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Zusammenfassung 

Aufgrund ihrer aussergewöhnlichen Eigenschaften und den 
daraus resultierenden Anwendungsmöglichkeiten haben zwei 
dimensionale (2D) Materialien schon immer viel Aufmerksamkeit 
auf sich gezogen. Bestärkt wurde dieses Interesse im 
Zusammenhang mit der Entdeckung von Graphene im Jahr 2004. 
Die 2D Polymere, zu denen auch Graphen gezählt werden kann, 
sind eine Unterklasse der 2D Materialien. Sie bestehen aus einem 
regelmässigen 2D Netzwerk von Wiederholungseinheiten und 
können als das molekulare Äquivalent eines Fischernetzes 
betrachtet werden.  

2D Polymere bestehen aus rund einer Billion 
Wiederholungseinheiten pro mm2, die alle regelmässig in einer 
Ebene angeordnet sind. Damit entspricht die Dicke des Polymers 
nur einer einzigen Wiederholungseinheit und somit etwa 1 nm. 
Die Herausforderung in der Synthese beruht darin, die 
Polymerisierung auf zwei Dimensionen zu begrenzen und diese 
langreichweitige Ordnung zu erzeugen. Zu diesem Zweck wurden 
bisher zwei Strategien erfolgreich verwendet. Einerseits können 
Monomere in Schichten kristallisiert und dann polymerisiert 
werden was zu Kristallen aus aufeinander geschichteten 2D 
Polymeren führt, deren Auftrennung in einzelne 2D Polymere sich 
bisher noch als Herausforderung herausstellte. Andererseits kann 
durch das Aufbringen von Monomeren auf die Luft-Wasser 
Grenzfläche in einem Langmuir Trog eine einzelne Schicht an 
Monomeren erzeugt und polymerisiert werden. 

Mit zukünftigen Anwendungen im Blick, stellt sich die Frage, ob 
diese komplexen Strukturen im grossen Massstab hergestellt 
werden können. Bei der Polymerisierung im Kristall liegt das Limit 
bei der Verfügbarkeit der Monomere, bei dem 
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Grenzflächenansatz hingegen in der Grösse des Troges. Letzteres 
beschränkt die Menge an Polymer aus praktischen Gründen auf 
maximal einige mg. Das Ziel dieser Arbeit ist es, 2D Polymere 
einfacher verfügbar zu machen. Zu diesem Zweck wurden drei 
essentielle Aspekte untersucht.  

Erstens wurde die Synthese eines besonders vielversprechenden 
Monomers vom Labor an technische Bedingungen angepasst und 
im grossen Massstab durchgeführt. Dies resultierte in mehr als 
100 g Monomer, mit dem Potenzial für mehrere kg. Im Zuge dieses 
Scale-ups wurde die publizierte Synthese des Monomers 
verbessert, wobei einerseits technische Anforderungen bei der 
Reaktionsdurchführung und Aufarbeitung zu berücksichtigen 
waren, andererseits auch Sicherheitsaspekte wie Reaktivität und 
Toxizität der verwendeten Chemikalien nicht vernachlässigt 
werden durften. 

Zweitens wurden funktionelle Gruppen am Monomer eingeführt.  
Durch die Transformation der funktionellen Gruppen ermöglicht 
dies nicht nur eine schnelle Synthese von verschiedenen 
Monomeren, sondern zukünftig möglicherweise auch die 
Umwandlung eines 2D Polymers in ein anderes. Mit der 
Transformation bestehender funktioneller Gruppen, kann ein 
Polymer zeitnah an neue Anforderungen angepasst werden. Dies 
verbessert die Verfügbarkeit von 2D Polymeren da die Synthese 
eines neuen Monomers und Polymers mehrere Jahre dauern 
kann. Im Zuge dieser Arbeit wurde ein Ester eingeführt welcher 
durch Hydrolyse ebenfalls die Herstellung des korrespon-
dierenden Monomers mit Säurefunktionalität erlaubt. Des 
Weiteren konnten Monomere oder deren Vorstufen mit Allyl, 
Alkohol und Aldehyd Gruppen nachgewiesen werden, welche 
zukünftig noch mehr Flexibilität bezüglich Umwandlung 
funktioneller Gruppen versprechen. 
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Drittens wurde ein Polymerisationsansatz entwickelt, bei dem 
potenziell monolagige 2D Polymere in Lösung hergestellt werden 
können. Dies ermöglicht es die Mengenlimitierung der 
Grenzfläche zu umgehen. Dazu wurde ein sich selbst 
organisierendes bolaamphiphiles Monomer, bestehend aus einer 
hydrophoben Mitte und zwei hydrophilen Enden, in wässrigen 
Salzlösungen dispergiert, polymerisiert und analysiert. Die 
erhaltenen planaren Strukturen mit Durchmessern im Bereich von 
�Pm und einheitlicher Dicke von ca. 1 nm zeigen, dass eine 
Polymerisierung in 2D trotz des 3D Umfeldes gelingen kann. Die 
ersten Analysen zeigen aber auch grössere Defekte in Form von 
Löchern. Ob die erhaltenen Strukturen 2D Polymere sind, oder nur 
kovalent verknüpfte 2D Monolagen ohne innere Regelmässigkeit, 
muss noch mittels einer analytischen Technik mit molekularer 
Auflösung bestimmt werden. 
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Abstract 

Due to their exceptional properties and possible applications, two 
dimensional (2D) materials have always received interest, which 
was even further increased by the discovery of graphene in 2004. 
A subclass of 2D materials are 2D polymers, the first of which was 
synthesized in 2012. These 2D polymers, consisting of a regular 
network of repeating units can be considered a molecular 
equivalent of a fishing net. 

2D polymers consist of roughly 1 trillion repeat units per mm2, all 
of which are arranged in an ordered fashion within a plane. This 
results in a thickness corresponding to the height of a single 
repeat unit, which is generally of the order of a nm. The synthetic 
challenge lies in restricting the polymerization to occur exclusively 
within a plane, as well as in the formation of the laterally ordered 
structure. So far, two synthetic strategies were used. In the single 
crystal approach, monomers are crystallised in a layered 
arrangement prior to polymerization. After a single crystal to 
single crystal transformation, a crystal represents a stack of 2D 
polymers. Exfoliation down to single monolayer 2D polymer 
sheets proved to be challenging thus far. In an alternative strategy 
monomers are applied to the air-water interface on a Langmuir 
trough. The obtained monolayer is then polymerised, yielding 
ideally a single layer 2D polymer without the need for any further 
action. 

Considering applications, it needs to be considered whether 
structures as complex as 2D polymers can be obtained in large 
enough quantities. For the polymerization in the single crystal, the 
limiting factor is the availability of the monomers, for the interface 
approach, it is the size of the trough. For practical reasons, the 
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latter limits single layer 2D polymers to quantities of the order of 
mg. Thus, with the aim of making 2D polymers accessible, 
investigations in three directions were conducted.  

Firstly, the synthesis of a monomer under laboratory conditions 
was adjusted to technical conditions and scaled up, resulting in 
more than 100 g of monomer with the potential for several kg. 
Within this scale-up, the published synthesis was improved to 
fulfil requirements regarding reaction conditions and workups, as 
well as safety aspects, such as reactivity and toxicity of chemicals 
and solvents used. 

Secondly, functional groups were introduced on the monomer. 
Utilising functional group transformations, a monomer can be 
converted into a variety of similar monomers. For the future, 
functional groups also have the potential to allow transforming 
one particular 2D polymer to a collection of similar polymers 
sharing the same carbon skeleton. This allows to adapt a 2D 
polymer in a time efficient manner to new requirements and 
avoids the time-consuming process of developing a new 
monomer from ground up for each new 2D polymer. Within the 
scope of this work a monomer bearing an ester group was 
synthesised, which could be hydrolysed to the corresponding 
monomer featuring a carboxylic acid group. Further monomers or 
their precursors containing allyl, alcohol and aldehyde groups 
were obtained, broadening the scope of functional group 
transformations beyond hydrolysis and transesterifications. 

Thirdly, a new polymerisation approach was developed, with the 
potential of obtaining single layer 2D polymers in suspension. The 
mass limitations typical for interfacial polymerisation, which are 
seen as a disadvantage concerning applications, may be overcome 
by this new in-suspension approach. A bolaamphiphilic monomer, 
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combining a hydrophobic core with hydrophilic top and bottom 
was developed and dispersed in salt water. The resulting self-
assemblies were polymerised and analysed. Planar structures of 
several �Pm diameter and 1 nm thickness were obtained. This 
proved that the polymerisation could be confined to 2D. While it 
was evident from the initial investigations that the obtained 
structures contained defects, only the application of molecular 
scale analytical techniques will eventually allow for the decision 
between the products being classified as 2D polymers or simply 
covalent monolayers.  

 

 

 

 

 

 

 

 

 

Parts of chapter 2 are taken from the following paper: 

P. Tanner, G. Maier and A. D. Schlüter, Synthesis of a Monomer 
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1 Introduction 

Given the task to define the last century in analogy to the stone, 
bronze or iron age, a future historian may call it the plastic age. 
Within the brief period of a hundred years, plastics, and more 
broadly polymers in general, have changed our lives. They were 
introduced as key components in a variety of fields, ranging from 
communication, transport, construction and health to packaging. 
New developments in polymer technology are constantly further 
increasing the scope of applications, resulting in a continuous 
growth of polymer production. While only 2 million tons were 
produced in 1950, this number has increased by a factor of 200 to 
around 400 million tons by 2019.[1] In comparison, during the 
same timeframe, cement production increased roughly by a factor 
of 40[2, 3] and steel production by a factor of 9.[4, 5] With currently 
over 1.7 billion tons annually, steel is produced roughly four times 
as much as polymers. However, considering volume instead of 
weight, polymer production surpassed steel production already in 
1989.[6]  

This unprecedented growth of the polymer industry is due to a 
combination of cheap production with versatile applications and 
durability of polymers. However, this last aspect, durability, is 
increasingly considered also a disadvantage due to the very slow 
and poorly understood degradation process of polymers. This lack 
of understanding poses a great threat to the environment. In 2016 
it was estimated that about 5 billion[1] tons of plastics had 
accumulated in the environment. Given the world population of 
7.5 billion in that same year, this accounts to approximately 670 
kg of plastic waste per person. As dire as the situation is, this 
controversial topic requires endorsement on the political and 
economic front and a far more in-depth discussion than possible 
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here. However, the poor recycling in large parts of the world 
should not discourage one to shed more light on the opportunities 
and properties of polymers. This thesis being such a work, focuses 
on a deeper investigation of a rather peculiar type of polymers 
with a heavy focus on their monomer synthesis.  

From a chemical point of view, generally, a single polymer is a 
chain of connected atoms with side groups along the chain as 
shown in Scheme 1.1. This chemical structure can be described by 
a repeating unit, in this case a propa-1,2-diyl, that constitutes the 
entire chain and end groups at the beginning and the end of the 
chain. Irrespective of the chemical nature, a polymer can be 
reduced to this schematic structure of repeat units and end 
groups. To obtain a polymer with its regular structure, monomers 
are covalently connected to each other during polymerisation. 
The end groups can therefore represent unreacted sites as well as 
any chemical functionalities introduced during or after 
polymerisation. This definition of polymers as macromolecules 
comprising of regularly ordered, covalently connected repeat 
units as well as end groups was introduced by Staudinger.[7]  

The cross-sectional thickness of a polymer molecule, usually 
below 1 nm, can be largely ignored for polymers of high molar 
masses, as the diameter of a repeat unit is negligible compared to 
the length of a polymer. For example, a polymer of a few 100 nm 
in chain length, can thus be considered as one dimensional (1D), 
as it only extends along a line. Overcoming this dimensional 
restriction would mean to go from the 1D linear structures to 
sheet-like structures in two dimensions. 
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Scheme 1.1: A cartoon and polypropylene fragment as an example of a linear 
(1D) polymer in a) compared to a flat (2D) polymer cartoon and the structure of 
a real 2D polymer as obtained from single crystal x-ray diffraction analysis in b). 
Monomers and repeating units are shown in blue. Covalent bonds formed are 
depicted in orange. The structure in b) is reprinted and adapted with 
permission.[8] 
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���‰�‰�o�Ç�]�v�P���^�š���µ���]�v�P���Œ�[�•�������(�]�v�]�š�]�}�v���}�(�������o�]�v�����Œ���í�����‰�}�o�Ç�u���Œ���š�}�������•�Z�����š-
like two dimensional (2D) object results in three requirements. 
These are firstly, regularity and secondly, covalent connectivity, 
both in two dimensions as depicted in Scheme 1.1B. This 
regularity is achieved by repeat units tessellating the entire sheet. 
Thirdly, for such a 2D object the end groups are then no longer 
located at two distinct points (chain ends) as in 1D polymers, 
rather they are continuously arranged along the edge of the sheet. 
As a result, the thickness of a 2D polymer sheet is given by the 
height of a repeat unit and for laterally extended sheets, it can be 
considered as negligible. A sheet-like object fulfilling these three 
requirements, regularity and covalent connectivity in two 
dimensions and end groups along the edge, can be considered a 
2D polymer. This definition is the smallest common denominator 
used in recent literature[9, 10] and in the author�[s opinion sufficient. 
Older definitions[11-13] often do not include the regularity and 
therefore cannot be characterised by a repeat unit, which is an 
integral part of polymers. Additional criteria for 2D polymers 
found in literature include: planarity and monolayer thickness;[14] 
topologically planar repeat units;[15] separability[14] and the ability 
to be free-standing.[16] These points were not included in the 
definition used in this thesis for the following reasons. Planarity 
and monolayer thickness are considered a result of regularly 
ordered monomers within a plane. Topologically planar repeat 
units were used so far for all 2D polymers, but other monomers 
are also feasible. �/�v�� �š�Z���� ���µ�š�Z�}�Œ�[�•�� �}�‰�]�v�]�}�v�U�� �•���‰���Œ�����]�o�]�š�Ç�� �v�}�š�� �}�v�o�Ç��
depends on the polymer, but also on the procedures and 
techniques at hand. If considered purely theoretical, it is a 
consequence of covalent bonds only within 2D and not between 
�‰�o���v���•�X�� �>���•�š�o�Ç�U�� ���� �‰�}�o�Ç�u���Œ�[�•�� �����]�o�]�š�Ç�� �š�}�� ������ �(�Œ����-standing is a vague 
definition, as the area over which it is required to do so can be 
chosen arbitrarily. 
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Besides 2D polymers fulfilling the complete definition given, other 
2D objects exist that are covalently connected in two dimensions, 
planar and a monolayer thick. However, they lack the internal 
regularity or lack proof thereof to be considered 2D polymers and 
are within this work further referred to as 2D polymeric 
structures. 2D oligomers refer within this work to small objects 
that fulfil the regularity, but contain only very few monomers and 
are thus not of polymeric nature. Examples for both 2D polymeric 
structures and 2D oligomers are found in Figure 1.2. 

The chemical structure of 2D polymers is related to covalent 
organic frameworks (COFs) [17-19] or in a broader sense materials 
such as metal organic frameworks (MOFs),[20] supramolecular 
assemblies[21] and other layered structures.[22-24] A wide variety of 
COFs have been synthesised, including 2D COFs[25], which are 
layered structures resembling 2D polymers. These structures also 
have 2D periodicity, but the ordered regions irregularly extending 
into 3D. The resulting microcrystalline powders are thus 
ultimately 3D macromolecules without clearly defined repeating 
units and are in some literature, as well as within this work, not 
considered as 2D polymers.[26-28] This interconnectivity of layers 
results in inseparable sheets and therefore no possibility to 
dissolve 2D COFs or obtain extended monolayers. Recently 
however, single crystal COFs[29, 30] were prepared that may lead to 
an overlap of the fields of 2D polymers and COFs.  

While there are many naturally occurring 1D polymers such as 
polysaccharides, silks, proteins, DNA and natural rubber, the only 
2D polymer found in nature is graphite, an allotrope of carbon. 
The isolation of graphene sheets from bulk graphite was achieved 
by Geim and Novoselov in 2004.[31] This isolation and the 
���Æ�‰�o�}�Œ���š�]�}�v���}�(���P�Œ���‰�Z���v���[�•�����Æ�����‰�š�]�}�v���o���‰�Z�Ç�•�]�����o���‰�Œ�}�‰���Œ�š�]es[32] was 
honoured with a Noble Prize in 2010.  
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Comparing publications of the large fields of COFs and graphene 
with research in the still developing field of synthetic 2D polymers, 
one finds that 2D polymer research focuses on synthesis and proof 
of structural perfection while for the other two, a significant part 
of research is focused on applications. To some degree this may 
be due to a head-start for graphene and COFs with their first 
publications as early as 2004 and 2005[33] respectively compared 
to the first successful synthesis of a 2D polymer by Kissel only in 
2012.[34] Afterwards in 2014 three further milestone reports on 2D 
polymers were published. For two of them,[35, 36] the polymer 
structure could be resolved by single crystal structure analysis; 
one of which is shown in Scheme 1.1B. For the other milestone,[37] 
large single sheets of 2D polymeric structures could be obtained. 
Since then structural proof for further 2D polymers has been 
achieved,[38] as well as the scope for the polymerisation reactions 
being broadened.[39, 40] However, research on 2D polymer 
applications is still lacking and possibly depends less on a later 
development of the field and rather on challenges in obtaining 
significant quantities of 2D polymers.  

Availability was already a key factor in the success of linear 
polymers as described previously, and it is also considered crucial 
for the development of the field of 2D polymers. Thus, within this 
thesis, it is investigated how 2D polymers can be made accessible. 
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1.1 2D polymer synthesis strategies 

1.1.1 Growth chemistries and monomer design 

Linear polymers are often synthesised by using olefin chemistry. 
The four most common polymers, polyethylene, polypropylene, 
polyvinylchloride and polystyrene, are obtained by addition of 
olefins (Scheme 1.1) to one another by radical or insertion chain 
growth mechanisms. With the less common polyurethanes and 
polyethylene terephthalate, other polymerisation chemistries and 
step growth mechanism are used for the polymerisation. On the 
other hand, for 2D polymers, so far exclusively step growth 
mechanism has been used. While imine bond formation[41, 42] and 
olefin [2+2] dimerisation have been employed, light induced 
anthracene [4+4] cycloadditions are most common. This last 
reaction, anthracene dimerization,[43] depends on a proper spatial 
alignment. Anthracenes stacking edge-to-face (Scheme 1.2A) 
cannot dimerise, while those in a proper face-to-face packing 
(Scheme 1.2B) can. Improper alignment while stacking face-to-
face in case of an offset or too much distance between the two 
anthracene moieties, can still prevent the dimerisation[44] in, for 
example, crystals where diffusion and reorientation is not possible 
or at least hindered.  

Scheme 1.2: A) Edge-to-face stacking and B) face-to-face stacking of two 
anthracene molecules with subsequent dimerisation under UV light. Thermal 
treatment of the dimer or irradiation with light of shorter wavelength can trigger 
the back reaction. 
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To utilise a dimerisation for a laterally proceeding polymerisation, 
a monomer must contain at least three sites at which 
dimerisations can occur. Only two such sites would rather result 
in linear polymers (Scheme 1.1). 

Furthermore, the direction of bond formation should be 
considered. In the simplest case, all dimerisations occur within a 
plane. This is true for the monomers shown in Figure 1.1. They 
could be polymerised and the long-range ordered structure could 
be proven by single crystal structure analysis in the case of b)[39] 
and c)[35] and by high resolution AFM analysis in the case of a).[38] 
Light is used to induce polymerisation for all these monomers. 

Figure 1.1: A selection of monomers for the synthesis of 2D polymers with the 
reactive units highlighted in red. Monomer A) was used at the air-water interface, 
B) C) and D) for the single crystal approach. A) and C) polymerise via [4+4] 
dimerisation, B) via [2+2] and D) via [4+2]. 
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Careful monomer design is a necessity, but by itself insufficient for 
the synthesis of 2D polymers. Excluding reversible chemistry as 
used in COFs, if a monomer for 2D polymers as shown in Figure 
1.1 is dissolved and polymerised as shown in Scheme 1.3, it would 
likely form a hyperbranched structure. Thus, in order to obtain a 
2D polymer, the polymerisation reaction has to be limited to occur 
only within a plane. To that extent, it has been proven successful 
to initially order the monomers into a desired arrangement, 
further referred to as the reactive packing, and only then to 
polymerise by an external stimulus. This is usually but not 
exclusively done by light. Alternatives such as heat, pH change or 
addition of a catalyst could theoretically be used. 

To obtain a reactive packing, either the single crystal or the 
interfacial approach is employed. Both of these two strategies 
have proven successful for the synthesis of 2D polymers. They are 
discussed in the following subchapters along with a new idea for 
self-assembled structure polymerisation, a novel strategy 
explored within this thesis. The strategies are also evaluated with 
regards to their advantages and disadvantages and contain 
additional remarks regarding structural features for suitable 
monomers. 
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Scheme 1.3: A cartoon illustrating how a trifunctional monomer can lead to an 
irregular, hyperbranched polymer if the polymerisation is not forced to take place 
within a plane. 

 
1.1.2 Single crystal approach 

In the single crystal approach, the monomers are crystallised into 
a layered arrangement (Scheme 1.4), with the reactive sites 
exclusively within the respective layer. This prevents bond 
formation between adjacent layers and thus crosslinking between 
different 2D polymers. Within a single layer, monomers need to 
be oriented such, that the reactive sites are in an alignment 
allowing for polymerisation to occur. 
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Scheme 1.4: The three steps towards a 2D polymer in the single crystal approach. 
Monomers are shown as blue triangles and covalent bonds as orange cubes 
connecting the monomers. 

If such a monomer arrangement is obtained, a single crystal of 
monomers can be converted into a single crystal of polymers with 
each layer within the crystal being a polymer sheet. If light is used 
for polymerisation, the wavelength should be chosen carefully. An 
irradiation with light on the absorption maximum would cause a 
significant part of the photons to excite the monomers on the 
outermost layers of the crystal, while the monomers inside the 
crystal would be exposed to a lower photon density. This would 
potentially lead to the outside polymerising faster than the 
inside[45] and any crystal distortion, due to extending or shrinking 
not being homogenous throughout the crystal during 
polymerisation. As a result of such spatial differences in expansion 
or contraction, a breaking of the crystal or polymerisation induced 
misalignment of unreacted monomers is highly probable. 
Therefore, the wavelength for the irradiation is chosen so that it 
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small fraction of photons being absorbed and thus similar photon 
densities throughout the crystal. 

After a successful monomer single crystal to polymer single crystal 
transformation, the crystal represents a stack of approximately 
one million 2D polymers for a mm sized crystal. As the polymers 
are in the form of a single crystal, structure determination by 
single crystal x-ray analysis is possible. This facile proof of long-
range periodicity and covalent bond formation is a major 
advantage of the single crystal approach. 

To obtain a single, monolayer 2D polymer sheet, the crystals must 
be exfoliated. This process poses one of the main difficulties 
within the single crystal approach and current procedures yield 
only mixtures of single and multilayer polymer sheets. Due to the 
harsh treatment, these single sheets are fragmented and stand at 
less than a �Pm2 - only a fraction of their original size.[46, 47]  

The advantages of the single crystal approach are the high 
structural perfection that currently cannot be achieved by any 
other means and the analysis by single crystal structure 
determination, a simple and powerful tool. It proves the synthesis 
of 2D polymers, their long-range order as well as covalent bond 
formation as mentioned previously. Furthermore, in the single 
crystal approach, bulk quantities can be produced. With the 
proper equipment, kilograms of monomer can be simultaneously 
converted to polymer, allowing for mass production, a crucial 
requirement for any application. The single crystal approach is 
thus well suited, if large quantities of 2D polymers are needed and 
monolayer thickness is not required. 
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The single crystal approach also has drawbacks that should not be 
neglected either. The monomers have to be carefully designed, so 
that the reactive units are likely to align properly within the 
crystal. But even after thorough planning it is not guaranteed that 
a monomer can be crystallised in the desired fashion and an 
extensive effort may have to be put into finding proper solvents 
and conditions for the crystallisation. However, it is noteworthy 
that, even a crystal that was deemed unsuitable for 
polymerisations still led to the formation of 2D polymers upon 
irradiation in one study.[48] The polymers from the single crystal 
approach are also limited to the size of the crystal and could so far 
not exceed 1 mm. In addition, as mentioned before, obtaining 
significant quantities of single 2D polymers by exfoliation poses a 
challenge that still requires a solution.  

With an overview of the single crystal approach further 
requirements for the monomer structure should be discussed. 
Due to the need of obtaining a specific arrangement of the 
reactive groups within the crystal, it is desirable to aim for crystal 
structures that can be predicted and designed. To this end rigid 
monomers can be useful, as they not only prevent unfavourable 
monomer conformations, but also increase chances for good 
crystallisation behaviour. Generally, flexible side chains or groups 
that help solubilising the monomers during the synthesis should 
be avoided as they can hinder crystallisation. However, they could 
in theory also be introduced intentionally in an attempt to ease 
exfoliation by, for example, charge repulsion obtained after 
deprotonation of carboxylic acids. Moreover, distortions due to 
polymerisation should be considered during monomer design. 
This issue, already discussed previously, can be reduced by a 
monomer design that leads to as little change within the crystal as 
possible upon bond formation.  
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1.1.3 Interfacial approaches 

For the interfacial approach towards 2D polymers, in principle, 
any boundary between two immiscible phases can be used, given 
the monomers can be spread at that interface. The commonly 
used liquid-gas interface, also used within this work, is described 
in the last paragraphs of this sub-chapter; the solid-liquid, solid-
gas and liquid-liquid interface approaches are briefly described 
first. 

In the solid-liquid approach, a solution of monomers is added onto 
a solid substrate. Most often Au (111), Cu (111) and Ag (100) 
surfaces or HOPG are used.[50] The monolayers formed upon 
monomer deposition are then polymerised employing various 
stimuli. Successful synthesis of linear and 2D polymeric structures 
have both been reported.[51, 52] The advantages of this approach 
include the simplicity of monolayer formation, a broad range of 
chemical compounds  applicable for the deposition method and 
the high resolution of the polymer structure images obtained by 
STM analysis. However, the long-range order tends to be lower 
  

 

 

Figure 1.2: STM images of a 2D polymeric structure[19] (left) and a small 2D 
oligomer[49] (right). Reprinted and adapted with permission from American 
Chemical Society, 2008 and Springer Nature, 2007. 
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than with other methods[53] and the lateral size of the polymers 
seldom exceeds some tens of nm. Therefore, they are rather 2D 
oligomers than polymers. 

Additionally, there is not a single case in which the created 
molecules would have been lifted off the substrate they were 
created on. 

The solid-gas approach is similar to the solid-liquid approach in 
many respects. While the same substrates can be used, the 
deposition of the monomer is achieved by sublimation. This limits 
the scope of monomers to molecules with low weight and high 
thermal stability. Nevertheless, several reports show promising 
2D polymer flakes and polymeric structures obtained by this 
approach.[19, 49, 54, 55]  

In the liquid-liquid approach, two immiscible solvents are used to 
confine the monomers at the interface between them. Due to the 
thickness of the liquid-liquid boundary of several nm[56] compared 
to the air-water interface with a surface roughness of 3Å, no large 
single layered polymers have been obtained which satisfy the 
definition of 2D polymers given.[57, 58] 

In the most often used liquid-gas approach, best results are 
obtained by employing a Langmuir Blodgett[59] trough as depicted 
in Scheme 1.5. A solution of an amphiphilic monomer in a low 
boiling solvent such as chloroform is carefully applied to the 
surface of water. The amphiphilicity enhances the order of the 
monomer molecules at the interface by enforcing an orientation 
in which the hydrophilic groups are pointing into the water. After 
evaporation of the organic solvent and depending on the 
molecules used, single monomers or 2D crystals formed at the 
interface occupy the surface and are subsequently compressed by 
movable barriers. The surface pressure is measured with a 
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Wilhelmy plate while compressing and is indicative of the layer 
formation. While tighter monomer packing at the interface 
steadily increases the surface pressure, an abrupt change can 
imply monolayer rupturing and formation of multilayers which 
must be avoided for the purpose of 2D polymer synthesis. Upon 
achieving a tight packing, the monomer film is polymerised, often 
by irradiation. The obtained 2D polymers or 2D polymeric 
structures can then be transferred onto substrates such as mica, 
silicon oxide, gold and copper grids for structural analysis. Often 
applied methods include AFM, optical microscopy, tip-enhanced 
Raman spectroscopy and SEM analysis. 

 
Scheme 1.5: 2D polymer synthesis on a Langmuir Blodgett trough. The trough 
filled with Milli-Q water is depicted in light grey, movable barriers in grey, 
monomers in blue and covalent bonds in orange. 

In the solid-gas and solid-liquid approaches 2D oligomers or 
ordered regions within larger polymeric structures tend to have 
dimensions of a few dozens of nm at most (Figure 1.2). In the 
liquid-gas approach which employs a Langmuir trough, connected 
sheets of lateral dimensions of dozens of cm with highly ordered 
domains (Figure 1.5, left) of hundreds of nm are obtained.[38] 
Further advantages of the Langmuir trough approach are that the 
obtained polymers can be easily transferred onto any substrate 
and that they are single sheets and thus do not require any 
exfoliation. While monomers in a single crystal have a very low 
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mobility, monomers at the air-water interface may move during 
polymerisation allowing for chemistry that is not applicable in a 
crystallised state such as imine bond formation.[41] Furthermore, 
due to the monolayer nature, polymerisation can also be induced 
from the aqueous subphase, as well as from the gas phase. Thus, 
compared to the single crystal approach, addition of a catalyst or 
a second reagent, as well as changes of conditions such as pH are 
therefore feasible on the Langmuir trough. Lastly, the scope of 
monomers is very broad. As long as they can be spread at the air-
water interface and the monomers are oriented properly, the 
corresponding polymer can be obtained. Contrary to the single 
crystal, where offset orientations prevent a polymerisation, a 
poor orientation at the interface can (due to monomer mobility) 
still lead to connected sheets albeit of lower structural perfection. 

The Langmuir trough approach has a major drawback compared 
to the single crystal approach. While in the single crystal approach 
theoretically kilograms of polymer are obtainable in one batch, 
the quantities are limited to �Pg or mg when utilising the Langmuir 
trough. However, due to their monolayer thickness, these low 
quantities of polymer still extend laterally up to a m2. Thus, they 
would still be sufficient for coatings or as membranes. A further 
disadvantage resulting from low quantities is that analytical 
techniques such as NMR, UV/VIS and IR spectroscopy, generally 
used to analyse the covalent bond formation during the 
polymerisation, are not sensitive enough. While more challenging, 
by surface-specific X-ray methods,[60] TERS,[15] IRRAS,[61] high 
resolution AFM[38] or STM,[15] these polymers can be analysed as 
well. 

For the Langmuir trough approach to succeed, the monomers are 
required to be soluble at room temperature in an organic, water 
insoluble solvent such as DCM, to then be spread at the interface. 
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Mixtures of solvents, such as DCM with small quantities of DMF, 
can be used as well to increase the monomer solubility. While 
rigidity as in the crystal structure approach is still desirable to 
predict the packing and reactive group location at the interface, 
some side groups may be necessary to obtain a monomer that is 
soluble enough and prevent crystallisation to occur at the 
interface. An amphiphilic monomer with a polar side group, such 
as in Figure 1.1A, favours a specific orientation with the polar side 
group in the aqueous subphase, allowing to better predict, as well 
as improve the order at the interface. 

 

1.1.4 Self-assemblies in suspension 

Amphiphiles, molecules with hydrophobic and hydrophilic 
regions, are well known for their ability to form various self-
assembled structures in suspension. From simple micelles to 
vesicles, tubes, fibres and planar membranes, a variety of 
different self-assemblies can be achieved, depending on the 
amphiphiles and preparation method used.[62-64] These assemblies 
are then employed in fields ranging from materials sciences in the 
construction of nanoscale ordered materials[65] to biochemistry as 
membrane model systems and medicinal chemistry for drug and 
gene delivery.[64] With respect to 2D materials, self-assembled 
mono- and bilayers of amphiphiles with polymerisable groups 
were prepared and subsequently connected through covalent 
bonds or by guest-host interactions.[66-68] Mostly, the 
polymerisations formed linear, possibly slightly cross-linked 
structures that neither met the criteria for 2D polymers nor 
intended to. Given a better monomer design, some of these self-
assemblies should however allow to extend the linear 
polymerisations into 2D.    
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An envisaged procedure consists of forming self-assemblies of a 
suitable monomer that are then converted by, for example, 
irradiation into a suspension of polymers. Instead of using the air-
water interface, where only �Pgs of a polymer are obtained, using 
the volume of a flask is expected to yield larger amounts of 2D 
polymers in a single experiment, possibly up to on the order of 
several g per L. This would not only allow for the use of standard 
analytical methods such as NMR- and IR spectroscopy or powder 
X-ray diffraction to characterise the products of polymerisation, 
but also in terms of applications, significant quantities of 2D 
polymers could be obtained. In the single crystal approach, 
exfoliation remains one of the main challenges. In a self-assembly 
approach, polymers obtained may be used directly, if they are 
monolayers. On the other hand, structures such as vesicles may, 
due to their spherical shape, not be suited for many of the 
envisaged applications, such as molecular filtration. Due to the in- 
suspension approach, it can also be expected that a far broader 
variety of chemistry could be employed for the polymerisation 
reaction, as compared to the crystal approach. This for example 
includes reactions using catalysts. 

Nevertheless, an in-solution approach also has its challenges. The 
surface roughness of membranes is expected to be higher than 
the roughness of the air-water interface and could cause the 
polymerisation to extend into the third dimension. An increased 
surface roughness is further expected to decrease the internal 
order compared to a polymer obtained via the Langmuir 
approach. The structural requirements of a monomer for such an 
in-solution approach would also be higher than with the previous 
methods for obtaining 2D polymers, and are analysed below. 
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While amphiphilic molecules self-assemble to micelles and 
bilayers in various types of structures, the bilayer character of 
these assemblies does not meet the monolayer thickness 
requirement for 2D polymers. To avoid exfoliation altogether, 
bolaamphiphilic monomers, molecules containing a hydrophobic 
core and two hydrophilic ends as in Figure 1.3B, should be 
employed that are able to form single layers in suspensions.[69, 70] 

Micellar or rod-shaped self-assemblies can never qualify as 2D 
structures, but other objects such as large vesicles approach a 2D 
object, considering the negligible curvature on the scale of a 
monomer. With large enough diameters, a suspension of � 2̂D 
polymer vesicles�_ could be used as an interesting model system 
for an actual suspension of 2D polymers with respect to analysis 
techniques, such as NMR or IR spectroscopy. The same applies 
concerning post-polymerisation reactions. However, a suspension 
of 2D polymer vesicles would be less desirable for applications 
such as molecular sieving or gas separation. The desired self-

 
Figure 1.3: Cartoons of A) an amphiphilic bilayer and B) a bolaamphipilic 
monolayer are shown. Hydrophilic and hydrophobic groups are shown in blue and 
in orange respectively. 
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assemblies to be directly converted into 2D 
polymers are planar membranes or lamellar phases. 
The assembly of amphiphiles can generally can be 
shifted towards a desired geometry by the relative 
sizes of the hydrophobic tail (Figure 1.4, orange) and 
hydrophilic head (Figure 1.4, blue). The relation 
between these groups in a first approximation is 
described by the critical packing parameter Cpp.[62, 71]  
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The area exposed to the aqueous phase in an assembly is a0 and 
V is the volume occupied by the hydrophobic chains. The critical 
length l is an empirical value slightly below the total hydrocarbon 
chain length. This formula could also be considered as the ratio 
between the average area of the cross-section through the 
hydrophobic chain ah and the area exposed to water. Since this 
formula was developed for pure amphiphiles and not mixtures, it 
is desirable to develop monomers that are monodisperse as well. 
This excludes monomers that are themselves block copolymers as 
often used for self-assemblies.[72] 

Under dilute conditions, amphiphiles within a certain Cpp range 
tend to assemble in specific types of self-assemblies to minimize 
hydrophilic-hydrophobic interactions. For Cpp values below 1/3, 
micelles are preferred. Cpp values between 0.5 and 1 afford often 
curved molecular layers (bilayers or monolayers) such as in 
vesicles and for Cpp values of 1, planar layers are generally 
obtained. Starting with a small hydrophobic domain and 
increasing its size to the point where hydrophobic and hydrophilic 
domains are equal in size, the curvature of the obtained 
assemblies decreases until flat structures are obtained. While the 

Figure 1.4: 
Cartoon of an 
amphiphile. 
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Cpp value was developed for amphiphiles, presumably the 
principles remain the same for symmetric bolaamphiphiles. With 
bolaamphiphiles, the numbers, as well as the self-assembly type 
may differ. However, planar self-assemblies are still expected for 
molecules with similar sized head and tail groups. For the 
synthesis of 2D polymers in self-assemblies, it is thus desirable to 
tailor monomers with Cpp values of roughly 1 to prevent surface 
curvature. 

 

1.2 Challenges to be solved for applications 

Due to the novelty of 2D polymers, there are no applications as of 
yet, but first investigations into possible future uses have begun. 
With reference to unpublished results, thin stacks of 2D polymers 
showed potential in nonlinear frequency conversion. Due to their 
uniform thickness, they could also be used as nm thin insulating 
layers and supposing they contain metal atoms, they could be 
used for catalysis.  

However, the most promising field for 2D polymers may be their 
use as membranes. Diverse applications are expected due to the 
unmatched structural perfection and monolayer thickness. While 
current separation membranes have undefined long and narrow 
pores, 2D polymers consist of a highly porous, well-defined 
structure, arising from their bottom up approach (Figure 1.5). The 
pore uniformity is expected to improve selectivity while the 
monolayer thickness is known to increase mass transport across 
the membrane by several orders of magnitude.[73] Additionally, 
the pore diameter a few �v�u�[�•���]�v���š�Z���������•�����}�(���î�����‰�}�o�Ç�u���Œ�•���]�• highly 
attractive for molecular filtrations and in a pore size range, almost 
unobtainable by top-down approaches. 
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2D polymers could thus be used as membranes in variety of fields 
such as gas separation,[74] water purification (desalination[75-78] 
and waste water treatment[79]), medical applications (dialysis and 
drug delivery[80]), food processing (protective atmospheres[81, 82]), 
chemicals production (Cl2 and NaOH[83]) and energy generation 
and storage (fuel cell membranes[84, 85] and batteries[86]).  

  
Figure 1.5: Well defined, regularly ordered pores in a 2D polymer[87] (left) 
compared to an extruder membrane (right). While the pores are of completely 
different scales they show the difference in uniformity between a bottom up (left) 
and top down (right) approach. The STM image on the left was reprinted with 
permission from American Chemical Society, 2015. 

Considering the significant potential for 2D polymers, further 
effort should be put into overcoming the still numerous 
challenges for applications. These include the monomer 
availability, polymer availability, polymer processability, defect 
treatment, mechanical and chemical stability of the polymer and 
closely related to these topics, the price of a 2D polymer or a ready 
to use 2D polymer membrane. While the first three challenges are 
addressed or touched upon within this thesis, all of the mentioned 
issues need to be solved and are thus at least briefly discussed in 
the following paragraphs. 
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A fairly cheap and abundant monomer is a prequisite for the 
production of significant amounts of 2D polymers. Considering the 
structural requirements of a monomer for 2D polymers and the 
examples given in Figure 1.1, it is clear that this prequisite will not 
be easy to accomplish. In fact, the first monomer affording 2D 
polymers requried a sequence comprising 25 synthetic steps.[34, 88, 

89] Although since then many monomers with short routes of only 
4 to 10 steps were developed, most of these monomers are still 
obtained in low quantities of 100s of mg to a few g. This difficulty 
in obtaining the monomers and the resulting polymers limits not 
only the search for future applications, but also the necessary 
prior investigations into the properties of 2D polymers. 
Furthermore, design and synthesis of a novel type of monomer 
can take from months to years. It would thus be desirable to have 
functional groups on a monomer that allow to alter chemical 
properties of the corresponding polymer easily. The functional 
groups can be converted either on the monomer, as shown in this 
thesis, or later on the polymer in a post-polymerisation 
modification. It is noted that, post-polymerisation modification of 
the edge groups of a 2D polymer has already been achieved.[90] 
Another aspect is that some functionalities on the polymer 
surface may be desirable for a specific application, but 
incompatible with the polymerisation strategy used. Thus, post-
polymerisation modifications could not only quickly broaden the 
scope of 2D polymers available, but also give access to otherwise 
inaccessible structures. It is concluded that the production of a 
monomer, for example, on the kg scale and the introduction of 
quantitatively convertible functional groups would be benefical to 
the field of 2D polymers. 
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Assuming sufficient monomer supply, the corresponding 2D 
polymers as single sheets are not necessarily available in large 
quantities. Considering the two so far successfully used 
approaches towards 2D polymers, namely the single crystal and 
the interfacial approach, two different challenges in polymer 
availability occur. In the single crystal approach, bulk quantities of 
monomer can be converted to polymer. While kgs of 2D polymers 
should theoretically be available this way, the subsequent 
exfoliation down to single layers is a bottleneck.[47] In the 
interfacial approach monolayers are obtained directly but only in 
small quantities since a few mgs of polymer require already an 
interface on the order of m2. Due to the large surface and 
depending on the intended application, these few mg of polymer 
may be sufficient. However, in both cases, already as little as 1 g 
of single layer 2D polymer would be tedious to obtain. An 
alternative to the single crystal and interfacial approach that 
allows to directly obtain higher quantities of single layer 2D 
polymer would thus be of interest. 

With sufficient 2D polymers at hand, methods have to be found 
to process them. This includes deposition on substrates for 
mechanical support, as well as treating the unavoidable defects in 
the structure. Suspensions of 2D polymers, such as those obtained 
after exfoliation, may be drop-casted or deposited by filtration. 2D 
polymers obtained at the interface can be transferred in various 
ways depending on the interfaces used. For liquid-gas interfaces 
dipping or lifting a substrate across the interface transfers the 
polymer onto this substrate. For solid-liquid or solid-gas interfaces 
the solid may have to be dissolved to transfer or etched to expose 
the polymer. In all cases, defect treatment may be necessary, as it 
is expected to be challenging to obtain a full coverage without 
occasionally tearing the 2D polymer, leaving gaps or obtaining 



26   

multilayers upon deposition. However, this point should in no way 
discourage from investigating this intriguing new material. 
Instead, it could be seen as an area that ought to be considered in 
future research. If 2D polymers are easily available, abundant 
material is at hand to investigate this engineering challenge. 

Lastly, speaking of applications also raises the question of the 
price of a 2D polymer. Assuming a membrane is used consisting of 
a 2D polymer as a molecular filter, supported by a scaffold for 
mechanical stability, the 2D polymer is (considering current 
monomers) a layer of at most 1.5 nm thickness. Given roughly a 
density of around 1.5 g/cm3 for solid organic matter (varying from 
0.8 g/cm3 to 2.2 g/cm3), 1 kg of polymer would thus span about an 
area of 450000 m2 and weigh about 2.2 mg per m2. 

Considering the few mg of polymer required per m2 even a 2D 
polymer with an extraordinarily high price tag per kg can be of 
interest for medical or high tech applications, assuming superior 
performance compared to current technologies. For applications 
in desalination, gas separation, energy generation or storage as 
well as waste water treatment, large quantities at low cost would 
be required to make 2D polymers attractive and compete with 
current membrane technologies.  
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1.3 Aim of the thesis 

The overarching goal of this thesis was to make 2D polymers more 
accessible. To that extent three different bottlenecks during the 
development and synthesis of 2D polymers were addressed.  

Firstly, to improve a known monomer synthesis such that it can be 
performed under technical conditions, allowing for the synthesis 
of larger quantities of monomer. 

Secondly, to synthesise monomers containing quantitatively 
convertible functional groups, to quickly access a variety of 
monomers without the need of devising a new synthesis each 
time. 

Thirdly, to establish an approach that would allow accessing 2D 
polymers directly in monolayer form yet on much more practical 
scales so that processing options can be explored.  
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1.4 Choice of monomer 

Official chemical names for the structure of 
1 and derivatives thereof are complex and 
thus better substituted by a more 
comprehendible nomenclature.  Therefore, 
throughout this thesis the two coplanar 
triazines are called the core, and the three 
perpendicular units connecting the two 
triazines, blades. The blades can be 
anthracenes as in compound 1 or 9,10-
dihydroanthracene  as in compound 2. The 
entire structure is, based on its appearance, 
referred to as a double-decker rotor-shaped 
molecule in literature.[91] In this thesis 
compound 1 and its derivatives are referred 
to as monomers, due to their purpose as 
building blocks for polymers. They can be 
distinguished from premonomers such as 
molecule 2 by the structure of the blades. 
The blades of premonomers consist of 9,10-
dihydroanthracene while monomer blades 
are anthracenes. 

Of the known monomers for 2DPs, only a few are expected to be 
suitable for technical scale production, one of which is monomer 
1. Its starting materials and reagents are fairly cheap, the 
synthesis conditions are mild, it comprises only a few synthesis 
steps and there is potential to shorten the synthesis even further. 
With only one trial run possible at the technical scale, reliability of 
the synthesis is of utmost importance. In the case of monomer 1, 
the synthesis and single steps out of it have been tested and 

 
Figure 1.6: A rotor 
shaped double-decker 
monomer (top) and a 
premonomer (bottom) 
consisting each of a 
triazine core and three 
perpendicular blades 
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successfully employed by 8 people on the laboratory scale. 
Moreover, the obtained 2DPs have been excessively studied and 
their chemical structure and long-range order has been proven 
beyond doubt. 

Post-polymerisation reactions require easily and quantitatively 
convertible functional groups. These are best introduced during 
the monomer synthesis. With its mild synthesis conditions, 
monomer 1 is well suited as a variety of functional groups are 
tolerated. 

The self-assemblies envisaged as a novel polymerisation approach 
require well-tailored functional groups that mediate water 
solubility. To cut down on synthetic effort this objective was 
combined with the previous point of introducing functional 
groups, hence, derivatives of monomer 1 were used for these in-
suspension polymerisation experiments.  

The continuous use of the same monomer allows for the 
comparison of results from different 2D polymer synthesis 
approaches. Most importantly from the single crystal approach, 
the monomer packing is known and can be compared to other 
approaches. Employing a functionalised monomer in the 
established interfacial approach and in the newly developed self-
assembly approach allows again for a direct comparison. 

The choice of monomer 1 for post-polymerisation reactions and 
self-assembly approach also has drawbacks. Major complications 
are expected due to 1 being designed for the single crystal 
approach and its inherent rotor shape, as well as the use of a 
template monomer in the crystal packing that may react in an 
interfacial or self-assembly approach. The polymers obtained  
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from monomer 1 in such an approach are thus expected to be of 
lower quality and structural perfection than a polymer with its 
monomer designed for the interfacial approach. This topic is 
further discussed in chapter 4. 
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2 Technical scale synthesis of monomer 1 

Technical conditions differ from laboratory conditions not only 
���}�v�•�]�����Œ�]�v�P���š�Z�����‹�µ���v�š�]�š�]���•���}�(���í�ì�ì�[�•���}�(���P to several kg and dozens 
of L solvent as opposed to several g and usually less than 1 L 
solvent but also with regards to equipment. Instead of glass flasks 
steel reactors are usually employed that are sensitive to corrosion 
and heat transfers are slower, due to the different surface to 
volume ratios. Workup procedures such as filtrations and 
evaporation of solvents are far slower and take several hours to a 
day while column chromatography is not economical and needs 
to be avoided. Hence, the project to carry out a monomer 
synthesis under technical conditions is a major undertaking. 
Several people have contributed to this challenge in various ways 
during different phases of the project. Before going into the 
matter, these researchers shall be acknowledged for their work.  

Many reactions in this chapter are based on the initial work by 
Max Kory, who is one of the inventors of monomer 1 and 
discovered the first practical route. New reactions as well as 
improvements to existing procedures were almost exclusively 
developed by the author of this thesis. Minor parts and some 
additions to the synthesis were made by Stan van de Poll as 
indicated wherever appropriate. The technical-scale steps were 
performed under contract with Polymaterials AG Kaufbeuren and 
Leverkusen, Germany. Van de Poll oversaw the first half of the 
synthesis at Polymaterials AG, while the second half proceeded 
under the supervision of the author. This involved site visits and 
extensive communication with technicians at Polymaterials. 
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Before and during this enterprise, different approaches towards 
monomer 1 were investigated and evaluated concerning their 
feasibility on a technical scale. This not only involved cost and 
reliability considerations, but also the safety and toxicity of the 
involved chemicals. For the costs of a technical scale synthesis as 
performed within this work, the setting-up and cleaning of 
reactors are main factors. Thus, it was mandatory to keep the 
number of individual steps as low as possible. Furthermore, the 
concentrations should be chosen such that the required volumes 
do not exceed the available reactor space. For non-corrosive 
reactions, steel reactors were available at Polymaterials AG in up 
to 750 L volumes for use at higher temperatures (�G300 °C) and up 
to 1500 L at lower temperatures (<200 °C). Reactions not 
compatible with steel reactors needed to be run in enamel 
reactors, which were available at Polymaterials AG in volumes up 
to 850 L. Even larger volumes would require multiple batches 
resulting in significantly higher costs for the respective step and 
needed to be avoided. Reducing the solvent by increasing the 
concentrations affects costs not only via the reactor sizes, but also 
influences workups. While evaporation of solvents and filtrations 
take minutes on the laboratory scale, on the technical scale these 
operations can take from hours to a day. Reducing the time 
required for workups can therefore decrease the costs 
significantly. Compared to these three factors (reactor 
preparation, reactor cleaning and workup), the price for the 
starting materials and reagents are only of second importance.  

  



  33 

Moreover, due to a lack of the necessary safety equipment, 
Polymaterials AG could not work with highly toxic or explosive 
chemicals and reactions employing or producing such chemicals 
had to be avoided or outsourced to other companies. Last but not 
least, reliability is of utmost importance. Since only one trial run 
was possible on the technical scale, it was crucial that the chosen 
approach guaranteed obtaining monomer 1. Considering 
available funds, the state of the synthesis and the aim to prove 
technical scale feasibility of the synthesis, 1 kg of monomer was 
considered a reasonable quantity for a single run. 

Of the following six subchapters, the first three describe the 
different synthesis strategies for monomer 1. The fourth 
subchapter describes the scale-up of 1 as well as the results of the 
technical scale synthesis which are then compared to the old 
procedures results in the fifth subchapter. The sixth subchapter 
finally address the rather complex NMR spectra of monomer 1. 

 

2.1 Original synthesis 

The synthesis of monomer 1 as published by Kory comprises five 
steps (Scheme 2.1). Firstly, the  commercially available diketone 3 
is reduced with LiAlH4 and AlCl3 to blade 4. In the next three steps, 
4 is converted via the intermediates 5 and 6 to premonomer 2. 
Finally, monomer 1 is obtained via an oxidation of premonomer 2. 
In the following paragraphs, these individual steps of the original 
synthesis by Kory are described in details concerning their 
technical scale feasibility. 
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Scheme 2.1: Synthesis of monomer 1 according to the published procedure[91] by 
M. Kory. 

 The reduction from starting material 3 to blade 4 was performed 
by Kory using LiAlH4 and AlCl3.[91] While this reduction presented a 
substantial improvement over previous procedures, it still suffers 
from a tedious workup, excessive amounts of highly reactive 
reagents and the formation of anthracene derivative 7 as a side 
product. For example, for the formation of 20 g blade 4, up to 100 
g of aluminium salts are required. According to the published 
procedure[91], a scale-up to obtain 1 kg of monomer 1 would 
require roughly 7 kg of highly reactive aluminium salt reagents. 
Not only do such quantities impose a 
substantial danger in case of a thermal 
runaway, reliable and complete 
quenching can be difficult due to the 
formation of large solids and 
agglomerates. Ideally, the reduction 
and quenching also should not produce 
  

 
Figure 2.1:  Anthracenediol 7, 
an impurity formed during 
reduction. 
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H2 gas, as large quantities of this flammable and explosive side 
product have to be dealt with carefully, requiring special 
equipment not available at Polymaterials.  

The stepwise formation of premonomer 2 from blade 4 via the 
two intermediates 5 and 6 proceeded in high yields and without 
the use of column chromatography under similar conditions over 
all three steps. Due to the similar conditions, it was therefore 
promising to try combining these three steps into a single one-pot 
synthesis. The total reaction time over the individual steps of 7 
days as well as the low concentration that would require more 
than 1000 L solvent to obtain monomer 1 on a kg scale had to be 
taken care of. Furthermore, the DCM used in the preparation of 
intermediate 6 should be substituted by a less toxic and non-
corrosive solvent. 

The oxidation of premonomer 2 to monomer 1 as reported by 
Kory employs DDQ in tetrachloroethane. This step could not be 
performed at Polymaterials under these conditions due to the 
potential release of HCN if DDQ is brought in contact with water 
as well as the toxicity of the solvent. As in the previous step, the 
concentrations should be increased, since the original conditions 
would require more than 2000 L solvent to obtain 1 kg of 
monomer 1. 
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2.2 Direct approach via anthracenediol 7 

The synthesis described in the previous section consists of an 
over-reduction of ketone 3 to the blade 4 and in the end an 
oxidation to anthracene derivative 7. This strategy was used by 
Kory for two reasons, firstly, the instability of anthracenediol 7 
towards atmospheric oxygen, and secondly, due to the formation 
of macrocycle 8 (Scheme 2.2) instead of the desired monomer 1.  

It was found however, that by using DMF as a solvent and by 
carefully adjusting the stoichiometric ratios of cyanuric chloride 
and anthracenediol 7, monomer 1 can be obtained instead. Since 
7 is available from either diketone 3 or ketone 9 by a reduction 
with NaBH4, monomer 1 can be synthesized in two steps. But this 
faster route has two drawbacks. Firstly, the reduction to 
anthracenediol 7 has to be controlled carefully as side products 
form easily. Secondly, due to the instability of 7 towards light and 

 
Scheme 2.2: Macrocycle 8 obtained by Kory[8] and monomer 1 obtained in this 
work under improved reaction conditions. 
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oxygen, workup and the subsequent reaction to monomer 1 have 
to follow in quick succession to prevent degradation. Both 
challenges were investigated regarding a technical scale synthesis. 

The reductions of diketone 3 as well as from ketone 9 to 
anthracenediol 7 were thoroughly studied and some of the results 
are summarized in Table 2.1. While promising conditions were 
found, the results obtained depended heavily on the details of the 
conditions employed as well as on the workup. Inert atmosphere 
did not change the reaction outcome, also the usual blackening, 
indicative of oxidative anthracene degradation, was not observed 
until the product was isolated and stored. It is thus assumed that 
under the used reductive reaction conditions, no oxidation by O2 
occurred. While it was possible to obtain anthracenediol 7 in 
many solvents (MeOH, EtOH, iPrOH, THF, dioxane, DMPU, 
ethyleneglycol, H2O) and with or without I2 as an additive,[92] no 
conditions were found that afforded anthracenediol 7 in high 
purity (Table 2.1). Interestingly, the test reactions showed that the 
product 7 can get further converted to a different, 
uncharacterised sideproduct if starting material 3 is used. While 
this loss of product was fast in MeOH as shown in entries 2 to 4, 
neither did it seem to occur in THF within the tested timeframe 
nor if starting material 9 was used. This is of utmost importance, 
as on a technical scale at Polymaterials, the addition and 
quenching times would have to be adjusted such that the H2 gas 
levels would not exceed a safety threshold. Hence, the reaction 
and the quenching would have to be performed over a longer 
timeframe. Even if this step were outsourced to a company that 
could handle larger volumes of H2 gas, the quenching and workup 
speed on the lab scale could not have been achieved on a 
technical scale. 



38   

Table 2.1: Overview of selected reductions of diketone 3 and ketone 9 to 
anthracenediol 7 and various uncharacterised side products (SP) under the 
following conditions: Starting material (SM) (50mg) and NaBH4 (25 mg per 
ketone) were added in specified order into 1 mL solvent. Workup after the 
indicated time by addition of ca 1 mL 2 M HCl and extraction with EtOAc. Some 
reactions were performed on double the scale. 

Entry SM Solvent Time 
[min] 

anthracenediol 7a 
[%] 

SPa  
[%] 

SMa  
[%] 

Ratiob 

1 3c MeOH   5 36 64  0 0.56 
2 3d MeOH   5 66 34  0 1.94 
3 3d MeOH 10 42 58  0 0.72 
4 3d MeOH 30 24 76  0 0.32 
5 3d,e MeOH   5 63 36  1 1.75 
6 3c dry THF 15   9 74  17 0.12 
7 3c dry THF 60 10 90  0 0.11 
8 9d MeOH   2 34 62  4 0.55 
9 9d MeOH 10 42 58  0 0.72 
10 9d EtOH 10 54 46  0 1.17 
11 9d iPrOH 60 30 69  1 0.43 
12 9d,f tBuOH 60   0    0  100 0.00 
13 9d dry THF 15 62 38 traces 1.63 
14 9c dry THF 15 63 35  2 1.80 
15 9c dry THF 60 66 34  0 1.94 
16 9c DMPU   5 21 29  50 0.72 
16 9g dry THF 10 81 19  0 4.26 
17 9g dry THF 15 78 22  0 3.54 

aProduct ratios were calculated from aromatic protons in 1H NMR spectra after 
workup, bProduct to side product ratio, cNaBH4 added to SM, dSM added to 
NaBH4, eat 0 °C, fby TLC analysis, gemploying LiAlH4 as reducing agent. 
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The use of LiAlH4 yielded by far the best ratios of product to side 
product for a technical scale synthesis, but the aluminium salts 
again needed to be dealt with more carefully than an excess of 
NaBH4. Nevertheless, anthracenediol 7 was obtained on the lab 
scale and was subsequently converted successfully to monomer 1 
which was obtained in pure form after recrystallization. 

Degradation of anthracenediol 7 occurs over time with oxygen or 
via dimerization by light. A sample of 7 stored under ambient 
conditions in the dark turned from orange to black within a few 
days. Considering the timescale of workup and drying procedures 
of days under technical conditions, it is to be expected that 
contrary to laboratory procedures this entire reaction sequence 
including workup, drying and storing may have to be performed 
under inert atmosphere. 

It is reasonable to expect that a good and reliable reduction 
procedure to anthracenediol 7 can be found, but its inherent 
instability cannot be avoided. Due to this instability not only 
further tests on the laboratory scale are required but possibly also 
several experiments on the technical scale in order to find 
procedures that prevent degradation. While a two-step synthesis 
is not only appealing to a chemist, it is also expected to be 
significantly cheaper than the previously discussed strategy. 
Hence, this shorter route could prove superior to the longer one 
discussed in the previous section, but it was also considered to be 
riskier. As mentioned earlier, with only one run possible on the 
technical scale, proving the possibility to obtain monomer 1 was 
considered more important than using the shorter synthesis 
route. 
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2.3 Direct approach with antraquinone 

 As a third synthesis strategy, it was investigated whether it is 
possible to invert the reaction sequence from the previous 
chapter according to Scheme 2.3. Such a sequence would likewise 
decrease the number of steps to two. As an advantage over the 
anthracene intermediate approach discussed previously, no light 
and oxygen sensitive compounds need to be handled. It was found 
that compound 10 can be obtained easily. The presence of ketone 
premonomer 11 was proven by mass spectrometry, an analysis by 
NMR spectroscopy however was not possible due to the 
extremely low solubility. Unfortunately, the crystal needles grown 
from DMF and propylene carbonate were not suitable for single 
crystal X-ray structure analysis. Therefore, no yield or purity of 
premonomer 11 can be given, and the subsequent reduction and 

  

 
Scheme 2.3: Envisaged synthesis of 1 by the formation of the double decker 
precursor 11 followed by a reduction. 
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aromatisation was not attempted. It is in any case expected that 
the low solubility would complicate the conversion to monomer 
1, as high temperatures might be required, leading to further side 
products. 

 

2.4 Improving and upscaling 

The entire synthesis of monomer 1 via the fully reduced blade 4 
as described in subchapter 2.1 as well as single steps of it have 
been tested and successfully employed by several members of our 
group. The direct approach via anthracenediol 7 in chapter 2.2 did 
work, but there was little data regarding its reliability. Together 
�Á�]�š�Z�� �š�Z���� �]�v�•�š�����]�o�]�š�Ç�� �}�(�� �š�Z���� ���]�Œ�����š�� ���‰�‰�Œ�}�����Z�[�•�� �]�v�š���Œ�u�����]���š�� 7, this 
was reason enough to use the longer albeit more expensive 
original route with several improvements as described in this 
subchapter. This was especially reasonable as proving the 
feasibility of such a technical scale synthesis was considered more 
important than a cheap price tag on the final compound.  

2.4.1 Improvements on the reduction 

For the conversion of commercially available diketone 3 to blade 
4, no reports were found in the literature besides the reduction 
with LiAlH4 used by Kory[91] and a reduction employing zinc and 
NaOH.[93] Inspiration for new conditions were obtained from the 
diverse and plentiful reports on reductions of antraquinones in 
general or from substrates using protecting groups on the 
phenolic alcohols. Reported conditions varied from the often used 
Zn in AcOH[94] or NaBH4 and Na metal[95] to phosphorus and HI[96] 
or H2 over platinum(IV) oxide.[97] 
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Scheme 2.4: Selective reduction of individual ketones. 

At first, a broad selection of reduction procedures alternative to 
LiAlH4 such as reductions with H2 (as gas and 
polymethylhydrosiloxane using Pd/C,[98, 99] PdCl2[100, 101] and 
FeCl3[102]), NaBH4,[103] BH3, NaBH3CN,[104] HI[105, 106] or Wolf-Kishner-
Reduction[107] were investigated. Mostly they yielded partially 
reduced species, often anthracenediol 7 and mixtures of several 
unknown compounds. Out of these reactions, two were of 
interest as they resulted in fairly clean reductions of a single 
ketone as shown in Scheme 2.4. Diketone 3 was selectively 
reduced by in situ generated HI[105] or by NaBH4

[103] to ketones 9 
and 12, respectively. Carboxylic acids were investigated as 
solvents for the NaBH4 reduction, since they are known to form 
NaB(RCOO-)3H[92] complexes that are capable of reducing ketones 
to the hydrocarbons. However, the two ketones of 3 were never 
both reduced with reasonable yields and conditions in a single 
reaction. Thus, two-step reductions were investigated. 
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Table 2.2: Selected reduction experiments. Earlier experiments showed that the 
following order of addition leads to the best results. NaBH4 (75 mg to 90 mg) was 
suspended in 1 mL solvent at the lower temperature given, then TFA was added 
followed by 9 (100 mg). The reactions were worked up once finished, no further 
conversion was observed, or after the time given. Reaction times therefore range 
from a few minutes to several hours. The standard workup procedure comprised 
quenching with 2M HCl and extracting with ethyl acetate. Further side products 
may be present in low quantities. 

Solvent TFA 
[mL] 

Temperature 
[°C] 

9 : 4 : 7a comment 

TFA -  0 �W rt    1.00 : 0.85 : traces solidified 
TFA -  0 �W 60    1.00 : 1.30 : traces solidified 

AcOH -  17 �W rt 0.00 : 1.00 : 1.30  
CHOOH -  0 �W rt 0.00 : 1.00 : 1.40  

Et2O -  rt �W reflux 1.00 : 0.00 : 0.00  
Et2O 0.200  0 �W rt 0.00 : 1.00 : 0.20 over 1.5h 
Et2O 0.200  0 �W rt 0.00 : 1.00 : 0.62 overnight 
Et2O 0.175  0 �W reflux 0.00 : 1.00 : 0.06 average 7: 0.1 

Diglyme 0.175  0 �W 40 0.00 : 1.00 : 1.10  
iPrOH 0.175  0 �W 40 0.00 : 1.00 : 0.27  
CCl4 0.175  0 �W 40 1.00 : traces : traces solidified 

Hexane 0.175  0 �W 40 1.00 : traces : traces  
Xylene 0.175  0 �W 40 1.00 : 0.60 : 0.13 solidified 
MTBE 0.175  0 �W 40 0.00 : 1.00 : 0.07 average 7: 0.15 

Toluene 0.175  0 �W rt 1.63 : 1.00 : 0.74  
Et2O 0.175  0 �W 40 0.00 : 1.00 : 0.35 35 mg NaBH4 
Et2O 0.090  0 �W 40 0.28 : 1.00 : 0.07  
Et2O 0.090  0 �W 40 0.28 : 1.00 : 0.25 35 mg NaBH4 
Et2O 0.325  0 �W 40 0.00 : 1.00 : 0.10 150 mg NaBH4 

a Ratios derived from 1H NMR spectroscopy, best results obtained with respect 
to desired product 4 given. 
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First experiments showed quickly that ketone 12 cannot be 
converted to blade 4 using the HI reduction. If ketone 9 was 
subjected to NaBH4, mostly anthracenediol 7 formed, as already 
discussed in Table 2.1. While acetic acid yielded the desired 
product blade 4 as well as the anthracene impurity 7, 
trifluoroacetic acid (TFA) was found to suppress the formation of 
7 significantly. As shown in Table 2.2, in the extreme case, when 
TFA was used as the solvent only traces of anthracene impurity 7 
were observed. While this was obviously attractive, the quenching 
of NaBH4 by TFA was so fast that most of the hydride was 
destroyed by the acid before it could reduce the carbonyl. In this 
situation, it was decided to find an optimum balance between 
these opposing effects by using a solvent. Ethers were found 
suitable for that purpose, whereby for safety considerations the 
best solvent found, namely diethyl ether, could be replaced by 
methyl tert-butyl ether (MTBE) with only a slight loss in selectivity. 
Further experiments contained in the last entries of Table 2.2 
showed that too little NaBH4 led to more anthracenediol, while 
lower quantities of TFA resulted in lower conversions. Contrarily, 
increasing the reagent quantities did not improve the outcome by 
further suppressing the formation of 7. Based on these results, a 
plausible pathway for the formation of blade 4 and 
anthracenediol 7 was developed. It is expected that first a 
reduction to the alcohol occurs followed by either a reduction to 
4 or an elimination to 7 according to Scheme 2.5. Decreasing the 
NaBH4 concentration is assumed to slow down the reduction to 
blade 4 and thus lead to an increased formation of anthracenediol 
7. While it was expected that a decrease of TFA, and thus a more 
basic environment, would favour deprotonation as an initial step 
towards the elimination and thus an increase in side product 7, it 
instead caused only partial conversion of the starting material. 
This could be due to less TFA-NaBH4 complex formation or the 
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generally decreased solubility of NaBH4 under these conditions. As 
Table 2.2 shows, the use of pure Et2O did not lead to any 
conversion, presumably due to low salt solubility in the solvent. 
Even a doubling of the reagent concentrations did not improve the 
outcome to a degree that it would be distinguishable from the 
normal deviations between different runs. Since the hydrogen gas 
evolved during quenching would be problematic on the technical 
scale, and since the risk of an uncontrolled reaction between TFA 
and NaBH4 increased with increasing concentrations, it was 
decided to keep these reagent concentrations as low as possible 
while still obtaining acceptable product to impurity ratios. 

 
Scheme 2.5: Plausible pathways for reduction and elimination towards product 4 
and impurity 7. NaBH4 complexations on the alcohols and ketones are omitted. 

This new sequence 3-9-4 was promising and thus used for the 
technical scale synthesis. While it did increase the number of steps 
by one, and therefore also the costs, the benefits regarding the 
scale-up, mainly considering safety and ease of workup, 
outweighed this disadvantage. The first reduction step required 
only a filtration to collect the product crystals and was thus ideal 
for scale-up. The yields of 90% from the laboratory scales could 
almost be reproduced on the technical scale with 81%. This slight  
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Scheme 2.6: Reductions on A) the lab and B) the technical scale. 

decrease in yield might be due to insufficient cooling or too short 
crystallisation times prior to filtration. The second reduction step 
employing the, compared to LiAlH4, less reactive NaBH4 had the 
potential for a technical scale synthesis as well. The tedious 
workup and the possible formation of insoluble aluminium salts 
was avoided by the solubility of NaBH4 in water. The formation of 
H2 gas however could not be avoided. While this can easily be 
dealt with in an industrial context, the necessary equipment was 
not installed at Polymaterials. Rather, this step was outsourced to 
Taros Chemicals, Dortmund. They performed the step in a series 
of smaller portions. Aside from a 16% material loss, the product 
obtained from Taros also contained with 25% anthracenediol 7 far 
more than the 10% of the undesired side product anticipated from 
the laboratory scale experiments. Since Taros did not share the 
precise protocols, it is unclear what caused the increase of 
anthracenediol 7. Factors that cause an increase in side product 
formation on the laboratory scale are mainly incorrect order of 
reagent addition, too little TFA used and, to a lower degree, 
insufficient temperature control during addition of TFA to NaBH4. 

Nevertheless, this impurity was dealt with on the lab scale as well 
as the technical scale by oxidation with O2 in aqueous NaOH as 
described previously.[91] This workup exploits the fact that, as 
discussed in chapter 2.2, anthracenediol 7 is unstable towards 
oxygen, even more so under basic conditions. While blade 4 
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remained mostly unaffected by a stream of air bubbling through 
a solution of 4 and impurity 7, anthracenediol 7 was readily 
converted into a black insoluble material. This selective oxidation 
followed by filtration of the resulting gel-like slurry to afford pure 
blade 4 after drying was used by Kory. While the filtration of this 
gel-like suspension could take already a few hours on the lab scale 
if around 50 g of product were purified, it was expected to take up 
to days on the technical scale, and thus required refinement. In 
���}�o�o�����}�Œ���š�]�}�v�� �Á�]�š�Z�� �W�}�o�Ç�u���š���Œ�]���o�•�U�� �À���v�� ������ �W�}�o�o�� �]�u�‰�Œ�}�À������ �<�}�Œ�Ç�[�•��
workup procedure by acidification prior to filtration. This resulted 
in the precipitation of both the product and oxidised 
anthracenediol, easing filtration significantly compared to the 
filtration of the basic gel-like suspension. The collected solid was 
subsequently extracted with MeOH and EtOAc, affording product 
4 within a few minutes on the lab scale. On the technical scale, the 
yield of the reduction by Taros together with the oxidative 
purification at Polymaterials amounted to only 27% compared to 
the 80% on the laboratory scale. It is assumed that besides the 
already mentioned losses during the reduction, the product was 
not extracted well enough from the solid after the oxidative 
purification. Moreover, it is possible that the yield decreased due 
to additional but unknown complications with scale-up. In any 
case, if this synthesis is to be repeated, further effort should be 
invested into improving the yield of this step. 

This new reduction procedure increased the number of steps 
compared to the original procedure[91] by one if the same starting 
material is chosen. However, it is also possible to buy ketone 9 and 
thus to avoid the first reduction step. This ketone is commercially 
available under the tradenames dithranol, anthralin (USA) and 
cignolin (Germany) and used for treating psoriasis. Considering 
the price for diketone 3 of around 200 CHF/kg compared to 
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roughly 1500 CHF/kg[108] for 9, for a small scale synthesis (< 1 kg 
monomer 1) buying ketone 9 is expected to be cheaper, for larger 
scale synthesis (> 1 kg monomer 1) reducing diketone 3 is 
expected to be cheaper. 

 

2.4.2 One-pot formation of premonomer 2 

Two strategies for a one-pot approach were considered. The first 
was the possibility of adding cyanuric chloride slowly to a refluxing 
solution of blade 4, forming intermediate 13 which is later closed 
by a second cyanuric chloride (Scheme 2.7). The second strategy 
involved adding blade 4 step-by-step according to Scheme 2.8 to 
form intermediates 5 and subsequently 6. Two-bladed 
intermediate 6 is then converted to premonomer 2 similar to the 
synthesis by Kory, but the entire sequence is conducted without 
workups inbetween. Both approaches had the possibility for side 
reactions that can lead to polymeric species. To decide for a 
synthesis strategy, the rather different reactivities of cyanuric 
chloride towards sequential nucleophilic displacement were 
 

  

 
Scheme 2.7: Possible approach for a one-pot synthesis of premonomer 2. This 
strategy was in the end not attempted and discarded in favor of a step-by-step 
addition of blade 4 similar to the original synthesis. 
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considered. The first chloride substitution occurs at or below 0 °C, 
the second at rt and the third only above 60 °C.[109] Thus, it was 
deemed possible to control the reaction in the second strategy as 
shown in Scheme 2.8. 

 
Scheme 2.8: One-pot synthesis of premonomer 2 via step-by-step addition of 
blade 4.  

To combine the three steps in the published procedure[91] into one 
single reaction, conditions that would work for all steps had to be 
found. THF was chosen as a solvent due to its non-corrosivity and 
lower toxicity compared to the DCM used by Kory in parts of the 
synthesis. First experiments aiming at a one-pot synthesis showed 
that employing DIPEA as a base and starting with two equivalents 
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of cyanuric chloride and one equivalent of blade 4 at 0 °C, 
followed by addition of another equivalent of blade 4 at room 
temperature afforded intermediate 6 (Scheme 2.8). Even 8 days 
at reflux did not afford premonomer 2. The base K2CO3, which was 
used by Kory for the conversion of intermediate 6 to premonomer 
2, did not give any conversion at all. This was attributed to the 
very poor solubility of K2CO3 in THF. Subsequently, Cs2CO3 was 
investigated due to its superior solubility in organic solvents. It 
was found to work well for all three conversions, affording 
premonomer 2 from blade 4 within only 16 hours compared to the 
7 days of the original procedure. Furthermore, it was possible to 
increase the concentration from 1 g product per liter of solvent to 
16 g/L. It was then attempted to substitute the expensive Cs2CO3 
for the first two steps with cheaper DIPEA, but the presence of 
large quantities of DIPEA prevented the formation of 
premonomer 2 from intermediate 6. 

The synthesis using Cs2CO3 in all steps as shown in Scheme 2.8 was 
then improved by van de Poll by adding additionally small 
amounts of DIPEA in the beginning and employing 18-crown-6, 
resulting in mostly maintaining the reaction times and 
simultaneously increasing the concentration to 55 g/L.  

While the original synthesis by Kory did not require a 
recrystallization of premonomer 2, van de Poll reported that a 
recrystallization from �J-butyrolactone with hot filtration was 
required to afford monomer 1 in the subsequent oxidation 
reaction. Since the additional recrystallization would increase the 
cost of a technical scale synthesis, washing procedures were 
investigated. In refluxing �J-butyrolactone, insoluble compounds 
were expected to be carbonate salt residues, thus the solids were 
thoroughly washed with aqueous HCl. Additional possible organic 
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impurities from side reactions were removed by washing with 
methanol and acetone. These new washing procedures then 
allowed omitting the recrystallization. 

While the first two steps towards intermediate 6 progressed 
reliably within 6 hours, varying reaction times for the conversion 
to premonomer 2 were found. Replacing the stirring bars with 
bigger ones or the use of KPG stirrers that prevented the solids 
from settling down usually solved the issue. It was therefore 
reasoned that the low solubilities of 6 and Cs2CO3 slowed down 
the reaction, proper agitation however could solve the issue. The 
reactor at Polymaterials were fitted with a helical stirrer and thus 
it was assumed the mixing would be superior to the laboratory 
conditions and the reaction was transferred to the technical scale. 
As expected, the first two steps did proceed within the usual 
times, the last conversion from intermediate 6 to premonomer 2 
however did not proceed at the desired rate. After 18 h, TLC 
suggested almost complete reaction, workup and analysis of the 
obtained product however showed incomplete conversion.  

It was then found that the use of DMF instead of THF not only 
leads to fully reproducible reaction times, but also to an overall 
increase in reaction rate, shortening the conversion from 
intermediate 6 to premonomer 2 by several hours. The product 
and intermediate mixture obtained from the technical scale 
synthesis was thus subjected to the new reaction conditions 
involving DMF as a solvent and full conversion was observed after 
6 hours with a yield of 21%. The low yield, compared to around 
60% on the laboratory scale, is expected to stem from the 
additional workup between changing the solvent from THF to 
DMF. The washing steps during this workup are expected to have 
removed significant amounts of intermediate 6. 
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It was then investigated if the entire synthesis can be performed 
in DMF instead of THF. If cyanuric chloride was stirred in DMF for 
a few minutes before the first batch of blade 4 was added, no 
product was found at all. It is expected that in a side reaction DMF 
attacked cyanuric chloride, resulting in a hydrolysis of cyanuric 
chloride.[110, 111] If cyanuric chloride however was added to the 
already deprotonated blade 4 in DMF and the reaction time to the 
first intermediate was kept short, premonomer 2 was obtained 
within 2 hours from blade 4, with a drop in yield from 60% in THF 
to 48% in DMF. An alternative successful procedure was to use 
high concentrations in THF until intermediate 6 and then to dilute 
by a factor of 4 with DMF to the standard concentrations. 

 

2.4.3 Improvements on the dehydrogenation 

The original procedure by Kory was improved by van de Poll, 
employing DDQ in diphenylether, thus getting rid of the highly 
carcinogenic tetrachloroethane solvent as well as increasing the 
concentration to 20 g/L. Furthermore, both van de Poll and Kory 
reported chloranil[112] as a possible substitute for DDQ. A 
preliminary experiment showed that, using the diacetate of blade 
4 as a model compound, chloranil is significantly less reactive than 
DDQ affording only traces of the aromatised product within 2 
hours at room temperature compared to 50% conversion with 
DDQ.  Van de Poll also assumed deterioration of the product, at 
temperatures above 170 °C over prolonged times, that should be 
looked into. Additionally, the product was only analysed by mass 
spectrometry after recrystallization and no NMR spectra were 
measured.  
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Thus in a first step it was investigated how the reaction progress 
can be monitored best. IR spectra do not show any significant 
changes that can be attributed to the conversion from 
premonomer 2 to monomer 1 and are easily influenced by high 
boiling point solvents such as  DMF, propylene carbonate, 
diphenylether and cyanopyridine that are used during the 
reactions and in purification and that cannot be removed easily by 
evaporation. UV/Vis spectroscopy suffered from the very low 
solubility of the compounds, and while monomer 1 has a distinct 
UV absorption pattern, premonomer 2 has no strong absorption 
bands, thus the conversion could not be determined by this 
technique. Mass spectrometry proved that conversion took place, 
but did not give quantitative results. Thus solvents for NMR 
spectroscopy were investigated. Even potent solvents such as 
DMF, DMSO and C2H2Cl4 are not able to dissolve monomer 1 well 
enough. It was found that oversaturated solutions of 1 in 
propylene carbonate could be obtained that were stable enough 
for NMR spectroscopy. With propylene carbonate not 
commercially available in its deuterated form, only the aromatic 
region where no solvent protons are present was used for analysis 
(Figure 2.4).  

With an analytical technique at hand, oxidations with chloranil in 
diphenyl ether were investigated. NMR spectroscopy showed that 
after 1.5 h reaction time at 100 °C, only traces of product formed. 
Meanwhile, after 1.5 h at 150 °C a small fraction of product had 
formed but also a broad band attributed to intermediates and side 
products. While not possible to determine a precise conversion 
after 1.5 h at 150 °C it was nevertheless estimated that a full 
conversion would require days. It is not clear if these long reaction 
times are due to the inherently lower reactivity of chloranil 
compared to DDQ or due to the insolubility of premonomer 2 at 
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lower than reflux temperatures. At reflux (258 °C) however, the 
reaction was found to be complete within 5 minutes. At lower 
temperatures, partially reacted premonomer 2 may also 
precipitate and not redissolve, due to further decreasing 
solubilities with increasing aromaticity, and thus not get 
converted to monomer 1. It was decided to use reflux 
temperatures despite the possibility of product degradation. 
While the reaction was found to be finished within 5 minutes, 
such short reaction times are not possible on a technical scale with 
heating times of reactors in the range of several hours. With no 
other possibility at hand and results by van de Poll obtaining 
monomer 1 even after 3h at reflux it was decided to try the 
reaction on the technical scale by heating up as quickly as the 
reactor allows, maintaining refluxing temperature for 20 minutes 
to assure full conversion and cooling down again. The time at high 
temperatures could thus be limited to a few hours even on the 
technical scale. 

The purification by three recrystallizations, which would be 
expensive on the technical scale, was changed to a single 
recrystallization with hot filtration. Due to a diphenyl ether 
shortage, initially only a third of the product was purified affording 
39.5 g (50%) of monomer 1 in high purity. A recrystallization of the 
rest yielded another 63.8 g (40%). The yield is with 50% in the 
better case far below the reported 98% by Kory, who however 
neither included a recrystallization nor an analysis of purity. The 
98% solely refer to the collected solid by filtration. It should also 
be noted here, that DDQ has a tendency to add to substrates[113] 
which was also found to be true for a derivative of 1 by mass 
spectrometry.  
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Prior to polymerization, at least one further recrystallization from 
cyanopyridine is required to obtain the right packing with the 
anthracene units stacking face-to-face. Neither this 
recrystallization nor the polymerization were performed on a 
large scale, due to the monomer being more versatile for future 
research than the already polymerized crystals. 
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2.5 Comparison of old and new synthesis  

The key data to compare the currently available procedures, 
namely the original lab-scale synthesis[91] as well as the new lab-
scale synthesis and its scale-up to technical scale, both developed 
within this work, are collected in Table 2.3. Ignoring the oxidation 
step due to the difference in purification, the synthesis by Kory 
affords premonomer 2 in 49% yield while the new lab scale 
synthesis performed under technical aspects yields up to 35%. The 
yield of the same process under technical conditions cannot be 
given currently because of the unnecessary workup during the 
assembly of premonomer 2, which in retrospect caused 
unacceptable losses.  

Table 2.3: Summary of the reaction conditions and yields comparing original and 
new synthesis on the lab scale as well as synthesis under technical conditions. 

 

Original 
procedure[91] 

 

New procedure  
labscale 

 New procedure  
techn. cond. 

conc. 
[mM] 

time  
[h] 

Yield 
[%] 

conc. 
[mM] 

timea 
[h] 

Yield 
[%] 

 conc. 
[mM] 

timea 
[h] 

Yield 
[%] 

3 �W��4  150   ~18 80 
3 �W��9 650  5 90  676    7 81 

9 �W��4 284  5 80  -b     -b 27 

4 �W��5  111      4.5 97 

4 �W��2    69 
12c, 
 2d 

 60c, 
48d 

 

   69  12 21 5 �W��6       3.3 72 78  

6 �W��2       1.7 72 81  

2 �W��1       0.6   2  98e 2 �W��1    27 0.08 22f     33    4 50 
a Differences in reaction times are mostly due to longer heat up times required 
for large steel reactors compared to small glass flasks.  b Exact procedures were 
not disclosed by Taros. c THF as solvent. d DMF as solvent. e No purification. f The 
reaction was run on a 200 mg scale, the lower yield  is expected to arise from 
losses during collecting the solids. 
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The concentrations were increased with the new procedure both 
on the lab and the technical scale compared to the original 
procedure by factors of up to 50 whereas the reaction time for the 
entire synthesis was reduced from 7 d to 1 d on the lab scale and 
the number of steps was reduced from 5 to 4. 

 

2.6 1H NMR spectroscopy of monomer 1 

Monomer 1 can adopt different 
conformations, two of which are 
shown in Figure 2.2. The rotor-
shaped, rotationally symmetric 
conformation (Figure 2.2A) is 
desired in the context of 2D 
polymers. In single crystals, 
exclusively this conformation was 
found. However, according to 
density functional theory (DFT) calculations, the parallel 
conformation B) should exist as well, at least in solution. These 
calculations revealed that if solvent interactions are considered, 
conformation A) is probably favoured by about 12 kJ/mol, the 
standard deviation of 29 kJ/mol was however large preventing any 
conclusions. The simulation further predicted an energy barrier 
between the conformations of 82 kJ/mol that should still allow for 
conformational changes at room temperature.[91]  

The 1H NMR spectroscopy measurements performed within this 
thesis now for the first time allow to draw conclusions regarding 
the conformation of monomer 1 in solution, which is crucial for 
polymerisation at the air-water interface or in self-assemblies as 
discussed in chapter 4. The sample was heated from room 

 
Figure 2.2: Top view of the two 
energy minimum conformations, 
rotor-shaped A) and parallel B), 
monomer 1 can adopt. 
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temperature to 75 °C, then to 125 °C and cooled down again to 75 
°C and room temperature. Thus five 1H NMR spectra were 
measured during this heating and cooling cycle and 
measurements at the same temperature gave equal results 
showing that the system was in equilibrium. After each 
measurement, it was made sure that monomer 1 had not 
crystallised during measurement. 

In a 1H NMR spectrum, each anthracene blade will result in a set 
of eight aromatic protons. Based on the 1H NMR spectrum of 
anthracenediol 7, such a set of signals is expected to consist of two  

singlets, each with an integral of 1 for 
the protons in the middle of 
anthracene as well as a triplet and two 
doublets, each with an integral of 2 
corresponding to the protons on both 
outer rings (Figure 2.3). Assuming 
different coupling constants and a 
sufficient resolution, the triplet may 
also be resolved as a doublet of a 
doublet. For the rotationally symmetric 
conformation A) of monomer 1, the three anthracene blades are 
equal and are thus expected to result in only one set of signals in 
the 1H NMR spectrum. For the parallel conformation B), 
theoretically all three anthracene blades are different, resulting in 
three sets. It could however also be expected that the chemical 
shift difference for the two parallel blades is negligible, resulting 
in only two resolved sets of signals with a relative intensity ratio 
of 1:2. 

  

 
Figure 2.3: Chemical struc-
ture of an  anthracene blade 
of monomer 1 with R corres-
ponding to the triazine core. 



  59 

The 1H NMR spectra of monomer 1 measured at room 
temperature and 125 °C are depicted in Figure 2.4. The 
measurement at low temperature (top) showed that mostly one 
set of signals is present, corresponding to the rotationally 
symmetric conformation A). The additional signals found in the 
spectrum increase in relative intensity upon heating. At 125 °C 
(bottom), the proton spectrum of monomer 1 shows several new, 
well resolved signals that diminish again upon cooling down. The 
1H NMR spectra before and after a heating and cooling cycle 
(Figure A.6-8) are identical and it can thus be concluded that 
either a reversible chemical reaction or more probably, the 
anticipated conformational change occurred. The reversibility 
further shows that the equilibrium is reached within the 
timeframe of the experiment and thus within less than about half 
an hour. Since no signal broadening and instead two distinct sets 
of signals can be observed, the conversion occurs in the slow 
exchange regime of an 1H NMR spectroscopy experiment. 

In the 1H NMR spectrum at 125 °C the relative intensity for a 
proton of the minor population can be calculated as 0.16 from the 
well resolved signals. Due to signal overlap of the major and minor 
population some minor signals are not resolved but their 
existence can be deduced from the integrals. Considering the 
resolved minor protons, especially the two triplets at 7.20 and 
7.13 ppm as well as the integrals of the overlapped protons it can 
be assumed that the minor population consists of three sets of 
signals as anticipated for the parallel conformation in Figure 2.2B). 
While a reversible chemical reaction cannot be excluded it is 
assumed that the conformational change was indeed observed. 
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Figure 2.4: 1H NMR spectra of monomer 1 at 25 °C (top) and 125 °C (bottom) 
measured in propylene carbonate on a 400 MHz NMR spectrometer. In the 
bottom spectrum, the major population signals at 8.16 and 7.66 ppm overlap 
with minor population signals. 
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The Gibbs energy �' G, the energy difference between the 
conformations was previously calculated by DFT[91] to be on the 
order of 12 kJ/mol. This value was not expected to vary much with 
temperature since only a conformational change occurs and the 
number of molecules remains constant. The enthalpy �' S was thus 
assumed to be close to zero removing the temperature 
dependence. 

�¿�) 
L �¿�* 
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1H NMR spectroscopy now allowed to determine �' G 
experimentally, using populations Nm and NM for the minor and 
major conformation respectively.  
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The results are summarised in Table 2.4. They are lower than 
calculated by DFT and vary between different measurement 
temperatures. Besides a non-negligible contribution of �' S to �' G 
and the inherent temperature dependence of the enthalpy �' H 
and entropy �' S, a further possible explanation for the data in 
Table 2.4 might be preferred nucleation of one conformer in 
oversaturated solutions of monomer 1. Given the complexity of 
the processes associated with the early stages of crystal formation 
it was decided to refrain from providing further explanations. 

Table 2.4: Energy difference �' G between conformations calculated from 1H NMR 
spectroscopy experiments at different temperatures. 

Temperature [°C] Ratio �' G [kJ/mol] 
  25 1 : 0.10 5.8��
  75 1 : 0.16 5.3 
125 1 : 0.47 2.5 
  75 1 : 0.18 5.0 
  25 1 : 0.10 5.7 
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2.7 Conclusion and outlook 

The lab scale synthesis could successfully be scaled-up to the 
technical scale at Polymaterials AG, Leverkusen and Kaufbeuren. 
Different synthesis strategies were investigated but while the 
more direct route over anthracene derivative 7 was promising, the 
most reliable route via blade 4 was finally used. The highly reactive 
aluminium salts and toxic DDQ used in the original procedure 
could be replaced by NaBH4 and chloranil respectively, three 
consecutive steps could be combined into a single step and the 
workup procedures were simplified. During running the reaction 
on the technical scale, it did not reach the expected conversion in 
one step. This challenge could be solved by replacing the solvent 
THF by DMF albeit at a loss of some product. 

While the synthesis of monomer 1 can be performed according to 
the procedure developed within this thesis on a technical scale, 
further improvements could decrease the costs. The additional 
step introduced to reduce diketone 3 may be omitted by 
employing different reduction procedures. Possibly, the direct 
reduction of starting material 3 to blade 4 is feasible under high 
pressures of H2, conditions which were not explored within this 
work. Furthermore, reductions with HI showed the potential to 
directly afford blade 4 by either using the acetate protected 
derivative of 3 at room temperature over long times or by high 
temperatures (>180 °C) under pressure in a microwave reactor. 
These reactions however either did not occur within a reasonable 
timeframe, high conversion or with satisfactory purity. It should 
also be investigated if a mixture of blade 4 and anthracenediol 7 
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as obtained after the NaBH4 reduction can be used for the one-
pot synthesis of premonomer 2. If so, the tedious oxidative 
purification to remove the anthracenediol 7 could be omitted, 
with a significant reduction of the overall cost of the synthesis. 

For the one-pot synthesis according to Scheme 2.8, alternative 
solvents should be investigated to avoid cyanuric chloride 
hydrolysis. If further experiments are conducted with regards to 
the oxidation procedure, the side products formed should be 
analysed first. 

With more than 100 g of monomer 1 at hand, new investigations 
into crystallization and polymerisation should be conducted. Kory 
reported different crystal shapes and sizes depending on cooling 
speed of hot cyanopyridine solutions,[8] a finding that was 
confirmed within this thesis. Additionally, effort should be 
funnelled into obtaining larger single crystals as the size of the 
obtained 2D polymers is limited by the crystal size. Also, further 
investigations into exfoliation are required to obtain large single 
sheets of 2D polymers. 

A step mostly ignored so far in 2D polymer research is the 
processing of 2D polymers. Tied together with research into 
exfoliation procedures, methods have to be developed that allow 
for a reliable mono- or few layer coverage of surfaces, grids or 
holes without gaps.  



64   

3 Synthesis of functionalised monomers 

An advantage of functionalised 
monomers and thus polymers 
carrying functional groups is the 
opportunity to perform mild 
organic chemical reactions to 
modify the polymer. This allows 
one to change intrinsic 
properties of a polymer, such as 
its density, stiffness, solubility, surface potential or its chemical 
stability. Such changes can have drastic consequences, as may be 
illustrated for the commodity polymers poly(methyl 
methacrylate) (PMMA) and poly(methacrylic acid) (PMAA) (Figure 
3.1). While PMMA can take up 2% of water by weight,[114] 
hydrolysing the esters results in PMAA, a water soluble polymer. 
To prevent dissolution and compare PMAA to PMMA with respect 
to water uptake capacity PMAA can be cross-linked. The thus 
formed hydrogels can take up 3200% of water by weight.[115] 
Polymers of such outstanding absorption behaviour, often 
referred to as superabsorbents, are famous for their use in for 
example diapers. In terms of structure, the only differences are 
that the ester groups were hydrolysed to carboxylic acids and 
some crosslinking, yet the impact on a property such as water 
uptake is enormous. 

For 2D polymers, the effect of functional group conversions on 
properties has not been investigated so far. This is due to two 
main reasons. Firstly, most 2D polymers do not have easily 
addressable functional groups such as esters, alcohols or amines 
and are therefore not well suited for post-polymerization 
modifications. Secondly, the analytics associated with chemical 

 
Figure 3.1: Structures of poly(methyl 
methacrylate) (left) and poly(methyl-
acrylic acid) (right). 
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transformations are challenging in the case of 2D polymers, and 
need to be considered carefully before attempting any 
conversion. After all, 2D polymers are monolayers and the weight 
of material before and after chemical modification is easily below 
a microgram. Such small masses are beyond the limits of many 
analytical methods. It is therefore mandatory to have a clear plan 
how to prove that a certain fraction of functional groups has 
actually reacted. Besides changing the properties of 2D polymers, 
it should be pointed out, that functional group conversions on 2D 
polymers have a huge potential. They allow obtaining a variety of 
2D polymers always starting from the same 2D polymer. This 
obsoletes the need for designing and synthesising a new 2D 
polymer each time a particular property is required. This is why 
the present thesis places an emphasis on the synthesis of 
functionalised monomers. 

Besides their influence on the intrinsic polymer properties, 
functional groups also allow to utilise 2D polymers as a kind of 
platform to which enzymes, catalysts or nanoparticles can be 
covalently attached. Finally, it shall be stressed that post-
polymerization modification can also be used to engineer the pore 
size of a 2D polymer to the level required for a particular 
application, e.g. in the field of gas sieving. For such purposes, it 
can be desirable to address functional groups positioned directly 
at the pore edges. 

Irrespective of what the motivation for a post-polymerisation 
modification of 2D polymers is, addressable functional groups are 
required that allow for quantitative conversions. This requirement 
is best shown considering the number of functional groups 
exposed by a 2D polymer. With an area of roughly 110 Å2 per 
monomer 1, which is used throughout this thesis, a corresponding 
2D polymer would contain in the order of 1014 functional groups 
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per cm2. Without the possibility of purification, as these groups 
are all bonded to a single molecule, a reaction suitable for post-
polymerisation needs to be as clean as possible. This prerequisite 
has an impact on the choice of functional groups. Promising 
candidates include aldehydes, ketones, epoxides, hydroxy groups, 
amines and carboxylic acids or esters, because there is ample 
literature precedence for clean and quantitative chemical 
conversions. In this work only one type of functional group is 
introduced at a time, though it may well be of interest to have 
monomers available which expose two different functional 
groups. In the following paragraphs, the location of such 
functional groups on the monomer is discussed, and once the best 
position is established, different monomers are discussed with 
respect to which polymerisation approaches they are best suited 
for.  

A quantitative functionalisation on the 
polymer of 1 might be only possible by 
quarternisation of the nitrogen. Since 
neither the relative locations of the 
functionalised nitrogen on the top and 
bottom triazine unit can be controlled, 
nor the relative locations on adjacent 
repeating units (Figure 3.5) this idea 
was not pursued.  

Regarding locations of functional 
groups on monomer 1, there is little 
flexibility. An N-functionalisation of the 
triazine core is not promising due to the 
same reasons as previously and an 
additional which is the formation of 
quaternary ammonium salts. These 

 
Figure 3.2: Locations for 
functional groups on 
monomer 1. 

 
Figure 3.3: Locations for 
functional groups on blade 4. 
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salts result in charge-charge interactions and possibly interfere 
with the required formation of a reactive packing between two 
anthracene units of neighbouring monomers. While the 
anthracene blade offers eight distinct locations for 
functionalisation, shown in Figure 3.2, most are unsuitable. For 
example, position 9 is impractical due to steric hindrance within 
the monomer. This steric hindrance between an introduced 
substituent in position 9 and the core triazines, could lead to 
unpredictable structural deformations, influencing the monomer 
packing. The same is true for positions 4,5 and 10, though this 
time steric hindrance would arise between two monomers. A 
functionalisation in those positions thus has to be avoided, as it 
could interfere with anthracene stacking and therefore the 
polymerisation itself. Positions 2,3,6 and 7 are potentially feasible 
locations, since functional groups placed there should not 
interfere with the polymerisation. They are pointing away from 
the plane in which the anthracene dimerisation takes place. To 
decide between these locations, synthetic considerations and 
ease of access were taken into account. 

The perhaps most straight forward way of introducing functional 
groups would be to modify the already finished monomer 1. This 
also appears attractive in light of the technical scale synthesis of 1 
established within this thesis (chapter 2). Considering, however, 
the rather inert aromatic hydrocarbon structure of monomer 1 in 
positions 2,3,6 and 7, introducing functional groups appeared as 
a challenging endeavour. During a brief investigation, no 
derivatisation procedure was found. Instead, it was found more 
promising to functionalise the building block 4 for the following 
four reasons. Firstly, monomer 1 has a very low solubility and 
usually requires temperatures of 200 °C or higher to dissolve, 
which strongly limits the repertoire of possible reactions. Blade 4 
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however is soluble in most organic solvents at room temperature 
and therefore allows for a large variety of reagents to be 
employed. Secondly, the list of solvents known for monomer 1 
namely propylene carbonate, cyanopyridine, and diphenyl ether, 
further restrict the scope of reagents, the former two due to their 
own reactivity and the latter due to its similarity to monomer 1. 
Thirdly, it is expected that selective functionalisation can more 
easily be achieved by taking advantage of the hydroxy group on 
blade 4, rather than the ether embedded within monomer 1. Last 
but not least, assuming a reaction is found to introduce a 
functional group directly on 1, if said reaction is used to introduce 
several functional groups, it needs to proceed with high 
conversions to obtain multi-functionalised monomer 1 in good 
yields. 

 
Figure 3.4: Monomers with one, three and six functional groups (FG) are shown 
including their symmetries.  

Introducing a functional group on the building block 4, limits the 
choices for location and chemical nature of the groups introduced 
further. With blade 4�[�•�� �‰�Z���v�}�o�]���� �Z�Ç���Œ�}�Æ�Ç as a strong ortho- and 
para- directing group in electrophilic substitution reactions, the 
location of the functional group to be introduced has to be 
position 2 or 7. A functional group introduced at this stage has to 
be further compatible with the synthesis of the monomer. 
Unprotected hydroxy or amine groups, for example, are not viable 
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options, as they could react with the cyanuric chloride. Whether 
an acid or ester might be suitable depends on the precise nature 
and would have to be explored. Reactions employing strong 
oxidising agents should be avoided, as the substrate is susceptible 
to oxidation in the 9 and 10 positions. Additionally, strong bases 
and radical reactions are discouraged, as they can lead to the 
formation of the corresponding anthracene derivatives. 

Having discussed the possible chemical nature of the functional 
groups and their location on the blade, the last factor to be looked 
into is the relative arrangement of functional groups on the 
monomer. Considering six positions, two on each blade, one to six 
groups can be introduced. Assuming a single type of functional 
group, this results in 12 possible differently functionalised 
monomers, three of them depicted in Figure 3.4. These 12 
monomers can be categorised according to their symmetries. 
Monomers containing a C3 axis are rotationally symmetric (centre 
���v���� �Œ�]�P�Z�š�•�U�� �}�Œ�� ���o�š���Œ�v���š�]�À���o�Ç�� �]�(�� �š�Z���Ç�� ���}�v�[�š�U�� ���Œ�� considered as non-
rotationally symmetric (left). With regard to the horizontal mirror 
plane �Vh they are labelled as symmetric (right) and asymmetric 
monomers (left and centre). 

Given the aspects of a 2D polymer definition in the introduction 
as regular and repeating structures, using a non-rotationally 
symmetric monomer (Figure 3.4, left) would require to control the 
orientation of the repeating unit within a polymer sheet (Figure 
3.5). This could be feasible in the single crystal approach, but at 
the air-water interface, monomers can rotate. In effect, the 
functional groups are then randomly distributed between the 
three positions available on each side (top and bottom) of the 
monomer. Each repeating unit of the polymer would contain the 
same amount of functional groups, their relative locations 
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however would be random. Given this complexity, the non-
rotationally symmetric monomer that was synthesised (chapter 
3.2), was not used for polymerisations, but was valuable for 
preliminary studies. 

Assuming rotational symmetry, the 
remaining two possible monomers 
(Figure 3.4 centre and right) can be 
distinguished as being symmetric and 
asymmetric with regards to a 
horizontal mirror plane. Symmetric 
monomers (Figure 3.4, right) result in 
polymers with both surfaces bearing 
the same type and amount of 
functional groups. They can be well 
suited for the single crystal approach, 
and if the functional groups mediate 
water solubility, the monomers 
represent a bolaamphiphile suitable 
for investigating self-assembly 
polymerisation. While symmetric 
monomers could possibly be spread at 
the air-water interface, their packing 
and orientation is difficult to predict. 
This topic is further discussed in 
chapter 4. Asymmetric monomers can 
either contain functional groups 
exclusively on one side (Figure 3.4, center) or different groups on 
the top and bottom. This results in either polymers with only one 
functionalised side or both sides differently functionalised, which 
could be used to tailor the stacking behaviour of 2D polymers. 
  

 
 
Figure 3.5: Cartoons showing 
non-rotationally symmetric 
repeating units that are 
regularly ordered (top) and 
randomly oriented (bottom). 
Repeating units, bonds and 
functional groups are shown 
in blue, orange and red, 
respectively. 
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Asymmetric monomers are well suited for the air-water interface 
approach if the functional groups on one side are hydrophilic due 
to an enforced perpendicular orientation at the phase boundary 
with those functional groups pointing in the aqueous phase. 

As established in the previous paragraphs, the synthesis of 
functionalised monomers is best achieved by functionalising 
building block 4. The following three subchapters concern the 
synthesis of such monomers. The first one explores reactions on 
blade 4, and it can also be used as an inspiration for further 
monomers. The second subchapter describes the synthesis of 
asymmetric monomers and the last one the synthesis of 
symmetric monomers.  

 

3.1 Introducing functional groups 

3.1.1 Aldehydes 

Introducing aldehydes was investigated due to the functional 
group�[�• versatility for further conversions as well as its expected 
compatibility during monomer synthesis. An attempt towards 
aldehyde 14 employing the Duff reaction[116] was unsuccessful and 
only low conversions were obtained employing SnCl4,[117] 2,6-
lutidine and either dichloromethyl methyl ether or 
paraformaldehyde as sources for the carbonyl group. 
Paraformaldehyde represents a polymeric structure of 
formaldehyde that depolymerizes upon heating. 
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Scheme 3.1: Formylation of 4  by formaldehyde. Intermediate 15 was identified 
by NMR spectroscopy. 

The formylation of blade 4 employing MgCl2, Et3N and 
paraformaldehyde[118-120] resulted in aldehyde 14 via intermediate 
triol 15 (Scheme 3.1). As expected, ortho-formylation occurred 
instead of para-formylation due to the complexation of Mg2+ by 
the hydroxy group. The structure of aldehyde 14 was proven by 
single crystal structure analysis. A second formylation of 14 at the 
other ortho-position did not occur to a significant degree. This can 
perhaps be rationalised by the formation of a Mg2+ complex with 
low solubility as described in literature in the case of phenol.[118] 

To improve the reaction conditions, DBU, DIPEA and Cs2CO3 were 
investigated as substitutes for Et3N, however the conversions 
were always significantly lower. The same result was obtained by 
substituting THF with MeCN.[121] To increase the yield, the reaction 
time vs progress was monitored by 1H NMR spectroscopy and it 
was found that the addition of further paraformaldehyde 
significantly improved the ratio of product to starting material and 
intermediate. The volatility of in situ generated formaldehyde is 
expected to cause the initially sufficient reagent to gas out of the 
reaction requiring constant addition of fresh paraformaldehyde. 
Therefore, new batches were added every 15 minutes. Employing 
these conditions, a yield of about 50% was expected by NMR 
spectroscopy, however after column chromatography only 26.5% 
was obtained. The conditions could certainly be improved, but the 
1.5 g of aldehyde 14 obtained were sufficient for further 
experiments. 



  73 

3.1.2 Hydroxymethyl groups 

As described in the previous section, formylations of blade 4 with 
MgCl2 and paraformaldehyde yield aldehyde 14 as the main 
product. This is the case when Et3N is used in excess with respect 
to the hydroxy groups. However, a sub stoichiometric ratio with 
respect to the phenols, corresponding to 1.75 eq Et3N per blade 4, 
yields almost exclusively triol 15. No references could be found for 
this conversion. Instead if a hydroxymethyl group was to be 
introduced employing MgCl2, the reaction was performed in two 
steps via formylation and subsequent reduction.[122] It is not clear 
if the sub-stoichiometric ratio of Et3N to phenols allows for a 
general hydroxymethylation procedure or if this observation is 
specific to substrate 4. Attempts to improve the yield by replacing 
THF with MeCN failed again.[121] Nevertheless, triol 15 was 
obtained on the 3 g product scale with a yield of 26.2% while only 
300 mg aldehyde 14 were isolated showing the selectivity towards 
hydroxymethylation under these conditions. 

Other hydroxymethylation procedures were investigated as well 
but resulted in even lower conversions. Paraformaldehyde and 
dimethoxyethane in xylene[123] as well as SnCl4 and either 
paraformaldehyde or dichloremethyl methyl ether yielded only 
small amounts of products. NaBO2 and formaldehyde[124] 
converted blade 4 readily and NMR spectroscopy of the isolated 
compounds showed the presence of one and two methylene 
groups respectively. TLC suggests that up to four 
hydroxymethylations occur. Employing NaOH, Na2S2O4 and 
formaldehyde[125] yielded complex mixtures of products that were 
not further analysed.  
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3.1.3 Allylation 

Within the scope of a master thesis, Werner Desiante synthesised 
from blade 4 via bisallyl ether 16 the symmetrically functionalised 
diallyl 17[93] and subsequently prepared the respective monomer 
(chapter 3.3). The two step synthesis consisted of ether formation 
followed by a Claisen rearrangement and yielded up to 70% 
product on the 25 g scale after column chromatography. The 
Claisen rearrangement cannot only be thermally induced but also 
by the addition of AlMe3.[126] The alcohol formed in the reaction 
strongly binds to the Lewis acid which is required in excess. As 
approximately the same yields for the thermal and catalytic 
rearrangement were obtained, the thermal was preferred due to 
significantly cheaper reaction conditions. On small scales, AlMe3 
catalysed rearrangements may be favourable, as purification by 
column chromatography proved to be easier than after the 
thermal rearrangement. 

 
Scheme 3.2: Introduction of allyl groups on blade 4 via Claisen rearrangement. 
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3.1.4 Carboxylic acids 

The introduction of acid groups was achieved by the acid-
catalysed addition of acrylic acid[127] to compound 4, yielding 
bislactone 18 followed by ester hydrolysis to obtain the 
dicarboxylic acid 19 (Scheme 3.3). Bislactone 18 and its 
asymmetric monolactone intermediate were obtained on the 
milligram scale in low yields using Amberlyst 15, TFA and MeSO3H. 
Even after extended reaction times of several days, conversions 
were low. Therefore, this functionalisation was not further 
investigated. 

 
Scheme 3.3: Introduction of carboxylic acids on blade 4. 

 

3.2 Asymmetric monomers 

In a study to determine possible complications in the synthesis of 
monomers containing multiple aldehydes, premonomer 20 was 
synthesised from the two-bladed intermediate 6 and 
functionalised blade 14 according to established procedures 
(chapter 2.4) on the 500 mg scale. The conversion to the 
aldehyde-containing monomer 21 on the mg scale employing 
DDQ at 146 °C[91] afforded, according to mass spectrometry, the 
expected product, purification however was not successful. 
Possibly some decarbonylation took place, since the molecular ion 
of monomer 1 was found as well. Further experiments also 
showed that DDQ can be used at lower temperatures, hence 
decreasing the chances for decarbonylation to occur. 
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Alternatively, converting the aldehyde premonomer 20 with a 
primary amine (methoxy triethyleneglycol amine) to an imine was 
found to work on the mg scale according to mass spectrometry, 
despite the aldehyde�[s mediocre to low solubility. While the 
aromatisation with DDQ was not attempted, the imine is expected 
to be more stable than the aldehyde, possibly preventing the loss 
of functional group.  

 
Scheme 3.4: Formation of the asymmetric monomer 21 containing a single 
aldehyde group at position 2 on one blade. 

As mentioned previously, monofunctionalised aldehyde 
monomer 21 was synthesised due to its simplicity as a preliminary 
study for the more challenging trifunctionalised asymmetric 
monomers. It showed that the presence of an aldehyde still leads 
to product formation during premonomer synthesis under the 
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standard conditions employed. It proved the feasibility of 
aldehyde and amine condensation on the premonomer and 
pointed out a possible decarbonylation during aromatisation at 
higher temperatures. Last but not least, it also showed that 
purification is only possible by crystallisation unless the solubility 
is significantly improved compared to aldehyde monomer 21.  
 
While 21 could potentially be used for polymerisations in the 
single crystal approach, the orientation of this non-rotationally 
symmetric monomer would need to be controlled prior to 
polymerisation, as discussed earlier. While in itself an interesting 
and challenging topic, it was not the focus of this work and 
therefore not attempted. 
 
 
3.2.1 Open trimers based on triazine 

The challenge in the synthesis of an asymmetric monomer based 
on building blocks such as aldehyde 14 consists of controlling the 
relative position of functional groups. While it is assumed possible 
to follow the standard procedure (chapter 2.4) to obtain a 
premonomer, the locations of the functional groups would be 
random. The mixture would consist of 25% premonomers with all 
three functional groups on one side and 75 % with two groups on 
one side and one group on the other. It is assumed that separation 
of such a mixture could prove tedious, as already the purification 
of monomer 21 without additional difficulty due to regioiomers 
was unsatisfying. The solubility might still be too low for column 
chromatography, and selective crystallisation of the desired minor 
fraction was not considered promising considering the ratio of 
25% to 75%. Therefore, the synthesis route in Scheme 3.5 and 3.6  
 



78   

was designed avoiding the regioisomer issue by protecting one 
hydroxy group, the formation of an open trimer and subsequent 
threefold ring-closing after deprotection. 

 
Scheme 3.5: Synthesis of the open trimer 25 bearing one aldehyde group on each 
blade. 

No efficient procedure was found to introduce a single protecting 
group on blade 4. Gratifyingly, the detour over the double 
protected compound 22 afforded mono protected blade 23 in 
good yields.[88, 128] This reaction from diacetate 22 to monoacetate 
23 was inspired by the Mg2+ complex proposed for the 
formylations in the previous chapter. Similarly, salt formation was 
used to obtain a high selectivity towards single deprotection by 
the immediate precipitation of monoacetate 23, preventing full 
deprotection. The initially used solvent THF was replaced by DCM, 
which afforded 23 in higher yields. NaI was added in an attempt 
to increase the precipitation and thus selectivity, however, its  
 



  79 

effect on the reaction course and yield was not thoroughly 
investigated. The subsequent functionalisation of monoacetate 
23 to aldehyde 24 (Scheme 3.5) occurs in analogy to Scheme 3.1, 
though experiments showed that changing the solvent to MeCN 
increases the yield to 58% contrary to the findings in chapter 
3.1.1. The significantly higher yields in the formylation of 
monoprotected blade 23 compared to unprotected blade 4 are 
due to two reasons. Firstly, there are no further formylations and 
hydroxymethylations occurring on the protected side. Secondly, 
column chromatographic workup was easier, due to fewer side 
products. Aldehyde 24 was then converted to open trimer 25 in 
high yields. It was found that the reaction to 25 occurs already at 
room temperature and does not require the 60 °C usually 
employed for trisubstituion on a cyanuric chloride.[109] 

Open trimer 25 was then intended to be deprotected to the 
corresponding triphenol, whose reaction with cyanuric chloride 
was supposed to afford asymmetrically functionalised 
premonomer 26. Unfortunately, no deprotection conditions were 
found under which the central triazine ring would remain 
unhydrolysed. Even mild conditions such as NH4OAc[129] in MeOH 
or THF as well as Et3N[130] in MeOH fragmented the trimer. In the 
case of LiOH[131] in THF no reaction occurred at all, and the 
addition of a small quantity of MeOH immediately caused the 
trimer to fall apart while the protecting group was unaffected. 
LiOH in water also disassembled the trimer. MeOH and HCl[132] did 
remove the protecting group, the trimer however also 
fragmented. The same result was obtained with the sterically 
demanding KOtBu in THF. Deprotections at very low temperatures 
and enzymatic ester cleavage were not attempted.[133]  
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Scheme 3.6: Envisaged deprotection and formation of the asymmetric 
premonomer 26 (dashed arrows) and undesired fragmentation of 25 (solid 
arrows). 

Since the fragmentation of trimer 25 is expected to occur via a 
nucleophilic attack onto the carbon of the triazine unit, releasing 
its building block 24, an alternative protecting group is required 
that can be removed without employing a nucleophile and still 
occurs under very mild conditions. 
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Scheme 3.7: Synthesis of an open trimer with acetal 
protecting groups. 

A phenol and the aliphatic hydroxy group of triol 15 were 
selectively protected by an acetal yielding compound 27.[134] 
Subsequently it was investigated if this group could be removed 
under mild conditions. While p-TsOH in MeOH proved to afford 
the deprotected triol 15, the reaction was rather slow for an acetal 
cleavage, affording a mixture of the protected and unprotected 
compound after several minutes. A few drops of aqueous 2M HCl 
in MeOH afforded triol 15 from acetal 27 within a few minutes in 
full conversion by TLC.[135] With the deprotection procedure at 
hand, trimer 28 was synthesised from acetal 27. Once again, the 
deprotection did not yield the desired compound. HCl as well as 
p-TsOH led to the formation of several compounds of higher 
polarity that combined mostly into a single spot at the end of the 
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reaction. Column chromatography and a subsequent 1H NMR 
spectroscopy however showed both phenols and no aliphatic OH 
proton. The same compound was obtained by dissolving trimer 28 
in AcOH at 60 °C, by refluxing in MeOH and by employing 
amberlyst 15.[135] 

Possibly, mild enough conditions can be found for a deprotection 
of trimers 25 or 28 to occur without disassembly at the core. But 
the subsequent closing by reacting with another cyanuric chloride 
moiety to form an asymmetric monomer has to be performed 
under basic conditions capable of deprotonating phenols and 
probably at elevated temperatures. Based on the experience 
gained working on open trimers 25 and 28, such conditions are 
not compatible with the triazine cores employed. With the 
instability of these open trimers attributed to nucleophilic attacks 
onto triazine, it was decided to substitute the triazine core by a 
less reactive benzene. 
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3.2.2 Open trimers with a benzene core  

To obtain open trimers of blade 4 and aldehyde 24 containing a 
benzene core, CuI[136] and Zn[137] catalysed reactions with triiodo- 
and tribromobenzene as well as Cu(OAc)2

[138] and 
benzenetriboronic[139] acid were investigated. None of these 
attempts towards an open trimer as shown in Scheme 3.8 were 
successful. Instead, it was found that in most cases the employed 
starting materials 4 or 24 degraded within a few minutes upon 
addition of catalyst.  

 
Scheme 3.8: An investigated reaction towards open trimers with benzene cores. 
Even though the benzene core reagent, catalyst as well as starting material were 
varied, no open trimer containing a benzene core was obtained. 

Finally, an alternative strategy was investigated employing a 
cyclotrimerisation of triple bonds to form the benzene core as a 
key step. Intermediate 29 was obtained after column 
chromatography on several hundred mg scale and subsequently 
converted to alkyne 30.[140] The cyclotrimerisation employing a 
rhodium BINAP catalyst[141] afforded a trimerisation product as 
proven by mass spectrometry, column chromatography however 
could not isolate any pure product. It is assumed that due to poor 
regioselectivity, two isomers were formed which cannot be easily 
separated. Considering that even after significant synthetic efforts 
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no asymmetric monomer containing three functional groups was 
obtained, further investigations into this topic were abandoned in 
favour of working on the symmetric monomers described in the 
following subchapter. 

 
Scheme 3.9: Synthesis of an open trimer by alkyne cyclotrimerisation. Possible 
substituent positions are 1,3,5 or 1,2,4. 

 

  



  85 

3.3 Symmetric functionalised monomers 

Allyl 17 was converted in three steps via intermediates 31 and 32 
to allyl premonomer 33. The reaction sequence afforded the 
desired product in good yields on the few mg scale. Scale ups 
decreased the yield over three steps from 60% (Scheme 3.10) on 
the 38 mg product scale to  21% and 14% on the 150 mg and 435 
mg product scales respectively. The subsequent treatment of allyl 
premonomer 33 with chloranil as well as DDQ resulted in the 
desired olefin functionalised monomer in analogy to Scheme 3.4.  

 
Scheme 3.10: Synthesis of an olefin functionalised premonomer with yields 
obtained on small scales. 
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With a challenging monomer purification it was decided to instead 
try further reactions on premonomer 33 to introduce more 
accessible functional groups. Ozonolysis[142] and subsequent 
reductive workup did not afford the aldehyde, neither did the 
same conditions convert allyl 17 to the ozonolysed compound. A 
possible explanation is that O3 oxidised the dihydroanthracene. 
Metathesis employing Grubbs catalyst 2nd generation and 
epoxidation using m-CPBA on allyl premonomer 33 did not afford 
the desired products. On the other hand, when similar conditions 
were used on allyl 17 and derivatives thereof, the desired 
products were obtained. Due to no amphiphilicity, the monomer 
of 33 is not well suited for the Langmuir trough and with no 
further successful reactions and the unresolved purification issue, 
synthetic efforts were directed towards more promising 
monomer candidates. 

 

Scheme 3.11: Cross metathesis used to introduce an ester functionality 

The cross metathesis[143] of allyl 17 to ester 34 was tried in solution 
with DCM as solvent as well as neat, using methyl acrylate as 
solvent. Whereas in DCM only low conversions were observed, 
using the reagent as the only solvent led to full conversion. 
Concerning the catalyst, Grubbs 2nd generation as well as 
Hoveyda-Grubbs 2nd generation were successfully used on the 100 
mg scale, however for the scaled up experiments only the former 
was used. Due to the catalyst being rather expensive, reducing the 
required quantities was immediately investigated. Addition of 
new catalyst increased the reaction rate instantly, with a fast 
decrease in activity such that after 2 h no further conversion 
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occurred. It was also found that while on the 100 mg scale low 
catalyst to reagent ratios yield reliably full conversions, upon scale 
up further catalyst needs to be added to reach conversions >90% 
(see Table 3.1 entry 1-3). The relative quantities of catalyst 
required on larger scales were thus significantly higher than on 
small scales, and optimisation was necessary.  

Table 3.1: A comparison of selected cross-metathesis conditions and yields in the 
synthesis of 34. 

           

Entry  Compound 17 
(g) 

 Grubbs 2nd Eq. 
(/103) 

 MA1 
(ml) 

MA1 
Eq. 

 Conversion2 Yield3 

           

1  0.1  18.94  006 193  complete5  --- 
2  0.1  03.44  006 193  complete5  --- 
3  6.0  10.34  360 193  91% 46% 
4  1.0  05.24  036 116  98% 54% 
5  2.0  06.94  036 058  94% 63% 
6  4.0  05.24  070 056  96% 53% 
7  5.0  06.94  050 032  91% 40% 
8  10.00  10.34  100 032  90% 41% 
9  10.00  12.74  200 064  96% 44% 

           

Compound 17 was dissolved in methyl acrylate and degassed by freeze pump 
thaw. Initial catalyst was added, the temperature was increased to 70 °C and 
more catalyst was added until the conversion reached >90%. 1Methyl acrylate 
(MA), 2Conversion estimated by NMR spectroscopy unless noted otherwise, 
3isolated after column chromatography, 4added in one batch in the beginning, 
5determined by TLC. 

 
A challenge on the multi-gram scale is the degassing by the freeze 
pump thaw. It was found that the omission of degassing 
prevented any reaction, and purging with N2 or argon did not 
result in an improvement. Therefore, to ease the freeze pump 
thaw, the total volume was kept low while increasing the 
concentration step by step (entry 4 to 7). Conversions of > 90% 
were obtained while maintaining a catalyst loading of around 0.6 
mol %. 
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Due to cross metathesis resulting in a random redistribution of 
olefin fragments, the products of this reaction were not only the 
target diester 34, but also the dimer of methyl acrylate and dimers 
as well as oligomers of allyl 17. The ratio between these products 
in equilibrium is given by the initial ratio between allyl 17 and 
methyl acrylate, with decreasing methyl acrylate concentrations 
yielding more dimers of 17. Accounting for the 2 olefins on allyl 
17, entries 3 to 7 in Table 3.1 decrease the methyl acrylate to 
olefin ratio from initially 97:1 down to 16:1. This was considered 
low and was not attempted to be further reduced. Larger scales 
without increasing the concentration (entries 8 and 9) required 
more catalyst. 

One aspect not discussed so far is the isolated yield. Despite fairly 
constant conversions as determined by 1H NMR spectroscopy, the 
isolated yields varied by as much as 20%. It is expected that two 
factors are important, namely, the impurities during the column 
chromatography and the side reactions of allyl 17. A major 
impurity that needs to be removed during purification is the 
methyl acrylate dimer. While product and impurities had 
significant differences in elution times in column 
chromatography, the large quantities of impurities formed 
especially in entries 3, 7 and 8 in Table 3.1 required large columns. 
The dimers of allyl 17 that formed in an expected side reaction, 
especially in entries 7 and 8 where concentrations are high, 
probably lowered the yield as well. Estimates by 1H NMR 
spectroscopy suggest that up to 80% product form under dilute 
conditions, even though these yields were never isolated. 
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As the double bond was not needed any more, it was reduced. 
Otherwise isomerisations by double bond shifts may take place 
besides other side reactions. For the reduction, NiCl2 and 
NaBH4

[144] proved superior to Pd/C and H2
[145] affording methyl 

ester 35 reliably and in high yields. 

 
Scheme 3.12: Double bond reduction and transesterification to obtain 
bolaamphiphilic blade 36 

All attempts to obtain a premonomer from methyl ester 35 failed. 
It was found that after refluxing compound 35 for 20 minutes in 
THF, with some Cs2CO3 as base, all 35 was used up. Considering 
the several hours at reflux required to obtain a premonomer, it 
was clear that the methyl ester 35 was not suited. While not 
further investigated, it is assumed that the degeneration under 
basic conditions involves the phenol and methyl esters. 
Substituting the methyl ester by a bulkier ester could potentially 
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slow down or even prevent the side reaction, and therefore allow 
to form a premonomer. With the goal of bolaamphiphilic 
monomers, this bulkier ester would ideally contain a hydrophilic 
part or be fully hydrophilic. Triethylene glycol monomethyl ether 
was chosen as it is a water soluble, readily available alcohol that 
is expected to be compatible with the premonomer synthesis due 
to its ester not containing any free hydroxy, amine or acid groups. 

The conversion of methyl ester 35 to glycol ester 36 was initially 
attempted employing NaH. This strategy was however unreliable 
and the reaction was slow. Moreover, the basic conditions with 
high temperatures increased chances for anthracene formation. 
Employing the transesterification catalyst dibutyltin dilaurate[146] 
(DBTL) formed glycol ester 36 and conversion was pushed to 
completeness by distilling off the formed methanol.  

Bolaamphiphilic blade 36 was then converted via intermediates 
37 and 38 to bolaamphiphilic premonomer 39 as shown in Scheme 
3.13. The overall low yield was slightly improved by skipping the 
workup and purification of intermediate 38 and directly isolating 
premonomer 39. Column chromatography of these compounds, 
especially the premonomer, proved challenging and pure product 
could not be obtained. Nevertheless, it was essential to obtain 
premonomer 39 as pure as possible, since without sufficient 
premonomer quality it was not possible to obtain the pure 
bolaamphiphilic monomer 40. Furthermore, a sample of 
premonomer 39 stored over several months at -20 °C and 
protected from light, partially degraded and could not be purified 
again. While the cause is unknown, all following batches were 
converted to monomer 40 in a timely fashion, as the monomer 
stored in a fridge and covered by aluminium foil proved stable for 
at least a year. 
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Scheme 3.13: Synthesis of bolaamphiphilic monomer 40 from blade 36. 
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The aromatisation of premonomer 39 to monomer 40 using DDQ 
was found to yield the best results at room temperature in 
dioxane. Purification by alox plug filtration proved to be sufficient 
to obtain monomer 40 on almost a gram scale.  

 
Scheme 3.14: Ester hydrolysis affording carboxylic acid monomer 41. 

The esters in monomer 40 were converted to carboxylic acids by 
heating in dioxane and concentrated HCl[147], affording carboxylic 
acid monomer 41 in 80% yield. Upon dissolving monomer 41 in 
acetone or THF and subsequently removing the solvent, a part of 
the solid that formed during drying would not dissolve again. 
Similarly, an unsaturated solution in acetone left standing for 
several days, grew crystals which were insoluble in THF, acetone 
and 2 M NaOH. Due to their size, the crystals were too small for x-
ray analysis. Irradiation in a photo reactor (�O = 465 nm) 
unexpectedly converted a suspension of these insoluble crystals 
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in acetone to a yellow solution. These reproducible results require 
further investigation, since monomer 41 is an interesting 
candidate for polymerisations in the single crystal due to possible 
exfoliation under basic conditions by deprotonation of the 
carboxylic acids and the resulting charge-charge repulsion of 
individual 2D polymers.  

Due to the low yield in several synthesis steps of premonomer 40 
and the challenging scale up of the metathesis step, alternatives 
were investigated. Olefin epoxidation by m-CPBA[148] on allyl 17 
did not yield the desired product, possibly oxidations occured on 
the dihydroanthracene instead. This was not unexpected, since 
diol 4 as well as its derrivatives are also sensitive towards 
atmospheric oxygen, as frequently observed by pure, yellow or 
white compounds turning brown to black after several weeks. This 
deterioration was however not observed in compounds with 
protected hydroxy groups such as allyl ether 16 or diacetate 22. In 
consequence, the alcohols were protected by an acetate group 
and via this protected allyl 42, the epoxide 43 was obtained in 
good yields. 



94   

 
Scheme 3.15: Protection of the hydroxy groups and subsequent olefin epoxidation 
offer 43 in good yields. Deprotections afforded the 5 membered intramolecular 
cyclisation product 44. 

In an attempt to synthesize a premonomer containing epoxides, 
43 was deprotected. The deprotected compound could however 
never be isolated, instead the free hydroxy group immediately 
opened the epoxide to compound 44 (Figure A.86-88). It was thus 
necessary to convert the epoxide into a less reactive group prior 
to premonomer synthesis. 

Therefore, reductions and nucleophilic attacks on the epoxide 
were investigated. The reductions did not give any statisfying 
results employing H2 over Pd/C or LiAlH4.[149, 150] Attempts at 
nucleophilic ring opening using methylamine formed ether 44 as 
well, and curiously the reaction of 43 with methyl Grignard 
formed a dibromide. The epoxide was successfully opened by 
sulfuric acid in dioxane and water[151], forming unprotected bisdiol 
45. 
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Scheme 3.16: Epoxide opening affording the deprotected diol and synthesis of its 
cyclisation product 46 and protected blade 47. 

Converting the 1,2-diols to aldehydes by NaIO4 did presumably 
work,[152] however due to intramolecular ring closure hemiacetal 
46 was isolated. With the aldehydes as desirable functional groups 
on the monomer, it was decided to synthesize the premonomer 
from bisdiol 45 and then convert the diols on the premonomer to 
aldehydes circumventing issues of intramolecular ring formation. 
In order to obtain such a premonomer, the 1,2-diols of 45 needed 
to  be protected first. Two conditions afforded the desired acetal 
47, iron (III) chloride and p-TsOH in acetone as well as p-TsOH and 
2,2-dimethoxypropane in acetone.[134, 153] The latter was however 
superior in yield and thus subsequently used. 

Acetal 47 was converted to 48 in good yields and subsequently to 
acetal premonomer 49. The conversion to premonomer 49 was 
the first step within the synthesis of this monomer with low yields 
and a challenging purification. Employing DDQ, acetal monomer 
50 was obtained as proven by mass spectrometry. This analysis 
also suggested incomplete conversion, which may have resulted 
in the purification issues. 
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Scheme 3.17: Synthesis of monomer 50. A yield for the last conversion cannot be 
given as the product could not be isolated. 

���µ���� �š�}�� �š�Z���� �u�}�v�}�u���Œ�[�•�� �o�]�P�Z�š�� �•���v�•�]tivity, further reactions of the 
protected diols were investigated on acetal premonomer 49 
instead of monomer 50. The protecting groups were removed by 
aqueous 2M HCl in THF affording dodecaol 51 as a mixture 
containing impurities. The subsequent reaction using NaIO4 to 
convert the 1,2-diols to aldehydes afforded the desired hexal 52 
according to mass spectrometry. The aldehydes could however 
not be observed by 1H NMR spectroscopy and the product could 
not be isolated. 
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The synthesis and polymerisation of acetal monomer 50 as well as 
possible monomers of dodecaol 51 and hexal 52 were not further 
investigated, in favour of a more thorough analysis of ester 
monomer 40 due to its interesting results regarding 
polymerisation discussed in chapter 4. It should be noted 
however, that the aldehyde bearing monomer has several 
advantages over the ester monomer 40. Firstly, it offers easier and 
more straight-forward functional group conversions. Secondly, 
premonomer 49 was obtained in 19% overall yield starting from 
allyl blade 17 compared to premonomer 39 which was obtained 
in 12% in the best cases. Thirdly, the metathesis step and the 
frequent column chromatographies in the synthesis of ester 
premonomer 39 limit the quantity of ester monomer 40 
obtainable to about 1 g, however in the case of monomer 50 and 
the corresponding monomer of 51 a scale of several grams is 
reasonable. 

 
Scheme 3.18: Deprotection and aldehyde formation. Compound 52 could only be 
detected by mass spectrometry and was not isolated. 
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3.4 Conclusion and outlook 

Blade 4, the building block for the monomers in this thesis, could 
be functionalized with hydroxyl, aldehyde, allyl, ester and acid 
functionalities. The formation of amphiphilic and thus asymmetric 
monomers was not possible due to the instability of the 
intermediates. Alternatives employing a benzene core rather than 
the hydrolytically sensitive cyanuric chloride were not successful, 
except for an attempt via alkyne trimerisation, in which, however, 
the regiochemistry was not controlled. 

The synthesis of several symmetric monomers was successful 
albeit some require additional effort with regards to purification. 
A monomer bearing ester groups was obtained in quantities of 1 
g. It was not only suitable for polymerization experiments but 
could also be hydrolysed to the carboxylic acid. 

The ester bearing monomer 40 is an attractive starting material 
for transesterifications as it could lead to a large variety of 
monomers. This has not yet been investigated but could yield 
further monomers suited for the single crystal approach (eg. 
methyl ester), the Langmuir approach (eg. glycerine ester) and 
possibly also the in-solution approach. 

While purification is still challenging, monomers derived from 
actetal premonomer 49 could lead to an even broader variety of 
functional groups on monomers. In this regard, further 
investigations towards the aldehyde are highly encouraged.  
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4 Polymerisations 

Prior to discussing results from polymerisations it is necessary to 
consider the possibilities, challenges as well as limitations arising 
from the choice of monomer. After this analysis, different 
polymerisation experiments are discussed in subchapters based 
on the monomer used, the polymerisation approach (at the 
interface or in suspensions) and the morphologies obtained. 

Monomer 1 was originally designed for the single crystal 
approach. Theoretically, the conformational isomerisation 
discussed in chapter 2.6 could have been an issue during 
crystallisation and polymerisation in previous work. Luckily 
though, the crystals found by Kory consisted exclusively of the 
desired rotationally symmetric conformation.[8] But the NMR 
spectroscopy studies conducted within this thesis proved that at 
room temperature about 9% of monomer 1 are not in this 
rotationally symmetric but in the parallel conformation (Figure 
2.2). A polymerisation in suspension would have to deal with both. 
Due to the insolubility of monomer 1, it is unsuited, however its 

 

Figure 4.1: The two directions of rotation for rotor shaped monomer 1 in a plane. 
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derivatives monomer 40 and 41, that are based on the same rigid 
rotor shaped geometry, are suited for the air-water interface and 
possibly also an in-solution approach. Therefore, the 
conformations of these two monomers were investigated as well. 
NMR spectroscopy of 40 at room temperature (Figure A.69) 
showed that around 6% of the monomer adopt a non-rotationally 
symmetric conformation and for monomer 41 this was found to 
be the case for roughly 3% (Figure A.72).  

In the rotationally symmetric conformation (Figure 4.1) rotor 
shaped monomer 1 as well as its derivatives can have a clockwise 
or counter clockwise rotation. Turning a monomer upside down 
changes the direction of rotation, therefore these two are 
identical in solution. However, if monomer 1 is in a planar and 
ordered arrangement, as required in a reactive packing for a 2D 
polymer, these orientations are of importance. For example, a 
crystal of monomer 1 does contain both directions of rotation but 
one is used exclusively for the polymerisation while the other does 
not react and only serves as a template.[8] 

Monomers such as 40 and 41 that are based on 1 should also have 
direction of rotation whenever polymerisation is attempted. 
However, in monolayers at the air-water interface on a Langmuir 
trough or in self-assemblies in suspensions, it is not expected that 
as highly ordered reactive packings are obtained as observed for 
the individual layers of the single crystal approach. This is largely 
due to the fact that packing forces at interfaces are much less 
dominant than in single crystals and the constituents are 
therefore more free to do whatever they like. They may diffuse 
between domains of opposite rotations, leave a monolayer and 
diffuse back in again in the opposite sense of rotation or may just 
find enough energy to experience conformational flips of 
anthracene blades. The timescale of these processes is however 
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unknown. While they may lead to the formation of crystalline 
domains at the interface or in self-assemblies in the first place, 
they are also expected to induce defects.  

 

Scheme 4.1: Cartoon of a reactive packing in the single crystal as determined by 
x-ray analysis A) and with defects as possible at the air-water interface or in self-
assemblies B). Monomers and repeating units with different direction of rotation 
are depicted in blue and red respectively. Disorder due to lateral movement of 
monomers is omitted for clarity. 

Last but not least, the crystal structure of monomer 1 uses one 
third of the monomers as templates. In the single crystal, these 
templates do not react upon irradiation due to insufficient 
anthracene-anthracene overlap and the rigidity of the packing 
within a crystal. At an interface or in self-assemblies, however, the 
mobility is higher and the structure is less ordered than in a 
crystal. This could render the template molecules reactive during 
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polymerisation too, which would be creating further defects. Such 
a situation with a high degree of disorder is compared to the 
desired 2D polymer structure as obtained for monomer 1 in single 
crystals (Scheme 4.1). Unless contrary to expectations, high 
regularity can be proven, polymers obtained from monomer 40 
and 41 at the interface and in suspensions, might not qualify as 2D 
polymers and should therefore be considered as 2D polymeric 
structures. 

The aim of this chapter is therefore not so much the synthesis of 
another 2D polymer, but instead to investigate if the 
polymerisation of suitable monomers in suspensions can be 
confined into two dimensions at all. This is already viewed as a 
major step ahead. Despite an abundance of literature reports on 
crosslinking within vesicles, they generally use surfactant 
molecules with alkyl chains as hydrophobic region or amphiphilic 
block copolymers[154]. Both types of amphiphiles are not suited as 
model systems. The former due to monomers for 2D polymers 
consisting often of sterically rigid cores while the latter yields 
structures with thicknesses up to dozens nm which is not desired 
for 2D polymers.  

Monomers 40 or 41 could be obtained conveniently using 
knowledge gained in the synthesis of 1. Results regarding 
monomer packing (fluorescence and mean molecular area) could 
further be compared to the reports of 1. While the polymers 
based on 40 or 41 are expected to lack internal regularity, this 
deficiency is likely improvable by a monomer design omitting 
templates and avoiding issues with the direction of rotation.  
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4.1 Monomer 40 at the air/water interface 

Experiments with monomer 40 on the Langmuir trough, served 
mainly two purposes, to investigate monomer packing and to 
determine monolayer thickness. Concerning monomer packing, 
results were compared to the known packing of monomer 1 in the 
single crystal as both monomers feature the same rigid, rotor-
shaped geometry. Concerning monolayer thickness, it was 
compared to the height of a monomer as obtained from simple 
theoretical calculations. 

To investigate the packing, monomer 40 was spread on a 
Langmuir trough and compressed while measuring the surface 
pressure by a platinum Wilhelmy plate. The resulting isotherm 
shows the mean molecular area (MMA) versus the surface 
pressure (Figure 4.2). The isotherm has four distinct regions 
separated by dotted lines and labelled from A to D. During the 
initial compression in region A, the pressure increased more and 
more towards B. Region B was then characterised by an almost 
constant pressure that again raised sharply in region C. Finally, in 
region D the pressure was fluctuating around 32 mN/m. An 
increase in pressure at the air-water interface indicates the 
compression of molecules while flat regions represent phase 
transitions. Based on the isotherm, monomer 40 therefore 
undergoes two phase transitions during compression.  
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Figure 4.2: Isotherm of monomer 40 on the Langmuir trough. The graph showing 
the surface pressure versus the MMA is divided into four regions from A to D. 
During the initial compression A) monomer 40 is condensed into a tight packing 
that undergoes a phase transition in B. During C this phase transition is ending 
and the further compression of the monolayer results in a steep increase of 
surface pressure. In region D the pressure is assumed to result in multilayer 
formation instead of another phase transition based on the fluorescence 
observed at the interface. A tangent at the point of inflection in region C (dashed 
line) is used to extrapolate the MMA of a relaxed packing.  
 

With respect to 2D polymers the formation of multilayers, also 
characterised by a plateau in the isotherm, needs to be avoided. 
To investigate if the rather high pressures in region D led to 
multilayers, the structures at the interface were analysed by their 
fluorescence and Brewster angle microscopy (BAM). 
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Figure 4.3: Fluorescence and BAM 
images at different surface pressures 
(A-E). At low surface pressures (<10 
mN/m) an inhomogeneous fluores-
cence is observed in A) as well as 
streaks and small features of different 
brightness in the BAM image B). At 
higher surface pressures (20-30 mN/m) 
a homogenous fluorescence C) as well 
as uniform BAM images D) are 
obtained.   Compressing   further   after  

reaching 30 mN/m leads to the formation of strongly fluorescent lines roughly 
parallel to the barriers E). The BAM images show an area of about 2x2 cm, the 
black stage in A) and C) to lift substrates has a width of 2 cm and the blue 
fluorescent surface in E has an area of roughly 12x15 cm. 
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The fluorescence images (Figure 4.3), taken with a simple camera, 
showed streaks of stronger fluorescence on a weakly fluorescent 
background at surface pressures below 10 mN/m. Upon 
compressing above 20 mN/m a homogenous fluorescence was 
observed. A further compression after reaching more than 30 
mN/m led to the formation of brightly fluorescent, stripes more 
or less parallel to the barriers. It is reasonable to assume that they 
are caused by monolayer breakdown with formation of irregular 
overlays. 

In the BAM images (Figure 4.3), dark regions refer to an empty 
surface, while monomers spread on the surface lead to brighter 
regions. The brightness of features scales with thickness. Initially 
areas with different greyscales are observed together with regions 
containing distinct small circularly shaped features (Figure 4.3B 
and Figure A.90). Upon compressing to more than 20 mN/m, these 
features homogenized to give a layer with a uniform grey-tone. 
These results were then compared to the isotherm (Figure 4.2). 
Both analysis methods, eye-visible fluorescence and BAM, 
suggested that the first rearrangement, occurring after 
compressing monomer 40 below 150 Å2 per molecule is not due 
to the formation of multilayers but instead a reorientation within 
the monolayer. It is only after this phase transition that a 
homogenous layer is obtained. For the second rearrangement 
however, not only the unstable isotherm at high surface pressures 
but also the occurrence of strongly fluorescent stripes roughly 
parallel to the barrier were interpreted as multilayer formation. 
The steep increase of surface pressure with the inflexion at 
around 112 Å2 per molecule, therefore, represents the most 
densely packed monolayer obtained at the air-water interface. 
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The next aspect that was looked into concerned the MMA. For 
this, we consulted the lattice parameters obtained by single 
crystal X-ray diffraction using three different single crystals of 
monomer 1 (Table 4.1). Two of them had very similar crystal 
parameters, an area per monomer of about 136 Å2 and contained 
monomers featuring edge-to-face stacked anthracene blades, 
rendering them unsuited for polymerisation. In the third crystal 
structure, depicted in Scheme 4.1A, anthracene blades in 
monomers were oriented face-to-face, polymerisable and 
occupied each an area of 108 Å2. This last value does fit well to the 
MMA of 112 Å2 that was measured for monomer 40 at the 
interface, suggesting that the desired arrangement, the reactive 
packing, was obtained. Since the packing is under external 
pressure, an approximate value for a relaxed system can be 
obtained by a linear extrapolation. The MMA of a relaxed system 
then corresponds to the x-axis intersect of a tangent at the point 
of inflection (Figure 4.2, dashed line). The relaxed MMA value of 
119.8 Å2 cannot be attributed easily to one of the two packings. It 
is however of importance to note, that small gaps are still found 
at the air-water interface by moving the BAM camera over 
different places. Several compression and relaxation cycles might 
get rid of these and allow for a more reliable MMA estimate. 

Table 4.1: Three single crystal structures reported for monomer 1, that has the 
same rotor shaped geometry as monomer 40. 

CCDC Area per monomer 
[Å2] 

Reactive packing 

982680 136 no 
982679 137 no 
986179 108 yes 
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Further experiments were thus conducted by compressing 
monomer 40 to surface pressures between 20 and 30 mN/m. As a 
last optimization, the pressure was maintained for 1 h during 
which the barriers slowly compressed the monolayer further. The 
high pressure applied over the course of an hour was expected to 
ensure a tight packing with no gaps, and over this hour the MMA 
decreased in average by about 6 Å2. This process could be 
regarded as annealing towards the perfect reactive packing at the 
interface. The surface pressure was certainly chosen high and may 
possibly have led to the formation of some multilayer regions or 
pushed single monomers out of the monolayer. The fluorescence 
images (Figure 4.3E) suggested that if multilayers form, they occur 
close to the barriers and would therefore not get transferred if 
samples were taken from the centre. Later analysis by optical 
microscopy and AFM suggested that indeed no multilayers were 
transferred. The monolayer was then irradiated for 1 h by UV light 
(�O = 384 nm) which did not lead to a change in the BAM images 
(Figure 4.4) but to a loss of fluorescence. The polymerised 
monolayer was then transferred onto silicon oxide and copper 
grids by Schäfer technique. Silicon oxide samples were lifted from 
below out of the water while copper grids were placed onto the 
surface and picked up by a piece of paper. The latter method may 
be less than ideal, as parts of the glue used in the paper could be 
transferred onto the polymer. Any quantitative analysis should 
take this into consideration, qualitative comparisons between 
samples using the same paper technique, as within this thesis, 
should however not be influenced. 
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Figure 4.4: BAM image of the polymerised film with an artificial 
crack for contrast. Irradiation at 30 mN/m and partial transfer of 
the polymerised monolayer onto silicon oxide and copper grids led 
to defects in the remaining structures at the air-water interface. 
The image shows an area of about 4x4 cm. 

Next the thickness of the polymerized monolayer was 
determined. For that purpose, the silicon wafer was in parts 
covered by a mica slide. After transferring the polymer, removal 
of this mica slide ruptured the monolayer exposing empty silicon 
oxide and thus creating an edge at which the polymer height could 
be easily determined with tapping mode AFM. The thickness was 
measured to be about 1 nm (Figure 4.5C), which was within the 
range of 0.92 nm to 1.14 nm that is expected for an energy 
minimised structure of a model dimer (Figure A.89) and thus 
supported the claim of monolayer formation. The AFM analysis 
however also proved the polymerised monolayer to be of poor 
quality (Figure 4.5D). A comparison of about 3 locations 
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Figure 4.5: Images and height analysis of irradiated Langmuir trough films 
transferred onto silicon oxide. The optical microscopy image using DIC and 
modified to enhance contrast in A) shows an overview over the polymerised film 
including �Pm sized cracks. The AFM image B) and its height analysis C) prove 
monolayer formation with a thickness of about 1 nm as expected for monomer 
40. Upon closer inspection, homogeneity and surface roughness vary heavily 
depending on the location as images 4 �Pm from the polymer edge D) compared 
to images from the centre of the polymer E) indicate. In both images the 
difference from black to white refers to a height difference of 4 nm. 
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within the polymer and 6 locations at the edge showed a 
significant increase in surface roughness and number of defects 
from the middle of the polymerised structure towards regions 
close to the edge. Since these edges were formed after the 
polymerisation by mechanically tearing the polymer, the local 
differences in apparent defects are expected to have formed after 
the polymerisation as well. They are however not expected to be 
a direct result of tearing the polymer, because in such a case one 
would assume them to be oriented, most probably parallel to the 
tearing edge. A possible explanation, due to the random nature of 
defect shapes, is that they consist of neighbouring polymerised 
regions, that were not or only poorly connected. Upon tearing the 
polymer, these neighbouring regions were possibly pulled apart 
as well, revealing the insufficient connectivity. Far enough away 
from the edge of the polymerised sheet, the forces may have been 
too small to separate the regions, giving the monolayer a flatter 
appearance. 

To prove the polymerisation and to provide a first insight into the 
strength of the polymerised monolayer, it was transferred onto 
mixed mesh copper grids (holes ranging from 45 x 45 to 150 x 150 
�Pm) and compared to non-irradiated monolayers. These 
investigations were based on approximately 30 transfers of 
polymerized and 10 transfers of non-polymerized monolayers. 
Only one transfer of non-irradiated monolayers resulted in two 45 
�Pm holes (Figure 4.6A) covered by a film. Transfers of irradiated 
monolayers on the other hand resulted in roughly equal parts in 
grids with good coverages over small holes (Figure 4.6B), low 
coverages (Figure 4.6C) and no coverage at all (not shown). 
Further, irradiated monolayers were also able to span up to 150 
�Pm holes.  
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Figure 4.6: Optical microscopy images of unpolymerised sheets with two covered 
squares A), polymerised sheets with good coverage B), bad coverage C) and 
mostly cracked sheets D). The images are enhanced for contrast. 
 

Either due to handling or over time these layers tended to crack 
(Figure 4.6D). Samples first analysed by optical microscopy and 
subsequently by SEM also showed far more broken monolayers in 
the SEM (Figure A.91) than in the optical images. Since no severe 
electron beam damage was observed in subsequent images, 
sample handling in preparation for SEM is expected to have 
induced the cracks. 

  



  113 

4.2 Self-assemblies of monomer 40 in suspension 

4.2.1 General sample preparation and analysis 

To obtain an aqueous suspension of monomer 40, a sample of 
about 200 �Pg was dissolved in 0.1 to 0.5 mL DCM and the resulting 
solution dried under a stream of nitrogen at the walls of a vial. It 
was attempted for the monomer layer to be as thin and well 
distributed over as much surface as possible. The vial was then 
dried in vacuum for a few min and Milli-Q (18.2 M�: ) water was 
added. Depending on the experiment, salts were added to the 
water. Softly shaking the vial for a min resulted in a suspension 
with large particles detectable by the naked eye. This suspension 
was then ultrasonicated for 2 h, often at 85 °C or 0 °C. Finally, the 
resulting suspension was centrifuged (700 RCF, 3 min) to remove 
larger particles. This solid was collected, dried and proven possible 
to be reused for other experiments. For samples prepared at 0 °C, 
these undesired particles were significantly smaller than at higher 
temperatures. Consequently, the centrifugation did not remove 
them adequately. Briefly heating the sample with a heat gun 
immediately stuck these particles together easing centrifugation 
without changing the self-assemblies to a noticeable degree. 
During preparation, the monomer suspension was protected from 
light by aluminium foil to prevent premature polymerisation, 
whenever possible. For storage, monomer samples were kept at 
room temperature or in the fridge and covered by an aluminium 
foil. For polymerisation, the sample was placed in a light reactor 
(�O = 465 nm) in a fridge at 11 °C overnight. 

For an analysis by optical and fluorescence microscopy as well as 
AFM and SEM, a drop of the sample was placed on a substrate 
(mica, silicon oxide or copper) and dried under ambient 
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conditions. If salts were present, they were washed off by rinsing 
with water. The samples were then further dried in vacuum 
overnight if the height of features was to be determined.  

Not more than a few dozens of features were analysed by AFM 
per sample. While a crude method, dynamic light scattering (DLS) 
allowed for a fast and time efficient bulk analysis of average 
particle size and size distribution. A more thorough analysis, by for 
example cryo-TEM, would be a task for the future. Given the 
limited accuracy of the values, the Z-average given by DLS should 
only be considered an estimate of the average particle diameter 
and best be compared between samples in the same dispersant. 
The polydispersity index (PDI) �‰�Œ�}�À�]�������� ���Ç�� �š�Z���� �]�v�•�š�Œ�µ�u���v�š�[�•��
software does not correspond to the PDI used in polymer 
sciences, instead it is a coefficient used in the sample analysis with 
lower values corresponding to narrower distributions.[155] 

In the following two subchapters, results from polymerisations in 
self-assemblies are discussed. The first part concerns the in-
solution self-assembly experiments with pure monomer 40 that 
yielded spherically shaped, possibly vesicular structures. The 
second part describes polymerisations of monomer 40 in 
suspensions in the presence of salt yielding monolayer, sheet-like 
objects.  
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4.2.2 Spherical self-assemblies of monomer 40 

The first self-assembly experiments of monomer 40, were 
performed in pure water, without the addition of salts. 
Ultrasonications were performed both at elevated temperatures 
as well as at 0 °C. Different temperatures resulted according to 
UV/VIS measurements in slightly different concentrations of 
monomer 40 in suspension. This is further described with the 
UV/VIS results. Self-assembly preparation without ultrasonication 
and instead only shaking by hand for 10 to 15 min at 0 °C resulted 
in a highly polydisperse sample that could not be analysed 
properly by DLS. This result was no surprise as ultrasonication is 
known to decrease the polydispersity for, for example, vesicular 
self-assembly suspensions.[156] After ultrasonication, a 
centrifugation step proved necessary due to the presence of some 
larger sediment particles interfering with the DLS experiments.  

To investigate the nature of the suspensions, a series of 
polycarbonate membrane extrusions was performed decreasing 
the pore size from 400 nm to 100 nm step-by-step. The 
suspensions were extruded 5 times through filters of the same 

 

 

 
Figure 4.7: Decrease in size of self-assembled structures by extrusion through 
filter membranes (left) and increasing size of self-assembled structures over time 
for non-polymerised samples while polymerised samples do not change (right). 
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pore size, whereby the extrusion membranes sometimes clogged 
during first extrusion requiring replacement. The samples were 
analysed by DLS after each extrusion. Prior to extrusion, the self-
assembly sizes varied from experiment to experiment between a 
Z-average of 500 to 700 �Pm with a PDI of 0.3 to 0.4. The average 
self-assembly size decreased with each extrusion (Figure 4.7, left) 
and the PDI remained between 0.1 to 0.2 after the first extrusion. 
A week later, the self-assemblies were again almost the same size 
as prior to extrusion. This increase in particle size over time was 
investigated further (Figure 4.7, right). The size distribution did 
not change significantly over the first 20 h. After 3 d and 8 d, self-
assemblies of the original size were still present, but new and 
significantly larger self-assemblies were now observed as well 
(Figure 4.7, right, magenta and red). This suggests that the 
suspensions were stable for a while, possibly on the order of a few 
h. The timescale of this growth process can however not be 
established as in one experiment, it was found to be completed 
after 1 week (Figure 4.7, left) while in the other a significant part 
of the original small self-assemblies was left after 8 d (Figure 4.7, 
right, red). Regarding the growth process, random fusion of self-
assemblies would lead to a slow shift of the entire size-distribution 
curve over time. The occurrence of a bimodal distribution (Figure 
4.7, right, red and magenta), containing objects of initial size as 
well as new larger ones, rather suggest that the process is initiated 
by a few objects that fuse with several others. After preparation, 
half of the sample was placed in the light reactor and irradiated 
overnight to induce polymerisation. This sample was also 
measured after 3 and 8 d (Figure 4.7, right, grey and black). No 
larger objects formed, suggesting that the irradiated self-
assemblies are more stable and therefore possibly polymerised. 
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To further investigate the self-assembly stability, both samples, 
irradiated and not irradiated, were diluted with MeCN by a factor 
of two. In both cases, the structures reduced slightly in size 
according to an average over six DLS measurements. However, the 
large differences between single measurements upon MeCN 
addition made it questionable if DLS can still be used to 
characterise such heterogeneous and unstable samples as 
obtained after MeCN addition (Figure A.93). 

To determine the monomer concentration by UV/VIS 
spectroscopy, a calibration curve based on the absorbance at 366 
nm with known concentrations in a 50% (v/v) water and MeCN 
mixture was obtained first (Figure A.94). The self-assembly 
suspensions were also diluted by a factor of two with MeCN to 
dissolve monomer 40 as much as possible and avoid light 
scattering by the large particles in the suspension. After extrusion, 
concentrations of only 5 �PM or less were measured for samples 
prepared at high temperatures during ultrasonication and of up to 
25 �PM if prepared at 0 °C. 

The UV/VIS spectra of monomer 40 showed the expected 
anthracene signals between 250 nm and 400 nm, as reported in 
literature (Figure 4.8).[157] Spectra recorded from the irradiated 
samples did not show any UV/VIS signal at all, proving that during 
irradiation the anthracenes had reacted. In a reactive packing as 
obtained in the single crystal or possibly also at the interface 
(Scheme 4.1), one out of three monomers acts as a template and 
should thus not react. Besides there is no evidence for the same 
monomer packing, anthracenes can also react with oxygen. The 
complete disappearance of the anthracene signals was therefore 
not unexpected but it should still be further investigated.  
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Figure 4.8: UV/VIS spectra of self-assemblies after dilution with 
MeCN before and after polymerisation compared to monomer 40 
dissolved in MeCN after water addition. 

DLS proved the suspended objects to be able to change their size; 
they thus probably consisted of self-assemblies rather than solid 
particles which would get filtered off instead. This view was 
further supported by the observation that irradiation led to a 
stabilisation of the structures against coalescence. For 
investigations regarding shape and type of self-assemblies, a 
microscopic technique was necessary. Therefore, dried samples 
on mica were analysed by AFM. The resulting images suggested 
round features (Figure 4.9) and occasionally large particles of 
undefined shapes. The latter were expected to be solid particles 
not removed adequately during centrifugation. A height analysis 
suggested that the round features, the assumed self-assemblies, 
could represent spherical objects that flattened out on the 
substrate. Most of the features analysed by AFM were of smaller 
sizes than expected from DLS measurements, which is an aspect 
requiring further investigation in the future. 
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Figure 4.9: Amplitude error AFM images of differently sized self-assemblies A) and 
single as well as agglomerated self-assemblies B). AFM height profiles C) of 
selected self-assemblies taken from the correspionding height images of A) (not 
shown here, see figure A.95). 

These results suggest that vesicles were obtained as self-
assemblies of monomer 40 in aqueous suspensions. While some 
of the smaller objects found in AFM experiments were within the 
size range expected for micelles, DLS shows that the majority of 
self-assemblies was in the range of 100 nm or more with a 
tendency of the self-assemblies to fuse into larger objects. An 
interpretation as suspended small amorphous particles appears 
unlikely again due to their uniform round shape. To establish the 
nature of these self-assemblies, samples were subjected to cryo-
TEM analysis, the standard method for vesicle characterisation. 
Unfortunately, the results (Figure A.96) were of poor quality and 
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could not be reliably interpreted. Due to the successful synthesis 
of planar self-assemblies described in the following subchapter, 
which are of more interest within the field of 2D polymers, the 
probably vesicular self-assemblies were not further investigated. 

4.2.3 Planar self-assemblies of monomer 40 

Similar sized hydrophilic and hydrophobic regions lead to planar 
self-assemblies, according to the Cpp parameter (chapter 1.1.4). 
Since spherical objects, possibly vesicles were obtained, it was 
assumed that monomer 40 had a non-ideal ratio between 
hydrophilic and hydrophobic regions. More precisely, based on 
the molecular structure, it was expected that the hydrophilic 
ethylene glycol chains did not contain enough volume to shield 
the entire hydrophobic top and bottom of monomer 40. The 
synthesis of monomers containing a short dendron based on 
ethylene glycol was not successful, therefore it was investigated if 
the hydrophilic region of monomer 40 could be given more 
volume otherwise. 
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Figure 4.10: Cartoons of A) an envisaged extended triethylene glycol 
conformation resulting in a curved self-assembly and B) of an anticipated 
collapsed conformation after complexation of Na+ resulting in a planar self-
assembly. Cl-, H2O and the third triethylene glycol chain in B) are omitted for 
clarity. The hydrophobic core is shown in orange. 

Since PEG and crown ethers are known to form complexes with 
various cations[158-160] it was assumed that the addition of salts 
may change the size and shape of the hydrophilic region. This 
could occur by wrapping the ethylene glycol chains around ions 
inducing a change from an extended conformation to a condensed 
shape. The additional volume of the ionic hydration sphere can 
possibly further shield the hydrophobic core and diminish the 
need for curvature (Figure 4.10). Additionally, the incorporation 
of ions into the hydrophilic region can lead to charge-charge 
repulsions between monomers reducing the curvature of the self-
assemblies as well. 

To find good additives, five salts (KI, LiCl, MgSO4, NaOH, NaCl) 
were investigated. The resulting self-assemblies prepared 
according to the general procedure were polymerised and 
observed by AFM after drying and removing the additive by 
washing with pure water (Figure 4.11). Samples prepared with LiCl 
and MgSO4 showed similar results as without any additive and 
were thus not further investigated. NaCl and NaOH on the other 
hand featured flat objects with heights of 0.9 and 1.5 nm 
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Figure 4.11: AFM images of self-assemblies of monomer 40 in water with A) 
NaOH, B) KI and C) NaCl with an expansion in D). Images were taken after drop-
casting on mica and subsequent drying. The height analysis of sheets with NaCl 
as an additive yields a thickness just below 1 nm E). Cation concentrations were 
0.17 mol/L in all samples. 
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respectively, values which are in the thickness range expected for 
monolayers. Concerning KI it was challenging to get reproducible 
results. Few experiments gave both spherical and planar objects 
the ratio of which could not easily be controlled. Out of these 
three salts, NaCl featured the largest self-assemblies and was thus 
used for the rest of the work. 

The sheet-like features obtained by the addition of NaCl were 
analysed by a variety of microscopy and spectroscopy techniques. 
The first topic investigated was the effect of different preparation 
methods on the nature of self-assemblies. Then the thickness was 
measured and subsequently anthracene-anthracene stacking and 
the reactivity upon irradiation were investigated. These topics are 
all discussed in the following paragraphs. 

Varying the preparation conditions yielded monolayer sheets in 
almost all of the roughly 40 experiments performed. They 
however varied in size, shape and number of defects (Figure 4.12, 
Figure A.97-98) with larger sheets generally containing more 
holes. These sheets were also found in both irradiated and not 
irradiated samples. Additionally, large and loosely connected 
features with varying width but uniform thickness of around 1 nm 
(Figure A.99) as well as round shapes, as obtained without the 
addition of salt, were observed occasionally. In some samples 
many of these structures were found simultaneously, others 
seemed to contain none or only a few of these additional features.  

First, the effect of NaCl concentration was investigated. The 
samples ranged from 0.5 mg to 300 mg NaCl per mL of water. This 
parameter however seemed to have no influence on the outcome 
of the self-assemblies. Therefore, a concentration of 10 mg/mL 
was chosen for the rest of the experiments. Samples were 
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Figure 4.12: AFM height images of monolayer-thick self-assemblies obtained at 
0 °C (A, B and C) and 80 °C (D). Samples at 80 °C contain the small and round 
shaped monolayers found in images A to C as well. Particles not removed during 
centrifugation can be found as bright white spots. 

generally shaken or ultrasonicated for 2 h. In a sample shaken at 
room temperature for 3 d, no sheets were found by AFM for 
unknown reasons. Regarding the temperature, samples prepared 
at 80 °C often featured very large randomly shaped objects 
extending over dozens of �Pm in monolayer thickness. 
Additionally, they always had large holes (Figure 4.12, D). Samples 
prepared at 0 °C tended to be smaller with diameters of up to a 
few �Pm (Figure 4.12, A-C). Monolayers in these samples also 
tended to contain far fewer holes and defects. Noteworthy in this  
context is also that, while having the same thickness as 
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monolayers from the interface, these self-assemblies formed in 
suspensions rather than at interfaces exhibit far smoother 
surfaces. While both the large as well as the small sheets obtained 
at 80 °C and 0 °C respectively are interesting, it was decided to 
focus on the more homogeneous small objects.  

A key disadvantage of AFM analysis is the small amount of 
features that can be analysed.  Therefore, a method was needed 
to analyse a statistically significant number of features. Some of 
the largest objects could be placed on grids and imaged by SEM 
(Figure A.92). These few objects were however not representative 
of the entire sample, nor could they easily be distinguished from 
any impurities such as dust. Due to the lateral sheet size in the 
order of �Pm, it was deemed possible to use optical microscopy. 
The thickness in the order of nm however required the use of 
differential interference contrast (DIC) and silicon oxide as 
substrates both to enhance depth resolution.  

Samples on silicon oxide were prepared in analogy to mica 
samples. A drop of the aqueous self-assembly suspension was 
placed on silicon oxide and then dried. Contrary to mica 
substrates, the drop did not spread out evenly over the entire 
surface, but rather remained at the site deposited and then slowly 
contracted during drying up, forming salt crystals in its center. 
These crystals were thoroughly washed off by water as in the 
preparation of mica samples. Even after this washing step, some 
tall objects, identified by their strong colour compared to the 
background, were found throughout the sample. Based on 
fluorescence measurements, these features were tentatively 
assigned as dust and monomer particles, that were not removed 
during the centrifugation. They were ignored during subsequent 
analysis. 
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Figure 4.13: Differential interference contrast optical micrographs of the residues 
of a drop containing self-assembled structures after drying on a silicon oxide 
wafer and washing with water to remove salt crystals. Overview (left) and zoom-
in (right) at the indicated spot in the overview. The overview shows three regions 
with their transitions marked by arrows. These regions are the empty substrate 
(top left corner), the thin layer (middle) and the continuous layer (bottom right 
corner). The thin layer formed where the drying drop contracted slowly. The 
continuous layer formed where the last part of the drop evaporated without 
further contracting. The zoom-in image is split in half, the right hand side showing 
untreated data while in the left the contrast is enhanced. The fainter objects in 
the top part are just above 1 nm thick, while features on the bottom are between 
5 and 12 nm depending on the sample 

Optical microscopy with DIC showed several distinct regions on 
the washed sample, containing different objects. A continuous 
layer of residue (Figure 4.13A, bottom right corner) had formed, 
where the last part of the aqueous suspension dried. This 
continuous layer with its brighter colour had a step height of 
several nm according to AFM. On top of this layer additional 
objects were found with diameters mostly in the range of a few 
�Pm (Figure 4.13B, bottom). AFM analysis of several samples 
proved them to be flat and, depending on the sample, 5 to 12 nm 
thick. Between the empty surface (Figure 4.13A, top left corner) 
and the continuous layer, a region with very faintly visible objects 
was found (Figure 4.13A, middle and Figure 4.13B top). This 
intermediate region formed where the suspension drop was 
initially placed but that was left dry early due to contraction of the 
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evaporating droplet. The objects found within this region were 
expected to be far thinner than everything else due to a low 
contrast compared to the background. This was later found to be 
true as their thickness of 1.2 to 1.5 nm was determined by AFM. 
For unknown reasons, these values were slightly taller than the 
values measured for monolayers on mica.  

While samples dried on mica contained exclusively sheet like 
structures of 1 nm thickness as expected for monolayers, the 
silicon oxide samples featured additionally the 5 to 12 nm 
structures as well as a continuous layer. Since these thicker 
features were exclusively found where the last, and thus highly 
concentrated part of the suspension evaporated, their additional 
thickness was expected to result either from dissolved monomer 
or impurities either in the salt or the solvents used. It was 
ascertained that drying a drop of pure water did not leave behind 
any residue. A drop of a salt solution on the other hand, featured 
not only the continuous layer but also some distinct features on 
top (Figure A.100). Recrystallisation of the salt did not prevent the 
formation of these structures. Unfortunately, the nature of this 
residue could not be established, neither could it be washed off 
by water or organic solvents. 

It was therefore of utmost importance to find an analytical 
technique to establish which objects consisted of monomer 40 
and which were the unknown residues that could not be avoided. 
An analysis by energy-dispersive X-ray spectroscopy (EDX) 
spectroscopy showed local differences in composition, it was 
however neither sensitive enough nor was the spatial resolution 
sufficient. Additionally, thin layers in the order of a few nm are not 
well suited for this technique. Due to the fluorescence of 40, an 
analysis by fluorescence microscopy was possible in the case of 
not irradiated suspensions.  
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A comparison between optical microscopy and fluorescence 
microscopy images showed that the residue left behind by a 
drying drop of salt solution did not exhibit any fluorescence at all 
(Figure A.100). It further showed that the continuous layer formed 
during drying a self-assembly suspension did not incorporate 
monomer 40, the features on top of it however did (Figure 4.14). 
Additionally, the monolayer thick objects outside the continuous 
layer exhibited fluorescence as well. A comparison between the 
brightness of features further showed that irrespective of their 
place and thus their thickness, the fluorescence remained the 
same. It is therefore expected that the 1 nm thick features outside 
the continuous layer as well as the flat objects on top of it contain 
the same amount of monomer per area. The difference in 
thickness possibly resulted from different amounts of salt or 
unknown residue incorporated during drying and not from the 
formation of multilayer self-assemblies in suspensions. 

  

 

 

Figure 4.14: Optical microscopy image using a DIC filter (left) and fluorescence 
microscopy image (right) of self-assembled monomer 40. The continuous layer 
does not exhibit any fluorescence, while all flat features show the same 
brightness under UV light (by visual inspection) and therefore contain the same 
amount of monomer 40. 
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Analysis of an irradiated self-assembly sample showed a weak 
residual fluorescence. Due to the use of template molecules as 
well as anticipated defects in the polymerised structure, 
anthracene units were expected to be present even after 
irradiation. Accordingly, the fluorescence microscopy image of a 
polymerised sample exhibited some remaining fluorescence. It is 
not clear though if the residual fluorescence originated from the 
anticipated unreacted anthracenes or from anthraquinones[161] 
formed by oxidations. A microscope capable of not only 
measuring the intensity but an emission spectrum could be used 
to investigate the origin of this fluorescence. 

The irradiation of monomer 40 by UV light under the fluorescence 
microscope also led to a quick bleaching as subsequent images of 
the same region showed (Figure 4.15). Besides the dimerisation, a 
reaction with oxygen is highly probable due to the monolayer 
thickness which resulted in each monomer being in contact with 
the atmosphere. An investigation of the reaction in the 
monolayers by NMR spectroscopy was not possible due to the low 
quantities of monomer 40 �]�v���š�Z�����}�Œ�����Œ���}�(���í�ì�ì�[�•���}�(���v�P���š�}���(���Á���Pg. 
Even for techniques such as mass spectrometry it was 
questionable if enough compound could be collected from the 
surface. Thus, instead of self-assemblies, a thin film of 40 was 
deposited on silicon oxide by DCM as a substitute for monolayers 
and irradiated for 10 sec. The sample collected from the surface 
then allowed for an analysis by mass spectrometry. Besides the 
dimer and trimer of monomer 40, the oxidised species was found 
as well. This suggests that both reactions, oxidation and 
polymerisation, occurred simultaneously. Polymerisations in 
suspension as usually performed with self-assemblies of 40 were 
not investigated by mass spectrometry. 
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Figure 4.15: Bleaching of self-assemblies of monomer 40 
under the UV light of a fluorescence microscope. On the 
left an optical microscopy image using a DIC filter is 
shown, the following fluorescence images are taken each 
with 3 s of irradiation in between. 

 
UV/VIS spectroscopy of the self-assemblies was used again to 
determine the concentration of monomers. Using the previous 
calibration (Figure A.94) a monomer concentration of around 17 
�PM was found for samples prepared at 0 °C during ultrasonication. 
Due to the presence of larger monomer particles as evident in 
optical as well as fluorescence microscopy images, the amount of 
monomer in sheet like self-assemblies must have been lower. The 
individual contributions of particles and self-assemblies could not 
be distinguished.  

The UV/VIS spectra of irradiated samples showed no presence of 
anthracene proving that a reaction occurred (Figure 4.16). This 
was, based on the mass spectrometry results discussed earlier, 
probably both, a polymerisation by anthracene dimerisations and 
oxidations by O2. 
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Figure 4.16: UV/VIS spectra of sheet like self-assemblies of 
monomer 40 before and after irradiation. 

Fluorescence spectra of monomer 40 recorded in pure MeCN 
(Figure 4.17, dark green) resembled very closely the reported 
spectra of compound 1.[8] If anthracenes are brought into 
proximity, the �S���S stacking induces a red-shift of emitted light. 
This therefore allowed to investigate the packing of monomers as 
obtained in self-assemblies. Measured in pure water, a broad 
peak at 450 nm was recorded that reverted to the free monomer 
fluorescence upon the addition of about 20% v/v MeCN (Figure 
4.17, dark blue and light blue, see also Figure A.103). While 
reports for eximer fluorescences of 450 nm exist[162], this emission 
wavelength was significantly below the expected value of almost 
550 nm reported for monomer 1. Besides an improper 
anthracene-anthracene stacking, residual and, most likely 
amorphous, solid particles not removed during centrifugation 
may also give rise to this unexpectedly blue-shifted fluorescence. 
Since, as already mentioned, these particles could neither be 
removed nor quantified, a conclusion regarding the packing 
within the obtained sheet like self-assemblies was not possible. 
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Figure 4.17: Fluorescence spectra of monomer 40 upon dilution 
of aqueous self-assemblies with MeCN containing similar 
quantities of dissolved 40. Values are given as % of water in 
mixtures. 

A last point not discussed yet is the question whether these 
objects only formed upon drying on the substrate or indeed 
already, as claimed throughout this chapter, in suspensions. Based 
on three observations, the formation upon drying can be 
excluded. Firstly, the irradiation of a suspension yields the same 
result as a non-irradiated suspension. In case of a polymerisation 
in suspension, a random 3D polymerisation would be expected 
yielding features of arbitrary shapes and thicknesses. Secondly, 
features were found overlapping each other while exhibiting the 
usual shape (Figure A.101). Thirdly, cryo-TEM images of 
suspensions suggested flat objects as visible upon tilting samples 
in the electron beam. Due to the size of self-assemblies in the 
range of several hundreds of nm up to a few �Pm, cryo-TEM was 
however not well suited as an analytical technique (Figure A.102). 
Neither was DLS suited as an analytical technique since it is based 
on the assumption of spherical particles. Contrary, the sheet like 
self-assemblies have a difference of three orders of magnitude 
between thickness and lateral extension. 
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4.3 Polymerisations of monomer 41 

For any future polymer-to-polymer conversions, reference 
samples for both polymers are ideally available for the analysis. To 
that extent, polymers obtained from monomer 41 could be used 
for example as a reference for hydrolysing polymers of monomer 
40. The polymers in this case could be obtained either from the 
interface or by the self-assembly approach. 

Theoretically, due to its acid groups, monomer 41 should be well 
suited for the self-assembly approach. By carefully adjusting the 
pH and therefore the level of deprotonation, planar object may be 
obtainable as well. However, as a result of its unexpected and not 
yet understood tendency to form insoluble crystals this could not 
be investigated so far. Instead it was spread at the air-water 
interface. The crystallisation issue prevented the preparation of 
stock solutions of defined concentrations. The isotherm (Figure 
A.104) therefore does not give any information about the MMA. 
Nevertheless, Langmuir trough experiments could be conducted. 
Compared to monomer 40 (Figure 4.3) the BAM images of 
monomer 41 (Figure 4.18) showed clearly distinguishable features 
at the surface with sharp borders. At low pressures rather random 
shapes were obtained, upon higher compression islands formed 
that finally merged into a continuous layer. This layer was 
however not completely homogenous and contained occasional 
brighter objects. 
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Figure 4.18: BAM images of monomer 41 at the air-water interface at different 
surface pressures. At  low compression random dendritic looking structures were 
observed (left) that formed islands upon compression (middle) and finally a 
continuous layer (right). 

After maintaining a surface pressure of 37.5 mN/m for 1 h, the 
monolayer was irradiated (�O = 384 nm) for 1 h. Transfers onto 
copper grids and silicon oxide were performed. While of the about 
12 grids analysed most did not contain any polymer, those who 
did generally contained significant parts of the grid well covered. 
Further, the irradiated sheets of monomer 41 were able to span 
several of the 150 x 150 �Pm holes (Figure 4.19). A height analysis 
of the monolayer on silicon oxide yielded a thickness of 1 nm as 
expected. Similar to the polymers obtained from monomer 40 
(chapter 4.1) they contained defects. Investigations into polymer 
to polymer conversions were outside the scope of this work, are 
however highly encouraged. 

 

 

 

Figure 4.19: Optical microscopy image of an irradiated monolayer transferred 
onto a copper grid (left) and AFM image of a sample on silicon oxide with a step 
height of 1 nm. 
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4.4 Conclusion and outlook 

The polymerisation of monomer 40 and 41 at the air-water 
interface on the Langmuir trough was achieved and the resulting 
polymer films could be transferred onto copper grids proving 
mechanical stability and onto silicon oxide to measure their 
thickness. The investigations by AFM proved the polymer films to 
be monolayers but also hinted towards large defects and poor 
structural perfection.  

With samples of both polymers available as references, post-
polymerisation modifications converting one polymer to the other 
could be investigated in the future. 

Monomer 40 was also successfully used in a new in-solution 
polymerisation approach. Two different self-assembly types were 
obtained in aqueous suspensions. In pure water, monomer 40 
gave spherical structures, that were identified as vesicles, while in 
NaCl solutions planar, sheet-like self-assemblies were obtained. 
The latter, planar structures, were investigated in more detail due 
to being of higher interest for the field of 2D polymers. Deposition 
on mica and silicon oxide showed features with a thickness as 
expected for monolayers. This proved that despite the three 
dimensional environment during polymerisation, the growth 
process could be confined into 2D. While it was evident from the 
initial investigations that the obtained structures contained 
defects, only the application of molecular scale analytical 
techniques will eventually allow for the decision between the 
products being classified as 2D polymers or simply covalent 
monolayers. 
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With the results from the Langmuir trough and a theoretical 
analysis, it is expected that the rotor shaped structure of the 
monomers used within this thesis is not that well suited for 
polymerisation approaches other than the single crystal. 

Concerning the aim of making 2D polymers accessible, it could be 
shown that an in-suspension approach is theoretically feasible. 
Obtaining larger quantities of monolayers than at the interface 
requires further work. To that extent, the amount of suspended 
monomer in the self-assembly approach also needs to be further 
increased.  

An interesting finding during the polymerisation experiments was 
that monomer 41 showed a good crystallisation behaviour. 
Neither this crystallisation nor a subsequent polymerisation were 
properly investigated, within the scope of this thesis.   
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5 Experimental section 

5.1 General materials and methods 

Reagents for the lab scale experiments were purchased from 
ABCR, Acros, Aldrich and Fluka. Reagents were used without prior 
purification and reactions were performed under ambient 
atmosphere unless noted otherwise. Deuterated NMR solvents 
were purchased from ARMAR and Cambridge Isotope 
Laboratories. Propylene carbonate, 99% used for the NMR of 1 
was purchased from ABCR. Reagents for the technical scale were 
purchased from Fischer Scientific, Alfa Aesar, Acros, Fassware 
Dicke, Fassware Azelis, ABCR, Currenta and Sigma Aldrich. 

NMR spectra of compounds 2, 4, 7, 9, 12 and 17 are in accordance 
with previous reports[88, 91, 93, 94, 163]. 

Column chromatography 

Column chromatography was performed using the given solvents 
as a mobile phase and SiO2 (pore size 60 Å, 230-400 mesh particle 
size, Sigma Aldrich) or Al2O3 (EcoChrome MP Alumina N Act. I, MP 
Biomedicals Germany) as a stationary phase without prior 
activation. 

Thin-layer chromatography (TLC) 

TLC was performed using SiO2 (TLC Silica gel 60 F254, Merck 
Germany) and Al2O3 (Alugram Alox N/UV254, Macherey-Nagel 
Germany) coated on aluminium as a solid phase and the given 
solvents as a mobile phase. The TLC plates were then analysed by 
UV light (254 nm and 366 nm) and stained with KMnO4 (1.5 g 
KMnO4, 10 g K2CO3 and a few drops conz. NaOH in 200 mL H2O). 
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Centrifugations 

Centrifugations were performed using a BHG Hermle Z 320 K 
(Hermle Germany, �G 50 mL, max. �C�î�ì�ì�ì�� �Z���&) and an Eppendorf 
5415 D (Eppendorf Germany, �G 1.5 mL, max. 16110 RCF) 
centrifuge. Unless noted otherwise, the centrifuges were used at 
their maximum speed.  

Procedure to obtain self-assembled structures 

The sample preparation for suspensions of self-assembled 
structures is described in chapter 4.2.1. 

Polymerisations of crystals and self-assemblies 

A suspension of crystals of monomer 41 or an aqueous self-
assembly suspension of 40 was placed in a custom made light 
reactor (Figure 5. 1) in a fridge at 11 °C. The sample was irradiated 
(�O = 465 nm) overnight and analysed.  

 
Figure 5. 1: Custom made UV-reactor used for the polymerisations. 
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Langmuir trough monolayer formation and 
polymerisation 

A KSV 2000 System 2 (KSV Instruments Finland) was used 
consisting of a Teflon trough, barriers of Delrin and a Wilhelmy 
plate of platinum. The trough was rinsed with Milli-Q water, 
chloroform, ethanol, chloroform and again Milli-Q water prior to 
use. In between the washing steps the trough was wiped clean 
with dust-free paper towels (Kimtech Science Precision Wipes, 
Kimberly-Clarke Professional Canada). The barriers were washed 
and whiped too, using Milli-Q water, ethanol and Milli-Q water. 
The Wilhelmy plate was cleaned in the flame of a Bunsen burner 
three times and rinsed with Milli-Q water. The trough was filled 
with Milli-Q water and for transfers onto silicon oxide the 
substrates were submerged on a stage. The water surface was 
then vacuum cleaned by a pipette attached to vacuum pump. The 
barriers were opened and 60-160 �Pl of a 1 mg/ml solution of 
monomer 40 in DCM or of monomer 41 in DCM:DMSO (10:1) was 
applied to the surface. The solvent was left to evaporate over 30 
minutes, then the barriers were compressed at a speed of 3 
mm/min to the desired surface pressure. The surface pressure 
was then maintained for 1 h by the barriers moving at up to 0.5 
mm/min. The monolayer was either transferred directly by lifting 
the substrate horizontally out of the water (0.5 mm/min) or after 
usually 1 h of irradiation (l = 384 nm). 

Transfer onto grids was performed by placing a grid carefully onto 
the surface. A piece of paper was placed on top to lift the grid of 
the surface. After drying the grids were taken off the paper and 
analysed by optical microscopy and SEM. 
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5.2 Synthetic procedures 

 

Ketone 9 under technical conditions 

A 80 L enamel reactor was charged with acetic acid (25 L) and KI 
(0.46 kg, 2.8 mol, 0.13 eq) was added while stirring. After 15 
minutes I2 (0.70 kg, 2.8 mol, 0.13 eq) was added to the 
homogenous solution. After another 15 minutes 1,8-
dihydroxyanthraquinone 3 (5.00 kg, 20.8 mol, 1.00eq) was added 
and rinsed with acetic acid (2.5 L). The temperature was increased 
over the course of 2h to 80 °C. Then hypophosphorous acid (3.3 L, 
32 mol, 1.5 eq, 50% w/w in H2O) was added carefully over 3.5h, 
keeping the reaction temperature below 85 °C. Then the 
temperature was increased to 115 °C for 1.5 h. After 3.5 h at reflux 
the reactor was cooled down to 49 °C for 11.5 h and the solids 
were collected. The reactor and solids were rinsed out and 
washed twice with water (10 L). Drying in vacuum at 70 °C 
overnight yielded 3.823 kg (81%) product.  

1H NMR (300 MHz, DMSO): �w 12.09 (s, 2H); 7.61 (t, J = 7.9 Hz, 2H); 
7.04 (dd, J = 7.7, 1.2 Hz, 2H); 6.91 (dd, J = 8.4, 1.1 Hz, 2H); 4.48 (s, 
2H). 

13C NMR (76 MHz, DMSO): �w�� �í�õ�ð�X�ì�ð�U�� �í�ò�î�X�ï�ï�U�� �í�ð�ï�X�î�ô�U�� �í�ï�ó�X�í�í�U��
119.61, 115.78, 115.31, 32.75. 

HR-ESI-MS m/z: 226.0626 ([M]+, calculated for C14H10O3
+: 

226.0624). 
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Blade 4 

The contractor TAROS converted 3.82 kg ketone 9 to 3 kg blade 4 
containing 25% anthracenediol 7 impurity. TAROS could not share 
the precise conditions of the reduction, thus in the following a 
laboratory procedure is given. The oxidative purification of 4, to 
remove said anthracenediol impurity, is given on the large scale 
again. 

NaBH4 (33 g, 0.87 mol, 4.6 eq) was suspended in MTBE (600 mL) 
at -15 °C in a 3 L round bottom flask equipped with a 
thermometer, magnetic stirring bar and 2 condensers stacked on 
top of each other. TFA (77 mL, 1.0 mol, 5.3 eq) was slowly added 
over 1 h keeping the temperature of the suspension below -10 °C. 
Ketone  9 (43 g, 0.19 mol, 1 eq) was added. After 3.5 h between -
15 °C to -10 °C the cooling bath was removed allowing the reaction 
to warm. Upon reaching around 10 °C the reaction heated up very 
quickly to boiling temperature (caution!). Once the vigorous 
reaction subsided the temperature was kept at reflux by means of 
a heating bath for a further 30 minutes. Then the solvent was 
removed under reduced pressure and the residual solid was 
quenched with 700 mL water and ice. Concentrated HCl was 
added until the suspension remained slightly acidic. The 
suspension was stirred for 30 minutes, filtered off and the solids 
were washed with 200 mL water. The solid contained 7% 
anthracenediol 7 impurity according to NMR. Oxidative 
purification yielded 32.35 g (80%) product 4 on the lab scale. 
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Oxidative purification of blade 4 under technical conditions 

An 80 L enamel reactor was charged with water (15.3 L) and 
bubbling of air through the reaction was started. Methanol (1.26 
L) and NaOH 40% (aq) (6.2 kg, 62 mol) were added slowly, keeping 
the temperature below 30 °C. Impure blade 4 (from TAROS, 2.96 
kg) was added and rinsed with water (0.5 L). TLCs showed the blue 
anthracene spot to disappear after 6.5 h. Water (3 kg) was added 
followed by concentrated HCl (6.0 kg, 60 mol) in portions of 250 
mL over 2h to keep the temperature below 27 °C. A pH value of 
less than 1 was reached. The solid was collected, washed with 
water (75 L) and extracted with MeOH (20 L). Portions of 10 L 
MeOH were added four times to facilitate filtration and extract 
more product. Evaporation of the MeOH under reduced pressure 
and extracting the obtained solid with EtOAc (50 L) yielded after 
concentration and drying 0.97 kg (27%) pure blade 4. 

1H NMR (300 MHz, DMSO): 9.41 (s, 2H); 6.97 (t, J = 7.7 Hz, 2H); 
6.79 �t 6.63 (m, 4H); 3.83 (d, J = 2.4 Hz, 1H); 3.72 (d, J = 2.3 Hz, 1H). 
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Premonomer 2 under technical conditions 

Dry THF (12.6 L) was cooled to -5 °C in a 70 L Hastalloy reactor 
equipped with a helical stirrer. Cyanuric chloride (552 g, 3.00 mol, 
2.06 eq) dissolved in dry THF (1.87 L) was added and rinsed with 
THF (330 mL). Cs2CO3 (1.2 kg, 3.6 mol, 2.5 eq) was added as a solid 
and the stirring speed was chosen such that the suspension just 
did not splash around. DIPEA (294 g, 2.27 mol, 1.57 eq) was added 
followed by a solution of 18-crown-6 (96 g, 0.36 mol, 0.25 eq) in 
THF (173 mL) and rinsed with THF (160 mL). Blade 4 (308 g, 1.45 
mol, 1.00 eq) was added as a solution in dry THF (470 mL) and 
rinsed with THF (160 mL). TLC after 2 h showed full conversion of 
Blade 4 to intermediate 5. A solution of Blade 4 (615 g, 2.90 mol, 
2.00 eq) in THF (1.21 L) was added and rinsed with THF (160 mL). 
Cs2CO3 (1.2 kg, 3.6 mol, 2.5 eq) was added followed by a solution 
of 18-crown-6 (96 g, 0.36 mol, 0.25 eq) in THF (160 mL) and rinsed 
with THF (155 mL). The temperature was increased to 40 °C over 
1 h. The white suspension was stirred at 40 °C for 2 h after which 
a TLC showed consumption of intermediate 5 and formation of 
intermediate 6. The temperature was increased to reflux over 1 h. 
A TLC after 4 h showed incomplete conversion of intermediate 6 
to premonomer 2. The suspension was diluted with THF (25 L) and 
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after refluxing for another 6 h was cooled to room temperature. 
A TLC showed still incomplete conversion and the temperature 
was increased again to reflux for 8 h before cooling down and 
work-up by filtration. The THF solution was concentrated and 
dried yielding 1320 g brown residue. The collected solid was 
washed 4 times with water (7 L), suspended in 0.5 M HCl (6 L) 
stirred for 30 minutes, filtered off and washed again twice with 
water (5 L) and then twice with methanol (6 L). Drying at 60 °C in 
vacuum yielded 253.6 g. 

1H NMR spectroscopy showed incomplete conversion from 
intermediate 6 to premonomer 2 in the collected solid and 
residual 4 in the brown THF residue. The compounds were stored 
for 5 months covered from light under N2 in a fridge at 10 °C. 

Then the brown THF residue (1302 g) was dissolved in dry DMF 
(21 L) in an 80 L enamel reactor equipped with a impeller stirrer 
and reflux condenser. The collected solid (253 g) and Cs2CO3 (3.0 
kg, 9.2 mol) were added. The temperature was increased to 70 °C 
for 30 min and then kept for 6 h. TLC showed complete conversion 
of intermediate 6 to premonomer 2. The suspension was cooled 
to room temperature and 4 M HCl (6.6 L) was added. The solids 
were filtered off, washed with water (5 L), suspended in 2 M HCl 
(18 L) and stirred for 1.5 h. The solids were collected by filtration, 
washed 5 times with water (2 L), twice with methanol (5 L) and 
once with acetone (5 L). Drying at 50 °C under reduced pressure 
yielded 242 g (21.2%) compound 2. 

1H NMR (300 MHz, C2D2Cl4): 7.33 �t 7.22 (m, 12H); 7.03 �t 6.96 (m, 
6H); 4.27 �t 4-02 (m, 4H); 3.76 �t 3.58 (m, 3H); 3.38 �t 3.20 (m, 3H). 
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Premonomer 2 in DMF 

DIPEA (0.12 mL, 0.69 mmol, 1.5 eq) and Cs2CO3 (390 mg, 1.2 mmol, 
2.5 eq) were added to blade 4 (0.10 g, 0.47 mmol, 1 eq) in 6.8 mL 
dry DMF. The suspension was cooled down to -15 °C and cyanuric 
chloride* (195 mg, 1.06 mmol, 2.20 eq) was added. After 8 
minutes more 4 (0.20 g, 0.94 mmol, 2.0 eq) and Cs2CO3 (390 mg, 
1.2 mmol, 2.5eq) was added and the reaction was warmed up to 
60 °C. The precipitate was collected by centrifugation after 2 h at 
60 °C and washed twice with 12 mL 2M HCl, then 12 mL MeOH 
and twice with 12 mL acetone. Drying yielded 178 mg (48%) of the 
white product. 

*The cyanuric chloride was either used directly from a recently 
opened bottle or otherwise recrystallised from cyclohexane. 

1H NMR (300 MHz, C2D2Cl4): 7.33 �t 7.22 (m, 12H); 7.03 �t 6.96 (m, 
6H); 4.27 �t 4-02 (m, 4H); 3.76 �t 3.58 (m, 3H); 3.38 �t 3.20 (m, 3H). 
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Monomer 1 under technical conditions 

A suspension of premonomer 2 (241 g, 0.307 mol, 1.00 eq) in 
diphenyl ether (9.95 kg) was degassed at 30 °C in a 70 L Hastalloy 
reactor under nitrogen equipped with a reflux condenser and 
helical stirrer for 30 minutes by bubbling N2 through. The glass 
window of the reactor was covered to protect from light. A 
suspension of chloranil (0.26 kg, 1.06 mol, 3.44 eq) in diphenyl 
ether (856 g) in a round bottom flask was degassed by bubbling 
N2 for 30 min. The reactor was heated to reflux over 2 h when the 
chloranil suspension was added and rinsed with diphenyl ether 
(259 g). The reaction was refluxed for 20 min under N2 and then 
cooled to 30 °C for 1 h. The solids were collected after 2 h at room 
temperature by filtration, washed with methanol (2 L) and 
suspended in methanol (12.5 L). Stirring for 20 min, filtration and 
drying at 50 °C under reduced pressure yielded 634 g product with 
diphenyl ether incorporated. The product was protected from 
light whenever possible. 

Due to shortages in the supply of diphenyl ether only a part of the 
obtained product could be recrystallized initially, the second part 
was recrystallized later. 
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Recrystallization of the obtained solid (210 g) in diphenyl ether 
(12.8 kg) was performed in a 70 L Hastalloy reactor under nitrogen 
equipped with a reflux condenser, helical stirrer and thermometer 
connected to a heated pressure filter by a heated tube. The 
suspension was degassed for 30 minutes at 30 °C by bubbling N2 
and then heated to reflux over 4 h. Hot filtration under 2 bar N2 
pressure over 20 min yielded a clear solution that was cooled to 
30 °C. The crystals that formed after 5 h were collected by 
filtration, washed twice with methanol (15 L) and once with 
acetone (2 L). Drying at 50 °C under reduced pressure yielded 
41.07 g (52%) monomer 1 containing additionally 4% (w/w) 
diphenylether. 

1H NMR (300 MHz, propylene carbonate): 9.15 (s, 3H); 8.45 (d, J = 
8.7 Hz, 6H); 8.14 (s, 3H); 7.96 (t, J = 8.0 Hz, 6H); 7.72 (d, J = 7.3 Hz, 
6H). 

  



148   

 

Example procedure for anthracenediol 7 

To a solution of ketone 9 (50 mg, 0.2 mmol, 1 eq) in 1 mL dry THF 
in a round bottom flask equipped with a stirring bar was added 
NaBH4 (25 mg, 0.66 mmol, 3.0 eq). The reaction was quenched 
after 15 min by addition of 1 mL 2M HCl and extraction with 
EtOAc. The organic phase was evaporated and the residue 
analysed by NMR.  

A summary of selected conditions and analysis results is shown 
in Table 2.2. Established procedures to anthracenediol 7 can be 
found in literature.[88] 

1H NMR (300 MHz, DMSO-d6): �w���í�ì�X�î�õ���~�•�U���î�,�•�U���õ�X�ì�ð���~�•�U���í�,�•�U���ô�X�ï�ï��
(s, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.28 (dd, J = 8.5, 7.3 Hz, 2H), 6.78 
(d, J = 7.2 Hz, 2H).  
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Proposed ketone premonomer 11 

To a suspension of 1,8-diyhdroxyanthraquinone 3 (0.10 g, 0.42 
mmol, 1.0 eq) in 6 mL DMF at 0 °C in a 10 mL round bottom flask 
equipped with a stirring bar and a rubber septum was added 
cyanuric chloride (160 mg, 0.86 mmol, 2.0 eq) and DIPEA (0.18 mL, 
1.0 mmol, 2.5 eq). A TLC after 1 h showed consumption of all 
anthraquinone. Further 1,8-diyhdroxyanthraquinone 3 (0.10 g, 
0.42 mmol, 1.0 eq) was added with Cs2CO3 (0.40 g, 1.2 mmol, 3.0 
eq) and a 18-crown-6 (tip of a spatula). The reaction was warmed 
to rt and stirred for 4 h. Then more 1,8-diyhdroxyanthraquinone 
3 (0.10 g, 0.42 mmol, 1.0 eq) and Cs2CO3 (0.40 g, 1.2 mmol, 3.0 eq) 
were added and the temperature was increased to 70 °C. After 18 
h the solids were filtered off and washed with 2M HCl and water. 
A compound with the correct weight was found by mass 
spectrometry, the molecular structure was however not 
established. 

HR-MALDI-MS m/z: 871.1055 ([M+H]+, calculated for 
C48H19N6O12

+: 871.1055) 
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Ketone 12 

A 20 mL round bottom flask equipped with a stirring bar was 
charged with a suspension of 1,8-dihydroxyanthraquinone 3 (0.50 
g, 2.1 mmol, 1.0 eq) in 7.5 mL TFA and placed in a water bath at 
room temperature. NaBH4 (0.25 g, 6.4 mmol, 3.0 eq) was added. 
The reaction was worked up after 1.5 hours by addition of 2 mL 
H2O and neutralisation with NaOH. The solid was collected by 
filtration and washed with 20 mL H2O twice and 10 mL chloroform. 
Extraction with EtOAc, washing the organic phase with water, 
drying over MgSO4 and evaporation of the solvent yielded 460 mg 
(90%) brown solid containing still 8% starting material according 
to the NMR analysis. 

1H NMR (300 MHz, DMSO-d6): �w���í�ì�X�í�ô���~�•�U���î�,�•�U���ó�X�ò�ó���~�����U���:���A���ó�X�ô�U��
1.2 Hz, 2H), 7.33 (t, J = 7.8 Hz, 2H), 7.17 (dd, J = 7.9, 1.2 Hz, 2H), 
3.94 (s, 2H).  
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Aldehyde 14 

A 500 mL two neck round bottom flask equipped with a reflux 
condenser and stirring bar was charged with a solution of blade 4 
(5.0 g, 24 mmol, 1.0 eq) in 250 mL THF. MgCl2 (5.0 g, 53 mmol, 2.2 
eq), paraformaldehyde (2.0 g, 66 mmol (H2CO), 2.8 eq) and Et3N 
(15.0 mL, 108 mmol, 4.60 eq) were added and the resulting 
suspension was heated to reflux. After the first 15 minutes further 
paraformaldehyde (2.0 g, 67 mmol (H2CO), 2.8 eq) was added and 
every following 15 minutes another portion of paraformaldehyde 
(1.0 g, 33 mmol (H2CO), 1.4 eq) was added until a total of 10 g 
paraformaldehyde was reached. The reaction was worked up 
after 2 h at reflux by addition of 2 M HCl and H2O, and three 
extractions with 330 mL EtOAc each. The combined organic 
phases were dried over MgSO4, filtered and concentrated. 
Purification by column chromatography (EtOAc:Cyhex, 1:4) 
yielded 1.5 g (26.5%) product. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���í�í�X�ï�í���~�•�U���í�,�•�U���õ�X�õ�õ���~�•�U���í�,�•�U���õ�X�ñ�ñ���~�•�U��
1H), 7.62 (d, J = 7.9 Hz, 1H), 7.11 �t 6.90 (m, 2H), 6.82 �t 6.64 (m, 
2H), 3.98 (s, 2H), 3.79 (s, 2H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�õ�ò�X�ô�ï�U�� �í�ñ�ó�X�ô�ñ�U�� �í�ñ�ð�X�ï�ò�U�� �í�ð�ò�X�í�ô�U��
135.80, 130.89, 126.66, 123.83, 120.99, 119.40, 118.73, 118.11, 
112.40, 35.35, 21.06. 

HR-ESI-MS m/z: 263.0680 ([M+Na]+, calculated for C15H12NaO3
+: 

263.0679). 

Rf (EtOAc:Cyhex, 1:1) = 0.86. 
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Triol 15 

A 1 L two neck round bottom flask equipped with a reflux 
condenser and stirring bar was charged with a solution of blade 4 
(10 g, 47 mmol, 1.0 eq) in 480 mL dry THF. MgCl2 (10.0 g, 105 
mmol, 2.20 eq) was added and the suspension was heated to 
reflux. Et3N (11.5 mL, 83.0 mmol, 1.76 eq) was added dropwise 
and the suspension was stirred for 12 minutes, then 
paraformaldehyde (4.0 g, 130 mmol, 2.8 eq) was added. After 40 
minutes at reflux a second portion of paraformaldehyde (2.0 g, 67 
mmol, 1.4 eq) was added and stirring at reflux was continued for 
20 minutes. The resulting suspension was worked up by the 
addition of 300 mL H2O, ca 10 mL con. HCl and 400 mL EtOAc. The 
phases were separated, the aqueous phase extracted with 
another 200 mL EtOAc and the combined organic phases were 
dried over MgSO4, filtered and concentrated. Column 
chromatography (EtOAc:Cyhex, 1:2) yielded 300 mg aldehyde 14, 
1 g starting material blade 4 and 3 g (26.2%) triol 15. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���õ�X�ð�î���~�•�U���í�,�•�U���ô�X�ñ�ô���~�•�U���í�,�•�U���ó�X�í�í���t 
6.88 (m, 2H), 6.82 �t 6.58 (m, 3H), 5.31 (t, J = 5.4 Hz, 1H), 4.58 (d, J 
= 5.4 Hz, 2H), 3.83 (s, 2H), 3.74 (s, 2H). 

13C NMR (76 MHz, DMSO-d6): 154.32, 151.65, 137.35, 135.73, 
126.22, 125.35, 124.81, 123.02, 122.26, 118.30, 118.05, 112.09, 
60.05, 34.87, 22.07. 

HR-ESI-MS m/z: 265.0838 ([M+Na]+, calculated for C15H14NaO3
+: 

265.0835). 

Rf (EtOAc:Cyhex, 1:1) = 0.56. 
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Allylether 16 

A 2 L round bottom flask equipped with a stirring bar was charged 
with a suspension of blade 4 (34.5 g, 163 mmol, 1.00 eq), KI (2.6 
g, 16 mmol, 0.10 eq), K2CO3 (0.10 kg, 720 mmol, 4.4 eq) and Cs2CO3 
(52 g, 160 mmol, 1.0 eq) in 1.2 L MeCN. To the well stirred 
suspension was added allyl bromide (82 mL, 0.95 mmol, 5.8 eq) at 
the reaction was heated up to 60 °C for 18 h. The solids were 
removed by filtration and residual product washed out with little 
acetone. The solution was concentrated, resuspended in DCM and 
the insoluble salts removed by filtration again. A Silica plug 
filtration (EtOAc:Cyhex, 1:100) afforded 46.3 g (97.4%) allylether 
16 as light orange product. 

1H NMR (300 MHz, DMSO-d6�•�W���w���ó�X�í�ñ���~�š�U���:���A���ó�X�õ���,�Ì�U���î�,�•�U���ò�X�õ�ì���~���U���:���A��
7.6 Hz, 2H), 6.86 (d, J = 8.2 Hz, 2H), 6.11 (ddt, J = 17.2, 10.5, 4.8 Hz, 
2H), 5.48 (ddt, J = 17.20, 1.80, 1.62 Hz, 2H), 5.29 (ddt, J = 10.61, 
1.80, 1.51 Hz, 2H), 4.62 (ddd, J = 4.9, 1.7, 1.7 Hz, 4H), 3.94 (s, 2H), 
3.88 (s, 2H). 
 
13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ñ�ñ�X�ò�ñ�U�� �í�ï�ó�X�ð�ó�U�� �í�ï�ð�X�ð�ò�U�� �í�î�ó�X�ì�ò�U��
124.14, 120.30, 117.10, 109.75, 68.62, 35.06, 21.99. 
 
HR-ESI-MS m/z: 293.1534 ([M+H]+, calculated for C20H21O2

+: 
293.1542). 

Rf (EOAc:Cyhex, 1:3) = 0.89 
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Allyl 17 via thermal rearrangement 

A solution of allylether 16 (46.2 g, 158 mmol, 1.00 eq) in 600 mL 
dimethylaniline in a 1 L round bottom flask equipped with a 
stirring bar and a reflux condenser was heated up to 200 °C for 2 
d. After cooling down, the solution was added slowly into 2.1 L 4 
M HCl over a period of 1 h. The formed solids were collected by 
filtration, dissolved in EtOAc and dried with MgSO4, and purified 
by column chromatography (DCM:Cyhex, 3:1) yielding 25.1 g 
(54%) yellow product as well as an impure fraction containing 
roughtly 7 g (15%) further product. 

Allyl 17 via Lewis acid catalysed rearrangement 

To 300 mL DCM at -20 °C in a 1 L round bottom flask equipped 
with a stirring bar was added AlMe3 (2 M in hexane, 220 mL, 440 
mmol, 5.8 eq). H2O (11 mL, 0.10 mol, 1.3 eq) was added carefully 
and the reaction was warmed up to rt for 10 mintues. Then the 
reaction was cooled down again, allylether 16 (22 g, 75 mmol, 1.0 
eq) was added and the temperature was increased back to rt. 
Workup after 4 h by slowly adding the reaction mixture into a 
diluted HCl solution in an ice bath and extracting with EtOAc. 
Column chromatography yielded 15.6 g (71%) pale yellow 
product. 
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1H NMR (300 MHz, Acetone-d6): �w���ó�X�î�õ���~�•�U���î�,�•�U���ò�X�õ�ï���~���U���:���A���ó�X�ó���,�Ì�U��
2H), 6.78 (d, J = 7.7 Hz, 2H), 6.00 (ddt, J = 16.7, 10.1, 6.4 Hz, 2H), 
5.12 �t 4.94 (m, 4H), 3.97 �t 3.82 (m, 4H), 3.44 (s, 2H), 3.41 (s, 2H). 

1H NMR (300 MHz, DMSO-d6): �w���ô�X�ï�ó���~�•�U���î�,�•�U���ò�X�ô�ó���~���U���:���A���ó�X�ò���,�Ì�U��
2H), 6.74 (d, J = 7.6 Hz, 2H), 5.94 (ddt, J = 16.7, 10.1, 6.5 Hz, 2H), 
5.09 �t 4.92 (m, 4H), 3.83 (s, 2H), 3.81 (s, 2H), 3.38 �t 3.35 (m, 
theory 4H). 

13C NMR (76 MHz, DMSO-d6): �w�� �í�ñ�í�X�ð�ð�U�� �í�ï�ó�X�ï�ó�U�� �í�ï�ñ�X�î�í�U�� �í�î�ò�X�ô�õ�U��
123.97, 123.73, 118.70, 115.07, 34.88, 33.93, 23.07. 
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Aldehyde premonomer 20 

A 100 mL round bottom flask equipped with a stirring bar and a 
reflux condenser was charged with a suspension of intermediate 
6[8] (1.0 g, 1.5 mmol, 1.0 eq), Cs2CO3 (1.3 g, 3.9 mmol, 2.5 eq) and 
aldehyde 14 (0.37 g, 1.5 mmol, 1.0 eq) in 40 mL dry THF in. The 
reaction was heated to reflux for 2 h. Then the suspension was 
cooled down and the solids were filtered off. Washing the 
collected solids generously with 2M HCl, and some acetone 
followed by extracting the residues with C2H4Cl2 yielded 520 mg 
(41%) beige solid. 

1H NMR (300 MHz, Tetrachloroethane-d2): �w���í�ì�X�ì�ì���~�•�U���í�,�•�U���ó�X�ó�ó��
(d, J = 7.9 Hz, 1H), 7.41 (d, J = 7.8 Hz, 1H), 7.37 �t 6.85 (m, theory 
15H), 4.35 �t 3.97 (m, 6H), 3.87 �t 3.55 (m, theory 3H), 3.44 �t 3.18 
(m, 3H). 

A 13C NMR spectra was measured, assignment of signals was 
however not possible. The spectra can be found in the appendix 
(Figure A.20). 

HR-MALDI-MS m/z: 815.2249 ([M+H]+, calculated for C49H31N6O7
+: 

815.2249). 

Rf (CH2Cl2) = 0.81. 
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Aldehyde monomer 21 

A solution of aldehyde premonomer 20 (270 mg, 0.33 mmol, 1.0 
eq) in 50 mL tetrachloroethane in a 100 mL round bottom flask 
equipped with a stirring bar was purged with argon for 30 min. 
DDQ (320 mg, 1.4 mmol, 4.3 eq) was added and a reflux condenser 
flushed with argon was added. The suspension was heated to 
reflux for 30 minutes and a TLC showed complete consumption of 
the starting material. Cooling down, filtration of the solid and 
washing with acetone afforded 103 mg (39%) yellow solid. Some 
purification was possible by filtration through a layer of silica with 
tetrachloroethane. The DDQ adduct, a side product, was found by 
mass spectrometry as well. 

A 1H NMR spectra was measured, assignment of signals was due 
to insufficient purity however not possible. The spectra can be 
found in the appendix (Figure A.22). 

HR-MALDI-MS m/z: 808.1700 ([M]+, calculated for C49H24N6O7
+: 

808.1701). 

HR-MALDI-MS m/z: 1034.1030 ([M+DDQ]+, calculated for 
C57H24Cl2N8O9

+: 1034.1038). 

Rf (CH2Cl2) = 0.72.  
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Diacetate 22 

To a solution of blade 4 (3.0 g, 14 mmol, 1.0 eq) in Ac2O (120 ml, 
1.3 mol, 90 eq) in a round bottom flask equipped with a stirring 
bar was added DMAP (0.03 g, 0.25 mmol, 0.02 eq). The resulting 
solution was stirred at room temperature for 20 minutes after 
which a TLC showed complete conversion. The reaction was kept 
at room temperature by a water bath while little 2M HCl and H2O 
(ca 120 mL) were carefully added. The precipitate that formed was 
filtered off after stirring for 20 minutes and washed with water. 
Drying yielded 2.9 g (70%) diacetate 22 as a white solid. Further 
product could be collected after diluting with more water. 

1H NMR (300 MHz, DMSO-d6�•�W���w���ó�X�ï�î���t 7.21 (m, 4H); 7.06 �t 6.94 
(m, 2H); 4.04 (s, 2H); 3.54 (s, 2H); 2.38 (s, 6H).  

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ò�õ�X�ð�ó�U�� �í�ð�ô�X�ï�ó�U�� �í�ï�ô�X�ñ�ô�U�� �í�î�ó�X�ò�õ�U��
127.43, 125.46, 120.32, 35.21, 23.07, 20.95. 

HR-ESI-MS m/z: 319.0941 ([M+Na]+, calculated for C18H16NaO4
+: 

319.0946). 

Rf (EtOAc:Cyhex, 1:1) = 0.80. 
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Monoacetate 23 

To a round bottom flask equipped with a stirring bar was added a 
solution of diacetate 22 (2.9 g, 9.8 mmol, 1.0 eq) in DCM (11 mL). 
NaI (3.0 g, 20 mmol, 2.0 eq) was added and the flask was placed 
in a water bath to maintain a constant temperature. MeMgBr (3M 
in Et2O, 9.8 mL, 3.0 eq) was added slowly over 15 minutes, then 
the reaction was worked up with 2M HCl, diluted with more water 
and extracted with EtOAc. Column chromatography (DCM: EtOAc, 
20:1) yielded 1.54 g (62%) monoacetate 23.  

1H NMR (300 MHz, DMSO-d6�•�W���w���õ�X�ð�ñ���~�•�U���í�,�•�V���ó�X�ï���t 7.17 (m, 2H); 
7.08 �t 6.91 (m, 2H); 6.81 �t 6.74 (m, 1H); 6.77 (d, J = 7.6 Hz, 1H); 
6.71 (d, J = 8.0, 1H); 3.94 (s, 2H); 3.64 (s, 2H); 2.38 (s, 3H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ò�õ�X�ñ�ì�U�� �í�ñ�ð�X�ò�õ�U�� �í�ð�ô�X�ñ�ó�U�� �í�ï�ô�X�ô�ì�U��
137.54, 128.74, 127.09, 127.07, 125.44, 121.53, 120.09, 118.59, 
112.93, 35.31, 22.50, 21.14. 

HR-ESI-MS m/z: 277.0838 ([M+H]+, calculated for C16H14NaO3
+: 

277.0841). 

Rf (EtOAc:Cyhex, 1:1) = 0.70. 
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Aldehyde 24 

A 500 mL two neck round bottom flask equipped with a reflux 
condenser and a stirring bar was charged with a solution of 
monoacetate 23 (3.36g, 13.2 mmol, 1.00 eq) in MeCN (290 mL). 
MgCl2 (2.5 g, 26 mmol, 2.0 eq) and Et3N (4.0 mL, 29 mmol, 2.2 eq) 
were added and the resulting suspension was stirred for 10 
minutes at rt. Paraformaldehyde (1.2 g, 34 mmol (H2CO), 3.0 eq) 
was added to the suspension and the temperature was increased 
to reflux for 2h after which a TLC showed only small amounts of 
monoacetate 23 left. Paraformaldehyde (0.80 g, 27 mmol (H2CO), 
2.0 eq) was added and refluxing was continued for 3h. The 
reaction was worked up by addition of 360 mL 2M HCl and 
extracting with 400 mL EtOAc. The organic phase was dried over 
MgSO4 and concentrated. Purification by column chromatography 
(EtOAc:Cyhex, 1:3) yielded 2 g (58%) pure product. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���í�í�X�î�ó���~�•�U���í�,�•�V���í�ì�X�ì�ï���~�•�U���í�,�•�V���ó�X�ò�ñ��
(d, J = 7.9 Hz, 1H); 7.37 �t 7.19 (m, 2H); 7.07 (d, J = 7.9 Hz, 1H); 7.03 
(dd, J = 7.0, 2.2 Hz, 1H); 4.09 (s, 2H); 3.73 (s, 2H); 2.39 (s, 3H). 

13C NMR (76 MHz, DMSO-d6): �w�� �í�õ�ò�X�õ�ó�U�� �í�ò�õ�X�ñ�ó�U�� �í�ñ�ô�X�ì�õ�U�� �í�ð�ô�X�ñ�î�U��
146.27, 137.35, 131.42, 127.55, 127.51, 125.62, 123.11, 120.51, 
119.87, 119.51, 35.75, 21.78, 21.16. 

HR-ESI-MS m/z: 305.0779 ([M+Na]+, calculated for C17H14NaO4
+: 

305.0784). 

Rf (EtOAc:Cyhex, 1:3) = 0.47. 
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Open trimer 25 

To a solution of aldehyde 24 (0.20 g, 0.71 mmol, 1.0 eq) and 
cyanuric chloride (52 mg, 0.28 mmol, 0.39 eq) in dry THF (10 mL) 
was added Cs2CO3 (350 mg, 1.1 mmol, 1.5 eq). A TLC after 2 h at rt 
showed no significant conversion, thus further Cs2CO3 (0.10 g, 
0.30 mmol, 0.43 eq) and 18-crown-6 (tip of a spatula) was added. 
A TLC after 1.5h showed significant conversion and after 3h almost 
no aldehyde 24 was left. The reaction was worked up with 2M HCl 
and extracted with EtOAc. The organic phase was washed with 2M 
HCl, dried over MgSO4 and concentrated. Column 
chromatography (EtOAc:Cyhex, 1:1) yielded 180 mg (83%) 
product. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���õ�X�ô�ó���~�•�U��3H); 7.72 (d, J = 7.8 Hz, 
3H); 7.47 (d, J = 7.9 Hz, 3H); 7.29 �t 7.15 (m, 6H); 6.93 (dd, J = 6.5, 
2.7 Hz, 3H); 4.04 (s, 6H); 3.49 (s, 6H); 2.20 (s, 9H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ô�õ�X�ì�ñ�U�� �í�ó�ï�X�î�í�U�� �í�ò�ô�X�ô�î�U�� �í�ð�ô�X�î�ð�U��
147.77, 145.56, 136.92, 129.51, 128.64, 127.16, 126.29, 125.84, 
125.79, 124.91, 120.03, 35.15, 21.95, 20.16. 

HR-MALDI-MS m/z: 922.2609 ([M+H]+, calculated for 
C54H40N3O12

+: 922.2607) 

Rf (EtOAc:Cyhex, 1:1) = 0.46 
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Acetal 27 

To a solution of triol 15 (2.2 g, 9.1 mmol, 1.0 eq) in 150 mL acetone 
in a round bottom flask equipped with a stirring bar was added a 
tip of a spatula FeCl3 and three tips of a spatula p-TsOH. After 
stirring for 5 minutes at rt sat. aq. NaHCO3 was added and the 
acetone was partially distilled off under reduced pressure. The 
product was extracted with EtOAc and purified by column 
chromatography (CH2Cl2:EtOAc, 100:1) yielding 1.372 g (54%) of a 
clear oil. After 2 weeks in aluminium foil the colour changed to red 
and TLC showed traces of anthracene derivatives as well as the 
deprotected compound. 

1H NMR (300 MHz, DMSO-d6�•�W���w�� �õ�X�ð�ò�� �~�•�U���í�,�•�U���ò�X�õ�õ�� �~�š�U�� �:�� �A���ó�X�ó�� �,�Ì�U��
1H), 6.90 (d, J = 7.8 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 6.77 �t 6.66 (m, 
2H), 4.81 (s, 2H), 3.87 (s, 2H), 3.68 (s, 2H), 1.52 (s, 6H). 

13C NMR (76 MHz, DMSO-d6): 154.35, 147.73, 136.83, 135.46, 
126.33, 123.00, 122.14, 121.53, 119.01, 118.13, 116.38, 112.10, 
99.27, 60.06, 34.48, 24.74, 21.22. 

Rf (EtOAc:Cyhex, 1:3) = 0.53 
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Open Trimer 28 

A 10 mL round bottom flask equipped with a reflux condenser and 
a stirring bar was charged with a solution of acetal 27 (140 mg, 
0.50 mmol, 1.0 eq) in 7 mL dry THF. Cyanuric chloride (31 mg, 0.17 
mmol, 0.33 eq) and Cs2CO3 (240 mg, 0.74 mmol, 1.5 eq) were 
added and the resulting suspension was stirred at rt for 30 
minutes. A TLC showed almost no conversion, thus 18-crown-6 
(13 mg, 0.05 mmol, 0.10 eq) was added and after 1 h the reaction 
was heated to reflux for 45 minutes then cooled down to rt again. 
A TLC after 1 h showed the intermediates to be used up and the 
reaction was worked up by diluting with H2O, then extracting with 
EtOAc. Column chromatography (EtOAc:Cyhex, 1:3) yielded 48 mg 
(31%) pure product. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���ó�X�î�î���~���U���:���A���ó�X�ñ���,�Ì�U���í�,�•�U���ó�X�í�ð���~�š�U���:���A��
7.7 Hz, 1H), 6.99 (d, J = 8.0, 1H), 6.92 �t 6.83 (m, 2H), 4.76 (s, 2H), 
3.91 (s, 2H), 3.53 (s, 2H), 1.37 (s, 6H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ó�ï�X42, 148.80, 147.50, 138.38, 
135.39, 127.34, 126.76, 125.27, 122.55, 121.67, 119.06, 118.97, 
116.75, 99.26, 60.03, 34.49, 24.56, 21.15. 

HR-MALDI-MS m/z: 922.3695 ([M+H]+, calculated for C57H52N3O9
+: 

922.3698) 

Rf (EtOAc:Cyhex, 1:3) = 0.47 
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Ether 29 

To a solution of blade 4 (2.0 g, 9.4 mmol, 1.0 eq) in 10 mL DMSO 
in a 25 mL round bottom flask equipped with a magnetic stirring 
bar was added small pieces of NaOH (0.35 g, 8.8 mmol, 0.93 eq). 
The resulting suspension was stirred at rt for 2 hours resulting in 
a black solution. Trichloroethylene (1.5 ml, 17 mmol, 1.7 eq) was 
added and the reaction was heated to 60 °C for 18 h. Then 240 mL 
2 M HCl was added the organic compounds were extracted by 100 
mL EtOAc. The organic phase was washed with 100 mL water and 
the solvent removed under reduced pressure. Column 
chromatography (EtOAc:Cyhex, 1:8 -> 1:5 -> 1:1) yielded 775 mg 
(26.8%) product. 

1H NMR (300 MHz, DMSO-d6�•�W���w�� �õ�X�ñ�ò�� �~�•�U���í�,�•�U���ó�X27 (t, J = 7.8 Hz, 
1H), 7.18 (d, J = 7.4 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 6.89 (d, J = 7.7 
Hz, 1H), 6.76 (d, J = 7.4 Hz, 1H), 6.71 (d, J = 7.7 Hz, 1H), 6.70 (s, 1H), 
3.95 (s, 2H), 3.82 (s, 2H). 

Rf (EtOAc:Cyhex, 1:3) = 0.6 
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Alkyne 30 

A dried schlenk-flask equipped with a magnetic stirring bar was 
charged with a solution of ether 29 (770 mg, 2.5 mmol, 1.0 eq) in 
10 mL dry Et2O at -78 °C. n-BuLi (1.6 M in hexane, 9.5 mL, 15 mmol, 
6.0 eq) was added dropwise over 15 minutes. The reaction was 
kept at -78 °C for 2 h, allowed to warm up to -40 °C over 1 h and 
then kept at -40 °C for 2 h. Workup was performed by addition of 
10 mL 2M HCl into the cold reaction. The organic phase was 
separated, dried and evaporated yielding 512 mg brown-green 
solid that was purified by column chromatography. 

1H NMR (300 MHz, DMSO-d6�•�W���w���õ�X�ñ�ô���~�•�U���í�,�•�U���ó�X�ð�ñ���t 7.27 (m, 2H), 
7.19 (d, J = 7.1 Hz, 1H), 7.02 (t, J = 7.7 Hz, 1H), 6.78 �t 6.68 (m, 2H), 
3.95 (s, 2H), 3.81 (s, 2H), 3.28 (s, 1H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ñ�ð�X�õ�õ�U�� �í�ñ�î�X�ô�ì�U�� �í�ï�õ�X�ï�ì�U�� �í�ï�ò�X�õ�ð�U��
127.58, 127.15, 124.54, 124.25, 121.17, 118.47, 112.91, 111.21, 
84.99, 36.41, 34.90, 21.72. 

HR-MALDI-MS m/z: 236.0832 ([M]+, calculated for C16H12O2
+: 

236.0837) 

Rf (EtOAc:Cyhex, 1:3) = 0.47 
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Cyclotrimerisation of alkyne 30 

A schlenk flask under argon equipped with a stirring bar was 
charged with a solution of BINAP (6.3 mg, 0.010 mmol, 0.10 eq) 
and [Rh(COD)2]BF4 (4.1 mg, 0.010 mmol, 0.10 eq) in 1 mL dry 
CH2Cl2. After stirring for 5 minutes H2 gas was bubbled into the 
solution and stirring was continued for 30 minutes. The solvent 
was removed carefully under reduced pressure and the residue 
redissolved in 0.5 ml dry CH2Cl2. A solution of alkyne 30 (24 mg, 
0.10 mmol, 1.0 eq) in 1 ml dry CH2Cl2 was added and the reaction 
was stirred at rt for 1 h. The reaction was concentrated yielding a 
solid that was subjected to column chromatography 
(EtOAc:Cyhex:DCM, 3:10:10) and analysed by mass spectrometry. 

HR-MALDI-MS m/z: 709.2589 ([M+H]+, calculated for C48H37O6
+: 

709.2590) 
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Allyl-intermediate 31 

To a solution of allyl 17 (0.50 g, 1.7 mmol, 1.0 eq) and DIPEA (0.90 
mL, 5.2 mmol, 3.0 eq) in 25 mL dry THF in a 50 mL round bottom 
flask at -15 °C was added cyanuric chloride (780 mg, 4.3 mmol, 2.5 
eq). After stirring for 2 h a TLC showed complete consumption of 
the allyl 17 and the reaction was worked up by addition of 75 mL 
2M HCl and extracting thrice with DCM. The combined organic 
phases were washed with 2M HCl, dried over MgSO4 and 
concentrated in vacuo, yielding 911 mg (90%) product. 

1H NMR (300 MHz, Chloroform-d�•�W���w���ó�X�î�ð���~���U���:���A���ó�X�ó���,�Ì�U theory 2H), 
7.16 (d, J = 7.7 Hz, 2H), 5.78 (ddt, J = 16.7, 10.2, 6.5 Hz, 2H), 5.01 �t 
4.83 (m, 4H), 4.07 (s, 2H), 3.43 (s, 2H), 3.22 (d, J = 6.5 Hz, 4H).  

13C NMR (76 MHz, CDCl3): �w���í�ó�ï�X�ð�õ�U 171.00, 147.22, 136.51, 
135.50, 129.54, 128.85, 127.04, 126.40, 116.66, 35.23, 34.60, 
23.96. 

HR-MALDI-MS m/z: 587.0317 ([M+H+], calculated for 
C26H19Cl4N6O2

+: 587.0318)  



  173 

 

Allyl-intermediate 32 

A 25 mL round bottom flask equipped with a stirring bar was 
charged with a suspension of allyl 17 (77 mg, 0.26 mmol, 1.1 eq), 
DIPEA (0.06 mL, 0.34 mmol, 1.5 eq) and Cs2CO3 (120 mg, 0.36 
mmol, 1.5 eq) in 10 mL dry THF. A solution of allyl-intermediate 31 
(140 mg, 0.24 mmol, 1.0 eq) was added and the reaction was 
stirred at rt for 24 h. Addition of 2M HCl filtration and washing 
with  MeOH yielded 134 mg (70%) product with residual 
impurities. 

1H NMR (300 MHz, Tetrachloroethane-d2): �w���ó�X�î�ô���t 7.05 (m, 8H), 
5.88 �t 5.60 (m, 4H), 5.00 �t 4.78 (m, 8H),4.28 �t 3.96 (m, 4H), 3.89 
�t 3.45 (m, 4H), 3.41 �t 2.92 (m, theory 8H). 

HR-MALDI-MS m/z: 807.2248 ([M+H+], calculated for 
C46H37Cl2N6O4

+: 807.2248)  
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Allyl-Premonomer 33 

Allyl-Premonomer 33 can be obtained from allyl-intermediate 31 
as well as 32. In the following paragraph a direct synthesis from 
31 is described.  

A 100 mL round bottom flask equipped with a stirring bar, reflux 
condenser and rubber septum was charged with a suspension of 
allyl-intermediate 31 (1.03 g, 1.76 mmol, 1.00 eq), allyl 17 (513 
mg, 1.76 mmol, 1.00 eq) and Cs2CO3 (1.7 g, 5.3 mmol, 3.0 eq) in 50 
mL THF. TLC showed remaining starting material after 1 d, thus 
the temperature was increased to 50 °C and stirring was 
continued for 1 d. Then further allyl 17 (513 mg, 1.76 mmol, 1.00 
eq) and Cs2CO3 (1.7 g, 5.3 mmol, 3.0 eq) was added and the 
temperature was increased to reflux. A TLC after 2 d showed 
complete consumption of the intermediates. H2O and 2M HCl 
were added and the product was extracted with DCM. Column 
chromatography (DCM:Cyhex 1:1) yielded 435.1 mg (24%) 
product. 
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For a synthesis starting from 32 only equivalent of allyl 17 is used 
and the temperature is directly increased to reflux. 

1H NMR (300 MHz, Tetrachloroethane-d2): �w���ó�X�î�ì���~���U���:���A���ô�X�ì���,�Ì�U��
6H), 7.14 (d, J = 7.9 Hz, 6H), 5.85 �t 5.69 (m, theory 6H), 4.97 �t 
4.82 (m, 12H), 4.29 �t 3.08 (m, theory 24H). 

HR-MALDI-MS m/z: 1027.4174 ([M+H+], calculated for 
C66H55N6O6

+: 1027.4178) 

Rf (DCM:Cyhex 1:1) = 0.41 
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Cross metathesis product 34 

A solution of allyl 17 (10 g, 34 mmol, 1.0 eq) in acrylic acid methyl 
ester (0.20 L, 2.2 mol, 65 eq) in a 1 L schlenk flask was degassed 
by three freeze-pump-thaw cycles and placed under nitrogen. 
Second-generation Grubbs catalyst (0.10 g, 0.12 mmol, 0.0034 eq) 
was added and the reaction was heated to 70 °C. After 1.5 h, 3 h, 
4.5 h and 5.5 h further second-generation Grubbs catalyst (0.05 g, 
0.1 g, 0.06 g and 0.06 g respectively) was added. The reaction was 
worked up after 6.5 h by cold distillation under reduced pressure 
to remove the solvent. The remaining solid was purified by column 
chromatography (DCM:EtOAc, 5:1) yielding 6.19 g (44%) product. 

1H NMR (300 MHz, DMSO-d6�•�W���w���ô�X�ñ�ò���~�•�U���î�,�•�U���ó�X�ì�í���~���š�U���:���A���í�ñ�X�ð�U���ò�X�ò��
Hz, 2H), 6.90 (d, J = 7.6 Hz, 2H), 6.77 (d, J = 7.7 Hz, 2H), 5.79 (d, J = 
15.5 Hz, 2H), 3.85 (s, 2H), 3.83 (s, 2H), 3.62 (s, 6H), 3.54 (d, J = 6.5 
Hz, 4H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ò�ò�X�ò�ð�U�� �í�ñ�î�X�ì�ó�U�� �í�ð�ô�X�ó�ï�U�� �í�ï�ò�X39, 
127.87, 124.48, 122.83, 121.05, 119.49, 51.64, 35.42, 33.06, 
23.53. 

HR-ESI-MS m/z: 431.1495 ([M+Na]+, calculated for C24H24NaO6
+: 

431.1471). 

Rf (DCM:EtOAc, 5:1) = 0.31 
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Methylester 35 

To a solution of cross metathesis product 34 (14 g, 34 mmol, 1.0 
eq) in 300 mL EtOAc in a 2 L round bottom flask equipped with a 
stirring bar and a thermometer was added 700 mL MeOH. The 
solution was cooled down to 5 °C and NiCl2 �| 6 H2O (0.56 g, 2.4 
mmol, 0.070 eq) was added. Then NaBH4 (7.0 g, 19 mmol, 5.4 eq) 
was added slowly keeping the temperature below 10 °C. A TLC 
after 2 minutes showed complete conversion and 75 mL conz. HCl 
were carefully added. The reaction was concentrated under 
reduced pressure to about 120 mL volume, further water was 
added and the product was extracted with EtOAc. The organic 
phase was concentrated and the residue purified by silica plug 
filtration (EtOAc:Cyhex, 1:1) affording 12.56 g (89%) product. 

1H NMR (300 MHz, DMSO-d6�•�W���w���ô�X�ï�í�� �~�•�U���î�,�•�U���ò�X�ô�ó���~���U���:�� �A���ó�X�ò���,�Ì�U��
2H), 6.72 (d, J = 7.6 Hz, 2H), 3.81 (s, 2H), 3.79 (s, 2H), 3.58 (s, 6H), 
2.59 (t, J = 7.5 Hz, 4H), 2.31 (t, J = 7.5 Hz, 4H), 1.77 (p, J = 7.6 Hz, 
4H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ó�ï�X�ó�õ�U�� �í�ñ�î�X�ì�ó�U�� �í�ï�ñ�X�ò�î�U�� �í�î�ó�X�ñ�ì�U��
125.97, 124.20, 119.08, 51.65, 35.40, 33.40, 29.55, 25.53, 23.51. 

HR-MALDI-MS m/z: 435.1778 ([M+Na]+, calculated for 
C24H28NaO6

+: 435.1778) 

Rf (EtOAc:Cyhex, 1:1) = 0.65 
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Glycol ester 36 

A solution of methylester 35 (5.4 g, 13 mmol, 1.0 eq) in triethylene 
glycol monomethyl ether (140 mL, 890 mmol, 68 eq) in a 250 mL 
schlenk flask equipped with at stirring bar, a vigreux column and 
a distillation apparatus was degassed by applying a vacuum (<0.5 
mbar) for 20 minutes. The flask was then filled with nitrogen, 
dibutyltin dilaurate (1.0 mL, 1.7 mmol, 0.13 eq) was added and the 
temperature was increased to 100 °C. After 5 h, 22 h and 30 h 
vacuum was applied again for 2 h each time while maintining 100 
°C to remove the methanol followed by flushing the flask with N2 
gas and addition of further dibutyltin dilaurate (0.50 mL, 0.84 
mmol, 0.060 eq). After 46 h reaction time the vigreux column was 
removed and the solvent was distilled off at 100 °C. The residue 
was purified by column chromatography (EtOAc:MeOH, 100:0 -> 
98:2) yielding 6.617 (75%) g yellow-orange oil. 
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1H NMR (300 MHz, DMSO-d6): �w���ô�X�ï�ì���~�•�U���î�,�•�U���ò�X�ô�ó���~���U���:�� �A���ó�X�ò���,�Ì�U��
2H), 6.71 (d, J = 7.6 Hz, 2H), 4.14 �t 4.07 (m, 4H), 3.80 (s, 2H), 3.79 
(s, 2H), 3.60 �t 3.55 (m, 4H), 3.53 �t 3.46 (m, 12H), 3.41 �t 3.37 (m, 
4H), 3.21 (s, 6H), 2.59 (t, J = 7.5 Hz, 4H), 2.30 (t, J = 7.5 Hz, 4H), 
1.76 (p, J = 7.6 Hz, 4H). 

13C NMR (76 MHz, DMSO-d6): �w�� �í�ó�ï�X�ï�í�U�� �í�ñ�î�X�ì�ó�U�� �í�ï�ñ�X�ò�í�U�� �í�î�ó�X�ñ�ò�U��
125.93, 124.17, 119.06, 71.71, 70.21, 70.18, 70.05, 68.77, 63.51, 
58.49, 35.39, 33.57, 29.52, 25.57, 23.51. 

HR-MALDI-MS m/z: 699.3355 ([M+Na]+, calculated for 
C36H52NaO12

+: 699.3351) 

Rf (EtOAc) = 0.21 
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1-Bladed glycol ester 37 

A 50 mL round bottom flask equipped with a stirring bar was 
charged with a solution of glycol ester 36 (2.3 g, 3.4 mmol, 1.0 eq) 
and DIPEA (1.8 ml, 10 mmol, 3.0 eq) in 20 mL dry THF at 0 °C. To 
the solution was added cyanuric chloride (recrystallised in 
cyclohexane, 1.3 g, 7.0 mmol, 2.1 eq) and the reaction was stirred 
at 0 °C for 2 h. Then 2 M HCl was added and the reaction was 
extracted with EtOAc. The organic phase was evaporated and the 
residue purified by column chromatography (EtOAc) yielding 3.1 g 
(94%) wax-like yellow solid. 

1H NMR (300 MHz, Chloroform-d�•�W���w���ó�X�î�ò���~���U���:���A���ó�X�õ���,�Ì�U���î�,�•�U���ó�X�í�õ��
(d, J = 7.8 Hz, 2H), 4.21 (t, J = 4.9 Hz, 4H), 4.07 (s, 2H), 3.72 �t 3.63 
(m, 16H), 3.58 �t 3.52 (m, 4H), 3.43 �t 3.33 (m, 8H), 2.49 (t, J = 7.8 
Hz, 4H), 2.32 (t, J = 7.1 Hz, 4H), 1.86 (p, J = 7.3 Hz, 4H). 

13C NMR (76 MHz, Chloroform-d): �w 173.39, 173.03, 170.85, 
146.98, 136.19, 130.81, 128.45, 126.79, 126.24, 71.93, 70.61, 
70.58, 70.53, 69.12, 63.48, 59.04, 35.08, 33.16, 29.09, 24.90, 
23.92. 

HR-MALDI-MS m/z: 993.2132 ([M+Na]+, calculated for 
C42H50Cl4N6NaO12

+: 993.2133) 

Rf (EtOAc) = 0.37 
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2-Bladed glycol ester 38 

A 20 mL round bottom flask equipped with a stirring bar was 
charged with a solution of 1-bladed glycol ester 37 (320 mg, 0.33 
mmol, 1.0 eq) and glycol ester 36 (220 mg, 0.33 mmol, 1.0 eq) in 
10 mL dry THF. Cs2CO3 (320 mg, 0.98 mmol, 3.0 eq) and 18-crown-
6 (6 mg, 0.02 mmol, 0.07 eq) was added and the resulting 
suspension was stirred at rt for 2 d. Then 2 M HCl was added and 
the suspension was extracted with EtOAc. The organic phase was 
evaporated under reduced pressure and purified by column 
chromatography (EtOAc:MeOH, 10:1) yielding 237.7 (46%) mg 
orange product. 
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1H NMR (300 MHz, DMSO-d6�•�W���w���ó�X�ñ�ó���t 6.88 (m, 8H), 4.34 �t 3.97 
(m, 12H), 3.64 �t 3.29 (m, theory 44H), 3.22 (s, 6H), 3.20 (s, 6H), 
2.73 �t 2.54 (m, 4H), 2.41 �t 2.26 (m, 8H), 2.18 (t, J = 7.4 Hz, 4H), 
1.81 (p, J = 6.6 Hz, 4H), 1.65 (p, J = 7.3 Hz, 4H). 

13C NMR (76 MHz, DMSO-d6�•�W�� �w�� �í�ó3.09, 172.93, 170.39, 147.52, 
146.61, 135.05, 134.79, 131.58, 131.02, 129.12, 128.47, 126.92, 
126.46, 126.28, 125.97, 125.93, 71.71, 71.70, 70.20, 70.17, 70.05, 
68.70, 63.58, 63.43, 58.49, 58.47, 33.68, 33.64, 33.18, 33.12, 
28.76, 25.53, 25.03, 23.59, 23.21. 

HR-MALDI-MS m/z: 1597.6054 ([M+Na]+, calculated for 
C78H100Cl2N6NaO24

+: 1597.6058) 

Rf (EtOAc:MeOH, 10:1) = 0.12 
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Bolaamphiphilic premonomer 39 

Synthesis of 39 starting from 1-bladed glycol ester 37: 

A 50 mL round bottom flask equipped with a stirring bar and a 
rubber septum was charged with a solution of 1-bladed glycol 
ester 37 (3.1 g, 3.2 mmol, 1.0 eq) in 20 mL dry THF. Then glycol 
ester 36 (2.26 g, 3.35 mmol, 1.05 eq), Cs2CO3 (2.6 g, 8.0 mmol, 2.5 
eq) and 18-crown-6 (0.084 g, 0.32 mmol, 0.010 eq) were added 
and the reaction was purged by N2 for 15 min. After 15 h at rt 
further glycol ester 36 (1.96 g, 2.9 mmol, 0.91 eq) and Cs2CO3 (2.6 
g, 8.0 mmol, 2.5 eq) was added and the reaction was purged again 
by N2 for 15 min. Then the temperature was increased to 60 °C for 
1.5 h after which the reaction was cooled down, 240 mL 2 M HCl 
was added and the reaction was extracted with 200 mL DCM. The 
organic phase was concentrated and the residue purified by 
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column chromatography (MeCN:Aceton, 5:2) yielding 2.269 g 
(32%) slightly yellow wax-like product with residual impurities. 

Synthesis of 39 starting from 2-bladed glycol ester 38 

To a round bottom flask equipped with a stirring bar was added a 
suspension of 2-bladed glycol ester 38 (227 mg, 0.144 mmol, 1.00 
eq), glycol ester 36 (107 mg, 0.159 mmol, 1.10 eq), Cs2CO3 (120 
mg, 0.36 mmol, 2.5 eq) and 18-crown-6 (4 mg, 0.01 mmol, 0.1 eq) 
in 8 mL dry THF. The reaction was degassed by purging with N2, 
the flask closed with a rubber septum and heated to 60 °C. After 
4h the reaction was cooled down, additional 5 mL dry THF and 
Cs2CO3 (0.10 g, 0.30 mmol, 2.1 eq) were added, the reaction was 
purged again with N2 and reheated to 60 °C. A TLC after 3 hours 
showed no starting material left and the reaction was worked up 
by addition of diluted aqueous HCl. Extraction with DCM and 
column chromatography (EtOAc:THF, 1:1) yielded 170 mg (54%) 
product with some residual impurities. 

1H NMR (300 MHz, Chloroform-d): �w���ó�X�í�ó���~���U���:���A���ô�X�ì���,�Ì�U���ò�,�•�U��7.13 
(d, J = 8.0 Hz, 6H), 4.31 �t 4.00 (m, theory 18H), 3.84 (d, J = 19.9 
Hz, 3H), 3.75 �t 3.44 (m, theory 60H), 3.40 �t 3.26 (m, theory 21H), 
2.58 �t 2.48 (m, 12H), 2.25 (t, J = 7.2 Hz, 12H), 1.91 �t 1.75 (m, 
12H). 

13C NMR (76 MHz, Chloroform-d): �w���í�ó�ï�X�î�ó���~���U��J = 4.9 Hz), 147.50, 
134.57, 130.71, 128.30, 126.73, 126.17, 72.05, 70.70, 70.68, 
70.64, 69.26, 63.48, 59.15, 34.35, 33.18, 28.89, 25.09, 23.85. 

HR-MALDI-MS m/z: 2201.9977 ([M+Na]+, calculated for 
C114H150N6NaO36

+: 2201.9989). 
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Bolaamphiphilic monomer 40 

A round bottom flask equipped with a stirring bar was charged 
with a solution of bolaamphiphilic premonomer 39 (1.0 g, 0.47 
mmol, 1.0 eq) in 30 mL dry dioxane and purged with N2 for 1 h. 
Then DDQ (1.0 g, 4.4 mmol, 9.3 eq) was added and the reaction 
was covered with aluminium foil against light. After 2 h half of the 
solvent was removed under reduced pressure at 40 °C and and the 
residual suspension purified by an alox plug filtration 
(MeCN:EtOAc, 1:3 -> 1:0) yielding 715 mg (70%) olive coloured 
product. A second alox plug filtration (MeCN) can be performed 
to remove most colour yielding an orange product but at a loss of 
30% of the product. 
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1H NMR (300 MHz, Chloroform-d�•���w���ô�X�ð�ó���~�•�U���ï�,�•�U���ó�X�õ�í���~���U���:���A���ô�X�ñ���,�Ì�U��
6H), 7.91 (s, 3H), 7.39 (d, J = 8.8 Hz, 6H), 4.17 �t 4.03 (m, 12H), 3.59 
�t 3.44 (m, theory 60H), 3.31 (s, 18H), 2.93 �t 2.58 (m, 12H), 2.39 �t 
2.21 (m, 12H), 2.15 �t 1.85 (m, 12H). 

13C NMR (76 MHz, Chloroform-d) �w 174.40, 173.13, 144.65, 
131.69, 129.11, 127.64, 127.36, 127.09, 126.05, 113.35, 71.97, 
70.59, 70.57, 70.51, 69.15, 63.52, 59.08, 32.94, 28.97, 24.64. 

HR-MALDI-MS m/z: 2172.9636 ([M]+, calculated for 
C114H144N6O36

+: 2172.9622) 

Rf (MeCN:EtOAc, 1:4) = 0.5 
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Carboxylic acid monomer 41 

A 10 mL round bottom flask equipped with a stirring bar and a 
rubber septum was charged with a solution of monomer 40 (20 
mg, 0.02 mmol) in 3 mL dioxane and 1.5 mL conz. HCl were added. 
The reaction was heated to 70 °C for 5h, cooled down and the 
precipitate was centrifuged off and washed three times with 
water affording 9.6 mg (80%) light grey product. 
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1H NMR (300 MHz, DMSO-d6): �w��11.99 (s, 6H), 8.86 (s, 3H), 8.15 
(d, J = 8.9 Hz, 6H), 7.68 �t 7.55 (m, 9H), 2.80 �t 2.60 (m, 12H), 2.24 
(t, J = 7.7 Hz, 12H), 1.94 �t 1.78 (m, 12H). 

13C NMR (76 MHz, DMSO-d6): �w���í�ó�ð�X�ì�ñ�U���í�ó�ï�X�ô�ñ�U���í�ð�ï�X�î�ô�U���í�ï�ì�X�õ�ò�U��
130.16, 128.01, 127.75, 126.99, 125.19, 111.09, 32.98, 28.47, 
24.19. 

HR-MALDI-MS m/z: 1296.3962 ([M]+, calculated for C72H60N6O18
+: 

1296.3959) 
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Allyl diacetate 42 

A round bottom flask equipped with a stirring bar was charged 
with a suspension of allyl 17 (2.0 g, 6.8 mmol, 1 eq) in Ac2O (0.060 
L, 640 mmol, 93 eq). DMAP (110 mg, 0.90 mmol, 0.13 eq) was 
added and the suspension was stirred at room temperature. After 
40 mintues, the resulting solution was quenched by adding ice and 
water generously. Stirring was continued until a single phase was 
obtained and the precipitate formed was filtered off. Dissolving 
the solid in little acetone and precipitation with water afforded 
after drying 2.184 g (85%) of the yellow product. 

1H NMR (300 MHz, DMSO-d6): �w���ó�X�î�ì���~���U���:���A���ó�X�ô���,�Ì�U��2H), 7.12 (d, J 
= 7.8 Hz, 2H), 5.82 (ddt, J = 16.7, 10.0, 6.6 Hz, 2H), 5.12 �t 4.97 (m, 
4H), 3.97 (s, 2H), 3.43 (s, 2H), 3.23 (d, J = 6.7 Hz, 4H), 2.39 (s, 6H). 

Rf (EtOAc:Cyhex 1:3) = 0.56 
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Epoxide 43 

A 100 ml round bottom flask equipped with a stirring bar was 
charged with a suspension of allyl diacetate 42 (2.2 g, 5.8 mmol, 
1.0 eq) and m-CPBA (77% w/w in water, 5.1 g, 23 mmol, 3.9 eq) in 
44 mL toluene. The reaction was stirred at 55 °C for 3.5 h when 
TLC showed complete conversion. To the suspension was added 
70 ml 1 M NaOH and Na2S2O3 �| 5 H2O (11.3 g, 45.4 mmol, 7.80 eq). 
The two phases were stirred until no peroxide was present in the 
aqueous layer and then the organic phase was slowly evaporated 
under reduced pressure on top of the aqueous layer. The aqueous 
phase was tested negatively for peroxides, then the precipitate 
formed was collected by filtration and washed with water. Drying 
yielded 2.28 g (96%) yellow solid. 

1H NMR (300 MHz, DMSO-d6): �w���ó�X�î�ó���t 7.19 (m, 4H), 3.99 (s, 2H), 
3.45 (s, 2H), 3.05 �t 2.99 (m, 2H), 2.74 �t 2.65 (m, 6H), 2.56 �t 2.48 
(m, 2H), 2.43 (s, 6H). 

13C NMR (76 MHz, DMSO-d6): �w�� �í�ò�õ�X�ð�ð�U�� �í�ð�ò�X�ô�ò�U�� �í�ï�ò�X�ô�î�U�� �í�î�ô�X�ô�î�U��
127.96, 127.90, 125.48, 51.56, 46.68, 34.77, 33.15, 23.76, 20.71. 

HR-MALDI-MS m/z: 409.1649 ([M+H]+, calculated for C24H25O6
+: 

409.1651). 

Rf (DCM:EtOAc, 20:1) = 0.25 
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Bisdiol 45 

To a round bottom flask equipped with a stirring bar was added a 
solution of epoxide 43 (2.4 g, 5.9 mmol, 1.0 eq) in 66 ml dioxane 
and 25 ml water was added slowly. To the resulting solution was 
added H2SO4 �~�í�ì�ì�����Œ�}�‰�•�U���C���ï���u�o�•�X���d�Z�����Œ�������š�]�}�v���Á���•���•�š�]�Œ�Œ���������š���ñ�ñ °C 
for 22 h, 100 ml water was added and the product was extracted 
with EtOAc (4 x 100 mL). The combined organic phases were 
concentrated under reduced pressure and the resulting oil 
purified by silica plug filtration (EtOAc:MeOH 20:1) yielding 1.71 g 
(81%) solid containing little remaining impurities. 

1H NMR (300 MHz, DMSO-d6): �w���õ�X�í�ô���~�•�U���î�,�•�U���ò�X�ô�ô���~���U���:�� �A���ó�X�ò���,�Ì�U��
2H), 6.70 (d, J = 7.6 Hz, 2H), 5.92 (d, J = 3.9 Hz, 2H), 4.78 (t, J = 5.4 
Hz, 2H), 3.84 �t 3.66 (m, 6H), 3.30 (t, J = 5.5 Hz, 4H), 2.76 (dd, J = 
14.2, 3.8 Hz, 2H), 2.64 (dd, J = 14.1, 7.5 Hz, 2H). 

13C NMR (76 MHz, DMSO-d6): �w�� �í�ñ�ï�X�í�í�U�� �í�ï�ò�X�ì�ô�U�� �í�î�ô�X�õ�ñ�U�� �í�î�ð�X�ì�í�U��
123.53, 118.78, 73.39, 65.42, 35.82, 35.31, 23.19. 

HR-MALDI-MS m/z: 383.1463 ([M+Na]+, calculated for 
C20H24NaO6

+: 383.1471). 

Rf (EtOAc:MeOH, 9:1) = 0.60 
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Acetal 47 

To a solution of bisdiol 45 (1.71 g, 4.75 mmol, 1.00 eq) in 25 mL 
dry acetone in a round bottom flask equipped with a stirring bar 
was added 2,2-dimethoxypropane (2.9 ml, 24 mmol, 5.0 eq) and 
p-�d�•�K�,���|���,2O (0.030 g, 0.16 mmol, 0.030 eq). The orange solution 
was stirred at room temperature for 1.5 h, then KOtBu (3 tips of a 
spatula) was added, the reaction was concentrated under reduced 
pressure and purified by column chromatography (DCM:EtOAc, 
20:1) yielding 1.92 (92%) g orange oil. 

1H NMR (300 MHz, Chloroform-d): �w���ó�X�ô�ð���~�•�U���î�,�•�U���ò�X�ô�ò���~���U���:���A���ó�X�ò��
Hz, 2H), 6.77 (d, J = 7.6 Hz, 2H), 4.40 (qd, J = 7.8, 2.2 Hz, 2H), 4.15 
�t 4.08 (m, 2H), 4.02 (td, J = 6.3, 2.8 Hz, 2H), 3.96 (d, J = 2.5 Hz, 2H), 
3.67 (td, J = 8.1, 2.8 Hz, 2H), 3.00 (ddd, J = 10.1, 7.4, 3.8 Hz, 2H), 
2.85 (ddd, J = 14.9, 7.2, 3.3 Hz, 2H), 1.47 �t 1.35 (m, theory 12H). 

13C NMR (76 MHz, Chloroform-d): �w 153.12, 153.10, 136.53, 
136.45, 128.78, 128.74, 124.56, 124.48, 121.23, 121.18, 119.42 
(2C), 110.11, 110.08, 68.49, 68.37, 35.63, 35.51, 35.24, 35.15, 
26.45, 26.37, 25.74 (2C), 23.05, 23.02. 

HR-MALDI-MS m/z: 479.1830 ([M+K]+, calculated for C26H32KO6
+: 

479.1836). 

Rf (Cyhex:EtOAc, 3:1) = 0.40 
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1-Bladed acetal 48 

A round bottom flask equipped with a stirring bar was charged 
with a solution of acetal 47 (0.70 g, 1.6 mmol, 1.0 eq) in 8 mL dry 
THF at -18 °C. DIPEA (1.1 mL, 6.5 mmol, 4.1 eq) and cyanuric 
chloride (880 mg, 4.8 mmol, 3.0 eq) were added. After 3 h the 
reaction was warmed up to 0 °C and 2 h later TLC showed 
complete conversion. To the solution was added 40 mL water and 
the product was extracted with EtOAc (2 x 40 mL). The combined 
organic phases were concentrated under reduced pressure and 
the product was purified by column chromatography 
(EtOAc:Cyhex, 1:3) yielding 1.03 g (88%) white solid with 
remaining impurities. 

1H NMR (300 MHz, Chloroform-d): �w���ó�X�î�í���t 7.17 (m, theory 2H), 
7.15 (d, J = 7.9 Hz, 2H), 4.24 �t 4.12 (m, 2H), 3.98 (s, 2H), 3.91 (ddd, 
J = 8.2, 5.8, 2.3 Hz, 2H), 3.59 �t 3.52 (m, 2H), 3.33 (s, 2H) 2.75 (dd, 
J = 14.3, 7.3 Hz, 2H), 2.57 (dd, J = 14.3, 5.4 Hz, 2H), 1.22 �t 1.13 (m, 
theory 12H). 

HR-MALDI-MS m/z: 757.0852 ([M+Na]+, calculated for 
C32H30Cl4N6NaO6

+: 757.0873). 

Rf (EtOAc:Cyhex 1:1) = 0.81.  
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Acetal-premonomer 49 

A 250 mL round bottom flask equipped with a stirring bar was 
charged with a solution of 1-bladed acetal 48 (1.0 g, 1.4 mmol, 1.0 
eq) and acetal 47 (0.70 g, 1.6 mmol, 1.1 eq) dry THF. Cs2CO3 (1.2 
g, 4.2 mmol, 3.0 eq) and 18-crown-6 (42 mg, 0.16 mmol, 0.10 eq) 
were added and the resulting suspension was stirred at room 
temperature for 41 h when TLC showed complete consumption of 
acetal2. Further acetal 47 (0.70 g, 1.6 mmol, 1.1 eq) in 2 mL dry 
THF and Cs2CO3 (1.4 g, 4.2 mmol, 3.0 eq) was added, the flask was 
closed with a rubber septum and the temperature was increased 
to 55 °C. Due to low conversion according to TLC, more acetal 47 
(0.70 g, 1.6 mmol, 1.1 eq) and Cs2CO3 (1.4 g, 4.2 mmol, 3.0 eq) was 
added after 9 h and the suspension was stirred for an additional 
22 h. Then 200 mL brine was added and the product was extracted 
with EtOAc. The combined organic phases were washed with 
brine, dried over MgSO4, concentrated under reduced pressure 
and purified by column chromatography (EtOAc:Cyhex, 1:2 -> 1:0) 
yielding 738 mg (36%) product containing some remaining 
impurities that were removed by a second column 
chromatography. 



  195 

1H NMR (300 MHz, Chloroform-d): �w���ó�X�î�î���t 7.08 (m, theory 12H), 
4.33 �t 3.94 (m, 12H), 3.92 �t 3.68 (m, 9H), 3.56 �t 3.42 (m, 6H), 3.25 
(d, J = 19.8, 3H), 2.87 �t 2.48 (m, 12H), 1.33 �t 1.20 (m, theory 36H). 

There was no 13C signal assignment, as due to the chiral nature of 
acetal-premonomer 49 multiple different chemical shifts were 
measured per carbon. The spectra can nevertheless be found in 
the appendix (Figure A.84). 

HR-MALDI-MS m/z: 1493.6182 ([M+Na]+, calculated for 
C84H90N6NaO18

+: 1493.6204).  
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Acetal-monomer 50 

A solution of acetal-premonomer 49 (0.10 g, 0.070 mmol, 1.0 eq) 
in 6 mL dry toluene and 4 mL dry chloroform in a round bottom 
flask equipped with a stirring bar, was degassed by purging with 
argon for 40 minutes. DDQ (94 mg, 0.41 mmol, 6.0 eq) was added 
and the purging was continued for 10 minutes. After 5 hours 
stirring at room temperature the solvent was removed under 
reduced pressure. Alox plug filtration (EtOAc) and subsequent 
silica gel column (EtOAc) removed the impurities only partially, 
pure 50 was thus not obtained and it could only be analysed by 
mass spectrometry. 

HR-MALDI-MS m/z: 1464.5826 ([M]+, calculated for C84H90N6O18
+: 

1464.5837). 
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Dodecaol 51 

A 5 mL round bottom flask equipped with a stirring bar was 
charged with a solution of acetal-premonomer 49 (9 mg, 7 �Pmol) 
in 1 mL THF and 1 drop of 2M HCL was added. After 1 h precipitate 
started to form and after 5 h the reaction was was dried under 
vacuum. The residue was analysed by NMR spectroscopy proving 
loss of the protecting group. 

HR-MALDI-MS m/z: 1253.43289 ([M+Na]+, calculated for 
C66H66N6NaO18

+: 1253.43258). 

Rf (AcOH:Acetone:MeOH 5:5:1) = 0.4.  
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Hexal 52 

A 5 mL round bottom flask equipped with a stirring bar was 
charged with a solution of the impure dodecaol 51 (20 mg) in 1 mL 
THF and MeOH (1:1). NaIO4 (40 mg) was added and the reaction 
was stirred at room temperature for 1 d and then dried in vacuum. 
The residue was analysed by mass spectrometry. 

HR-MALDI-MS m/z: 1039.2953 ([M+H]+, calculated for 
C60H43N6O12

+: 1039.2933). 
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5.3 Analytical methods 

Substrate preparation 

A clean mica (PLANO GmbH, Wetzlar, 35578 Germany) surface 
was exposed by peeling off scotch tape and multiple adherent 
mica layers. It was made sure that the layers removed were 
continuous, otherwise the procedure was repeated. 

Silicon oxide chips consisted of a 0.5 mm thick silicon wafer with 
285 nm polished silicon oxide on top. A clean surface was 
obtained by ultrasonication in acetone for 10 minutes to remove 
the protective coating. The sonicated plates were then thoroughly 
washed with further acetone and isopropanol and finally blow-
dried with nitrogen. Substrates prepared were used immediately.  

Copper grids were used as obtained (PLANO GmbH, Wetzlar, 
35578 Germany and agar scientific Ltd., Stansted, CM24 8GF 
United Kingdom) 

Sample deposition 

The suspension (7 to 25 �Pl) was placed onto mica or silicon oxide 
by an adjustable pipette. The water was left to evaporate and if 
salts were used the samples were washed 3 times (15-20 mL) with 
Milli-Q water. The samples were then again dried under ambient 
air and finally at <1 mbar overnight. 

Nuclear magnetic resonance spectroscopy (NMR) 

Samples were measured on 300 MHz and 400 MHz Bruker 
instruments. Chemical shifts are given in ppm relative to SiMe4. In 
the absence of SiMe4 residual solvent signals were used as internal 
reference. The chemical shift of the methyl group of propylene 
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carbonate relative to SiMe4 was measured as 1.42. Multiplets are 
described as singlet (s), doublet (d), triplet (t), quartet (q) and 
multiplet (m). 

Mass spectrometry (HR-MS) 

Mass spectrometry was performed by the MS-service of the 
laboratory of organic chemistry, ETH Zürich. 

Elemental analysis 

Elemental analysis was performed by the micro-laboratory of the 
laboratory of organic chemistry, ETH Zürich. 

Optical and fluorescence microscopy 

Optical microscopy of silicon oxide substrates using DIC filters was 
performed on a Leica DM4000 M optical microscope equipped 
with a Leica DMC2900 camera and a Zeiss AxioImager Z2. The 
latter was also used for fluorescence microscopy (excitation band 
370-400 nm, emission detection 410-440 nm). 

Dynamic light scattering (DLS) 

DLS was performed on a Malvern Zetasizer Nano ZS in single use 
plastic cuvettes (VWR, Germany). Data analysis was performed 
using the Malvern software and origin. 

Atomic force microscopy (AFM) 

AFM measurements on mica and silicon oxide substrates were 
carried out in tapping mode on a Bruker Dimension Icon 
microscope using OMCL-AC160TS-R3 cantilevers with a resonance 
frequency of 300 kHz and a spring constant of 26 N/m (Olympus, 
Taiwan). 
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Brewster angle microscopy (BAM) 

A KSV MicroBAM (KSV NIMA, Finland) with an internal laser 
operating at 659 nm was used to observe layer formation on the 
Langmuir trough. A copper grid of 3 mm diameter was used to 
obtain a rough scale bar for the recorded images. Due to the angle 
between camera and the water surface, the images are however 
distorted. 

Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) 

SEM images were taken with a LEO 1530 Gemini microscope 
equipped with an in-lens detector, operating at an acceleration 
�À�}�o�š���P�����}�(���î���l�s�U�����v�����‰���Œ�š�µ�Œ�����•�]�Ì�����}�(���ï�ì���…�u�����v���������Á�}�Œ�l�]�v�P�����]�•�š���v������
from 3mm to 5mm. EDX was conducted on the same microscope 
at 10 kV, a working distance of 10mm and with an aperture of 120 
�…�u�X 

Cryo-transmission electron microscopy (Cryo-TEM) 

A drop of the suspension was placed on a cryo-TEM grid and 
excess was removed by a filter paper pressed onto the grid (both 
sides of the grid for vesicular suspensions and one side only for 
sheet like suspensions). The grid was then immersed into liquid 
ethane and analysed by a EM2200FS (JEOL, Japan) equipped with 
a field emission gun and an in-column energy filter (JEOL) 
operated at 200 kV. A 40964096 CMOS camera (F416, TVIPS, 
Germany) with 5�t10mm under focus was used to increase the 
contrast. 
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UV-VIS spectroscopy 

Samples in quarz cuvettes (light path: 2 mm) were measured in a 
JASCO V-670 spectrophotometer with a scan speed of 1000 
nm/min to keep the time of irradiation short. The data was 
analysed using the software Spectra Manager V2 and origin. 

Fluorescence spectroscopy 

Samples in quarz cuvettes (light path: 1 cm) were measured in a 
Horiba Fluorolog Spectrometer and the data was analysed by the 
FluorEssence Software and origin. 
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Abbreviations 

1D one dimensional 

2D two dimensional 

3D three dimensional 

18-crown-6 1,4,7,10,13,16-hexaoxacyclooctadecane 

AcOH acetic acid 

AFM atomic force microscopy 

BAM Brewster angle microscopy 

BINAP �î�U�î
;-bis(diphenylphosphino)-�í�U�í
;-binaphthyl 

COD 1,5-cyclooctadiene 

Cpp critical packing parameter 

Cryo-TEM transmission electron cryomicroscopy 

DBTL dibutyltin dilaurate 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFT density functional theory 

DIPEA N,N-diisopropylethylamine, Hünig's base 

DLS dynamic light scattering 

DMF dimethylformamide 

DMPU �E�U�E
;-dimethylpropyleneurea 

DMSO dimethyl sulfoxide 

EDX energy-dispersive X-ray spectroscopy 

Et2O diethyl ether 

Et3N  triethylamine 
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EtOAc ethyl acetate, ethyl ethanoate 

HOPG highly oriented pyrolytic graphite 

IR infrared spectral range 

IRRAS infrared reflection absorption spectroscopy 

m-CPBA meta-chloroperoxybenzoic acid 

MeCN acetonitrile 

MeSO3H methanesulfonic acid 

Mica a sheet silicate with atomically flat surfaces 

MMA mean molecular area 

KOtBu potassium tert-butoxide 

MTBE methyl tert-butyl ether 

n-BuLi n-butyllithium 

NH4OAc ammonium acetate 

NMR nuclear magnetic resonance 

Pd/C palladium on carbon 

PDI polydispersity index 

p-TsOH para-toluenesulfonic acid 

SEM scanning electron microscopy 

STM scanning tunneling microscopy 

TEA triethylamine 

TERS tip-enhanced Raman spectroscopy 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TLC thin-layer chromatography 

UV/VIS ultraviolet/visible spectral range  
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Appendix 

 

Figure A.1: 1H (top) and 13C (bottom) NMR spectra of 9 in DMSO-d6 at room 
temperature. 



218   

 

 

Figure A.2: COSY (top) and HSQC (bottom) NMR spectra of 9 in DMSO-d6 at room 
temperature. 
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Figure A.3: HMBC (top) and NOESY (bottom) NMR spectra of 9 in DMSO-d6 at 
room temperature. 
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Figure A.4: 1H NMR spectrum of 4 on the laboratory scale (top) and the technical 
scale (bottom) in DMSO-d6 at room temperature. 
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Figure A.5:  1H NMR spectrum of 2 obtained on the technical scale in 
tetrachlorethane-d2 at room temperature. 
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Figure A.6:  1H NMR spectra of 1 in propylene carbonate at room temperature 
(top) and 75 °C (bottom). The minor conformation increased upon heating. A line 
broadening of 1 Hz was used.  
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Figure A.7:  1H NMR spectra of 1 in propylene carbonate at 125 °C (top) and 75 °C 
after cooling down (bottom). The minor conformation increased upon heating 
and decreased upon cooling. A line broadening of 1 Hz was used. 
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Figure A.8:  1H NMR spectrum of 1 in propylene carbonate back at room 
temperature after a full heating and cooling cycle. The integrals corresponding 
to the minor conformation reverted back to the intensities in Figure A.6 (top). A 
line broadening of 1 Hz was used. 
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Figure A.9:  1H NMR spectrum of 1 obtained on the technical scale in propylene 
carbonate. Diphenyl ether which was used for the recrystallization is marked with 
*.  

*  *  *  
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Figure A.10: 1H (top) and 13C (bottom) NMR spectra of 14 in DMSO-d6 at room 
temperature. 
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Figure A.11: HSQC (top) and HMBC (bottom) NMR spectra of 14 in DMSO-d6 at 
room temperature. 
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Figure A.12: 1H (top) and 13C (bottom) NMR spectra of 15 in DMSO-d6 at room 
temperature. 



  229 

 

Figure A.13: COSY (top) and HSQC (bottom) NMR spectra of 15 in DMSO-d6 at 
room temperature. 
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Figure A.14: HMBC NMR spectrum of 15 in DMSO-d6 at room temperature. 
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Figure A.15: 1H (top) and 13C (bottom) NMR spectra of 16 in DMSO-d6 at room 
temperature. 
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Figure A.16: COSY (top) and HSQC (bottom) NMR spectra of 16 in DMSO-d6 at 
room temperature. 
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Figure A.17: HMBC NMR spectrum of 16 in DMSO-d6 at room temperature. 
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Figure A.18: 1H (top) and 13C (bottom) NMR spectra of 17 in DMSO-d6 at room 
temperature. 
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Figure A.19: HSQC (top) and HMBC (bottom) NMR spectra of 17 in DMSO-d6 at 
room temperature. 
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Figure A.20: 1H (top) and 13C (bottom) NMR spectra of 20 in tetrachlorethane-d2 
at room temperature. The spectra contain an unknown impurity. 
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Figure A.21: HSQC NMR spectrum of 20 in tetrachlorethane-d2 at room 
temperature. 
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Figure A.22: 1H NMR spectrum of 21 in DMSO-d6 at room temperature. The 
spectrum contain an unknown impurities. 
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Figure A.23: 1H (top) and 13C (bottom) NMR spectra of 22 in DMSO-d6 at room 
temperature. 
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Figure A.24: COSY (top) and HSQC (bottom) NMR spectra of 22 in DMSO-d6 at 
room temperature. 
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Figure A.25: HMBC NMR spectrum of 22 in DMSO-d6 at room temperature. 

  



242   

 

Figure A.26: 1H (top) and 13C (bottom) NMR spectra of 23 in DMSO-d6 at room 
temperature. 
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Figure A.27: COSY (top) and HSQC (bottom) NMR spectra of 23 in DMSO-d6 at 
room temperature. 
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Figure A.28: HMBC NMR spectrum of 23 in DMSO-d6 at room temperature. 
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Figure A.29: 1H (top) and 13C (bottom) NMR spectra of 24 in DMSO-d6 at room 
temperature. 
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Figure A.30: COSY (top) and HSQC (bottom) NMR spectra of 24 in DMSO-d6 at 
room temperature. 
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Figure A.31: HMBC NMR spectrum of 24 in DMSO-d6 at room temperature. 
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Figure A.32: 1H (top) and 13C (bottom) NMR spectra of 25 in DMSO-d6 at room 
temperature containing acetone as an impurity. 
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Figure A.33: COSY (top) and HSQC (bottom) NMR spectra of 25 in DMSO-d6 at 
room temperature containing acetone as an impurity. 
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Figure A.34: HMBC NMR spectrum of 25 in DMSO-d6 at room temperature 
containing acetone as an impurity. 
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Figure A.35: 1H (top) and 13C (bottom) NMR spectra of 27 in DMSO-d6 at room 
temperature containing cyclohexane as an impurity. 



252   

 

Figure A.36: COSY (top) and HSQC (bottom) NMR spectra of 27 in DMSO-d6 at 
room temperature containing cyclohexane as an impurity. 
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Figure A.37: HMBC NMR spectrum of 27 in DMSO-d6 at room temperature 
containing cyclohexane as an impurity. 
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Figure A.38: 1H (top) and 13C (bottom) NMR spectra of 28 in DMSO-d6 at room 
temperature containing cyclohexane as an impurity. 
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Figure A.39: COSY (top) and HSQC (bottom) NMR spectra of 28 in DMSO-d6 at 
room temperature containing cyclohexane as an impurity. 
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Figure A.40: HMBC NMR spectrum of 28 in DMSO-d6 at room temperature 
containing cyclohexane as an impurity. 
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Figure A.41: 1H (top) and COSY (bottom) NMR spectra of 30 in DMSO-d6 at room 
temperature. 
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Figure A.42: HSQC (top) and HMBC (bottom) NMR spectra of 30 in DMSO-d6 at 
room temperature. 
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Figure A.43: 1H (top) and 13C (bottom) NMR spectra of 31 in DMSO-d6 at room 
temperature. 
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Figure A.44: COSY (top) and HSQC (bottom) NMR spectra of 31 in DMSO-d6 at 
room temperature. 
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Figure A.45: HMBC NMR spectrum of 31 in DMSO-d6 at room temperature. 
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Figure A.46: 1H (top) and 13C (bottom) NMR spectra of 32 in CDCl3 at room 
temperature containing residual impurities. 
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Figure A.47: HSQC (top) and HMBC (bottom) NMR spectra of 32 in CDCl3 at room 
temperature containing residual impurities. 
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Figure A.48: 1H NMR spectrum of 33 in tetrachlorethane-d2 at room temperature 
containing residual impurities.  
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Figure A.49: 1H NMR spectrum of 34 in tetrachlorethane-d2 at room temperature 
containing residual impurities.  
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Figure A.50: 1H (top) and 13C (bottom) NMR spectra of 35 in DMSO-d6 at room 
temperature. 
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Figure A.51: COSY (top) and HSQC (bottom) NMR spectra of 35 in DMSO-d6 at 
room temperature. 
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Figure A.52: HMBC NMR spectrum of 35 in DMSO-d6 at room temperature. 
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Figure A.53: 1H (top) and 13C (bottom) NMR spectra of 36 in DMSO-d6 at room 
temperature. 
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Figure A.54: COSY (top) and HSQC (bottom) NMR spectra of 36 in DMSO-d6 at 
room temperature. 
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Figure A.55: HMBC NMR spectrum of 36 in DMSO-d6 at room temperature. 
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Figure A.56: 1H (top) and 13C (bottom) NMR spectra of 37 in DMSO-d6 at room 
temperature. 
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Figure A.57: COSY (top) and HSQC (bottom) NMR spectra of 37 in DMSO-d6 at 
room temperature. 
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Figure A.58: HMBC NMR spectrum of 37 in DMSO-d6 at room temperature. 
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Figure A.59: 1H (top) and 13C (bottom) NMR spectra of 38 in CDCl3 at room 
temperature. 
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Figure A.60: COSY (top) and HSQC (bottom) NMR spectra of 38 in CDCl3 at room 
temperature. 
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Figure A.61: HMBC NMR spectrum of 38 in CDCl3 at room temperature. 
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Figure A.62: 1H (top) and 13C (bottom) NMR spectra of 39 in DMSO-d6 at room 
temperature. 
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Figure A.63: COSY (top) and HSQC (bottom) NMR spectra of 39 in DMSO-d6 at 
room temperature. 
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Figure A.64: 1H (top) and 13C (bottom) NMR spectra of 40 in CDCl3 at room 
temperature. 
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Figure A.65: COSY (top) and HSQC (bottom) NMR spectra of 40 in CDCl3 at room 
temperature. 
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Figure A.66: HMBC NMR spectrum of 40 in CDCl3 at room temperature. 
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Figure A.67: 1H (top) and 13C (bottom) NMR spectra of 41 in CDCl3 at room 
temperature. 
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Figure A.68: COSY (top) and HSQC (bottom) NMR spectra of 41 in CDCl3 at room 
temperature. 
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Figure A.69: HMBC (top) and 1H (bottom) NMR spectrum of 41 in CDCl3 at room 
temperature. The integrals in the proton NMR show that roughly 6% of the 
monomers are in the parallel conformation. 



286   

 

Figure A.70: 1H (top) and 13C (bottom) NMR spectra of 42 in DMSO-d6 at room 
temperature containing dioxane as an impurity. 
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Figure A.71: HSQC (top) and HMBC (bottom) NMR spectra of 42 in DMSO-d6 at 
room temperature containing dioxane as an impurity. 
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Figure A.72: 1H NMR spectrum of 42 in DMSO-d6 at room temperature. The 
integrals show that roughly 3% of the monomers are in the parallel conformation. 
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Figure A.73: 1H NMR spectrum of 43 in CDCl3 at room temperature. 
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Figure A.74: 1H (top) and 13C (bottom) NMR spectra of 44 in DMSO-d6 at room 
temperature. 
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Figure A.75: COSY (top) and HSQC (bottom) NMR spectra of 44 in DMSO-d6 at 
room temperature. 
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Figure A.76: HMBC NMR spectrum of 44 in DMSO-d6 at room temperature. 
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Figure A.77: 1H (top) and 13C (bottom) NMR spectra of 46 in DMSO-d6 at room 
temperature containing ethyl acetate as an impurity. 
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Figure A.78: COSY (top) and HSQC (bottom) NMR spectra of 46 in DMSO-d6 at 
room temperature containing ethyl acetate as an impurity. 
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Figure A.79: HMBC NMR spectrum of 46 in DMSO-d6 at room temperature 
containing ethyl acetate as an impurity. 
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Figure A.80: 1H (top) and 13C (bottom) NMR spectra of 48 in CDCl3 at room 
temperature. 
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Figure A.81: COSY (top) and HSQC (bottom) NMR spectra of 48 in CDCl3 at room 
temperature. 
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Figure A.82: HMBC NMR spectrum of 48 in CDCl3 at room temperature. 
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Figure A.83: 1H (top) and HSQC (bottom) NMR spectra of 49 in CDCl3 at room 
temperature containing several impurities. 
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Figure A.84: 1H (top) and 13C (bottom) NMR spectra of 50 in CDCl3 at room 
temperature. 
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Figure A.85: HSQC (top) and HMBC (bottom) NMR spectra of 50 in CDCl3 at room 
temperature. 
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Figure A.86: 1H (top) and 13C (bottom) NMR spectra of 45 in DMSO-d6 at room 
temperature. 
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Figure A.87: HSQC (top) and HMBC (bottom) NMR spectra of 45 in DMSO-d6 at 
room temperature. 
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Figure A.88: COSY (top) and NOESY (bottom) NMR spectra of 45 in DMSO-d6 at 
room temperature. 
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Figure A.89: Two views of the carbon skeleton of an energy minimised, 
anthracene derivative dimer for monolayer height estimation. The rigid part as 
well as first flexible carbon from the sidechain were used for the estimation of 
monolayer thickness.  
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Figure A.90: BAM images of monomer 41 spread at the air water interface. 
Regions with distinct round features (top) as well as regions of different 
brightness (bottom) formed. The images show roughly an area of 4x4 cm. 
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Figure A.91: SEM images of polymer films of monomer 41. 
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Figure A.92: SEM Images of two objects obtained after placing a drop of a 
suspension containing self-assemblies on a grid and adsorbing the water through 
the grid into a paper towel. For the purpose of washing a drop of Milli-Q water 
was placed on the grid and soaked into the paper towel as well. The top image 
shows a rare feature with flat surfaces, the bottom image an example of the far 
more common particles with rough surfaces. Due to the few features found on 
the grid, no interpretation was attempted. 
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Figure A.93: DLS particle size measurement of aqueous self-assemblies of 
monomer 41 before (top) and after (bottom) MeCN addition. Single experiments 
are shown in bleu, their average in red. While measurements prior to MeCN 
addition give reproducible results, after MeCN addition even consecutive 
measurements deviate significantly from each other. 
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Figure A.94: Calibration for concentration determination of monomer 41 in 50% 
(v/v) water and MeCN. The slope was determined as 0.0103. 

 

Figure A.95: AFM height image of a self-assembly suspension dried on mica. 
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Figure A.96: Cryo-TEM images of aqueous self-assemblies before irradiation (top) 
and after (bottom).  
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Figure A.97: AFM images of self-assemblies containing fewer and small defects 
(top) and large and numerous defects (bottom). The scale bars of the insets are 
100 nm (top) and 300 nm (bottom). 
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Figure A. 98: A variety of differently sized and shaped monolayer self-assemblies 
in an AFM image. 

 

Figure A.99: A loosely connected feature as occasionally obtained besides the 
usual monolayers. 
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Figure A.100: Optical micrograph using DIC (top) and fluorescence image 
(bottom) of salt solution residues after washing with water. The nature of the 
residue is unknown. A crystal or dust particle is visible in both images in the 
bottom right corner. 
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Figure A.101: AFM image of overlapping features (marked by arrows) on silicon 
oxide.  
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Figure A.102: Cryo-TEM images of planar self-assemblies in solution. A beam 
perpendicular to a monolayer passes through 1 nm sample, rendering the sample 
transparent. A beam roughly parallel to the monolayer passes many nms of 
sample leading to a dark feature (white arrows). The sample was tilted by A) 0°, 
B) 30°, C) 45° and D) again 0° around a horizontal axis. Upon rotation, features 
disapeard (B and C) and reappeard (D) after reverting the rotation. Features 
roughly perpendicular to the rotation axis did, as expected, not get influenced. 
Dark round and smeared objects are of unknown origin and were ignored. 
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Figure A.103: Ratio between two emission bands (448 nm / 418 nm) of the 
fluorescence spectra of self-assemblies of monomer 41 versus the ratio of water 
and MeCN of the solvent. The emission data is taken from Figure 4.17. The 
change around 80% water to 20% MeCN is attributed to the dissolution of self-
assemblies. 

 

Figure A.104: Isotherm of monomer 42 on the Langmuir trough. The MMA is 
unknown since the concentration of the monomer solution was not known 
precisely. The irregularity was induced due to vibrations as a result of moving 
equipment around. 


