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Abstract 

H2O, known as water in its liquid phase, is one of the most studied molecules in many scientific 

disciplines, such as chemistry, physics and biology. For terrestrial ecosystems, the supply of 

water is harmless in the chemical sense. This harmlessness of water could also be a consequence 

of how life on earth originated, namely - according to many theories of origin - in water. 

Its harmlessness and its low price are reasons why water, as a polar or protic solvent and 

suspending agent, is preferable to other substances, provided that several solvents are suitable 

for the respective process. For reasons of environmental protection and economics, it is also 

worthwhile to optimize work processes in such a way that the respective solvent can be replaced 

by water, even in processes in which non-polar solvents are necessary. 

So, how can we use the properties of water for new technologies, such as semiconductor 

technology? And vice versa, how can we explain natural phenomena with the knowledge of 

technical approaches? 

In this thesis, two scientific fields - semiconductor research and the explanation of an essential 

biochemical phenomenon - are linked by studying and applying the same physico-chemical 

process. 

In this thesis, organic solid/solid wetting deposition (OSWD) is used as a physico-chemical 

process. With it, it will be demonstrated how the properties of water can be used for 

nanotechnology. Organic solid/solid wetting deposition (OSWD) is a method of forming a 

monomolecular layer (monolayer) of organic semiconductor molecules on crystal surfaces, 

such as graphite or graphene. Organic semiconductor molecules are widely used as industrial 

organic pigments and components for optical storage and organic electronics. By definition, 

these pigment molecules are not soluble in polar solvents such as water. This has been 

problematic when using current thin-film technology techniques, since molecular deposition 

and monolayer formation required non-polar solvents, which are more environmentally harmful 

than using water as the liquid medium. In order to circumvent this limitation, technically very 

complex approaches or expensive chemical modifications are required. 

One aim of this study is to investigate whether OSWD can be used to establish a new method 

for doping graphene with water-insoluble organic semiconductors in aqueous environments. 

This would open new prospects for the environmentally friendly manufacturing of 
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semiconductor systems, which is of great importance as this kind of technology will be 

indispensable in the future, to support environmental protection. 

In order to make this environmentally friendly technology operational, it is important to 

generate the necessary amount of monolayers on the graphene surface. This is necessary to 

achieve efficient doping of graphene. Therefore, this work investigates whether and how this 

OSWD can be optimized by adding selected biomolecules to the pigment-water suspension. As 

a result, the system is optimized using only environmentally friendly components. By screening 

20 different candidates and mixtures thereof, mostly biomolecules, especially nucleotides, the 

addition of adenosine monophosphate (AMP) showed a significant increase in coverage, i.e. 

the percentage of the substrate surface covered by organic semiconductor monolayers. 

Therefore, in this work, the role of AMP in the OSWD system was further investigated to find 

possible reasons for the strong increase in the coverage of the organic molecule monolayers. 

Finally, the OSWD process was used as a method to study the influence of nano-fluidic 

phenomena on nucleotides. The idea came up that a nano-fluid environment could also explain 

the enzyme-free condensation reaction (reaction with the elimination of a low-molecular 

substance such as H2O ) from nucleotides to RNA - as it must have taken place when the first 

RNA molecules were formed. This was inspired on the one hand by the strong influence of 

AMP on the suspended particles in the OSWD system and on the other hand by the significant 

role of AMP in biological processes that are crucial for the existence of life on this planet. RNA 

macromolecules can be formed in water without the need for enzymes by condensation 

reactions in a nano-fluid environment, which is per se an unresolved contradiction in current 

theories on the origin of life (water paradox). The OSWD system can be used as a reference 

method to test hypotheses about the reaction behaviour with regard to the condensation reaction 

of certain combinations of substances. 

The new explanatory model shown in this work solves numerous contradictions that previous 

theories cannot yet clarify: The use of a nano-constrained environment as a prebiotic reaction 

vessel makes an important contribution to solving the water paradox in theories on the origin 

of life in water, although water inhibits the condensation reaction of nucleotides. The theoretical 

model of prebiotic reaction vessels does not need wet-dry cycles, spark discharges, or molecular 

species that probably did not even exist on Earth at that time. Instead, this study shows a simple, 

geochemically very common and therefore very probable situation in which macromolecules 

such as RNA can be formed. The situation shown is even compatible with the conservative 

nature of evolution - a principle that states that evolutionary developments in biology always 
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build on existing solutions. The model presented can plausibly explain how the first RNA 

molecules could have arisen without the presence of enzymes. 
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Zusammenfassung 

H2O, in seiner flüssigen Phase als Wasser bekannt, ist eines der am besten untersuchten 

Moleküle in vielen naturwissenschaftlichen Disziplinen, wie der Chemie, der Physik und der 

Biologie. Für irdische Ökosysteme ist die Zufuhr von Wasser, im chemischen Sinne, 

unschädlich. Diese Unschädlichkeit des Wassers könnte auch eine Folge dessen sein, wie das 

Leben auf der Erde entstanden ist, nämlich - laut vieler Entstehungstheorien - im Wasser. 

Seine Unschädlichkeit und auch sein geringer Preis, sind Gründe, weswegen Wasser als polares 

bzw. protisches Lösungs- und Suspensionsmittel anderen Substanzen vorzuziehen ist, sofern 

mehrere Lösungsmittel für den jeweiligen Prozess geeignet sind. Wegen des Umweltschutzes 

und der Wirtschaftlichkeit ist es ebenso erstrebenswert, selbst bei den Prozessen, bei denen 

unpolare Lösungsmittel nötig sind, die Arbeitsabläufe so zu optimieren, dass das jeweilige 

Lösungsmittel durch Wasser ersetzt werden kann. 

Wie können wir die Eigenschaften des Wassers für neue Technologien, wie z.B. 

Halbleitertechnologie nutzen? Und umgekehrt, wie können wir Naturphänomene mit den 

Erkenntnissen technischer Ansätze erklären?  

In dieser Arbeit werden zwei wissenschaftliche Gebiete - die Halbleiterforschung und die 

Erklärung eines essenziellen biochemischen Phänomens - miteinander verbunden, indem der 

gleiche physikalisch-chemische Prozesses untersucht und angewandt wird. 

Als physikalisch-chemisches Verfahren wird in dieser Arbeit die organische 

Festphasenbenetzung (engl. Organic Solid/Solid Wetting Deposition (OSWD)) verwendet. 

Damit wird gezeigt, wie  die  Eigenschaften des Wassers für die Nanotechnologie eingesetzt 

werden können. Die organische Festphasenbenetzung (OSWD) ist ein Verfahren zur Bildung 

einer monomolekularen Schicht (Monoschicht) organischer Halbleitermoleküle auf 

Kristalloberflächen, wie Graphit oder Graphen. Organische Halbleitermoleküle werden häufig 

als industrielle organische Pigmente und Komponenten für optische Speicher und organische 

Elektronik verwendet. In polaren Lösungsmitteln wie Wasser sind diese Pigment-Moleküle, 

laut Definition, nicht löslich. Dies war bisher bei der Anwendung gängiger Techniken der 

Dünnschichttechnologie problematisch, da molekulare Abscheidung und Monolagenbildung 

unpolare Lösungsmittel erforderten, welche für die Umwelt schädlicher sind als der Einsatz von 

Wasser als flüssiges Medium. Um diese Einschränkung zu umgehen, sind technisch sehr 

aufwendige Ansätze oder teure chemische Modifikationen erforderlich.  



 

14 

Ziel dieser Studie ist es unter anderem zu untersuchen, ob mit OSWD eine neue Methode zur 

Dotierung von Graphen mit wasser-unlöslichen organischen Halbleitern in wässrigen 

Umgebungen etabliert werden kann. Dies würde neue Perspektiven für die umweltfreundliche 

Herstellung von Halbleitersystemen eröffnen, was von großer Bedeutung ist, da diese Art von 

Technologie in Zukunft unverzichtbar sein wird, um dem Umweltschutz gerecht zu werden. 

Um diese umweltschonende Technologie einsatzbereit zu machen, ist es wichtig, die nötige 

Menge von Monoschichten auf der Graphen-Oberfläche zu erzeugen. Nur dadurch kann eine 

effiziente Dotierung von Graphen erzielt werden. Daher wird in dieser Arbeit untersucht, ob 

und wie diese OSWD, durch Zugabe ausgewählter Biomoleküle zur Pigment-Wasser-

Suspension, optimiert werden kann. Dadurch erfolgt die Optimierung des Systems nur unter 

Verwendung umweltfreundlicher Komponenten. Durch das Screening von 20 verschiedenen 

Kandidaten und Mischungen derselben, meist Biomoleküle, vor allem Nukleotide, zeigte die 

Zugabe von Adenosin-Monophosphat (AMP) eine signifikante Erhöhung der Bedeckung, d.h. 

des prozentualen Anteils der Substratoberfläche, der von organischen Halbleiter-

Monoschichten bedeckt wurde. Daher wurde in dieser Arbeit die Rolle von AMP im OSWD-

System weiter untersucht, um mögliche Gründe für die starke Erhöhung der Bedeckung der 

organischen Molekülmonoschichten zu finden. 

Schließlich wurde der OSWD-Prozess als Methode verwendet, um den Einfluss nano-fluider 

Phänomene auf Nukleotide, zu untersuchen. Die Idee, kam auf, dass eine nano-fluide 

Umgebung auch die enzymfreie Kondensationsreaktion (Reaktion unter Abspaltung eines 

niedermolekularen Stoffes wie z.B. H2O) von Nukleotiden zu RNA - wie sie bei der Entstehung 

der ersten RNA-Moleküle stattgefunden haben muss -  erklären könnte. Dazu inspiriert hat zum 

einen der starke Einfluss von AMP auf die suspendierten Partikel im OSWD-System und zum 

anderen die signifikante Rolle von AMP in biologischen Prozessen, die für die Existenz des 

Lebens auf diesem Planeten entscheidend sind. Durch Kondensationsreaktionen in nano-fluider 

Umgebung können RNA-Makromoleküle ohne die Notwendigkeit von Enzymen in Wasser 

gebildet werden, was bisher per se ein ungeklärter Widerspruch in den gängigen Theorien zum 

Ursprung des Lebens ist (Wasser-Paradoxon). Dabei kann das OSWD-System als 

Referenzmethode verwendet werden, um Hypothesen über das Reaktionsverhalten, hinsichtlich 

der Kondensationsreaktion, bestimmter Kombinationen von Stoffen zu testen. 

Das in dieser Arbeit gezeigte neue Erklärungsmodell löst zahlreiche Widersprüche, die 

bisherige Theorien noch nicht klären können: Die Verwendung einer nano-beschränkten (engl. 

nanoconfined) Umgebung als präbiotisches Reaktionsgefäß liefert einen wichtigen Beitrag zur 
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Lösung des Wasser-Paradoxons in Theorien zum Ursprung des Lebens im Wasser, obwohl 

Wasser die Kondensationsreaktion von Nukleotiden hemmt. Das theoretische Modell der 

präbiotischen Reaktionsgefäße braucht weder Nass-Trocken-Zyklen noch Funkenentladungen 

oder Molekülarten, die wahrscheinlich nicht einmal auf der Erde zu diesem Zeitpunkt 

vorkamen. Stattdessen zeigt diese Studie eine einfache, geochemisch sehr häufige und damit 

sehr wahrscheinliche Situation, wie Makromoleküle wie RNA gebildet werden können. Dabei 

ist die gezeigte Situation sogar mit der konservativen Natur der Evolution vereinbar – ein 

Prinzip, das besagt, dass evolutorische Entwicklungen in der Biologie immer auf vorhandenen 

Lösungen aufbauen. Das vorgestellte Modell kann plausibel erklären, wie die ersten RNA-

Moleküle ohne die Anwesenheit von Enzymen entstanden sein können. 
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1.  Introduction 

1.1. Water 

Without water, life as we know it today would not exist. It may have played a fundamental role 

in the origin of life as a solvent and reactant and further as a medium which enabled the basic 

(bio-) molecules to react with each other1, so that they could react and form more complex 

molecules, like amino acids, peptides, carbohydrates, lipids and nucleic acids. For this 

evolutionary reason, every cell contains water, accounting for 70 % or more of the total cell 

mass, what makes water being the most abundant molecule in cells2 and therefore essential for 

species (actively) living on Earth. Furthermore, the consumption of undistilled water is not 

toxic, at least in appropriate amounts. 

Water has an ambivalent role in basic and applied sciences: Due to its non-toxicity, ubiquity 

and low cost it is desirable to use water as an agent in physicochemical processes. Nevertheless, 

in applied sciences, such as semiconductor technologies, the water insolubility of industrial 

produced organic semiconductors hampers their sustainable processing. And also, regarding the 

research on life’s origins, water generates a paradox by preventing the formation of key 

biopolymers such as RNA: Though many theories of the origin of RNA assume, that the first 

polymers of the nucleic acid was formed in an aqueous environment3, the condensation reaction 

to form RNA out of single nucleotides needs to take place in the absence of water. 

 

 

1.2. Semiconductor technologies 

1.2.1. Technologization and environment protection 

Over the last decade and still ongoing, one of the most growing technologies is the 

semiconductor technology. Semiconductors are used, whenever miniaturized switches – 

transistors - are needed, e.g., to construct microchips for any kind of computer system but also 

for communication engineering and power electronics4. Therefore, it is especially important for 

the well-being of our environment and nature in general, that the semiconductor industry 

becomes more environment friendly. 

Though environment protection becomes increasingly important, so far, semiconductor 

technology approaches still use deposition methods that either use toxic, rare or expensive 
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chemicals, are highly energy consumptive and/or need special instruments and skills of the 

operators.  

With the advancement of the industrialization and technologization, made by humas, it is also 

our responsibility to focus on technologies and production methods that are as less harmful for 

the organisms in our environment as possible. Though or especially because there are a lot of 

technical workflows, that do use alcoholic or organic solvents, with many of them being indeed 

toxic for our environment, new methods need to be explored and applied to make 

industrialization and technologization more environment friendly. As a possible solution for 

this problem, water-based workflows show up to be a promising possibility. Due to its in-

toxicity, as mentioned before, water is an optimal solvent and dispersion agent to design 

environment friendly workflows. 

Furthermore, by taking advantage of its outstanding properties, new possibilities of physico 

chemical processes can and should be explored and transferred to other scientific fields. For 

example, a possible approach for water-based workflows for the semiconductor industry, that 

also can be used as a probe to examine phenomena in other scientific fields is the organic 

solid/solid wetting deposition (OSWD) 

 

 

1.2.2. Organic Solid/Solid Wetting Deposition (OSWD) for 

possible semiconductor technology approaches 

OSWD is a deposition method to generate monolayers of polycyclic heteroaromatics (PHA), 

e.g. organic semiconductors, on crystal surfaces, graphite (highly oriented pyrolytic graphite, 

HOPG) (Fig. 1), graphene and others5,6 . The PHAs may form regular patterns on the crystal 

surface by molecular self-assembly, as shown in Fig. 1. 
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Figure 1: HOPG substrate covered with SAM domains of dimethyl-quinacridone (dmQAC), 

scanning tunnelling microscopy. 

 

With the OSWD method there is no need of a PHAs-containing solution, but monolayer 

formation happens out of the solid state of the PHA crystal, which can be dispersed in a 

dispersion agent, for easier handling, such as propanol, anisole, acetone, and many others. As 

mentioned before even water can be used as a suspension agent. Further it was also shown by 

Eberle et al. that OSWD is even possible by applying the PHAs as a powder on the crystal 

surface and by heating it up to 240 °C, monolayer domains will form on top of the substrate, in 

a remarkable high amount6. 

The high coverage of the substrate surface with the mentioned semiconductor monolayer is 

crucial when it comes to applications in the semiconductor and thin-film electronics industry. 

Here, it usually is necessary that a high percentage of the substrate surface is covered with the 

favored semiconductor monolayer. As shown before, with the example of dimethyl-QAC 

(dmQAC), OSWD is a suitable method to dope graphene by organic material coating7,8. 

However, to achieve a suitable doping effect, for later applications in the semiconductor 

technology, a high percentage of the graphene´s surface needs to be covered with the organic 

monolayers. 

However, heating up the material to 240 °C brings at least two disadvantages: first heating up 

requires high amount of energy and therefore shows up to not be efficient regarding 

environmental friendliness. Second those high temperatures restrict the selection of materials 

that can be used applying this method, as the material might melt (e.g., plastic electronics). 
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Though Eberle et al. showed that OSWD in water and under ambient conditions is indeed 

possible, the amount of covered graphene surface with PHA domains remained small and 

therefore not enough sufficient when it comes to application possibilities. 

 

 

1.3. The water problem in origin of life theories 

As mentioned before, the OSWD is not only suitable as a possible approach for green chemistry 

in the semiconductor industry but can also be used as a probe to explore and explain phenomena 

in other scientific fields. One of this fields, in which water also plays a central role, represent 

the origin of life theories and the herein constantly occurring water paradox. So far, the most 

discussed origin of life theories deal with wetting-drying cycles, lighting strikes, or 

extraordinary and rare molecule species, or species that do not play a functional role in modern 

biochemistry, to explain the paradox of the course of hydrolysis sensitive reactions, necessary 

to build oligonucleotides like ribonucleic acids (RNAs) or deoxyribonucleic acids (DNAs), 

though they assume, that oligonucleotides must have developed in water1 . 

Though, as mentioned before, the total cell mass consists out of 70 % and more water, the liquid 

plays an ambivalent role within the cells, life, and the origin of life: water can function as a 

solvent and reactant on the one hand, but also promotes hydrolysis on the other hand, which 

prevents the emergence of the essential organic molecules (Fig. 2). This mystery represents one 

of the central issues in origin of life9. 

 

 

Figure 2: Water can function as solvent and reactant on the one hand but promotes hydrolysis 

on the other. 
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However, to overcome this paradox existing in most origin of life theories9–11, an environment 

which consists of water but wherein the activity of water is reduced, is needed. 

“Living cells contain an intracellular aqueous fluid that is crowded with large, complex 

biomolecules. In this environment, virtually all water exists as interfacial water[…][8]. When 

viewing this dense mixture from the perspective of materials science, it is describable as an 

aqueous suspension of highly concentrated nanoparticles. In the vicinity of such particles, 

various nanofluid phenomena emerge in interfacial and nanoconfined water[…][9,10]. 

Consequently, such water differs significantly compared to bulk in terms of properties such as, 

flow behaviour, reactivity, H-bonding network dynamics, density, dielectric constant, or the 

quantum state of protons[…][11–13]. From a geochemical point of view, aqueous suspensions of 

mineral particles of micro-and nanoscopic size can be regarded as a comparable environment 

that generate nanofluid effects.”14 

Specialisation of science often makes us think insularly, though there are several phenomena 

that can be explained applying the same basic principles. By connecting the findings made 

during the elaboration of this thesis, working on a water based OSWD approach, applicable for 

semiconductor technologies, it was achieved to create a new theory to overcome the water 

paradox in prebiotic RNA formation, as well. This crucial point of the origin of life, so far 

existing theories were not able to explain in a that straight forward chemo evolutionary 

consensus as it can our here shown new concept. 

 

 

1.4. Aim and structure of this thesis 

1.4.1. Enhancement of OSWD using (bio-)molecules 

It can be stated that an environmentally friendly method to generate monolayers of PHA 

dopants on graphene, using a cheap and easy to handle deposition method, applicable for 

virtually insoluble and hardly processable molecules such as PHAs, with sufficiently high 

efficiency was not available so far. Nevertheless,  as mentioned before,  the progress of the 

industrialization and technologization, made by humas, entails also a growing responsibility to 

advance technologies and production methods that are as less harmful for organisms as possible. 

Present established methods require at least either heat, harmful chemicals, specific skills of the 

operator or complex instruments. For this reason, in this thesis it was examined how OSWD at 
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room temperature can be influenced in terms of efficacy, using only non-harmful substances, 

such as water as a dispersion agent and dissolved biomolecules acting as OSWD influencing 

agents. 

Therefore, a screening of different samples was performed and will be analysed regarding their 

influence on the OSWD in Chapter 4.1.. Extensive STM imaging was performed with 

subsequent analysis of the amount of substrate area covered my domains. As an exemplary 

PHA, quinacridone (QAC), a red/pink pigment, insoluble in water and a p-type dopant15,16 was 

used. 

Since the results showed an outstanding increase of monolayer formation on the substrate, when 

AMP was added to the sample, further analysis about the chemical and physical properties of 

AMP and their possible influence on the OSWD rate, in comparison to the other 

monophosphate nucleotides will be shown in the same chapter. Several aspects were examined: 

- The pH value of the sample (e.g., mixture of QAC, Water, AMP), as high pH can 

increase the percentage of covered substrate area by OSWD, whereas low pH decreases 

it13. The aim was to analyse whether the mixture of AMP with QAC, and water shows 

an unexpected pH. 

- The zeta potential of the sample, as it was shown that the z33 value (the value where 33 

% of the distribution is more negative and 66 % more positive) of the zetapotential is 

indirectly proportional with the coverage of OSWD in many cases13. The aim was to 

examine if this was the case with AMP. 

- The molecular electrostatic potential of different nucleotides to analyse differences in 

the functional, chemical structure. 

- Stacking possibilities and stacking constants of AMP, cytidine-monophosphate (CMP), 

guanosine-monophosphate (GMP) and uridine-monophosphate (UMP) to examine 

further intermolecular interactions. 

 

 

1.4.2. Doping of graphene at room temperature 

As shown in a proof-of-concept study by Eberle et al. graphene can be doped by OSWD using 

dmQAC7, yet it was not demonstrated if this method is also applicable using other PHAs. 

However, this would be important to gather further information about the applicability of the 
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OSWD for semiconductor technologies and offer different options of possible dopants, making 

the application more flexible regarding its raw materials. Therefore, in a second part of this 

thesis, it was examined if doping of graphene by monolayer formation of semiconductive PHAs 

on the graphene surface, also is possible by using another dopant and by applying OSWD at 

room temperature and in water. 

To analyse this, in chapter 4.2. the results of different spectroscopy analysis will be shown. 

DmQAC and flavanthrone were chosen as model PHAs, to compare the results with earlier 

results of our group. Three different methods were performed to achieve reliable results: 

Tunnelling spectroscopy, Raman spectroscopy and Dirac peak measurements. 

 

 

1.4.3. Condensation of RNA in aqueous particle suspensions 

To examine if OSWD-generating environments also influence the behaviour of biomolecules 

vice versa, aqueous OSWD-like samples, containing substrate powder and/or pigment powder 

as well as RNA nucleotides of different species, were analysed regarding possible oligo 

nucleotide formation after incubation.  

This examination was done, using biochemical approaches: ethanol precipitation, reverse 

transcription polymerase quantitative chain reaction (RT-qPCR) and fluorescence 

spectroscopy. 

Using the OSWD system as a probe, it will be further shown, how hypothetical assumptions 

about the influences of the here shown new theory of the possible origin of life in water can be 

proven. Predictions of the outcoming yield of oligo nucleotides in distinct samples were made 

and controlled, using the efficiency of the OSWD using the same sample composition. 

“Inspired by […] [the idea that “from a geochemical point of view, aqueous suspensions of 

mineral particles of micro-and nanoscopic size can be regarded as a comparable environment 

which generate nanofluid effects[14]”], we designed experiments to test the potential of 

nanofluid environments within aqueous suspensions of particles for inducing key biochemical 

reactions in a possibly prebiotic context. As various prebiotic synthesis pathways of nucleosides 

[…][17] and nucleotides[…][18] have been proposed and because the abiotic condensation of 

nucleotides into RNA within water is a common goal of prebiotic chemistry[…][19,20], we chose 

the polymerisation of nucleotides into RNA as an example reaction. The focus was set on the 
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formation of a pure adenosine-based RNA (poly(A) RNA) since adenosine monophosphate 

(AMP) is the most common nucleotide in living cells[…][21]. Furthermore, poly(A) RNAs are 

common RNAs in cells in the form of poly-A-tails of messenger RNAs during protein 

biosynthesis. Thus, we first prepared samples which contained dissolved AMP. In order to 

create a nanofluid environment for AMP solutions we selected quinacridone (QAC) as an 

example of polyaromatic heterocycle particles and graphite as an inorganic suspended particle 

species as both compounds have well been characterized in terms of inducing nanofluid 

phenomena in aqueous suspensions[…][13].”14 
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2. Basics 

2.1. Organic Solid/Solid Wetting Deposition 

Organic Solid/Solid Wetting Deposition (OSWD) is a deposition method to generate 

monolayers of organic semiconductors on substrates, out of the solid phase of the insoluble 

particles under ambient conditions5,6,12,13,22. 

So far, OSWD was studied in the context of two-dimensional crystal engineering and organic 

semiconductor device development using various substrates, like highly oriented pyrolytic 

graphite (HOPG), graphene, carbon nanotubes, and molybdenum disulphide (MoS2). Further, 

there are several organic substances, that are known to form monolayers in OSWD application, 

like quinacridone (QAC) and its various derivatives, phtalocyanine (Phth), flavanthrone (FVT) 

and many others5,6,12,13,22. 

Understanding the physical principles behind this deposition method, but also gaining technical 

experience using different substrates, semiconductors, dispersion agents and further conditions 

might help to find innovative solutions for semiconductor production. Further, the OSWD can 

not only be used as a technical approach, but also as a probe to examine and explain natural 

phenomena. 

 

 

2.1.1. Practical principle 

To generate monolayer formation of the mentioned pigments on a substrate using OSWD, 

pigment powder can be mixed with a suitable dispersion agent of choice and drop casted on the 

substrate. On the substrate, supramolecular, two-dimensional adsorbates form directly from the 

three-dimensional, insoluble solid pigment particle without further handling steps being 

required. Previous investigations on OSWD have shown that with respect to upper solubility 

limits and STM observations of monolayer coverage, distinct domain formation and the 

possibility of single molecule extraction via nanomanipulation, adsorbate formation from 

solution can be excluded11. This process has been shown to take only a few seconds13 and can 

be handled under ambient conditions. Neither high or low temperature, nor vacuum, ultra clean 

environments, or time-consuming processes to manipulate the organic molecule of interest to 

turn them soluble, are needed. Moreover, the OSWD method can also be handled using water 

as a dispersion agent (Fig. 3). After drying the samples, e.g., by evaporation, a covering using 
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dodecane enables scanning tunnelling microscopy (STM) to examine the deposition further22. 

It needs to be ensured, that the used pigment is not soluble in dodecane. 

Another approach to generate monolayer adsorbates as described above, is heating up the 

pigment powder on a substrate to minimum 240 °C, without using dispersion agents. With this 

method one can achieve very high adsorbate coverages, of substrate surface area22. 

Nevertheless, high heat energy is required. 

 

 

Figure 3: Graphical abstract of the basic method, used to generate OSWD. 

 

Up-scaling is only limited to the size of the substrate. Furthermore, pigments are available in 

enormous amounts due to their widespread use in industrial applications but applying the 

OSWD method, only very small amounts in the order of mg or even less, are needed in the end 

to form the monolayers on the substrate. 

 

 

2.1.2. Physical Principle 

Besides of the knowledge of different technical methods, Eberle et al. proposed a fundamental 

model of the OSWD process, being able to explain the significance of different forces at 

different distanced between the semiconductor particle and the crystal-surface (Fig. 4): 

Distance of about 100 nm and below: particles approaching the substrate surface actually 

undergo a repulsive force generated by electrical double layers that encircle any object in 

contact with a dispersing agent. However, refined DLVO calculations suggest that for particles 

with strong negative zeta potential this barrier is lower. If the zeta potential is sufficiently 
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low the particles can negotiate the barrier and draw nearer to the substrate surface. The 

attraction as a result of the sum of Poisson-Boltzmann, Van-der-Waals and Casimir-

like fluctuation-induced interactions lead to further increasing attraction the more the distance 

gets lower. 

Distance of < 10 nm: the molecules of the liquid-phase, the weakly bonded ionic species as well 

as the solvated ions forming the outer Helmholtz planes get rejected by the hydrophobic 

dewetting effects23,24, which were shown to appear in such system with two hydrophobic 

partners, here the semiconductor particle and the substrate surface25–29.  

Distance of < 1nm: between the substrate surface and the semiconductor crystal a steric barrier 

is induced by the remaining, insolvent ionic adsorbates. In water, this barrier is affected by ice-

like structured water molecules and selectively adsorbed hydroxyl ions30–32. The formation of 

ice-like orientations minimizes the number of unsaturated hydrogen bonds and thus reduces the 

energetic penalty33. 

 

Summing up all forces in this system, the attractive forces are that predominant that the steric 

barrier finally gets eliminated by expelling the inner Helmholtz planes25,26. A direct contact 

between the semiconductor crystal and the substrate surface happens and the OSWD takes 

place, as far as the binding energy between the molecules themselves inside the semiconductor 

crystal is lower than the binding energy between the semiconductor molecule and the substrate 

surface. 

 

Figure 4: Graphical overview of successive stations of distances and the regarding acting forces 

during the approach of the pigment crystal to the substrate surface. 
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2.2. Organic semiconductors 

2.2.1. Physical principle 

Organic semiconductors are semiconductive materials with carbon-based (organic) molecular 

structure. Hereby, an organic semiconductor molecule consists out of various benzol rings and 

can contain further atoms, like nitrogen, oxygen or others34. 

Responsible for the electric conductivity in organic semiconductors is the sp2-hybridization of 

carbon due to its four valence electrons. By the hybridization of one 2s orbital and two 2p 

orbitals in bonded atoms, three equivalent sp2 hybrid orbitals are created. All three lie in one 

plane and form an angle of 120°. The bond between two of these atoms takes place via σ-bonds 

(sigma-bonds). The third p-orbital (2pz) is perpendicular to the plane and does not form a hybrid 

orbital itself. Between two neighboring 2pz orbitals, π-bonds (pi-bonds) can be formed by the 

overlap of the p orbitals. Both σ-bonds and π-bonds can occur between two neighboring atoms 

and therefore doble bound positions are formed between two carbon atoms (if not bound to a 

heteroatom). 

Which of the three hybrid orbitals of carbon overlies a π-bond and thus defines a double bond 

position is not specified and can therefore only be described by three different structural 

formulas (mesomeric boundary structures)35. It must be supposed that none of these boundary 

structures is realized alone, but an overlay of all boundary structures must be assumed. This 

superposition of single and double bonds is called conjugated double bonds, wherein the π-

bonds cannot longer be localized, so that it comes to a delocalized π-electron system, which is 

the reason for the conductivity of condensed carbon ring systems, such as graphite, graphene 

and organic semiconductors. 

Further, the intermolecular conductivity in crystalline association can be described by a band-

like transport, as HOMO and LUMO orbitals interact and split into the corresponding valence 

and conduction bands36. 

Due to their conjugated π-electron systems, organic semiconductors can work as chromophore 

systems, wherefore many of them also function as organic pigments37. 
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2.2.2. Applications 

Besides of their classical use in printing inks, car paint or for coloring plastics37 organic 

semiconductors are used in molecular and organic electronics. That is because of the low 

production costs and the possibility of generating extremely small and thin components for 

electronic circuits, which becomes increasingly important also for micro- or even 

nanoelectronics. Further, with organic semiconductors electronic components and tracks could 

easily be printed on a carrier material, that even can be flexible38–40. Possible applications are 

besides of electronic paper and flatscreens also photovoltaic systems, chip cards and other 

sensors38. 

 

 

2.3. Biomolecules, used in this thesis 

Biomolecules are molecules that are produced by living organisms to fulfil biological functions. 

Biomolecules classically can be divided in four groups: carbohydrates, amino acids & proteins, 

lipids and nucleic acids (Fig. 5)41,42. 

 

 

Figure 5: Overview of subgroups of biomolecules. 

 

In this study mainly nucleic acids and their derivates were used. However also an amino acid 

and a phospholipid were added to the screening sample set. 
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2.3.1. RNA nucleotides 

RNA nucleotides can be classified into the group of nucleic acids. So far, there are two classes 

of nucleotides known: ribonucleic acid nucleotides (RNA nucleotides) and deoxyribonucleic 

acid nucleotides (DNA nucleotides). The basic different between both groups of molecules is 

the basic sugar, which is a ribose in RNA nucleotides and a deoxyribose in DNA nucleotides. 

Since only RNA nucleotides were used in this study, DNA nucleotides will not be further 

discussed here. 

In the group of RNA nucleotides, there are four different molecules known:  

- adenosine-monophosphate (AMP) 

- cytidine-monophosphate (CMP) 

- guanosine-monophosphate (GMP) 

- uridine-monophosphate (UMP)41–43 

 

 

 

 

Figure 6: Chemical structure of RNA nucleoside monophosphates. Chemical structure of RNA 

nucleoside monophosphates. (A) Adenosine Monophosphate, (B) Guanosine Monophosphate, 

(C) Cytidine Monophosphate and (D) Uridine Monophosphate. 

 

As shown in Fig. 6 RNA nucleotides (nt) always consist of a base (adenine, cytosine, guanine, 

or uridine) a ribose and a phosphate group. The phosphate group can consist of one (as shown 

in Fig. 6), two or three phosphates, what can be recognized by the respective name mono-, di 

or triphosphate. If the phosphate group is absent, ribose and base form a nucleoside. 

RNA nucleotides can further be classified regarding their base: AMP and GMP contain purine 

bases, whereby CMP and UMP contain pyrimidine bases (Fig. 7)41–43. 

      A    B         C    D   



 

30 

Figure 7: Chemical structures of (A) Purine and (B) Pyrimidine. 

 

Several nucleotides of AMP, CMP, GMP and UMP together can form RNA strands by 

condensation reactions, forming a phosphate diester bound between the ribose of the one and 

the phosphate group of the other nucleotide, which itself is also connected by an ester bound to 

its own ribose (Fig. 8)41–43.  

 

 

Figure 8: Chemical, primary structure of an oligo-RNA-nucleotide. Between each ribose and 

phosphate groups, diester bonds are formed. 

 

By connecting more nucleotides, the RNA strand can be elongated, forming dinucleotides, 

oligonucleotides, and further polynucleotides. In living cells this reaction is catalyzed by 

enzymes, like RNA polymerases. RNA molecules can further form secondary structures, like 

loops and hairpins, whereby small parts of the RNA undergo complementary base pairing 

(adenine with uracil and cytosine with guanine)41–43. 

A   B 
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The central aspect of the so-called “RNA hypothesis” assumes that life on Earth must have 

started with RNA as a first kind of genetic information, whereas DNA developed later, as an 

information storage of the organism3,44. One of the reasons therefore is, that the functions of 

RNA are directly connected to the protein biosynthesis, the biological process inside cells to 

generate proteins. Hereby the RNA has two basic tasks: First the messengerRNA (mRNA) 

carries die information of the order in which the amino acids will be connected to form a specific 

protein; second the transferRNA (tRNA) delivers the correct amino acid to the protein factory, 

the ribosomes, where the amino acids are connected to peptides (later proteins) by a peptide 

bound3,41. 

 

 

2.3.2. Adenosine-monophosphate (AMP) derivates 

Interestingly within the group of RNA monophosphate nucleotides there is one nucleotide 

which can be found on the one hand in high amount within RNA macromolecules 3,41 and on 

the other hand also is part of various other biomolecules, which are essential for different 

metabolism pathways. 

- AMP forms the poly-A-tail of mRNA molecules, a 100 - 250 nt long chain consisting 

only of AMPs (Fig. 9A). 

- AMP is the basic building block of the flavin-adenine-dinucleotide (FAD/ FADH2) and 

of the nicotinamid adenine dinucleotide (NAD+/NADH or NADP+/NADPH (plant 

cells)) which both are essential co-enzymes needed for the Krebs-Cycle, the central 

energy metabolism pathway of cells (Fig. 9B and 9C). 

- AMP obviously also is the basic building block of ATP, which is the currency of the 

energy of the cell, as it is needed for the muscle contraction in the interaction of the 

actine and myosin filaments (Fig. 9D). 

- AMP further is the basic building block of cyclic AMP (cAMP), which is a second 

messenger in several signaling pathways and further regulates several metabolism 

pathways, muscle contraction, secretion, calcium homeostasis, gene transcription and 

cell fate (Fig. 9E). 
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Figure 9: Derivates of AMP in living cells. (A) scheme of mRNA with Cap, 5’ Untranslated 

region (UTR), Coding sequence, 3’ Untranslated region (UTR) and Poly-A-tail. (B-E) chemical 

structure of (B) FAD, (C) NAD, (D) AMP and (E) cAMP. 

 

Neither CMP, GMP nor UMP show this brought spectrum of derivates and applications within 

the cell. Only AMP does. This might be for different outstanding chemical characteristics, as 

they will be shown in the discussion section. 

 

 

 

A 

D E 

B C 
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2.3.3. Further biomolecules used in this study 

Besides nucleotides, RNA and the derivates of AMP (NAD, FAD, cAMP) in this study also the 

amino acid L-arginine was used. 

Arginine is an α-amino acid that contains a hydrophilic, basic guanidino group in its side chain 

(Fig. 10). Arginine belongs to the group of basic amino acids, together with lysine and histidine.  

The guanidino group is a very strong base because it has delocalized π electrons in its protonated 

form as a guanidinium ion. Most of it is only deprotonated above a pH value of 12.145. The 

isoelectric point at which arginine has no net charge and therefore does not migrate in the 

electric field is pH 10.8. At this pH value, arginine also has its lowest solubility in water45. 

 

 

Figure 10: Chemical structure of arginine. 
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3. Material & Methods 

3.1. List of chemicals 

ADP disodium salt   Alfa Aesar, CAS-Nr. 16178-48-6, p. grade: 96% 

Alloxacine    Sigma Aldrich, Cas-Nr. 490-59-5 

AMP disodium salt   Sigma Aldrich, CAS-Nr. 61-19-8, p. grade: 97% 

AMP acid    Alfa Aesar, CAS-Nr. 61-19-8, p. grade: 99% 

Anthraquinone   Fluka, CAS-Nr. 84-65-1 

L-Arginine    Alfa Aesar, CAS-Nr. 74-79-3, p. grade: 98+% 

ATP disodium salt   Sigma Aldrich, CAS-Nr. 34369-07-8, p. grade: ≥ 99% 

Carbon nanopowder   Sigma Aldrich, CAS-Nr. 7440-44-0; <100 nm particle size 

Carbon     Sigma Aldrich, CAS-Nr. 1333-86-4 

cAMP sodium salt   Alfa Aesar, CAS-Nr. 37839-81-9, p. grade: 99% 

CMP disodium salt   Sigma Aldrich, CAS-Nr. 6757-06-8, p. grade: ≥ 99% 

dmQAC (2,9-Dimethylquinacridone) Clariant, CAS-Nr. 980-26-7 Hostaperm PinkE, 
av. particle size: 65 nm 

HOPG     NT-MDT, item no. GRBS/1.0 

Indigo     Sigma Aldrich, Cas-Nr. 482-89-3, p. grade: 95% 

nuclease-free water   Sigma Aldrich, W4502 

Dodecane    Sigma Aldrich, D221104 

FAD disodium salt   Sigma Aldrich, CAS-Nr. 84366-81-4;p. grade:  ≥95% 

Flavanthrone    ABCR GmbH& Co. KG, CAS-Nr. 475-71-8  

GMP disodium salt   Sigma Aldrich, CAS-Nr. 85-32-5, p. grade: ≥95% 

Graphene on copper foil  Graphenea 

Graphene on silicon   Graphenea 

Iron (II, III) oxide   Sigma Aldrich, CAS-Nr. 1317-61-9   

miRNA-34    eurofins, (CAAUCAGCAAGUAUACUGCCCU) 

β-NAD sodium salt   Sigma Aldrich, CAS-Nr. 20111-18-6 

Phospholipids (mixture)  Sigma Aldrich, PH9-1KT 

Phthalocyanine   Sigma Aldrich, Cas-Nr. 574-93-6 

Polyethylene (<400 micron)  Alfa Aesar, CAS-Nr. 9002-88-4 



 

35 

γQAC (gamma-Quinacridone)  Clariant, CAS-Nr. 1047-16-1, Hostaperm Red E5 B02, 
av. particle size: 65nm 

Silicon dioxide (325mesh)  Sigma Aldrich, CAS-Nr. 60676-86-0; amorph 

UMP disodium salt   Alfa Aesar, CAS-Nr. 3387-36-8; purity grade: ≥99% 

Water, nuclease free   Sigma Aldrich, CAS-Nr. 7732-18-5 
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3.2. Quinacridone and Flavanthrone 

In this study basically two semiconductor substances were used: quinacridone (QAC, 5,12-

Dihydroquinolino[2,3-b]acridine-7,14-dione, pigment violet 19; here used as 3,9-

dimethylquinacridone and gamma-quinacridone) (Fig. 11A) and flavanthrone 

(Benzo[h]benzo[6,7]acridino[2,1,10,9-klmna]acridine-8,16-dione, vat yellow 1, pigment 

yellow 24) (Fig. 11B). Both substances are cheap and highly available pigments. QAC powder 

is pink or red, whereas flavanthrone is orange. Both pigments are known to be produced for and 

used in the paint industry. They are mainly non-toxic and virtually insoluble in water15,16, as it 

was also practically shown for QAC by Eberle et al.22, and also specified as such by different 

data bases, like the Hazardous Substances Data Bank (HSDB)46. 

Further, both semiconductor substances show electron-acceptor properties47,48. Their structure 

is planar, without any atom reaching out in the z-plane. Due to this chemical and geometric 

structure, they are predestined to undergo pi-pi-stacking on benzol based substrates, like 

graphite and graphene. Consistently, each pigment forms a characteristic monolayer pattern on 

these substrates.  

 

 

Figure 11: Chemical structures of the two main pigments used in this study. (A) Chemical 

structure of QAC. (B) Chemical structure of flavanthrone. 
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3.3. Physical and chemical analysis 

3.3.1. Scanning tunneling microscopy  

Sample preparation: 

If not differently indicated, nuclease-free water was used (free of nucleases, DNase, protease, 

RNase) for all samples. 

For pigment-only samples, 67 mM aqueous pigment dispersions were used. This concentration 

was chosen to be able to compare the results with earlier studies, like of Eberle et al.. 

For pigment-biomolecule samples, aqueous dispersions with a final concentration of 67 mM 

pigment and 26.8 mM biomolecule were used. 

Prepared mixtures were thoroughly mixed by using a small shaker (Vortex), until the mixture 

appeared to be uniform. 

150 µl of the regarding dispersion was applied to a one cm2 graphite or graphene sample (both 

purchased, see list of chemicals), and dried over night at room temperature. This volume was 

chosen so that the surface area was covered as much as possible, without dispersion flowing off 

the substrate. Applied dispersions form a dome-like drop on the substrate´s surface. 

Samples were each time freshly prepared and remaining dispersions were discarded. 

For the coverage screening section, each dispersion was made in three replicates and from each 

replicate two samples on graphite were prepared.  

To perform scanning tunneling microscopy (STM) measurements under ambient conditions, 

samples were covered with 3 µl dodecane. Dodecane itself was shown to not from 

supramolecular assemblies at room temperature13 but generates a hydrophobic film on the 

sample, so that condensation water cannot disturb the measurements. 

 

Measurements: 

For STM measurements for coverage analysis, a home built STM with a SPM 100 control 

system (RHK Technology) was used, with tungsten wire tips. Tips were produced by etching, 

using 1 M KOH and 20 V dc. 
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The bias of the STM was set to 1 V, the tunnel current to 300 pA and the line time to 50 ms. 

Voltage pulses were set to 2.4 V. These settings were equal for all samples to receive best 

possible comparable results. 

For the coverage screening section, from each prepared sample minimum three different regions 

were measured. 

For split images of flavanthrone and imaging of samples for tunnelling spectroscopy an Easy 

Scan NaioSTM (Nanosurf) was used, with platinum/iridium (Pt/Ir) wire tips. Tips were 

produced by tearing of the tip end with pliers. 

The basic STM settings were set to bias = 1.2 V, tunnel current = 300 pA and the line time to 

100ms. Voltage pulses were set to 1 V. As above these initial settings were equal for all samples 

to receive best possible comparable results. 

To generate split images the tip voltage was gradually reduced to 0.1 V and the setpoint 

gradually increased to 1 nA while measuring. 

 

 

3.3.2. Coverage measurements 

To calculate the fraction of surface, which is covered with monolayer domains of PHAs, images 

were analyzed using the Image J software. Hereby, domains were masked in white by hand 

(Fig. 12B) and the background was set to black (Fig. 12C). Subsequently the black/white ratio 

was determined using the histogram function of the software. Values were then set in ratio to a 

negative sample without domains (100 % black). 

 

Fig. 12: will be continued on next page 

A B C 

50 nm 
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Figure 12: Image Processing for histogram analysis. (A) Raw image; here QAC on graphite. 

(B) White masking of QAC domains. (C) Background set to black to enable black/white ratio 

measurement. (D) STM image of a supramolecular chain of QAC molecules adsorbed on 

graphite. Deviating from measurement settings given above, this image was generated with I = 

250 pA and U = 0.9 V. A force field calculated energy minimized adsorbate structure of QAC 

on graphite was overlayed on the image. Adapted from5. 

 

 

3.3.3. Zeta potential measurements 

Zeta (ζ) potential measurements were performed by the Papiertechnische Stiftung (PtS), 

Germany. There, a Zetasizer Nano ZS ZEN 3600 system (Malvern) was used. Samples were 

prepared with the same concentrations as mentioned in chapter 3.3.1.. In case of samples that 

contained nucleoside monophosphates, stock solutions with double the concentration were 

mixed only directly before the measurement, in a ratio of 50:50, to achieve the same final 

sample concentration as mentioned in chapter 3.3.1..  

Three measuring replicates were performed per sample, with a potential range of -150 mV to 

+150 mV, with 80 measurement points distributed equally over the potential range. 

Data evaluation and calculation were performed by linear interpolation. Both, 

- z50, the median value of the cumulative zeta potential distribution and 

- z33, the value where 33 % of the distribution is more negative and 66 % more positive  

were calculated using 

D 
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With zNN being the zeta potential of interest (z33 or z50), I the corresponding value of the 

cumulative distribution, index i indicating the upper value of the respective interval and index 

i-1 indicating the lower value of the respective interval. 

 

 

3.3.4. pH measurements 

pH measurements were performed on samples contained the same concentrations as mentioned 

in chapter 3.3.1.. pH measurements were performed using a Voltcraft pH-100 ATC pH-meter. 

The pH-meter was calibrated with purchased calibration solutions with pH 4 and pH 10. Each 

sample was prepared and measured three times. Between each measurement pH-meter was 

washed with H2O ddest. and stored in electrolytic solution. 

 

 

3.3.5. Spectroscopies 

3.3.5.1. Tunnelling spectroscopy 

Sample preparation: 

Sample preparation for tunnelling spectroscopy was carried out at room temperature, without 

using vacuum. From flavanthrone, 0.03 mM suspensions in water were prepared and mixed 

thoroughly using a small shaker (Vortex). Subsequently the suspensions were applied by 

pipetting to purchased graphene substrates on copper foil and immediately taken off again, also 

pipetting. To achieve a higher number of self-assembled monolayer SAM-domains and to 

enable easier downstream measurements, this step was repeated five times. Thereafter the 

substrates were rinsed with water to get rid of residual pigment crystals, which might disturb 

the following measurements. Therefore, the substrate was hold in a ~ 45° angle and 2 ml of 

water (see material list) was run over the surface using a pipet. To enable Tunnelling 

spectroscopy (TS) measurements without vacuum, the pigment coated graphene was covered 

with dodecane.  
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Measurements: 

Tunnelling spectroscopy (TS) measurements were performed with an Easy Scan NaioSTM 

(Nanosurf). Directly before to the spectroscopy measurements, an image of the area of interest 

was taken, using the same settings as described in chapter 2.3.1.. Immediately afterwards 

spectroscopy measurements were performed. 

TS measurements were conducted performing a tip current – tip voltage curve with a range 

from -3.0 V to +3.0 V of several single points with different distances to the domains. 

From each distance (measuring point – SAM domain of flavanthrone) ten measurements of tip 

current – tip voltage curves were performed. The trend line was applied as a smoothed medium 

line of each ten measurements. The band gap size was finally determined by measuring the 

length of the section of the trend line, where dI < 0.7 nA was given, presuming a differential 

conductance of dI < 0.7 nA to be zero7. 

 

 

3.3.5.2. Raman spectroscopy 

Sample preparation: 

For Raman spectroscopy samples were prepared as mentioned in chapter 3.3.5.1. but applied to 

graphene on a 1cm2 silicon substrate instead of copper foil. 

 

Measurements 

Raman measurements were performed using a LabRAM HR Evolution Raman  

System (HORIBA Scientific) with LabSpec 6 software and frequency-doubled Nd:YAG laser 

(neodym yttrium-aluminium-garnet), with a wavelength length of 532 nm and a laser power 

output of 0.84 mW on the sample. Before determining the peaks and peak-shifts, measurements 

were adjusted by baseline correction, applying a polynomial of the sixth degree. 

To enable a statistical analysis, of each sample 10 measurements were performed and peak 

intensity maxima and the regarding peak shift were seek out using the LabSpec 6 peak finding 

tool. Statistical analysis was performed by t-testing. 
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3.3.5.3. Dirac peak measurements 

Dirac peak measurements were performed with the support of Lucas Hille at the Faculty of 

Physics, Ludwig-Maximilians-Universität München, Working group of Prof. Weitz. 

 

Sample preparation: 

The following steps were prepared previously by colleagues of the Prof. Weitz group. 

Graphene substrates were prepared via mechanically exfoliating flakes from a block  

of graphite and subsequent transfer of the flakes onto the surface of a SiO2  

(300nm)/Si substrate. To determine the number of layers in the flakes, optical  

microscopy (contrast) as well as Raman spectroscopy (peak definition) was applied. 

Subsequently, after structuring a spin-on Poly(methyl methacrylate) (PMMA) layer with 

electron beam lithography (E-Line, Raith) gold contacts were deposited. For this deposition an 

ultra-high-vacuum (UHV) evaporation chamber was used.  

 

The following steps were performed by the author: 

0.03 mM water pigment samples were applied to the substrates as described in chapter 3.3.5.1. 

and samples were dried with compressed air. 

 

Measurements: 

Electrical measurements were performed using source-measure units (Keithley 2450, 

Tektronix) whereby two needle probes were connected to two gold pads, respectively. 

Furthermore, for each measurement an island of graphene including the two gold pads with the 

needle probes were created by scratching the graphene surface with the needle probs before 

locating them on the gold pads. From each sample 15 measurements were performed on three 

different single-layer graphene flakes. For the sample covered with dmQAC only two 

measurements could be used for the analysis, as the bigger dmQAC particles disenabled the 

before described isolation of the graphene islands by creating unwanted bridges to the residual 

graphene surface. 
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3.4. Molecular biological analysis 

3.4.1. Sample preparation 

“Three millilitre of aqueous suspension was made of each 0.1 g/ml inorganic substrate (e.g., 

graphite powder) and/or organic pigment with a total nucleoside monophosphate concentration 

of 50 mM. Samples were incubated overnight at 60 °C while mixed horizontally at 300 rpm, to 

avoid sedimentation of substrates and pigment. After incubation, samples were centrifuged at 

8000 × g for 1 min at room temperature (RT). The supernatant was transferred to a new 

collection tube.”14 

 

 

3.4.2. Precipitation 

“If not differently indicated, precipitation was carried out with 0.2 M NaCl and 3.5 volumes of 

EtOH. One sample was precipitated with 0.3 M NaOAc (pH 5.2) and 0.7 volumes of 

isopropanol to test the efficacy of a different precipitation method. After the addition of the 

appropriate amount of salt solution and alcohol, samples were mixed by inverting the tubes 5 

times, and precipitation reactions were incubated 24 h at −20 °C. Afterwards the samples were 

subsequently centrifuged at 14,000 × g, for 1 h without cooling (room temperature between 20 

and 25 °C). The supernatant was discarded, leaving ~20 μl of it inside the reaction tube, in 

addition to any formed gel pellet. Formed gel pellets were dried at 37 °C for 20 min and 

resuspended in an appropriate amount of nuclease free water, as little as possible needed to 

dissolve the gel pellet. Depending on the volume of the gel pellet, more or less volume of water 

was added. Final RNA concentrations were then normalised to a uniform volume of 200 μl, 

using the total RNA amount measured and the final volume.”14 

 

 

3.4.3. RNA concentration measurements 

“Concentrations of […] RNA suspensions were measured using a QubitTM 3 Fluorometer 

(InvitrogenTM), and the Qubit® microRNA Assay Kit (Invitrogen™) due to its high specificity 

and reliability: >The assay is highly selective for small RNA over rRNA or large mRNA (>1000 

nt) (...), and tolerant of common contaminants such as salts, free nucleotides, solvents, 

detergents, or protein (...).<[…][49]. Concentrations were calculated by the chosen microRNA 
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(miRNA) or RNA program of the Qubit® 3 Fluorometer. Standard curves and samples were 

prepared, following the manuals[…][50].”14 : 

The Qubit™ working solution was prepared by diluting the Qubit™ microRNA reagent 1:200 

in the Qubit™ microRNA buffer. 

The Fluorometer was calibrated with the standard samples (0 ng/µl and 10 ng/µl) provided by 

the Assay Kit. Following the instructions, 10 µl of each standard sample were added to each 

190 µl of working solution. The so diluted standard samples were mixed 5 s using a small shaker 

(Vortex) and after incubation at room temperature for 2 min., standards were read in the Qubit™ 

Fluorometer. 

For the RNA samples, 5 µl of each sample was added to 195 µl working solution, mixed, 

incubated and read as described above. 

“Concentrations were calculated and normalized regarding the respective volume of each 

sample.”14  

 

 

3.4.4. Quantitative Polymerase Chain Reaction after reverse 

transcription (RT-qPCR) 

“For RT-qPCR selected samples were reverse transcribed using the TaqMan™ Advanced 

miRNA cDNA Synthesis Kit (Thermo Fisher) following the manual:  

As a positive control the synthetic miRNA hsa-miR-134-3p (5´-phosphorylated) (eurofins) with 

an oligonucleotide length of 23 nt was used. As a negative control nuclease-free water was 

used.”14 

Samples were diluted with RNase-free water of the Kit to 5 ng/µl. A master mix was prepared 

using for each sample 0.5 µl 10X Poly(A) Buffer, 0.5 µl ATP, 0.3 µl Poly(A) Enzyme, 1.7 µl 

RNase-free water. The Poly(A) Reaction Mix was mixed 3 s with a small shaker (Vortex) and 

centrifuged for 5 s to spin down the contents. 2 µl of each sample were added to 3 µl of Poly(A) 

Reaction Mix. Samples mixtures were centrifuged for 5 s to spin down the contents. 

Subsequently, samples were incubated 45 min at 37°C for polyadenylation, followed by 10 min 

at 65°C to stop the reaction. Samples were then cooled down to 4°C. 
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A Ligation Reaction Mix master mix was prepared containing for each sample 3 µl 5X DNA 

Ligase Buffer, 4.5 µl 50 % PEG 8000, 0.6 µl 25X Ligation Adaptor, 1.5 µl RNA Ligase and 

0.4 µl RNase-free water. The Ligation Reaction Mix was mixed 3 s with a small shaker (Vortex) 

and centrifuged for 5 s to spin down the contents. To each polyadenylated sample from the 

previous step 10 µl of Ligation Reaction Mix was added. These mixtures were mixed 3 s with 

a small shaker (Vortex) and centrifuged for 5 s to spin down the contents. Mixtures were then 

incubated 60 min at 16°C to perform the ligation of the ligation adaptor to the polyadenylated 

samples and cooled to 4°C afterwards. 

A RT Reaction Mix, to perform reverse transcription, was prepared containing for each sample 

6 µl 5X RT Buffer, 1.2 µl dNTP Mix (25 mM each), 1.5 µl 20X Universal RT Primer, 3 µl 10X 

RT Enzyme Mix, 3.3 µl RNase-free water. The RT Reaction Mix was mixed 3 s with a small 

shaker (Vortex) and centrifuged for 5 s to spin down the contents. 15 µl of RT Reaction Mix 

were added to each ligation reaction product from the previous step. Mixtures were mixed 3 s 

with a small shaker (Vortex) and centrifuged for 5 s to spin down the contents. Finally, the new 

mixtures were incubated 15 min at 42°C for the reverse transcription, followed by 5 min at 

85°C to stop the reaction and subsequently cooled down to 4°C. 

Next, a miR-Amp Reaction Mix to amplify the product was prepared containing for each 

sample 25 µl 2X miR-Amp Master Mix, 2.5 µl 20X miR-Amp Primer Mix and 17.5 µl RNase-

free water. The miR-Amp Reaction Mix was mixed 3 s with a small shaker (Vortex) and 

centrifuged for 5 s to spin down the contents. 5 µl of RT reaction product from previous step 

were mixed with 45 µl miR-Amp Master Mix, mixed 3 s with a small shaker (Vortex) and 

centrifuged for 5 s to spin down the contents. miR-Amp mixtures were incubated 5 min at 95°C 

for enzyme activation, 14 x {3 s at 95° C for denaturing followed by 30 s at 60 °C for annealing} 

and finally 10 min at 99°C to stop the reaction. Mixtures were then cooled down to 4°C. 

So generated cDNAs were diluted 1:10 using the RNase-free water of the Kit. 

“For qPCR the Master Mix reaction was composed of 10 µl QuantiTect SYBR® Green 

(Qiagen), 2 µl amplification primer mix from the TaqMan™ Advanced miRNA cDNA 

Synthesis Kit (Thermo Fisher), and 8 µl of diluted sample. qPCR, including a melting curve 

of the formed amplicons after the last cycle, was run on a LightCycler® 480 Instrument II with 

the following settings: 15min 95 °C, 40 x: 15 s 94 °C – 30 s 60 °C – 30 s 72 °C – Single Data 

Acquisition, 2 min 72 °C, Melting curve.”14 

Ct-values were generated by the LightCycler® 480 Software. 
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3.4.5. Capillary gel electrophoresis 

“For RNA gel electrophoresis the Agilent RNA 6000 Nano Kit was used, and the gel setting 

was prepared following the manual: 

In a first step the gel matrix was equilibrated to room temperature and filtered by centrifuging 

through the provided spin filter, 10 min at 1,500 x g.  Next the dye concentrate was mixed 

thoroughly for 10 sec on a small mixer (Vortex) and spined down briefly. 1 µl of the dye 

concentrate was added to 65 µl gel matrix. The mixture was mixed thoroughly and spined 10 

min at 13,000 x g. A RNA Nano Chip, provided within the kit, was put on the chip priming 

station. 9 µl of gel-dye mix was pipetted on the bottom of the well marked with “(G)”. The 

plunger of the syringe of the priming station was pressed down until was held by the clip. After 

exactly 30 sec the plunger was released and after further 5 sec the priming station was opened. 

Subsequently the 9 µl of the gel-dye mix was added to each well marked with “G”. Then 5 µl 

of the marker was added to each sample well and to the well marked with the ladder symbol. 

Finally 1 µl of heat denatured ladder (2 min at 72 °C) was added to the well marked with the 

ladder symbol and 1 µl of each sample was added to its regarding well. The chip was then 

mixed 60 sec at 2400 rpm using the provided vortex shaker with the chip adaptor. 

The chip was immediately run “on a 2100 Bioanalyzer Instrument with the 2100 Expert 

Software (Agilent) and the total RNA Nano program. Samples were applied in triplicates. As a 

negative control a particle suspension based sample was used that resulted in a “too low” signal 

in the Qubit® concentration measurement, to identify possible background noises that might 

have been generated by residual nanoparticles leftover in the samples after precipitation, like 

those of inorganic substrates or organic pigments.”14 

 

 

3.5. Computational analysis of the molecular electrostatic 

potential 

To visualize the differences of the molecular electrostatic potential (MEP) of each nucleotide, 

molecules of interest were drawn using Materials Studio (Biovia). On drawn molecules electron 

density and the MEP were applied using the VAMP tool of the software. From these results a 

MEP torque (Fig. 13) was calculated. Therefore, first the distance Da between the C1-atom of 

the ribose and the outer atoms of the base (without the nearest nitrogen), were measured. Second 
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the mean value of the electrostatic potential φa around each outer atom of the base was 

measured. From this data the sum of all MEP torques of each base b was calculated as �� �

∑ �� �  ��  

 

 

Figure 13: MEP torque calculation of AMP. In white depicted are the distances between the 

outer atoms of the base and the C1-atom. The isosurface scale indicates the measured MEPs 

regarding the color of the cloud at a certain location of the molecule. 
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4. Results and Discussion 

4.1. Influence of selected biomolecules on the OSWD in 

water  

4.1.1. Scanning tunnelling microscopy and coverage 

measurements 

To explore environment friendly possibilities to improve SAM formation of organic pigments 

on graphite by OSWD in water, a STM screening of 20 different samples that differ in the added 

(bio-)molecules, including the control sample (no added (bio-)molecule, only pigment in H2O) 

was performed (Fig. 14), with γQAC as the SAM generating organic pigment. From each 30 

STM images with 222 nm x 222 nm size were analyzed, as described above. 

The H2O- γQAC control sample was taken as a reference value ((11.6  +/- 1.5) % coverage with 

SAM of γQAC) for comparative studies. If not differently indicated, results are given as Mean 

+/- SEM for a more straightforward comparison of the mean. 
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Figure 14: Boxplots of coverage rates in % of all measured samples with 5 measurements of 

each of the six replicates (n = 30) of each sample. The dotted line within the box is the mean 

value auf each dataset. The solid line inside the box represents the median, that means where 

50 % of all datapoints of this dataset are lower than this value and 50 % are higher. The lower 

and upper endings of the box represent the first and the third quartile, where 25 % of all 

datapoints are lower than the median and 25 % are higher, respectively. The ends of the 

whiskers indicate the minimum and the maximum of the dataset, excluding any outliers. The 

outliers that differ significantly from the dataset are plotted as single spots, above or underneath 

the whiskers. Boxplots were chosen in this thesis to represent both the distribution of the 

datapoints, and the statistic mean. Statistical analysis: Samples were analysed using t-test with 

Welch´s correction with the “H2O control”-sample used as the reference. p-values: *: p < 0.05; 

**: p < 0.01; ***: p < 0.001; ****: p < 0.0001. 

 

 

Before analyzing different biomolecules, two mixtures of γQAC with Na2HPO4 were examined, 

one applied and dried at room temperature, the other one applied and dried at 60 °C, as the later 

was the method so far used in our working group. Though the heated-up sample showed a high 

coverage in three of 30 samples, a significant overall increase of SAM formation could not be 

confirmed (Fig. 14; H2O and Na2HPO4) in contrast to earlier studies by Eberle et al.13. 

As AMP plays an extraordinary number of central roles in biological systems and therefore 

seemed to be an interesting candidate as a possible bimolecular enhancer of OSWD in water, a 

sample containing γQAC and AMP was analyzed. AMP showed a significant, more than a 

double higher amount ((27.7 +/- 2.3) % average coverage) (Fig. 14; AMP) of SAM formation 

of γQAC as the H2O-control sample with a p-value of 3.13 * 10-7. 

In order to conclude from comparative results, which are the crucial properties needed for 

biomolecules to enhance the coverage, further AMP derivates and RNA nucleotide 

monophosphates were included in the screening. 

Hereby no significant increase of SAM formation of γQAC could be found. Adding cyclic AMP 

(cAMP) to the aqueous γQAC suspension leaded to an average coverage of (14.50 +/- 1.4) %. 

Adenosine diphosphate (ADP) and adenosine triphosphate (ATP), neither showed a significant 

increase with (8.3 +/- 0.9) % coverage in case of ADP and (11.1 +/. 0.8) % coverage in case of 

ATP (Fig 14; cAMP, ADP, ATP). 
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Analyzing the coverage of the γQAC-samples containing each one of the other three RNA 

nucleotide monophosphates CMP, GMP and UMP, also did not present significant increase of 

SAM formation of γQAC, with average coverages of (8.8 +/- 0.7) % (CMP), (14.5 +/- 1.7) % 

(GMP) and (8.2 +/- 0.9) % (UMP) (Fig. 14; CMP, GMP, UMP). 

To test if the combination of the nucleotide monophosphates (NMPs), containing AMP will 

influence the coverage, samples containing mixtures of NMPs were included into the screening. 

A mixture of all four NMPs (AMP, CMP, GMP and UMP) was analyzed. Though this sample 

showed some regions with high coverage, the total average coverage came to (13.2 +/- 2.3) % 

and did not show a significant difference (Fig. 14; NMPs). In contrast to a mixture only 

containing AMP and CMP, that equally showed some regions with relatively very high 

coverage, totaling in an average coverage of (18.1 +/. 1.9) % and a significant increase with a 

p-value of 0.01 (Fig. 14; AMP + CMP). 

As the mixture of NMPs did not show a significant increase of SAM covered surface area, but 

the mixture of AMP and CMP does, and to see if AMP as a part of a macromolecule will 

influence the OSWD rate, a γQAC sample containing a microRNA (miRNA-34) was analyzed. 

However, this sample did not show significant difference. The average amount of coverage was 

(12.1 +/- 1.1) % (Fig. 14, RNA). 

As AMP is the basic chemical structure of many other biomolecules with central roles in 

biomolecular pathways and showed the extraordinary increase of the coverage, a sample 

containing NAD and a sample containing FAD, both being chemical structure relatives to AMP, 

were included in the sample set. NAD showed an average coverage of (13.4 +/- 0.8) % and 

FAD of (8.4 +/- 0.8) %. None of both showed a significant difference (Fig. 14; NAD, FAD).  

To get further overview, what might be the reason of the extraordinary increase of coverage 

when adding AMP, a sample containing adenosine-monophosphoric acid (AMP acid) (Fig. 14, 

AMP acid) was examined, as higher pH showed to enhance SAM formation by OSWD13 and 

therefore lower pH should inhibit SAM formation by OSWD. Indeed, no increase of the average 

coverage in this sample could be found. It showed an average coverage of (9.6 +/- 0.8) %. 

Interestingly, adding KOH to the AMP acid sample could not recuperate a higher coverage as 

this sample showed an average coverage of (13.5 +/- 1.6) without significance (Fig. 14, AMP 

acid + KOH). This result leads to the assumption that the sequence of adding ions like Na+ or 

K+ might play a crucial role regarding their effect on the OSWD coverage (”effect of 

sequence“). The AMP containing sample contains Na+ from the beginning of the sample 

preparation process on, as part of the used AMP salt. Thus, Na+ is already involved when AMP 
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comes in contact with the suspended QAC particles. It showed a significant increase of the 

coverage compared to the water control sample. The AMP acid containing sample on the other 

hand does not contain cations when coming in contact to the particle surfaces in the beginning. 

The powder is first mixed with aqueous solution of AMP and then KOH-solution is added. 

These findings offer interesting indications for further research, using the ”effects of sequence” 

of the addition of reagents as a probe for further analysis of the interaction between AMP and 

QAC and other effects shown in this thesis. To understand this effect however, more 

experimental analysis is necessary and would go beyond the scope of this thesis. 

Furthermore, two biomolecules of other molecular species were included in the screening:  the 

amino acid arginine and a mixture of phospholipids. According to the known stacking 

capabilities of arginine with carbon ring systems51 it may be possible that the coverage gets 

enhanced by the addition of this amino acid, as it will be discussed later (Chapter 4.3). Indeed, 

the sample containing arginine showed a significant increase of the average coverage with (18.8 

+/- 2.2) % and a p-value of 0.008 (Fig. 14, Arginine). On the other hand, phospholipids act like 

liquid crystals, which enhance Casmir-like fluctuation-induced forces within the OSDW 

system52. Furthermore, phospholipids represent a further group of biomolecules containing 

phosphates besides to the nucleotides, tested before. However, the sample containing the 

phospholipids mixture did not show a significant change, its average coverage was (8.8 +/- 0.7) 

% (Fig. 14, PL). Likely, the dissolved phospholipids form micelles in a rapid way, and therefore 

their liquid crystal characteristics as well as others get lost regarding the entire system and are 

no longer operational for the OSWD. 

In addition to the shown samples in Fig. 14 also a sample containing adenine was included. It 

resulted that adenine, as it is soluble in water, covers the surface area by itself (Fig. 15) and no 

SAMs of QAC could have been found. 
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Figure 15: STM measurements of the QAC-Adenine-H2O sample. Only adenine itself formed 

monolayers on the graphite surface. There were not found any QAC domains. (A) shows a scan 

with 222 nm x 222 nm and (B) a scan after zooming in to 22 nm x 22 nm. 

 

Further analysis of the results showed that AMP also leads to a significant higher coverage of 

the substrate´s surface with QAC SAMs in comparison with the other NMPs (CMP, GMP and 

UMP) (Fig. 16, Tab. 1). In addition, also GMP, though not leading to a significant increase of 

SAMs in comparison to H2O control sample, shows a significant higher coverage of QAC 

SAMs in comparison with the samples containing CMP and UMP. Ranked this means that AMP 

leads to the highest coverage, GMP to medium coverage and CMP and UMP show low 

coverage. 

50 nm 5 nm 

A B 
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Figure 16: Boxplots and statistical analysis of differences in the coverage rate within the group 

of nucleotide-monophosphates. Boxplots follow the same usual system of plotting the data as 

indicated above. Statistical analysis: Samples were analysed using t-test with Welch´s 

correction p-values: *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. 

 

Table 1: Coverage in % and significance values of the regarding comparisons (QAC) 

QAC Coverage in % AMP CMP GMP UMP 

AMP 27.7 +/- 2.3 /    

CMP 8.9 +/- 0.7 2.742 E-09 /   

GMP 14.5 +/- 1.7 2.025 E-05 0.004 /  

UMP 8.2 +/- 0.9 1.214 E-09 0.578 0.002 / 
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To examine if the enhancing effect of AMP on SAM formation by OSWD in water also is true 

for other organic pigments, γQAC was exchanged with the pigment phthalocyanine (Phth) and 

the coverage was measured exemplarily for three sample: Phth in water, Phth in water with 

AMP and Phth in water with GMP (Fig. 17). 

 

 

Figure 17: Boxplots and statistical analysis of differences in the coverage rate using 

phthalocyanine instead of QAC. Boxplots follow the same usual system of plotting the data as 

indicated above. Statistical analysis: Samples were analysed using t-test with Welch´s 

correction p-values: *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. 

 

Table 2: Coverage in % and significance values of the regarding comparisons (Phth) 

Phth Coverage in % H2O only AMP GMP 

H2O only 46.2 +/- 4.4 /   

AMP 69.5 +/- 3.2 0.0011 /  

GMP 42.9 +/- 3.6 0.3633 5.405 E-06 / 
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The H2O control sample, only containing Phth and water generated an average coverage of 

(46.2 +/- 4.4) %. 

Indeed, the sample containing AMP showed again a significant increase of SAM of 

Phthalocyanine, generated by OSWD in water. AMP enhances the SAM formation by 1.5-fold 

to (69.5 +/- 3.2) % of SAM covered area, with a p-value of 0.001. In contrast the sample 

containing GMP again did not show any increase of SAM formation in comparison with the 

sample without any nucleotide, but an average coverage of (42.9 +/- 3.6) %. However, the AMP 

containing sample also shows a significant higher coverage than the GMP containing sample 

(42.9 +/- 3.6) %), with a p-value lower 0.0001. 

Based on these results it was subsequently examined, which characteristics make AMP unique 

in comparison to the other NMPs and if there are similar characteristics for arginine, too. 

 

 

4.1.2. Comparison of the characteristics of RNA nucleotides 

To analyse, which characteristics make AMP unique in comparison to the other molecules used 

in this study, and what therefore might be the reason for the shown OSWD enhancement effect, 

six different attributes were analyzed: 

- The pH value, as earlier studies showed, that higher pH leads to higher coverage by 

OSWD13. 

- The zeta potential, as earlier studies showed suspensions with more negative zeta 

potential lead to higher coverage13. 

- The molecular electrostatic potential, to analyse the distribution of regions with 

different reactivities and possible different interactions of the NMPs with the QAC 

molecules. 

- Hydrogen bonds, to see, where and how NMPs might interact with the QAC molecules 

and water molecules. 

- stacking abilities, to analyse further intermolecular incidents. 
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4.1.2.1. pH value 

As it was shown before13, in many cases a higher pH of the sample also leads to a higher 

coverage, the pH values of a representative sample set were measured, as described, and set 

into to correlation with the coverage, as analysed above.  

Fig. 18: see next page. 
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Figure 18: Comparison of pH values of the samples correlated with the regarding coverage rate 

in %. White dots: low pH and low coverage; light grey dots: medium pH and medium coverage; 

dark grey spots: high pH and medium or high coverage; dark spot: AMP, medium pH but high 

coverage. Crosses within the data points indicate the SEM: horizontal lines the SEM of the pH 

measurements and vertical lines the SEM of the coverage. A: sample set without AMP with the 

diagonal line indicating the correlation trend line within this subgroup. B: sample set with AMP, 

which breaks the correlation. 

 

Visually, as shown in Fig. 18, the results split in three groups and one data point, that does not 

group with any other subset. There is one group with low pH and low coverage (samples 

containing ATP, AMP acid and ADP), one group with medium pH and medium coverage 

(samples containing cAMP, GMP, H2O, UMP and CMP) and one group with high pH and 

medium or high coverage (samples containing Arginine and AMP acid with KOH). The results 

of this subsample set match with the results of previous studies by Eberle et al.13, who showed 

that lower pH leads to lower coverage and higher pH leads to higher coverage. Excluding 

therefore the AMP sample as an outlier from the dataset, the Pearson correlation coefficient of 

these samples is 0.61 with a p-value of 0.048, and therefore can be defined as a moderately high 

correlation. The sample containing AMP, however, forms the outlier of the sample set, with 

medium pH but very high coverage. Including the sample containing AMP in the calculation 

of the correlation coefficient drops its value to 0.47 with a p-value of 0.14. Though a correlation 

coefficient of 0.47 is defined as a moderate correlation, the high p-value leads to the rejection 

of the null hypothesis (correlation between pH and coverage) in the case that AMP is added to 

the sample set. 

These findings led to the assumption, that influencing the OSWD in water with biomolecules 

indeed also is dependent on the pH, but it seems that further factors do influence the system 

strongly, especially when it comes to the enhancement using AMP. Therefore, the zeta potential 

of a group of selected samples was examined. 
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4.1.2.2. Zeta potential 

As Eberle et al. found an indirect proportional connection between the z33 value of the 

zetapotential (the value where 33 % of the distribution is more negative and 66 % more positive) 

and the coverage of OSWD13, the zeta potential of the samples were measured. Four aqueous 

QAC samples were selected: with AMP, CMP. GMP and the control sample with H2O, as AMP 

showed significant high coverage, GMP medium and CMP low coverage. 

 

 

Figure 19: Comparison of z33 values of the samples correlated with the regarding coverage 

rate in %. The horizontal black lines indicate the SEMs of the z33 measurements. SEMs of the 

coverage are not shown, due to clarity issues. SEMs of coverage can be seen in previous 

graphics (Figure 19). 

 

Looking at these results, visualised in Fig. 19, it was found that the AMP sample shows both 

the lowest z33 value (-45.1 +/- 3.3) and the highest coverage, but the other three samples do 

not fit in this schema. GMP and CMP show almost the same z33 value (-40.3 +/- 1.5 and -40.4 

+/- 2.6) but do differ significantly in their enhancement effect on OSWD in water, with GMP 

leading to a medium coverage of the substrate´s surface area with QAC SAMs and CMP to a 

low coverage. Including the H2O control sample with a z33 value of -18.9 +/- 0.4, only a 

correlation coefficient of -0.41 was found, which can be seen as slightly moderate correlation. 

   
   

  c
ov

er
ag

e 
in

 %
 



 

60 

However, the p-value of the correlation was calculated to be 0.59 and therefore a significant 

correlation is not given. These results led to the assumption, that further factors influence the 

OSWD systems that contain biomolecules. 

 

 

4.1.2.3. Molecular electrostatic potential 

Since z33 measurement only resulted in a slightly moderate correlation, further analysis about 

the differences of the NMPs were conducted. One interesting point seemed to be the possible 

interactions sides of the NMPs with the γQAC crystal. 

To get an overview of these possible interaction sides of the NMPs and the QAC molecules the 

molecular electrostatic potential (MEP) of AMP, CMP and GMP were analysed as described 

above. To express the MEP mapping in numbers and to analyse possible correlation between 

the distribution of the MEP and the coverage, a MEP torque was calculated as described above.  

 

 

Figure 20: Chemical structure as ball-stick-models with the regarding MEPs depicted as a 

cloud with colour code of (A) AMP, (B) GMP and (C) CMP. 

A B 

C 
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Logically the ribose-phosphate part of all three molecules do not differ from each other, as it 

can also be seen in Fig. 20. But comparing the MEPs of the base part of the three NMPs (AMP, 

CMP and GMP), one can state that only AMP does not show any negative potential area, 

whereby CMP and GMP do have a slightly negative potential area, which is around the oxygen 

atom, as one could already suspect. All three molecules, however, show four areas of slightly 

positive potential areas, which are around the hydrogens, as common. Interestingly the two 

hydrogens of the amide group of the adenine group of AMP is located more far away from the 

C1’ of the ribose than the amide groups of cytosine (CMP) and guanine (GMP), which might 

be an important factor when it comes to an interaction with the QAC molecule. Since the ribose-

phosphate group also expands in the z-direction the amide group of adenine is less likely to 

undergo steric hindrance, when it comes to an interaction of the AMP molecule and the γQAC 

crystal, e.g., between the amide group of AMP and the oxygen of QAC. Furthermore, since 

negatively charged regions are missing in the adenine group of AMP, the AMP might undergo 

less repulsive energies, when approaching to a γQAC crystal.  

If a possible interaction between the QAC molecules and the NMP is generated via the amino 

groups of QAC, GMP shows to be a suitable candidate to show the strongest interaction, as the 

oxygen of the guanine group is located more far away from the more three-dimensional ribose-

phosphate part and therefore might undergo less steric hindrance.  

 

 

Figure 21: Chemical structure as ball-stick-models with the regarding MEPs. The black line 

indicates the correlation trendline. SEMs of coverage can be seen in previous graphics. 
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To test whether there is a relationship between coverage and MEP leverage a Pearson 

correlation analysis was performed. The Pearson correlation coefficient r was calculated to be 

0.95. This means, that there is a very high, positive correlation between the coverage and MEP 

leverage in this sample set (Fig. 21). However, the calculated p-value of the statistical Pearson 

correlation analysis is 0.21 and therefore the correlation cannot be taken as significant. For a 

more reliable statement about the significance of the Pearson correlation the sample set would 

be needed to be enlarged. 

These findings let suppose that the interaction between the biomolecule and the γQAC crystal 

might be one critical point to explain the extraordinary enhancement effect of AMP on the 

OSWD in water. But not only interactions between the biomolecule and the γQAC crystal, but 

also the interaction between the biomolecules themselves are of interest to hypothesise why 

AMP enhances the OSWD in such a strong way, but other (bio-)molecules do not. Therefore, 

in a next step interaction between the nucleotides themselves were analysed. 

 

 

4.1.2.4. Stacking 

Further literature search about the different characteristics of the nucleotides brought the study 

to an interesting point: nucleotides can undergo stacking, that means that the base part of the 

nucleotide can align over each other by pi-pi-stacking53–56. How much and how fast the stacking 

happens when the nucleotides are brought in solution, can be calculated as equilibrium 

constants, what has been done by various research groups before53–56. As these equilibrium 

constants describe the stacking ability of the substance, they will further be called stacking 

constants in this thesis. Interestingly, the different nucleotides do have different stacking 

constants, both in homogenous mixtures of each nucleotide per se as well as in heterogenous 

mixtures of different nucleotides. 
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Table 3: Comparison of stacking constants of selected nucleotides 

Sample Coverage in % Keq Sigel et al. Keq Neurohr et al. 
Keq Norberg 

et al. (4.5 Å)* 

Keq Norberg 

et al. (5 Å)* 

AMP 27.7 +/- 2.3 15 1.92 0.11 0.97 

CMP 8.9 +/- 0.7 1.4 No data 0.01 0.04 

GMP 14.5 +/- 1.7 8 1.29 0.02 0.29 

AMP + 
CMP 

18.2 +/- 1.9 No data No data 0.11 0.39 

Correlation  0.98 Sample set too small 0.84 0.99 

p-value of 

correlation 
 0.135 for stat. analysis 0.159 0.009 

 

* Norberg et al. defined two different stacking constants, depending on the distance (4.5 Å and 5.0 Å)  of two 

molecules.  

After performing a correlation analysis, it was found that the coverage of substrate covered with 

SAM of QAC by OSWD in water is highly correlated with the stacking constants. And this is 

true not only for one data set of constants but for all constants from different research groups. 

AMP, which enhances the OSWD in the strongest way, leading to the highest coverage also 

showed up to have the highest stacking constants in comparison with CMP (low coverage, low 

stacking constant) and GMP (medium coverage and medium stacking constant). Also, the 

outcome of the sample containing a mixture of AMP and CMP follows the same correlation: 

medium high coverage and medium high stacking constant (Fig. 22). Though the sample set 

was very small, in one case the statistical correlation analysis even showed a significant p-value 

of 0.009. 

That means, that the stronger the tendency to undergo stacking the higher the enhancement 

effect of this nucleotide on the OSWD in water. 
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Fig. 22: will be continued on next page. 

A 

B 
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Figure 22: Graphical representation of possible correlations between measured coverage rates 

and stacking constants published before by (A) Sigel et al. (B) Neurohr et al. (C) Norberg et al. 

at 4.5 Å* and at (D) 5.5 Å* distance. (* Norberg et al. defined two different stacking constants, 

depending on the distance (4.5 Å and 5.0 Å)  of two molecules.) 

 

Furthermore, Tribolet and Sigel found that AMP is the only NMP that can undergo indefinite 

stacking, which is another indication, that stacking ability is an important factor to explain the 

outstanding enhancement effect of AMP on OSWD in water54. 

Moreover, also arginine is known to have a high ability for stacking with aromatic groups57. 

And indeed, arginine does also show a significant higher coverage of graphite surface with the 

QAC molecules when added to OSWD-sample (Fig. 14). 

These findings lead to the assumption that the stacking ability of a biomolecule is a central 

factor for its enhancement effect on the OSWD. 

 

 

4.1.3. Summary I 

To sum up the findings from chapter 4.1.1. and 4.1.2., the central finding is the extraordinary 

enhancement effect of AMP on SAM formation of QAC domains by OSWD in water. Even in 

a mixture with CMP and the other NMPs, some areas of high coverage could be found, likely 

caused by clusters of AMP in the mixtures. Neither the other NMPs nor the sample containing 

D 
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derivates of AMP showed an increase of the coverage. Only adding the amino acid arginine, 

the aqueous γQAC sample led to a slight increase of covered surface area. 

Analysing different characteristics of the (bio-)molecules used for the screening, a moderately 

high correlation between pH and the coverage though was found, but the outstanding increasing 

of the coverage in the AMP sample could not be explained, as the AMP did not show an 

extraordinarily high pH value. The enhancing of coverage by adding arginine could be 

explained by the high pH of the sample. 

The same is true for the zeta value analysis: a correlation though was found, but only one of a 

slightly moderate way. Therefore, also the zeta potential differences within in the different 

samples do not explain the outstanding enhancement effect of AMP on the OSWD in water.  

But indeed, a very strong correlation was found, comparing the MEPs using a MEP torque of 

three NMPs (AMP, CMP and GMP). That leads to the assumption, that the interaction of the 

(bio-)molecule with the γQAC, the water and the surface do have a strong influence on the 

enhancement abilities of AMP. 

This assumption is supported by the findings, that AMP in comparison to CMP can interact 

over several hydrogen bonds with QAC at the same moment and that the AMP molecules can 

interact via hydrogen bonds in a denser package with the γQAC than CMP can.  

With the base-part interacting with the γQAC crystal and the ribose-phosphate-part interacting 

with the water molecules, the NMPs might function as a kind of mediator between the γQAC 

and the water, reducing the surface free energy of the γQAC and pulling out some single QAC 

molecules from the crystal, which then can form SAMs on the substrates surface. As AMP also 

has the highest stacking ability, even more AMPs, triggered by the formation of the stack, will 

interact with the γQAC crystal, in comparison to the other NMPs. 

These findings are further supported by the strong correlation between the stacking constants 

found by several other groups before and the coverage of the corresponding OSWD sample. 

Indeed, does AMP show to have each the highest affinity for stacking and further is the only 

NMP that can form indefinite stacks. 

In the end it is noteworthy that one keeps in mind, that there is not only one factor, which can 

explain the outstanding enhancement effect of AMP on the OSWD system, but an interplay of 

many different chemical and physical characteristics. 
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Either way, the results from chapter 4.1.1. do show, that AMP is a suitable candidate to enhance 

the OSWD in water, also when other pigments are used. This is a relevant result especially 

when it comes to the necessity to increase the monolayer formation of semiconductors on 

substrates, for example to increase the power of possible doping of graphene. 

 

 

4.2. Doping graphene by OSWD in water at room 

temperature 

The knowledge how to enhance the OSWD in water is a crucial factor when it comes to the 

application of the OSWD method, for example within the semiconductor technologies, more 

precise when speaking about the doping of graphene. 

In contrast to the commonly known way of doping graphene by substitution of single carbon 

atoms from its lattice by other atoms or by eliminating them, here it will be demonstrated a 

surface-transfer doping of graphene by thin film coating. Therefore, OSWD in water and at 

room temperature was used as a deposition method, to generate SAM of a semiconductive 

pigment, virtually insoluble in water, on the graphene surface. All experiments can be 

performed under ambient conditions and in a way, that low experimental effort is needed. These 

unique characteristics of this method make it an environmentally friendly and low-cost 

alternative to currently used doping methods. 

Furthermore, the here shown technique to induce the OSWD on graphene, enables the 

application of Raman spectroscopy on the samples, to analyse possible doping effects on the 

graphene. The development of a method, whose product can be analysed by Raman 

spectroscopy, is a benefit, as Raman spectroscopy is a fast and precise method to analyse 

samples under ambient conditions, with few, known, confounding variables. 
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4.2.1. Structure Determination 

 

 

 

  

Figure 23: Structure determination of flavanthrone on graphene. (A) STM-Image of a 

flavanthrone adsorbate layer on graphene whereby the upper part shows the adsorbate layer, 

and the lower part shows the underneath lying graphene surface. The depicted lattice vectors 

‘a’ and ‘b’ indicate the unit cell of the flavanthrone adsorbate. Furthermore, the honeycomb 

structure of graphene is shown on top of the graphene surface. (B) Force field simulated 

arrangement of flavanthrone molecules on a graphene surface. The unit cell vectors ‘a’ and ‘b’ 

are depicted in white. (C) STM picture of a flavanthrone domain on graphene, without dodecane 

coating. The measurement was carried out in air, without additional coating of the domain with 

dodecane to ensure that dodecane does not influence the formed structure. Unit cell vectors a 

A B 

C D 
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and b are depicted as well as four flavanthrone molecules simulated with Material Studios 

package (Accelrys). The corresponding graphene image is shown in the lower left corner. (D) 

Coverage rate of graphene by flavanthrone domains, using suspensions with pH 5.4, pH 6.8 and 

pH 10.0. Single measurements are depicted as dots besides of a boxplot. The solid line within 

the box indicates the median, the dotted line the mean. Each 30 images with an image size of 

100 nm x 100 nm each one were analysed. 

 

As shown in Fig. 23A-C flavanthrone domains show a characteristic structure, which can also 

be described as single-row-link-chain-structure, though with wider building blocks then 

dmQAC described previously6 . The lattice parameters were measured to be |a| = 0.94 nm ± 

0,04 nm; |b| = 1,52 nm ± 0,04 nm; α = 87° ± 1°. These measurements match with the results of 

the according force field calculations: |a| = 0,95 nm, |b| = 1,51 nm, α = 88°. 

The domains are orientated in different directions and depending on the pH of the suspensions 

they cover the substrate surface per medium between (2.3 +/- 1.9) %  and (27.1  +/- 5.7) % (Fig. 

23D). The uncomplete coverage of the substrate verifies, that the SAMs are deposited by 

OSWD. 

Taking together this imaging results, we can show here that it is indeed possible to manufacture 

SAMs by simply applying and taking off again pigment-water-mixtures to the substrates 

surface, without using any costly approaches or devices. 
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4.2.2. Force Field Calculations 

 

 

Figure 24: Force Field Calculations. (A) Simulation of a 3D-Crystal of flavanthrone above a 

graphene surface with a flavanthrone monolayer on top. (B) Diagram of binding energies. 

Depicted are the calculated binding energies of a flavanthrone molecule within 3 different 

crystal faces of a flavanthrone crystal ((100), (010), (001)) and of a single flavanthrone 

molecule adsorbed on graphene layer. Binding energies were calculated with two different force 

fields: Dreiding and Universal Force Field (UFF). 

 

To proof physico-chemical plausibility of the monolayer formation of flavanthrone induced by 

OSWD, force field calculations were performed, in collaboration with Thomas Markert, Ulm 

University. As shown in Fig. 24 the calculated intermolecular binding energy of a 

flavanthrone molecule within the (010) crystal face of a flavanthrone crystal is lower than the  

intermolecular binding energy of a flavanthrone molecule adsorbed on and (0001) graphite 

surface, for both, Dreiding and UFF calculations. These results demonstrate that flavanthrone 

can indeed adsorb and form monolayers on graphite surfaces by OSWD and is therefore a 

further candidate for investigating possible doping effects on graphene, after applying SAM by 

OSWD. 

 

 

 

A B 
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4.2.3. Raman Spectroscopy 

As discussed in the sections before, it is possible to generate SAMs on graphene simply by 

applying an aqueous pigment suspension to the graphene surface and taking it off again. By 

rinsing the sample additionally with water, left over crystals are mostly flushed away. 

 
This new way of generating the OSWD induced monolayer on graphene is especially important 

when it comes to spectroscopy methods to analyse possible doping effects on the sample. 

Therefore, usually the measured surfaces may not show any crystals or agglomerates of the 

SAM forming substance, like pigment crystals in this case. 

 
Raman spectroscopy is commonly used to analyse the efficiency of doping approaches. Since 

previous studies showed that Raman spectroscopy match with results of other techniques for 

bandgap analysis, like 4-probe measuring or tunnelling spectroscopy58, Raman spectroscopy 

was chosen, as it is the most suitable approach to perform measurements under ambient 

conditions (room temperature and without vacuum) with few expenditures of time and in a non-

destructive way. Furthermore, interference signals, e.g., results of mechanical strain of the 

graphene are well understood and the analysis of the peak shift is easy and clear. 

The Raman spectrum of graphene can be characterised inter alia by the wavenumber of the D-

peak (approximately 1350 cm-1), the G-peak (approx. 1580 cm-1) and the 2D-peak (approx. 

2680 cm-1) as well as the ratio of their intensities59–61. In pure graphene the D band is known to 

be an indicator of structural disorder and its intensity will increase by increasing quantity of 

structural defects60,61. Chemical doped graphene however shows significant shifts of the G- and 

the 2D-peak and a decrease of the intensity ratio of the 2D to G peak (I2D/IG), while a downshift 

of the G-peak and an upshift of the 2D-peak indicates n-type doping, upshift of both peaks 

refers to p-type doping59,62. 

Fig. 24 shows the result of Raman measurements of pure graphene on SiO2 and graphene 

covered with flavanthrone. For further verification of the functionality of the here shown 

approach also a sample of graphene covered with dmQAC was measured Fig. 25 and the 

findings were compared to former Raman spectroscopy of graphene covered with dmQAC 

samples, prepared by using thermally triggered OSWD7. 
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Figure 25: Raman-Spectra to verify doping of graphene by drop casting suspensions of 

flavanthrone. (A - D) The upper graphs (black) show the Raman spectrum for uncovered 

graphene on SiO2/Si, the lower graphs (orange) depict the Raman spectrum for graphene 

covered with flavanthrone. (A) Overview of the complete Raman spectrum as averaged graphs 

over 10 measurements each. (B) Zoom-in to the G- and 2D-peak area of Raman spectrum. 

Depicted are averaged graphs of 10 measurements each one. The horizontal line helps to 

identify relative intensity differences between the G- and the 2D-peak. (C, D) Further zoom-in 

to (C) G-peak area and (D) 2D-peak area. All 10 measurements are depicted together with the 

respective average line. Furthermore, a vertical line helps to identify up-shift of the respective 

peak for flavanthrone covered graphene. Statistical analysis was performed with t-testing and 

Welch's correction, with n=10; ****: p < 0.0001. 
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Figure 26: Comparison of Raman-Spectroscopy of empty graphene, graphene covered with 

dmQAC, and graphene covered with flavanthrone. (A - D) The upper graphs (black) show the 

Raman spectrum for uncovered graphene on SiO2/Si, the middle graphs (red) show the Raman 

spectrum for graphene covered with dmQAC and the lower graphs (orange) depict the Raman 

spectrum for graphene covered with flavanthrone. Both the dmQAC sample and the 

flavanthrone sample were prepared by drop casting pigment-water suspensions. (A) Overview 

of the complete Raman spectrum as averaged graphs over 10 measurements each. (B) Zoom-in 

to the G- and 2D-peak area of the Raman spectrum. Depicted are averaged graphs of 10 

measurements each one. The horizontal line helps to identify relative intensity differences 

between the G- and the 2D-peak. (C, D) Zoom-in to (C) G-peak area and (D) 2D-peak area. All 

10 measurements are depicted together with the respective average line. Furthermore, a vertical 

line helps to identify up-shift of the G-peak for the dmQAC and flavanthrone covered graphene. 

Statistical analysis was performed with t-testing and Welch's correction, with n=10; ****: p < 

0.0001. 

 

For each sample 10 measurements were averaged and the difference in Raman shift was 

analysed by t-test and Welch’s correction.  

The G-peak was found to be located at 1590.66 cm-1 for graphene, at 1595.7 cm-1 for the 

dmQAC covered sample and at 1594.36 cm-1 for the flavanthrone covered sample (Fig. 26A-

C). Both covered samples show a significant up-shift of the G-peak in comparison to the pure 

graphene sample with a p-value of 0.00037 for the dmQAC sample and 8.06 x 10-5 for the 

flavanthrone sample. Furthermore, the 2D-peak was found to be situated at 2678.28 cm-1 for 

graphene, at 2683.84 cm-1 for the dmQAC covered sample and at 2682.83 cm-1 for the 

flavanthrone covered sample (Fig. 26A-B, D). Additionally, both covered samples show a 

significant up-shift of the 2D-peak in comparison to the pure graphene sample with a p-value 

C D 
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of 0.0042 for the dmQAC sample and 0.0029 for the flavanthrone sample. Moreover, the 

intensity ratio of the 2D- to G-peak (I2D/IG) was measured to be 1.56 for the graphene sample, 

1.05 for the dmQAC samples and 1.17 for the flavanthrone sample (Fig. 26B). Both samples 

showed significant decrease of the ratio with a p-value of 2.08 x 10-5 for dmQAC and 0.0042 

for flavanthrone respectively. Furthermore, changes in the D-peak were not detected, i.e., that 

mechanical strain or structural disorder inside the graphene as a driving force for the upshift of 

the 2D- and G-peak can be excluded.  

Putting these findings together, it can be shown that flavanthrone functions as a p-type dopant, 

which corresponds to its molecular properties. The two imine groups that provide the PHA core 

with strong electron withdrawing properties function as electron acceptor, producing electron 

holes inside the graphene, when stacking on it. 

Furthermore, we proof by comparing the dmQAC sample from our new approach with the 

dmQAC sample produced by thermally triggered OSWD7 that the new method leads to the 

same doping effect as it found in a previous study.  

Moreover, the undetectable D-peak indicates the new pipetting method to be innoxious for the 

graphene itself, meaning that no damage of the graphene surface was detected. 
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4.2.4. Tunnelling spectroscopy 

To validate the doping effect with an independent method and analyse the set band gap, the 

samples were additionally analysed by Tunnelling Spectroscopy (TS), as described in the 

methods section (Fig. 27). 

 

 

Figure 27: STM images right before STS of (A) flavanthrone on graphene, with the monolayer 

domain on the right lower corner and (B) QAC on graphene with the monolayer domain on the 

left side and the right lower corner. 

A B 



 

78 

 

Figure 28: Tip current – tip voltage curves with a range from -3.0 V to +3.0 V for TS 

measurements right on top of the monolayer domain. Replicates and trendline were performed 

as described in the methods section. (A) Flavanthrone on graphene; (B) QAC on graphene. 

 

 

 

 

 

 

 

A 
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Fig. 29: see next page. 
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Figure 29: Tip current – tip voltage curves with a range from -3.0 V to +3.0 V for TS 

measurements at different distances to the flavathrone domain. Replicates and trendline were 

performed as described in the methods section. (A) Measurements on top of the flavanthrone 

domain. (B) Measurements in a distance of 1 nm of the domain. (C) Measurements in a distance 

of 15 nm of the domain. (D) Measurements in a distance of 30 nm of the domain. 

 

The bandgap of flavanthrone was measured to be 2.64 eV ± 0.39 eV and the bandgap of QAC 

to be 2.44 eV ± 0.18 eV (Fig. 28). These values match with the results of cyclic voltammetry 

measurements of previous studies, where Glowacki et al. 63 found the bandgap of QAC to be 

2.5 eV and Leonat et al.64 the bandgap of flavanthrone to be 2.7 eV. Like shown before, also 

the bandgap of the flavanthrone sample decreases linearly with increasing distance of the 

measuring point to the domain (Fig. 29) until no more band gap can be detected in a distance 

of more than 15 nm to the domain. 

 

 
 

Figure 30: Tip current – tip voltage curves with a range from –2.0 V to +2.0 V for TS 

measurements on graphene only, covered with dodecane. Replicates and trendline were 

performed as described in the methods section. 

 

TS measurements of graphene covered only with dodecane were performed to exclude any 

doping effects or artefacts genereated by dodecane. As known for graphene65, the results of 

these measurements did not show any bandgap formation or other artefacts (Fig. 30) and any 

doping effect or artefact generated by dodencane can be excluded. 
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4.2.5. Dirac Peak shift 

As a third independent analysis method, the Dirac peak shift between an uncovered graphene 

and a sample with drop casted dmQAC was analysed using source-drain resistance measuring. 

dmQAC was chosen in this approach, since it generates quantitatively more and better 

distributed monolayers on graphene, than flavanthrone. For p-doped graphene an upshift of the 

Dirac peak, generated by source-drain measurements is expected66. To generate a reliable data 

set, regarding the position of the Dirac peak within the uncovered graphene sample, 15 

measurements of the source-drain resistance have been performed on three different single layer 

graphene flakes. The middle position of the Dirac peak was found to be at 83.4 V ± 13.8 V, due 

to the SiO2 substrate (Fig. 31 A). Source-drain resistance measurements of dmQAC covered 

graphene constantly showed an upshift of the Dirac peak to more than 160 V. As described in 

the methods section, the concrete position of the Dirac peak could be located only in two 

measurements and was found to be at 168,8 ± 3,9V. Statistical analysis of the shift lead to a 

significant up shift (Fig. 31 B) with a p-value of 4.2 x 10-7 (t-test with Welch’s correction). 

This shift corroborates the results of the Raman and the Tunneling Spectroscopy: by covering 

the graphene with dmQAC-SAMs the graphene gets doped. The up-shifting validates the 

previous findings that dmQAC acts as a p-dopant7: When the gate voltage required to reach the 

charge neutrality point is higher than the applied gate voltage, then the Fermi level is located in 

the valence band and holes are the majority charge carriers, which indicates the presence of a 

p-dopant67. The up shift by 160 V can be taken as enormous, as up shifts usually occur in a 

range lower than 50 V68,69. 
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Figure 31: Electrical charge transport measurements. Measurements were performed on 

exfoliated graphene flakes on Si/SiO2 before (purple) and after (yellow) deposition of dmQAC. 

Dotted lines show the hysteresis of each measurement. A clear upshift of both (A) the resistance 

peak and (B) the electron mobility peak, which indicates the voltage, were the highest electron 

mobility is given, can be seen, indicating a p-doping of the graphene by the organic 

semiconductor.  

 

 

4.2.6. Summary II 

 

To sum up the results, it was shown here with three different techniques (Raman spectroscopy, 

tunnelling spectroscopy, and Dirac peak measurements) that chemical doping of graphene is 

possible by thin film coating using OSWD in water as a deposition method and drop casting as 

an application technique. 

 

The feasibility of the method for two different PHA, dmQAC and flavanthrone was shown. 

Furthermore, the results showed that the bandgap of flavanthrone is about 2.64 eV, what 

coincides with previous findings70. By Raman spectroscopy it was further shown, that 

flavanthrone acts as a p-type dopant. 

 

OSWD in water, for this reason, represents an easy, cheap, and fast way of doping graphene. 

There are no toxic or expensive chemicals needed, nor heat, high vacuum, or high professional 

skills to apply the drop cast technique. 

 

A B 
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4.3. Condensation of RNA in aqueous particle suspensions 

The previously shown results, the strong enhancement effect of AMP on the OSWD in water 

and the possible application of the OSWD as a deposition method for semiconductor science, 

by doping graphene using thin film coating, inspired to connect the OSWD system with other 

scientific fields (prebiotic chemistry and research on the origin of life), to examine if vice versa 

the environments present in the OSWD process can also influence the chemical behaviour of 

the NMPs. As shown before5,13, the explanatory model for OSWD involves nanofluid effects 

that occur during the OSWD process and the resulting SAM formation. Interestingly this kind 

of effects can also be found within the active centres of enzymes, like polymerases, where – as 

a result – the activity of water, i.e., the water as the main component of cytoplasm of the cell, 

is reduced and the condensation of nucleotides to form RNA and DNA is enabled. However, it 

is assumed that the first polynucleotides, like RNA and DNA, did arise without the assistance 

of enzymes and without a biological cell, but in water71. 

Thus, within the so far mainly discussed pathways for the possible origin of polynucleotides in 

water, like wetting-drying cycles, lighting strikes, or extraordinary and rare molecule species, 

or species that do not play a functional role in modern biochemistry, these scenarios show 

general weaknesses when appraising their prebiotic plausibility14,18. 

“[…] the water problem within a stable environment full of water and does not rely on physical 

conditions and chemical substances proposed in these concepts. This aspect is of particular 

relevance regarding evolutionary conservatism — the principle that evolution builds on existing 

pathways[…][72]. In this context, the principle indicates that the same physicochemical effects 

were involved in the abiotic origin of biopolymers, as is now being tapped by living systems 

via complex enzymes.”14  

Based on the findings shown above, the hypothesis was formed that the OSWD might also 

influence the chemical behaviour of the NMPs vice versa; to be precise, if the 

nanoconfinements, that appear during the OSWD between the substrate and the pigment crystal 

could catalyse the formation by condensation reactions of NMPs to oligo- or even 

polynucleotides, like short pieces of RNA. 

Precipitations of the supernatant of aqueous suspensions of substrate powder, PHA crystals and 

NMP(s) were performed as described in the method section. To analyse, if oligo- and/or 

polynucleotides have been formed, fluorometry and RT-qPCR were performed. Furthermore, 
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to gather a better understanding for the ongoing processes, computational analysis was 

performed by Thomas Markert, Institute of Theoretical Chemistry, Ulm University. 

 

 

4.3.1. RNA analysis 

 

 

Figure 32: “Fluorometric results of RNA concentration measurements in aqueous particle 

suspensions. Displayed are the mean values of three measurement replicates and standard 

deviations. If not differently indicated, nucleotide suspensions had a final concentration of 50 

mM and RNA isolation was performed from aqueous suspensions of particles containing 

dissolved biomolecules using EthOH and NaCl for precipitation. (A) Detected RNA 

concentrations in samples based on QAC + graphite suspensions: AMP: 2.38 ng per μl; AMP 

(isoprop.): precipitation was performed using isopropanol and NaOAc; detected concentration: 

5.4 ng per μl; mixture of NMPs (AMP, UMP, GMP, CMP, 12.5 mM each): 1.66 ng per μl; 

CMP: 0.59 ng per μl; UMP: 0.62 ng per μl; mixture of UMP and arginine: 1.36 ng per μl. (B) 

Detected poly(A) RNA concentrations in suspensions based on: Fe3O4/QAC: 2.45 ng per μl; 

graphite/anthraquinone: 4.76 ng per μl; SiO2 : 1.96 ng per μl; polyethylene: 0.3 ng per μl. (C) 

Results of the negative controls: aqueous samples containing AMP but without suspended 

particles: 0.14 ng per μl; pure aqueous samples only containing QAC or graphite: both 

underneath the detection level.”14 
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“[…][Fig. 32] shows the results of fluorometric RNA concentration measurements of the […] 

samples [prepared as described above]. Both ethanol precipitation and isopropanol precipitation 

were applied. The results of both precipitation methods reveal that poly(A) RNA strands have 

formed in significant amount with respect to the negative.”14 

 

 

 

Figure 33: Results of quantitative polymerase chain reaction. Grey: sample (AMP + QAC + 

Graphite (resuspended gel-pellet from precipitation of an aqueous AMP-QAC-Graphite 

suspension, prepared as described in the method section)); green: control sample (miRNA of 

23nt length); yellow: negative control. (A) Fluorescent curve, (B) Melting curve. 

 

 

A 
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“To cross-check the fluorometric quantification with a totally independent but also highly 

specific method, we performed quantitative polymerase chain reaction after reverse 

transcription (RT-qPCR). The results ([…][Fig. 33A]) show that the fluorescence signal of the 

sample [(grey)] exceeds the background fluorescence after 7.57 cycles. This indicates a high 

yield (103-fold) of input RNA in comparison to the respective signal of the positive control 

miRNA ([green, ]14.25 cycles). To obtain indications on the length of formed RNA, we 

performed a comparative melting curve analysis after the last cycle of the qPCR. This analysis 

includes the sample RNA [(grey)] and a positive control miRNA [(green)] with a length of 23 

nt. The comparison reveals that the medium melting point of the sample is at higher temperature 

than the positive control ([…][Fig. 33B]). These results suggest that the sample contains created 

oligonucleotides with lengths of equally or longer than 23 nt.”14 

 

 

4.3.2. Capillary gel electrophoresis of RNA 

 

Figure 34: “Lane L shows the RNA bands of the molecular weight marker (ladder). Lanes 1–

3 represent the triplicate of a typical incubated, precipitated sample made of suspended QAC 

and graphite particles and dissolved AMP. This sample was analysed with fluorometry prior to 

gel electrophoresis and showed an RNA concentration of 2.0 ng per μl. Lanes 4–6 represent 

triplicates of a negative control sample with no detectable RNA concentration according to 

fluorometric results. The prominent, isolated sharp signal in lane 5 is interpreted as an artifact, 

arising from the instrument’s sensitivity to even low vibrations of the laboratory bench.”14 



 

87 

“As an additional approach to cross-check the presence of RNA and to acquire more 

information on the length distribution of any formed RNA strands in our samples, we applied 

capillary gel electrophoresis by using the Agilent RNA 6000 Nano Kit. We chose this technique 

due to its high specificity for RNA and—like the other RNA detection techniques we selected 

for our study — due to its tolerance against residual crystal particles suspended in our samples. 

For the analysis, we chose a sample that contained QAC and graphite particles suspended in an 

aqueous solution of AMP and applied EtOH/NaCl for precipitation. The results show a broad 

distribution of RNA bands in the triplicates of the sample (Fig. 34, lanes 1–3). These clear and 

numerous bands further support our previous findings that RNA is present in our samples and 

also give a strong indication not only for the existence of short RNAs lengths below 25 nt but 

also for the presence of a large fraction of formed RNA strands with lengths of up to 4000 nt 

and more. 

Contamination with any natural RNA can be excluded due to the lack of the prominent rRNA 

double bands of the smaller and the larger ribosome subunits. To identify possible background 

noises in gel electrophoresis that might be caused by residual nanoparticles in the samples after 

precipitation, a negative control with a typical particle concentration was used that represented 

a sample with no detectable RNA signal from fluorometry. The results (Fig. 34, lanes 4–6) 

suggest that such possible background noise from residual particles is below the detection limit 

of the used electrophoresis system. The outcome also indicates that the results of fluorometry 

and electrophoresis concerning the presence or absence of RNA are consistent.”14 

 

 

4.3.3. Stacking and dielectric constant 

“To identify substantial factors that lead to the observed abiotic polymerisation we first 

analysed the possible role of π-stacking of nucleoside monophosphates (NMPs) as stacking has 

been suggested to be an important factor for RNA polymerisation in terms of bringing the 

monomers in close contact[…][73]. To perform this analysis, we extended the fluorometric 

analysis of ethanol precipitated AMP-based samples to CMP and UMP-based samples and 

compared the relation of the different RNA concentration results with the relation of respective 

published stacking equilibrium constants and stacking free energies of NMPs. The comparison 

reveals that the detected relative concentration of poly(A) RNA is about four times higher than 

poly(C) RNA and poly(U) RNA ([…][Fig. 32A]) and that this order (poly(A) RNA >> poly(C) 

RNA ~ poly(U) RNA) correlates to the order of the respective stacking equilibrium constants 
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and stacking abilities as derived from stacking free energy profiles of NMPs[…][56]. This 

correlation suggests that in particle suspensions, stacking and polymerisation of nucleotides is 

linked. Therefore, enhancing the stacking ability of a nucleotide should result in a higher RNA 

concentration. To test this, we selected UMP due to its low self-stacking ability and its 

comparatively low poly(U) RNA formation and added the amino acid arginine to the sample. 

Arginine is known for its high stacking ability with aromatic groups[…][57]. Fluorometric 

analysis of such UMP/arginine-based samples revealed that arginine increased the formation of 

poly(U) RNA by more than 100% ([…][Fig. 32A]). This observation supports the necessity of 

π-stacking for the polymerisation in aqueous suspensions and points to a possibly prebiotic 

relevant kind of interplay between amino acids and nucleic acids. 

However, base stacking cannot be the key factor for RNA formation in the described samples. 

This becomes evident when taking the water paradox into account and when considering the 

result of a negative control based on an AMP solution without suspended particles ([…][Fig. 

32C]): although AMP has the highest self-stacking constant among all NMPs[…][56] and is the 

only NMP with the ability to self-associate in indefinite stacks[…][54], the negative control 

shows that in comparison to the poly(A) RNA concentrations reported above, only minute 

amounts can be found when the sample contains no added particles. This result suggests that 

there is a key factor in promoting both stacking and polymerisation that is closely linked to the 

particle suspension nature of the samples. 

It is known that reducing the dielectric constant of water favours stacking[…][54], and reducing 

the activity of water (e.g. by adding alternative solvents, inducing wet/dry cycles or 

intercalation) promotes polymerisation[…][74–76]. As nanofluid phenomena emerging in 

temporal nanoconfined water can reduce both properties simultaneously[…][77,78] and watery 

suspensions of particles give rise to such phenomena[…][79], we infer that the occurrence of 

nanofluid phenomena in our samples is the key factor for the observed nucleotide 

polymerisation. This implies that the enhancement of nanofluid phenomena should correlate 

with an increase of polymerisation reactions.”14 
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4.3.4. OSWD as a probe 

“Nanoconfining environments change the behaviour of water especially in terms of its hydrogen 

bond network dynamics[…][77] which, in turn, affects the thermodynamic property of water 

activity[…][78]. The anomalous behaviour of nanoconfined water results from a highly complex 

interplay of various nanofluid phenomena and forces that are related to, for example, the surface 

energy and size of the confining boundaries, shear, molecular structure, electrical double layer 

and fluctuations of general order parameter[…][79,80]. To cope with this high complexity when 

assessing a possible synergy between nanofluid phenomena and polymerisation we chose an 

experimental approach that allows us to focus on a single, quantifiable effect. This approach 

uses the effect of Organic Solid/Solid Wetting Deposition (OSWD) as a probe. OSWD is the 

final result of a network of various nanofluid phenomena on confined water between suspended 

organic crystals, including double-layer forces, Casimir-like fluctuation-induced forces and 

dewetting-induced hydrophobic collapse[…][13]. It manifests as the adsorption and self-

assembly of insoluble polyaromatic heterocycles at solid/solid interfaces and thus is 

quantifiable via surface coverage determination. 

We quantified the efficiency of OSWD as a function of different biomolecules dissolved in 

watery suspensions of particles of the organic semiconductor QAC. For the quantification, we 

measured the surface coverage of graphite crystals with QAC monolayers via scanning 

tunnelling microscopy […][see chapter 4.1.]. The results ([…][Fig. 14]) reveal that adding 

AMP to the particle suspension enhances the coverage with very high statistical significance (p 

< 0.0001) in relation to QAC suspensions based on pure water (w/o, […][Fig. 14]), though the 

pH was not increased to the same extent (pH of aqueous suspension of QAC: 7.5; pH with AMP 

added: 8.8). A significant increase in coverage (p < 0.01) also occurs when using arginine as 

the added biomolecule (pH 10.6). By contrast, coverages found in samples based on CMP or 

UMP are statistically nearly identical and significantly lower with respect to the AMP- and 

arginine-based samples. Using a mixture of different NMPs leads to no significant increase of 

coverage but results in some very high single coverage measurements regarding the CMP and 

UMP samples ([…][Fig. 14 and Fig. 16]), possibly caused by clusters of the AMP fraction of 

the mixture. The comparison of these OSWD induced coverages with RNA quantities ([…][Fig. 

32A]) indicates that relative differences in the extent of nanofluid phenomena between the 

samples correlate with relative differences in detected RNA concentrations. This supports the 

hypothesis of a synergy between nanoconfinement effects and nucleotide polymerisation in 

aqueous particle suspensions. We thus propose that the emergence of nanofluid effects on 



 

90 

confined water is the key factor in the promotion of both stacking and polymerisation of 

nucleotides within aqueous suspensions of particles.”14 

 

 

4.3.5. Magnetite, silica and anthraquinone 

“Thus far, we used QAC/graphite particle systems to ensure comparability of the results from 

different experimental approaches. To test whether the formation of RNA in such an 

environment is generalisable, we measured samples prepared by the same protocol but 

containing particles based on other compounds. As inorganic substitutes, we chose magnetite 

and silica as geologically widespread compounds and selected the organic compound 

anthraquinone due to its abundance in carbonaceous meteorites[…][81]. Fluorometric 

measurements of partly or fully substituted samples show poly(A) RNA concentrations that are 

similar to or substantially higher than the comparable output of the QAC/graphite model system 

([…][Fig. 32B]). This indicates that the abiotic formation of RNA within nanofluid 

environments of aqueous suspensions is of general nature. Our results also imply that the output 

of RNA can be increased to higher concentrations by identifying appropriate particle suspension 

systems. The influence of the particle species on the RNA concentration, as indicated by 

[…][Fig. 32B] (including results from inert polyethylene particles as a comparison), is 

consistent with the fact that the anomalous behaviour of nanoconfined water is partly 

determined by the characteristics of the confining surfaces[…][77].”14 

 

 

4.3.6. Computational analysis 

“For nanofluid effects to become dominant, the confining surfaces must approach, at a 

conservative estimate, within the range of 10 nm and below[…][77]. To evaluate whether 

stacking of nucleotides within such nanoconfinements is possible in a sufficiently stable and 

ordered way to prime polymerisation, we performed dynamic molecular mechanics 

calculations. For performing these calculations, we modelled a stack of 12 AMPs as an example 

system referring to the observation that polymerised AMPs of more than 10 nt length were 

abundant in our samples. We arranged this stack in parallel between two nanoscale separated 

crystals of a QAC/graphite system and added water to the confinement. […][Fig. 35] shows the 

condition of the stack at the end of a dynamic simulation modelled with a confinement gap size 
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of about 4 nm. This condition implies that the nucleotide stack remained arranged in such 

confinement when surrounded by water […]. Comparative calculations suggest that such stacks 

are deformed, but stable even when the density of water—which can be lower in nanoconfined 

conditions[…][77] – is decreased to ~60% […]. It requires a reduction of the gap size to about 

3 nm and below to finally destabilise a stack due to increased interactions with confining 

surfaces […]. In sum, these simulations indicate that it is feasible to assume that nucleotides 

can associate in stable stacks within nanoconfinement gap sizes well below 10 nm for priming 

polymerisation.”14 

 

 

 

 

Figure 35: “Dynamic force field calculation of a nucleotide stack in nanoconfined water. The 

system is modelled within a supercell containing two graphene layers (bottom), two layers of a 

QAC crystal (top) and a stack of 12 AMP molecules placed between the confining surfaces. 

Vertical dimension of the gap: 43 Å. […][(A)] Condition of the stack after a simulated time 

span of 50 ps. The confinement is filled with water molecules. […][(B)] Condition of the stack 

after a simulated time span of 60 ps and a water density of ~60%.”14 

 

 

4.3.7. Thermodynamic considerations 

“Nucleotide polymerisation into RNA is a water-releasing condensation reaction that faces a 

thermodynamic barrier as the change in the Gibbs free energy of such a reaction is positive. 

Consequently, nucleotide polymerisation in water is a thermodynamically uphill reaction that 

A B 
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is extremely inefficient to occur spontaneously under ambient conditions. However, if the 

entropic part (ΔS) of the Gibbs free energy change (ΔG = ΔH − T ΔS) becomes very positive, 

the reaction can become exergonic (ΔG < 0) and thus favourable. As the entropic part is positive 

when the activity of water is low[…][75] the thermodynamic barrier can be overcome by 

reducing water activity[…][82]. Against this background, we propose that our observed abiotic 

formation of RNA within aqueous particle suspensions can be explained by the rise of 

anomalous properties of water when getting temporarily confined between suspended particles: 

nanoscale confinements change, among others, the vapour pressure[…][83] and hydrogen-bond 

network dynamic[…][77] of water. This can reduce water activity[…][78,83] as a function of gap 

size and the characteristics of the confining surfaces. We suggest that in comparison with other 

ways to circumvent the thermodynamic barrier of such condensation reactions, the exergonic 

impact of nanofluid phenomena in aqueous particle suspensions on RNA polymerisation and 

stabilisation is of high relevance for prebiotic plausibility, as it does not require 

nonphysiological conditions such as temperatures well above 100 °C, alternative solvents, or 

wet/dry cycles.”14 

 

 

4.3.8. Summary III 

“Our results indicate that abiotic temporal nanoconfinements of water within aqueous particle 

suspensions serve as nanoscopic, flexible reaction vessels for prebiotic, nonenzymatic RNA 

formation. The findings can solve the water paradox in such a way that nanofluid effects in 

aqueous particle suspensions open up an abiotic route to biopolymerisation and polymer 

stabilisation under chemical and thermodynamic conditions that are also prevalent within the 

crowded intracellular environment of living cells. The fact that polymerase enzymes also form 

temporal nanoconfined water clusters inside their active site[…][84,85] implies that the same 

physicochemical effects are tapped for nucleotide condensation in water both by biochemical 

pathways and our reported abiotic route. These aspects indicate that our model is consistent 

with evolutionary conservatism stretching back to the era of prebiotic chemical evolution and 

the origin of cellular life[…][86]. The consistency is further supported by the fact that water is 

not trapped by nanoconfinements within the polymerase core but can exchange with the 

surrounding intracellular fluid[…][85] — a situation that also exists in abiotic nanoconfinements 

of water emerging temporarily between approaching crystal particles in aqueous suspensions. 

Our experimental finding that under these conditions an amino acid catalyses the abiotic 
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polymerisation of nucleotides supports first indications of the role of minerals for the origin of 

cooperation between amino acids and nucleotides[…][87] evolving to the interdependent 

synthesis of proteins and nucleic acids in living cells[…][88]. 

Abiotic RNA polymerisation under nanofluid conditions in aqueous particle suspensions does 

not depend on specific mineralogical and geological environments: now as 

then, in the prebiotic world, watery suspensions of micro- and nanoparticles are virtually 

ubiquitous[…][89]. They exist, for example, in the form of sediments with pore water[…][90], 

hydrothermal vent fluids containing precipitated inorganic[…][91,92] and 

polyaromatic[…][91,93] particles, atmospheric aerosols with organic and inorganic particle 

burden[…][94,95], or crowded. dispersed aggregates inside water-filled cracks in the crust of the 

earth[…][96,97] and possibly of icy moons such as Enceladus[…][98].”14 
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5. Conclusion and Outlook 

This thesis was dealing with several aspects of the organic solid/solid wetting deposition 

(OSWD), a novel method to form monolayers of insoluble organic semiconductor molecules 

on crystal surfaces, like graphite or graphene, without the need for demanding experimental 

approaches. In difference to previous studies, this thesis concentrated in the possibilities and its 

advantages to perform OSWD in water. Hereby, three main aspects were analysed: 

- a screening of (bio-)molecules regarding their possible influence on OSWD in water, 

- the OSWD in water was applicated for doping of graphene and 

- its concept was transferred to the field of origin of life research. 

 

The three main findings of this thesis are: 

The OSWD can be influenced by addition of (bio-)molecules to the sample. Whereby the 

addition of AMP resulted in a strong enhancement of the efficiency of the OSWD. Also, the 

addition of arginine resulted in a moderate enhancement. These new findings make the OSWD 

method an even more attractive method when it comes to the need of an environment friendly 

deposition method, e.g., in the semiconductor industry. 

The OSWD in water can be used as a method to generate a doping of graphene, by drop casting 

it on the graphene´s surface. With this new developed method, neither toxic, expensive 

chemicals, nor experimentally demanding approaches are needed. 

Temporal formed nanoconfinements, that occur during the OSWD process (prebiotic reaction 

vessel), can explain the enzyme-free condensation of nucleotides to RNA in water and therefore 

give a plausible and new explanation to how the first RNA molecules might have formed on 

planet earth. 

 

 

5.1. Influencing and using the OSWD 

The question on how OSWD at room temperature can be improved in terms of the amount of 

resulting substrate surface area covered with the deposited SAMs was addressed in chapter 4.1.. 

Here it was shown, that and how the OSWD efficiency can be manipulated by adding different 
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(bio-)molecules to the aqueous pigment suspensions before applying them to the carrier 

materials surface (here: graphite or graphene). These findings are especially relevant when it 

comes to a possible application of the OSWD, e.g., in semiconductor technologies, where 

SAMs need to cover a high percentage of the substrates (graphene) surface to generate a 

sufficiently strong doping effect. The results of the performed screening revealed that it is 

indeed possible to enhance the amount of substrate surface area, covered with SAM domains, 

by using distinct biomolecules, like AMP and arginine, as it was found in the here presented 

screening. Hereby, the best enhancement of OSWD was shown by adding AMP to the sample, 

as this sample resulted in more than two times higher coverage than the sample without any 

additive. Interestingly, the nucleotide AMP, which is also a building block of RNA (and DNA 

with a deoxyribose instead of ribose), also plays many crucial roles inside the cell, in difference 

to the other nucleotides. It can be found in many metabolic and cell signalling pathways as a 

basic building block of molecules and all natural mRNAs are marked with a poly-A tail. 

Furthermore, also the addition of the amino acid arginine resulted in an enhancement of the 

coverage rate. In the case of arginine this effect can partially be explained with the  increased 

pH of the arginine containing sample in comparison to the control sample. For AMP, however, 

no connection between the pH and the coverage rate was found. Interestingly, both AMP and 

arginine show a high tendency for stacking, which might be a crucial influence factor regarding 

the impact of a distinct molecule on enhancing the SAM formation. This finding is also 

consistent with the results of the residual (bio-)molecules used in the study: no sample that did 

not contain either AMP or arginine showed a significant change of the amount of covered 

surface area and none of those (bio-)molecules used in the presented screening is known to have 

a high stacking affinity, besides of AMP and arginine. Summing up, only those (bio-)molecules 

used in this study that do undergo high stacking also increased the percentage of SAM covered 

substrate surface area – here AMP and arginine. 

Though in this study a broad field of different biomolecules was analysed as possible enhancer 

candidates, plenty more biomolecules were still not included and might be examined in further 

studies. A promising group of (bio-)molecules might be amino acids as well as those that do 

show high stacking affinity as also the amino acid arginine showed an enhancement effect on 

the OSWD, when it was added to the suspension. 

The findings of this screening are especially important for the development of environmentally 

friendly an low-cost applications of molecular deposition methods. like for example needed for 

doping methods in nanoelectronics, as mainly biomolecules were used and no toxic or rare 

chemicals. Using biomolecules to enhance the OSWD in aqueous environments, does make this 
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deposition method an environment friendly and low-cost method. Furthermore, the execution 

of the method is easy and does not require specific skills or expansive and complex instruments. 

Therefore, by being able to influence the OSWD in water makes it a suitable deposition method, 

particularly interesting for the semiconductor industry. 

 

 

5.2. Doping of graphene 

In a second part (chapter 4.2.) it was investigated, if the OSWD in water can also be used to 

dope graphene by surface transfer doping. That means, the substrate graphene becomes doped 

by charge separation induced by adding a layer of dopant molecules on top of its surface. 

Surface transfer doping is of particular relevance as a non-destructive doping method of 

materials in a nanometre range, which makes it especially interesting for nanoelectronics. 

Indeed, it could be shown, that a surface transfer doping can be achieved, by depositing SAM 

on a graphene surface by applying OSWD in water. 

The particularity about the demonstrated method is, that it can be performed under ambient 

conditions, i.e., at room temperature and without vacuum or under clean room conditions. The 

materials that were used in this thesis, were selected in a way, that all of them are non-toxic and 

any person, also outside a researching institution, can purchase and handle them. Furthermore, 

it was taken care, that the materials are of low cost: e.g., to prepare 1 ml of the used flavanthrone 

dispersion, about 27.5 mg of flavanthrone are needed. Subsequently from this amount only 1-

10 µl are consumed for the preparation of 1 cm2 of graphene covered with flavanthrone 

domains. The costs for the used flavanthrone powder, to cover 1 cm2 of graphene produce 10 

µl of the suspension, is about 0.01 €; for QAC and dmQAC it is even less than The same 

calculation for QAC and dmQAC7 results in less than 0.005 € / cm2. 

With three independent methods, Raman Spectroscopy, Tunnelling Spectroscopy, and 

measurement of the Dirac peak shift, it was shown, that the underlying graphene indeed was 

doped, by surface transfer doping after OSWD of flavanthrone. It was also validated that 

flavanthrone acts as a p-dopant47,48. 

The results offer a new method, easy, low cost, and environment friendly, to produce graphene 

doped with heteroaromatic semiconductors. Combined with the results from chapter 4.1. even 

the possibility of an up- (or down) scale of the number of formed domains on the graphene 
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surface is given. Though it was shown here that AMP also enhances the degree of coverage of 

the OSWD when using other pigments, it would be necessary to control if this is also true for 

flavanthrone (if this shall be the pigment of choice for the surface transfer doping). Furthermore, 

it would be needed to be investigated, if the used (bio-)molecule (AMP or others) influences 

the doping effect; even if the molecule itself would not deposit on the graphene surface, but 

probably being washed away in the washing step, as it is soluble in water. 

 

 

5.3. RNA formation in water 

In a third chapter, 4.3., it was addressed if biomolecules do not only influence the efficiency of 

the OSWD, but also if the chemical behaviour of the biomolecules themselves is impacted 

during OSWD. Indeed, it was shown that this vice versa interplay occurs. To be precise, 

nanoconfinements occurring between two surfaces, which are comparable to those occurring 

during the OSWD process, do probably act like active centres of enzymes, like RNA- and DNA-

polymerase. Adequate experimental settings and literature search led to the assumption, that 

the water activity is reduced within and at the close surrounding of the nanoconfinements, what 

is analogous in the active centres of enzymes. 

These findings enable to create an explanatory model with chemo evolutionary consensus to 

overcome the water paradox, appearing in many origin of life theories addressing the topic, how 

the first RNA molecules might have formed on planet earth, in water, without enzymes. It needs 

to be empathised that in comparison to other origin of RNA / origin of life theories, the here 

presented hypothesis works without the need of wetting/drying cycles, lightning strikes, or any 

rare molecules, that probably did not even exist on earth in the moment that the first RNA was 

formed. 

In further studies however, more replicates of the different samples compared in this study 

should be examined, to get a more reliable statement on the efficiency of the RNA condensation 

in water without enzymes. 
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