3), 1.02 (dt, J = 12.3, 7.4 Hz, 6H, OCH2CH2CH2CH3), 0.27 (s,
9H, TMS).
13
C NMR (101 MHz, CDCl3) δ 182.62, 182.48, 154.17, 153.87, 136.35, 134.28, 134.16, 133.60,
133.50, 133.45, 132.25, 130.12, 129.82, 127.39, 127.31, 127.30, 117.17, 117.06, 114.96, 113.03,
100.96, 100.82, 93.38, 91.12, 69.35, 69.32, 31.38, 31.33, 19.31, 19.27, 13.90, -0.07.

2-((2,5-Dibutoxy-4-ethynylphenyl)ethynyl)-anthraquinone (6)
1.8 g (3.3 mmol) of TMS-protected alkyne (5) was dissolved in 150 mL of CH2Cl2/MeOH (1:2, v/v),
and 15 equiv. of K2CO3 was added. After stirring the resulting dispersion for 2 h, 200 mL of water
was added. After separation of the phases, the organic solvent was dried using MgSO 4 and removed
under reduces pressure. The obtained product was used without further purification (1.6 g, 3.3 mmol,
99 %).
1
H NMR (400 MHz, CDCl3) 8.44 (d, J = 1.7 Hz, 1H), 8.35 – 8.29 (m, 3H), 7.88 (dd, J = 8.1, 1.7 Hz,
1H), 7.81 (ddd, J = 6.4, 2.6, 1.2 Hz, 2H), 7.04 (s, 1H), 7.01 (s, 1H), 4.04 (td, J = 6.5, 1.9 Hz, 4H,
OCH2CH2CH2CH3), 3.37 (s, 1H, alkyne) 1.93 – 1.76 (m, 4H, OCH2CH2CH2CH3), 1.65 – 1.48 (m,
4H, OCH2CH2CH2CH3), 1.02 (dt, J = 14.6, 7.4 Hz, 6H, OCH2CH2CH2CH3).
13
C NMR (101 MHz, CDCl3) δ 182.72, 182.59, 154.26, 153.94, 136.50, 134.42, 134.30, 133.71,
133.63, 133.56, 132.42, 130.28, 129.86, 127.51, 127.43, 117.85, 117.11, 113.89, 113.58, 93.54,
91.01, 82.97, 79.98, 77.48, 77.36, 77.16, 76.84, 69.54, 69.48, 31.45, 31.39, 19.45, 19.35, 14.04,
14.03.

2-((2,5-Dibutoxy-4-(2-(triethoxysilyl)vinyl)phenyl)ethynyl)-anthraquinone (7)
To a degassed solution of 640 mg (0.9 mmol, 1.0 equiv) of (6) in 30 mL of CH2Cl2 were added
160 mg of triethoxysilane (0.9 mmol, 1.0 equiv) and 3 drops of Karstedt ’ s catalyst in xylene. After
stirring for 48 h the solvent was removed after reaction control. Here, the alkyne-signal in 1H-NMR

vanished and characteristic vinyl-signals arose. The resulting orange residue was used without further
purification.

Synthesis of AQ-POM
Synthesis of AQ-POM as well as ion exchange was performed analogous to previously described
procedure.3
1
H NMR (400 MHz, CD3CN): as the signals are very broad, integration was not possible.
Comparison with the spectrum of the pure chain (6) reveals that the reaction was successful.
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S-1: IR-spectroscopy
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In the IR spectra, one can clearly see the Si-O-Si vibration, the characteristic motif of the linkage of
organic chain and cluster. Furthermore the presence of vibrations of both, cluster and anthraquinone,
confirm the correct structure of AQ-POM.
Vibrations of AQ-POM (cm-1): 1672 (AQ), 1483 (N-Me), 1282 (AQ), 1111 (Si-O-Si), 1063, 1046,
1032 (all P-O), 996, 985, 961, 945 (all W=O), 861, 800, 756 (W-O-W)
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In the lower spectrum the complete ion exchange is confirmed as the TMA signal at 1483 cm-1
vanished, whereas the other signals are unaffected.

S-2: Multicore NMR spectra
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P NMR (162 MHz, CD3CN) δ -13.35.
Chemical shift fits to organically substituted Keggin-Cluster.3-4

31

183

W-NMR

6+7

5+8
10+
12
11
2+3
4+9

*

-50

-75

-100

-125

-150

-175

-200

-225

-250

-275

/ [ppm]
183

W NMR (25 MHz, CDCl3) δ -99.35, -110.41, -121.18, -123.15, -197.23, -256.84. Comparison with
previously described hybrid POM-SURF shows similar chemical shifts. Assignment of peaks has
been done accordingly.3

S-3: ESI-MS

black = experimental pattern
grey = simulated pattern for [M+H]2-

S-4: Optical properties.
AQ:

AQPOM:

UV-Vis spectroscopy (solid state; diffuse reflectance modus):

blue curve = AQPOM
red curve = PW11O39
black curve = AQ

S-5: Electronic properties.
Multi-cyclic voltammetry (20 cycles) measurement of AQPOM (c=5 mg/mL, v = 1000 mV/s, in
water at T = 293(± 3) K with 0.1 M NaClO4 electrolyte.) showing the reversible redox properties.
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S-6: DLS of reduced system
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DLS of unreduced (black) and reduced (grey) micellar solution (c=0.01 g/L), V= -1000 mV
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