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1. Introduction 

“Science is a human activity aimed at knowing the laws of Nature and then using 

such a knowledge to change the world.”   

                                                       Vincenzo Balzani (2005).[1] 

The presupposition is that nature demonstrates design principles that humanity can 

mimic synthetically to attain benefits.[2] In the future this will lead to the invention of 

novel and innovative solutions in the form of sustainable hybrid materials for the four 

big challenges that a large part of the earth's population currently faces: food and 

energy supply, healthcare, and pollution.[1] To solve these problems a highly 

interdisciplinary approach is required. Nanoscience paved the way towards a great 

variety of advanced materials and devices with unprecedented structural, electronic, 

optical, chemical, physical and biomedical properties.[3] Over the past decades, 

nanoscience has been one of the most exciting, growing and productive fields of 

research worldwide – as seen by the increase of publications in Figure 1.1. 

 

Figure 1.1: Total number of nanotechnology papers published indexed in (Web of Science).
[4]

 

This culminated in the widespread of numerous inventions. Such as the construction 

of field-effect transistors as well as highly sensitive sensing technologies, smart 

electronic devices, like new organic light emitting diodes, solar cells or drug delivery 

systems.[3] In this interdisciplinary field chemistry is already the key science. 

Chemists make new forms of matter (and they are really the only scientists to do so 

routinely) by joining atoms and groups of atoms together.[2] The implications are that 

self-assembly fundamentals are applicable for the self-fabrication of hitherto 
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inconceivable hybrid materials. Supramolecular chemistry in principle offers the 

possibility of a controlled assembly of individual molecular and particulate 

components, bypassing the necessity of tedious fabrication and manipulation 

procedures. Although nanoscience and nanotechnology are still in their infancy, 

history however suggests, that where there is smoke, there will eventually be fire; 

which means, that whenever there is enough fundamental research in a new field of 

science, revolutionary new technologies will eventually emerge.[2] This vision of 

“supramolecular materials chemistry with gold nanoparticles” is the underlying drive 

for this thesis. 

1.1 Nanotechnology and nanomaterials  

Nanotechnology 

Nanotechnology has emerged as the interdisciplinary science linking the basic 

concepts of engineering with those of biology, chemistry, physics and medical 

science.[5] Currently, Nanotechnology is described as a revolutionary discipline in 

terms of its possible impact on industrial applications.[3] In December of 1959, NOBLE 

PRIZE winner RICHARD FEYNMAN, one of the most brilliant physicists of the last century, 

gave a forward-looking talk at an American Physical Society meeting at Caltech. [6] 

His speech, titled "There´s Plenty of Room at the Bottom", is seen as the origin of the 

development of nanotechnology. He laid the conceptual fundamentals of 

nanotechnology when he envisioned a scenario in which scientists can manipulate 

matter at a molecular and atomic level. He predicted new types of forces, 

possibilities, and effects within this miniaturization.[6]  

 

Figure 1.2: The number 2000, celebrating the new millennium, has been written by using 47 CO single 

molecules. Each protrusion represents an individual CO molecule and the background vertical lines 
are the intrinsic Cu surface step edges.

[7]
 

He also mentioned some of the consequences of measuring and manipulating 

materials at the nanoscale and compared the design of molecules to create 

“nanomachines” in nature. The breakthrough of nanotechnology finally happened 



INTRODUCTION 

3 

during the 1980s. With the development of the scanning tunnel microscope (STM) by 

G. BINNIG and H. ROHRER in 1981, it was feasible to “see” individual atoms for the first 

time.[8] In this context, E. K. DREXLER coined the term nanotechnology and gave a 

definition: “nanotechnology (…) entails the ability to build molecular systems with 

atom-by-atom precision, yielding a variety of nanomachines.”- seen in Figure 1.2[9] 

Thus, researchers were enabled not only to “see” atoms but to pick up and move 

atoms on surfaces.[10] All this entailed an explosion of research activities in the field 

of nanoscience. Nanostructures are by definition in the sub 100 nm size-regime, 

which is also a critical length for physical phenomena, resulting in the so-called "size 

and shape effects". Described by HALPERIN in 1986, these effects result in unique 

electronic, optical and chemical properties.[11] Pointing into the same direction was 

the discovery of new carbon allotropes. 

 

Figure 1.3: New forms of carbon allotropes.
[12]

 

The fullerenes, carbon nanotubes and graphene, opened the path to fully carbon-

based materials and devices with unprecedented structural, electronic, chemical and 

biomedical properties.[13] Finally, supramolecular chemistry, – with the award of the 

NOBLE PRIZE in Chemistry to PEDERSEN, CRAM, and LEHN in 1987– formally arrived in 

the chemical world.[14-16] Described by LEHN as “the chemistry of the intermolecular 

bond, covering the structures and functions of the entities formed by the association 

of two or more chemical species”, the supramolecular chemistry rose as one of the 

most exciting fields of nanoscience.[14] The development of highly complex chemical 

systems from molecular components interacting with non-covalent intermolecular 

forces guided the path for the chemistry beyond the molecule.[17] This intervened the 

classical chemistry with biology and material science. The interface between these 

disciplines is formed by two different nanotechnology miniaturization principles. 

Fullerene Carbon

nanotube

Graphene
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The “top down approach” was traditionally used by physicists and engineers to 

manipulate progressively smaller pieces of the matter by photolithography and 

related techniques.[1] However, the “top-down approach” is subject to drastic 

limitations for dimensions smaller than 100 nm.[18] This range of a few nanometers to 

less than 100 nanometers is historically associated with structures such as colloids, 

micelles and polymer molecules or aggregates of many molecules by chemists.[2] 

In this sub 100 nm range a chemist‟s skill set is required for the realization of the 

“bottom-up approach”. Here, the main principle is the build-up of patterns and 

structures via placing of individual atoms or molecules. This strategy was predicted 

by FEYNMAN in 1959: “The principles of physics do not speak against the possibility of 

maneuvering things atom by atom”.[6] Consequently nanotechnology promises the 

ability to precisely build machines and components of molecular size. In this context 

nature is often seen as an instance for nanotechnology at work.[19]  

Scientist were inspired by nature ever since and tried to mimic, adapt or optimize 

nature for their respective aims. But whenever science imitates nature, an argument 

about whether this is appropriate comes up. One concern is that nanotechnology will 

go out of control. This concern is based on an idea put forward by several futurists 

like DREXLER, JOY, and others and adopted gleefully by science fiction writers that is, 

the idea of small machines that can replicate themselves (“assemblers”), escape the 

laboratory and eat the earth.[2, 20-22]. Yet the expectation of accessing novel and 

unique material properties and functionalities is the driving force behind research in 

nanotechnology and in general. Currently nanotechnology is already a thread woven 

into many fields of material science. Some parts are quite familiar, others are 

completely unfamiliar. Therefore the excitement towards its potential for harm, as well 

as its potential for good, is understandable. But there is no question that this 

revolutionary nanoscience concept is already widespread in various application 

fields.[23-36] 

Nanomaterials 

The term nanomaterial refers to small sized materials with a grain size in the order of 

10-9 m. In general, a material is defined to be a nanomaterial if at least one dimension 

is less than 100 nm.[37] Figure 1.4 shows some artificial nanostructures in the scope 

of biological beings. Nanomaterials can be distinguished in three-dimensional (e.g. 

hierarchical assemblies), two-dimensional (nanostructured surfaces), one-
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dimensional (e.g. nanorods) and quasi-zero dimensional (e.g. quantum dots, 

fullerenes) nanomaterials. 

 

Figure 1.4: Classification of artificial and biological nanostructures. 

Aside from their size nanomaterials can be classified according to properties like 

conductivity or light absorbance. Amongst the nanomaterials, the nanoparticles 

occupy the most prominent position. They are mainly discerned into organic and 

inorganic nanoparticles. Some of the most exciting organic nanoparticles are the 

carbon-based ones – see Figure 1.3. Fullerenes, carbon-nanotubes, and graphene 

gained enormous interest during the past decades due to their outstanding electrical 

properties.  

The properties of these materials at the nanosize level differ from those of the bulk 

material. This stems from their increased surface to volume ratio – see Figure 1.5.[38] 

Surface atoms have fewer neighbors than those in bulk. This decrease of 

neighboring atoms causes lower coordination of the surface atoms and hence a 

diversity in terms of reactivity. Surface atoms are less stable than bulk atoms and the 

number of exposed atoms varies with the size of a particle. The smaller a particle, the 

larger the number of surface atoms and the higher the average binding energy per 

atom. The surface to volume ratio scales with the inverse of the particle size, 

therefore small clusters behave more like molecules than the bulk material.[38] At the 

nanoscale optical, electronic and magnetic properties of matter are dominated more 
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and more by the discontinuous behavior of quantum effects.[39] Very “small” 

nanoparticles, between 1 and 5 nm are called “quantum dots” They differ enormously 

in their properties from their original bulk material. With such quantum dots, an effect 

known as quantum size confinement occurs.[40, 41] 

 

Figure 1.5: Atomic distribution in icosahedral nanoparticles from 1 to 4 nm in diameter (left) and total number of 
atoms, surface atoms, surface-to-volume ratio and total surface area for Au nanoparticles of different 
sizes (right).

[42]
 

This effect is accessed in order to increase the bandgap of the material by 

decreasing the particle sizes. This so called bandgap engineering leads to 

controllable emission wavelengths of colloidal particle dispersions.[43] Such significant 

changes of the properties of quasi 0D nanostructures are declared as size-

dependent properties. From the start, these materials need to be modified to prevent 

against agglomeration. Before this is not achieved, the materials cannot be 

processed.  

During the last 50 years, a variety of preparation methods for the nanoparticle 

synthesis were developed. Six methods are nowadays widely accepted. These are 

plasma arcing,[44] chemical vapor deposition/condensation (CVD/CVC),[45, 46] 

electrodeposition,[47-49] mechanical attrition,[50, 51] sol-gel synthesis,[52-54] and the use 

of natural nanoparticles.[55]  

The first two methods are based on the principle of the controlled deposition of 

vaporized molecules and atoms onto a substrate. These procedures were the first 

techniques used for the synthesis of nanomaterials. Thereby precursor materials are 

vaporized using evaporation sources like thermal energy. At the surface of the 

substrate, the vaporized moieties form novel nanoparticles from scratch or by 

extending pre-defined nanoparticles. Whereas the first two methods utilize vapor, 

solutions and suspensions are the media in the subsequent two methods. 

Electrodeposition involves individual species which are deposited from solution to 

form the nanomaterials.[49] The precursors for the synthesis of the colloidal 

suspension (sol) of the sol-gel method, consist of metal ions surrounded by 
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ligands.[56] Subsequently, network formation is initialized in the continuous liquid 

phase (gel) by gelation of the sol.[53] Usually, a catalyst is used to start the reaction 

and control the pH-value. The formation of nanomaterials via such reactions can be 

divided into four stages: Hydrolysis, condensation, growth of particles and 

agglomeration of particles. The tendency towards agglomeration is common on this 

size scale and shared by all nanomaterials. This thermodynamically-driven 

spontaneous process leads to the growth of bigger particles at the expense of 

smaller ones.[57] It was first described by OSTWALD in 1897 and is therefore called 

Ostwald ripening.[58] In general, larger particles are more energetically favored than 

smaller particles. This stems from the fact that molecules on the surface of a particle 

are energetically less stable than the ones in the interior/bulk.[59]   

In contrast, mechanical attrition produces its nanostructures not by cluster assembly 

but by the structural decomposition of coarser grained structures as a result of plastic 

deformation. The process can be performed on both high energy mills, centrifugal 

type mills, vibratory type mills, and low energy tumbling mills.[60] Moreover naturally 

occurring reagents such as vitamins, sugars, plant extracts, biodegradable polymers, 

and microorganisms as reductants and capping agents are very elegant techniques 

for nanomaterial preparation.[61] Among the reagents mentioned above, plant-based 

materials seem to be the best candidates and they are suitable for large-scale 

„biosynthesis‟ of nanoparticles.[62] Hitherto a variety of gold nanoparticles have been 

synthesized using simple, non-toxic, eco-friendly reductants and capping agents.[63-

65] 

1.2 Surface modification of nanoparticles 

As mentioned in chapter 1.1 the surface of nanoparticles is, on the one hand, their 

biggest advantage over the bulk material and on the other hand their most severe 

drawback. Colloidal stability preventing any aggregation or OSTWALD ripening is a 

major issue during the synthesis and the modification of nanoparticles. The repulsive 

force between particles can, in principle, be due to electrostatic repulsion, steric 

demand or a hydration layer on the surface. Depending on the particle system, i.e. 

the core material and the solvent in which the particles are dispersed, the choice of 

the right ligand may lead to stable particles.[66] Thus, surface modification is usually 

already performed during most nanoparticle syntheses. Here, the choice of an 

appropriate capping agent is vital. Generally, chemical modification allows proper and 
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reproducible handling of nanoparticles. Furthermore, chemists are not only interested 

in the preparation of nanoparticles and their properties but also in the modification of 

these special properties.  

The surface represents the most reactive side of nanoparticles and determines most 

of the properties. Therefore modification of the surface is of particular interest for 

synthetic organic chemists. The expectation is to gain control over the size, shape, 

and assemblies of the particles using chemical surface modification by tailored 

organic molecules. This can be done in a covalent or non-covalent manner. The 

ligand molecules have to bind to the particle surface by some attractive interaction, 

either chemisorption, electrostatic attraction or hydrophobic interaction. This 

interaction is most commonly provided by a head group of the ligand molecule.[66]  

Covalent surface modification 

In organic solvents, the nanoparticle surface is covered by hydrophobic ligand 

molecules that prevent the aggregation of the particles. However, the bonds between 

the inorganic nanoparticle surface and, e.g. an electron-donating end group of a 

ligand molecule e.g. thiol, undergo dynamic binding and unbinding processes.[67, 68] 

The long-term colloidal stability of inorganic and organic nanoparticles can be 

drastically enhanced by covalent surface modification.[69]  

Generally, it is found that strongly binding molecules, forming a dense layer, stabilize 

particles better than weakly binding ones. In particular, this is true for the processing 

and purification steps following the particle synthesis.[66] These molecules align on 

surfaces if the process generates sufficient excess energy through the reaction of the 

reactive group with the surface and/or lateral self-organization processes such as for 

instance Van der Waals interactions. These reactive groups are commonly called 

anchor groups and determine the binding strength of a molecule on a distinct 

surface. The covalent binding mechanism for these anchor groups ranges from 

mono-, bi- to tridentate.[70] Nowadays there is a wide variety of anchor groups 

available. From this pool, thioles, silanes, amines, phosphonic acids and carboxylic 

acids are the most popular. In principal, all of them can be adsorbed onto the surface 

of inorganic nanoparticles. However, due to the different stability of the surface 

interaction, there are some popular matches.[71] Depicted in Scheme 1.1 are some 

anchor groups that match especially well with certain materials. 
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The main advantage of covalent surface modification for monolayer formation on 

nanoparticle surfaces is the rapid formation of a covalent linkage between the 

substrate and the anchoring group. This covalent bond stabilizes the monolayer, and 

also allows for an easy consecutive chemical modification without compromising the 

integrity of the monolayer.[72] 

 

Scheme 1.1: Different anchor groups for covalent surface modification. 

Another approach for covalent modification is to introduce bifunctional ligands with 

chemical functional groups. By this principle bromide, ferrocene, hydroxyl, carboxyl 

functional groups and a lot more can be used for a second covalent functionalization 

reaction, performed at the exterior nanoparticle surface.[73-75] This technique has the 

clear advantage of a very stable bond formation between the second ligand shell and 

the surface-bound ligands. This is especially interesting for organic chemists, which 

want to transfer classical and organic chemistry to the nanomaterial world. But 

nanoparticles cannot be handled like most organic compounds, due to irreversible 

agglomeration upon destabilization. 

Non-covalent surface modification 

Among the efforts to increase the processability of unique materials, non-covalent 

functionalization of systems represents a corner stone, as it is nondestructive.[76] 

These surface-modification methods are milder than the covalent approach, and 

usually, cause little disruption to the structures.[77] Therefore non-covalent surface 

modification attracted a lot of attention in the field of exfoliation of carbon nanotubes 

and graphene.[78, 79] In these compounds, the non-covalent interaction is mainly 

provided by the non-covalent binding of their conjugated π-systems.[79] Such 

approaches are highly attractive because: a) unique properties can be combined with 

those of other compound classes, b) solubility and processability can be increased, c) 



INTRODUCTION 

10 

fine-tuning of the electronic characteristics (doping) can be achieved, d) synthetic 

routes to novel macromolecular architectures, can be provided, and e) the inherent 

principles of the material reactivity can be revealed.[79] Because of these benefits 

non-covalent interactions of all kinds attracted the scientific world. 

Another technique to manipulate surface properties at the molecular level is based 

on the deposition of layers onto the surface. These films can be obtained by several 

deposition techniques like physical or chemical vapor deposition, spin or spray 

coating and layer-by-layer (LbL) deposition.[80] The layer-by-layer (LbL) technique, 

through which multilayer assemblies can be realized, is basically exploits the 

electrostatic attractions between oppositely charged building blocks.[81] The LbL 

technique was first used by DECHER et al. to build up multilayers of charged 

polymers.[81] Depicted in Scheme 1.2, alternate dipping of substrates into solutions of 

either positively or negatively charged polymers resulted in a non-covalent surface 

modification.  

 

Scheme 1.2: Schematic of the film deposition process using slides and beakers. Steps 1 and 3 represent the 
adsorption of a polyanion and polycation, respectively, and steps 2 and 4 are washing steps.

[81]
 

Repeatedly performed cycles of this procedure lead to multiple polymer layers, which 

are stabilized by electrostatic interactions. In principle, ionic adsorption also provides 

a simple and straightforward method e.g. to functionalize nanoparticles with 

biomolecules, as well.[82] In light of the latter, the LbL technique constitutes a very 

simple, but efficient method for the consecutive deposition of individual molecular 

layers onto planar solid supports to realize new advanced materials. With this MARCIA 

et al. were able to transfer such LbL-principles to the nanoscale by generating novel 

nano-organized hybrid systems. They presented e.g. a novel nanohybrid assembly of 

non-covalent functionalized graphene and electrostatically stabilized zinc oxide 

quantum dots.[83] In these non-covalently linked nanohybrid materials, new properties 

were generated by the combination and interaction of their individual components. 
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Hydrophobic interactions dominate in the non-covalent binding of non-charged 

molecules to surfaces or the binding of charged molecules to neutral surfaces.[84] The 

“hydrophobic” adsorption mechanism also involves weak van-der-Waals interactions 

between the ligand and the surface, while often a depletion interaction is the actual 

driving force.[85] In general, hydrophobic interactions have been widely exploited to 

attach e.g. lipophilic drugs to nanoparticles for drug delivery, to coat hydrophobic 

nanoparticles with amphiphilic polymers and to modify the dispersibility of 

hydrophobic nanoparticles.[86-89] Especially the hydrophobic interaction of suitable 

ligands with the initial layer of covalently functionalized nanoparticles led to the 

development of the shell-by-shell (SbS) concept. 

 

Figure 1.6: “Umpolung”- concept of shell-by-shell (SbS-) coating TiO2 nanoparticles.
[90]

 

The SbS-coating concept describes a generalization of hydrophobic interaction 

driven self-assembly of surfactant molecules on pristine hydrophobically coated 

nanoparticle scaffolds towards the reversible incorporation of tailored functionalities 

offering inspiring options for the creation of new nanohybrid systems.[90] 

The precise non-covalent fabrication of more sophisticated and directional 

nanohybrid assemblies can be accomplished by employing hydrogen bonding 

interactions. Hydrogen bonding interactions are among the most important structuring 

forces in supramolecular chemistry, offering the tuning of forces starting from several 

kJ/mol up to more than 120 kJ/mol.[91] The binding force of multiple hydrogen 

bonding systems can be tuned leading to association constants from several M-1 up 

to more than 100.000 M-1 (each bond contributing is about 7.9 kJ/mol).[92]  

Because of this key feature, they are utilized in the non-covalent surface modification, 

as well. Especially BINDER et al. put the spotlight on a binding motif which contains 

hydrogen bonding by fixing gold nanoparticles directly onto surfaces.[93] The binding 

motif was based on HAMILTON receptor/barbituric acid lock-key recognition. Gold 
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monolayers as well as copolymeric films were covalently linked with HAMILTON 

receptors. Then, by using corresponding gold nanoparticles containing covalently 

bound barbiturates highly selective self-assembly processes towards the surface 

were observed.[93-95]  

After these groundbreaking results, the non-covalent functionalization of bulk and 

nanoparticle surfaces became a major goal. 

1.3 Gold nanoparticles  

Gold nanoparticle chemistry and physics has emerged as a broad new sub discipline 

in the domain of colloids and surfaces.[96] Unlike bulk- or molecular-scale gold, 

nanoscale gold can exhibit vivid colors. This feature made them very popular study 

objects for chemists, physicists, and biomedical practitioners during the last 

decades.[97] Long before the development of modern gold chemistry, the special 

appearance of gold was appreciated by mankind: its ruby red colloids were used for 

the coloration of glass and ceramics in the ancient world.[98]  

 

Figure 1.7: Gold nanoparticles in different size and shapes.
[99]

 

Unbeknownst to them they were already using colloidal gold nanoparticle solutions. 

The term “colloid” was first defined by GRAHAM in 1861 in order to describe nanosized 
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particles suspended in another substance/media.[100] They display fascinating 

aspects such as their behavior of the individual particles, size-related electronic, 

magnetic and optical properties (quantum size effects).[75] These chemical and 

physical properties are particularly dependent on their size and shape. Depicted in 

Figure 1.7 spherical gold nanoparticles, dispersed in aqueous solution appear with 

dark red coloration, whereas increasing their size the color of the dispersion switched 

to blue.[99] The typical ruby red-color of colloidal gold starts to emerge at particle 

sizes above ca. 3.5 nm.[101] The coloration of the dispersions reflects a change in the 

surface plasmon resonance band (SPR). This phenomenon is caused by the 

interaction of the entering electromagnetic photons with the electron gas located on 

the nanoparticle‟s surface (6s electrons of the conduction band).[75]   

The SPR is clearly dependent on the particle size, as proven by the increase (λ = 519 

to 569 nm) of the wavelength (λmax) at a maximum absorbance of the SPR band. This 

redshift is also accompanied by a small broadening of the SPR in the long 

wavelength region.[99] The absorbance of (λmax) can be correlated with the mean 

diameter of the investigated nanoparticles which also differs along with the size and, 

the shape of the particles.   

The number of procedures for generating gold nanoparticles is almost 

indeterminable. In the following, I want to scratch the surface of this topic and 

describe just a few very important or innovative methods. Most of them based on the 

reduction of an AuIII derivative by a well-chosen reducing agent. Also, the subsequent 

coating of the nanoseeds is a common theme in those procedures.   

Maybe the most common synthesis of gold nanoparticles developed over the years is 

the wet-chemical approach of Turkevich. Hereby highly uniform gold nanoparticles 

are synthesized by citrate reduction in an aqueous solution.[102]  

 

Figure 1.8: General growth mechanism of the TURKEVICH synthesis as deduced by Polte.
[103]
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Turkevich et al. demonstrated the possibility of changing the particles size, by 

controlling the concentration of the reducing agent and the temperature of the 

reaction. Because of its impact, this procedure was the topic of a lot of fundamental 

studies over the past decades. The formation of the nanoparticles was found to occur 

in a four-step growth mechanism. Depicted in Figure 1.8 the first step is a partial 

reduction of the gold precursor and the formation of small clusters from the gold 

monomers.[104] In a second step, these clusters form seed particles with radii >1.5 

nm. The third and fourth steps comprise the reduction of the residual ionic gold (first 

slowly, then fast) whereby the generated gold monomers grow exclusively on top of 

the seeds until the precursor is fully consumed.[103] Therefore, no further particles are 

formed during the last two steps. The described 4-step-growth mechanism can be 

referred to as a seed-mediated growth mechanism.[105]   

The resulting nanoparticles have negatively charged citrate ions adsorbed on their 

surface and are thus stabilized by electrostatic repulsion. While such colloids may be 

stable for years in the as-synthesized solution, they cannot be concentrated well and 

aggregate irreversibly, e.g. in the presence of salts.[66] This agglomeration can be 

overcome by the replacement of the citrate ions by ligands binding stronger to the 

particle surface, popular examples include sulfonated phosphines, amines or 

mercaptocarboxylic acids.[68] Even multistep ligand exchange reactions from mildly to 

strongly bound ligands are performed. In nanoparticles that are modified by 

phosphines, these can be subsequently replaced by thiol-containing ligand 

molecules. A strategy that is, for example, commonly employed for the attachment of 

thiol-modified desoxyribonucleic acid (DNA) to nanoparticles.[66]   

This strategy is based on the fact that thiol groups show the highest affinity to noble 

metal surfaces, in particular to gold (approx. 200 kJ mol−1).[106]  

 

Figure 1.9:  from left to right) monothiolate binding at atop, bridge, hollow site, disulfide bonding, a complex 
involving an Au adatom and a thiolate (Au–SR), and a polymeric chain structure where 
monothiolates are bridging Au adatoms.

[107]
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While this binding is often termed „chemisorption‟, sometimes also noted as a 

covalent bond, the exact processes, and the microscopic nature are still subject to 

research and discussion.[66] It was found that the chemisorption reaction occurs in 

two steps: At first the breaking of the S-H bond occurs, with a barrier of about 0.32 

eV followed by a spontaneous second step (barrier less), with the binding of the R-S 

radical to the gold surface.[108] The thiolate-gold (RS–Au) bond has a strength close 

to that of the gold-gold bond, therefore it can significantly modify the gold–gold 

bonding at the gold-sulfur interface.[109]  As depicted schematically in Figure 1.9, this 

affects the common structural features that are present at the gold-sulfur nano-

interface and the implications for the chemical protection (passivation), electronic 

structure and electrical conductance through that interface.[107, 109] To conclude this, 

the special features of the gold-sulfur bond enabled the development of plenty of 

efficient ligand exchange reactions.[110-112]  

A strategy to produce highly monodisperse gold nanoparticles in non-aqueous media 

was introduced by BRUST and SCHIFFRIN in 1994.[113] The synthesis involves the 

phase transfer of an anionic AuIII complex from aqueous to organic solution in a two-

phase liquid/liquid system, followed by reduction with sodium boronhydride in the 

presence of the thiol stabilizing ligand.[101] These nanoparticles can be repeatedly 

isolated and redissolved in common organic solvents without irreversible aggregation 

or decomposition and they can be easily handled and functionalized just as stable 

organic and molecular compounds.[75] Besides sulfur ligands, phosphorus 

(phosphine, phosphine oxide) or nitrogen (amine, amide) based donors generate 

stable bonds to gold nanoparticles as well.[114-116] 

Currently, there is a growing need to develop environmentally friendly nanoparticle 

syntheses. Utilization of nontoxic chemicals, environmentally benign solvents, and 

renewable materials are some of the key issues that merit important consideration in 

a green synthetic strategy.[117] Even though gold nanoparticles are considered 

biocompatible, chemical synthesis methods often still employ toxic chemicals or 

species adsorbed on the surface that may have adverse effects in medical 

applications and the environment.[118] In the recent years techniques for obtaining 

nanoparticles using naturally occurring reagents such as vitamins, sugars, plant 

extracts, biodegradable polymers, and microorganisms as reductants and capping 

agents gaining importance due to their simplicity and ecofriendliness.[61] 
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Biosyntheses of gold nanoparticles by plants such as Azadirachta indica, Medicago 

sativa, Aloe vera, Cinnamomum camphora, Pelargonium graveolens, Cymbopogon 

flexuosus, Tamarindus indica, and Coriandrum sativum have been reported.[119-123] 

These substances contain multiple functional groups that can act as 

chelating/reducing and capping agents for nanoparticles.   

In similar fashion chemical functionalities of carbon-rich systems can be utilized in 

order to synthesis gold nanoparticles. For example, gold nanoparticles have been 

prepared by graphene oxide (GO) sheets with different degrees of oxygen 

functionalization. It was stated that no gold nanoparticles can be obtained at totally 

reduced GO surfaces.[124] The initial attachment of Au3+ ions onto the surface was 

found to be the crucial step, enabled by the various oxygen groups present at the GO 

surface. These chemical functionalities usually take the form of covalently bonded 

oxidized carbon species, such as alcohols (C-OH), carbonyls (C=O, as in aldehydes 

and ketones), and acids (COOH).[124] The chemical functionalization of graphene 

sheets introduces possible anchor points for carbon-metal nanocomposites. 

Octadecylamine (ODA) modified graphene sheets are able to support gold 

nanoparticles of dimensions from 3-30 nm diameter.[125] Gold nanoparticle-graphene 

composites have been used as substrates in surface enhanced RAMAN scattering 

(SERS), hydrogen peroxide sensors, active catalysts, and in monolayer graphene 

fabrication.[126-129] Besides these composites, one-dimensional carbon nanotubes 

(CNT) have lately been the focus of research to obtain nanotube/nanoparticle hybrid 

materials.  

 

Figure 1.10: (left) Selective attachment of gold nanoparticles to nitrogen-doped carbon nanotubes (right) Gold 
nanoparticles grown inside carbon nanotubes.

[130, 131]
 

Since CNTs are chemically inert, activating their surfaces is an essential prerequisite 

for their connection to nanoparticles.[132] In 1996, SATISHKUMAR et al. reported the 

decoration of acid-treated CNTs by metal nanoparticles including nanoscale gold and 
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suggested that metal nanoparticles were deposited on the acid sites.[133] Yet gold 

nanoparticles had been attached to CNTs via surface attached anchoring moieties, 

electrostatic interactions or hydrophobic interactions. The anchorage of the latter 

could be provided by interdigitation of alkyl chains capping the nanoclusters and self-

assembled molecular layers (SAMs) adsorbed on the nanotubes.[132] Moreover, non-

covalent π–π interactions of small molecules with abundant conjugated π electrons 

such as in pyrene derivatives were used to bind onto the surface of carbon 

nanotubes.[134] In this way, the non-covalent binding of 17-(1-pyrenyl)-13-oxo-

heptadecanethiol functionalized gold nanoparticles on the surface of solubilized 

multi-walled carbon nanotubes (s-MWNTs) was achieved.[135] In this method, the gold 

nanoparticles are deposited selectively at the surface of the carbon nanotubes – see 

left Figure 1.10. As a consequence, all the benefits of the gold nanoparticles can be 

accessed within these novel nanocomposites. In contrast to this approach, gold 

nanoparticles can also be selectively grown inside of CNTs. SEGURA et al. managed 

to form a nanoscale reactor with nano-dimensions.[130] The nanoparticles are situated 

inside the nanotubes, as depicted in Figure 1.10 on the right. As a consequence, the 

size of the nanoparticles is predefined by the diameter of the nanotubes.   

Next to carbon nanotubes (2D), fullerenes and carbon nanodots are considered as 

the most potent 1D carbon-rich species. Therefore the connection of gold 

nanoparticle to these nano-composites became the focus of current research. 

Demonstration of such a conjunction has been shown using self-assembled 

monolayers (SAMs) of fullerene derivatives on gold electrodes.[136] In line, it was 

discovered that gold nanoparticles could play an important role in mediating the 

charge transport process in fullerene-functionalized nanostructured films.[137] This 

discovery paved the way for even more sophisticated projects involving gold 

nanoparticles and fullerenes. E.g. a novel organic solar cell has been prepared using 

quaternary self-organization of porphyrin (donor) and fullerene (acceptor) units by 

clusterization with gold nanoparticles on nanostructured SnO2 electrodes.[138]   

Beside to fullerenes, carbon nanodots have attracted extensive attention since their 

discovery in 2004.[139] In comparison to conventional organic dyes, semiconductor 

quantum dots (CDs) possess superior properties such as a lower toxicity, excellent 

biocompatibility, and high stability against photobleaching.[140, 141] Functional groups 

like carboxylates, hydroxyls, amines, amides etc. which are present on the surface of 

carbon nano dots (CNDs), are active in terms of reducing auric acid and adsorbing 
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on gold surfaces.[142] In a ground breaking study, SARMA and coworkers synthesized 

CNDs in a microwave reactor, which subsequently reduced aqueous hydrogen 

tetrachloroaurate (HAuCl4) and stabilized the surface of metal nanoparticles to form 

core–shell Au@CND nano-composites.[143]  

1.4 Supramolecular materials chemistry 

Especially such functional groups play a key role in supramolecular chemistry which 

can be described as the “chemistry of molecular assemblies and of the intermolecular 

bond”.[144] The interactions between the molecules and/or ions include electrostatic 

Coulomb or donor-acceptor interactions, Van der Waals forces, hydrophobic forces, 

π-π-interactions and hydrogen bonding. For supramolecular structures formed by 

reversible covalent bonding interactions governed by equilibrium control, the dynamic 

covalent chemistry becomes relevant. Dynamic covalent chemistry has a lot of 

features in common with supramolecular chemistry: both involve bonding processes 

that are reversible and the formation of products is based on an equilibrium.[145] This 

gives the supramolecular structures the ability to undergo “error-checking” and “repair 

mechanisms”. The character of the bonds can generally be described as labile rather 

than stable. As a consequence stable supramolecular assemblies have to be 

generated by incorporation of a large number of these labile bonds. Starting from 

small building blocks, the desired supramolecular host and guest molecules can be 

designed by fine-tuning the specific non-covalent bonding sites - following the 

molecular recognition principle. Molecular recognition (host-guest or receptor-

substrate or lock-key) is based on three historical concepts: 

 The recognition by Paul Ehrlich in 1906 that molecules do not act if they do not 

bind, “Corpora non agunt nisis fixata”. In this way Ehrlich introduced the concept 

of a biological receptor. 

 The discovery by Emil Fischer in 1894 that binding must be selective. He found 

this by studying receptor-substrate binding in the case of enzymes. Fischer 

describes this as a lock-key image of steric fit. The guest has the shape or size 

complementary to the receptor or host. This concept represents the basis for 

molecular recognition, the discrimination by a host between a numbers of different 

guests. 

 The fact that selective binding has to involve attraction or mutual affinity between 

receptor and substrate is in effect a generalization of Alfred Werner`s theory of 
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coordination chemistry from 1893. In this theory, a metal ion is coordinated by a 

sphere of ligands. 

Traditionally these three concepts were developed independently and it took many 

years to associate them and to give birth to the new interdisciplinary field of 

supramolecular chemistry.[146] In the course of development of supramolecular 

chemistry, enormous progress has been made on quantifying the details of receptors 

with an affinity for guests which fit inside. Thereby the lock and key image was 

modified successively with the concepts of chelation, reorganization, and 

complementarity.[147] The self-organization forces are responsible for prescribing the 

recognition of substrates by enzymes, the formation of biological membranes, such 

as cell barriers, the comparatively high boiling point of water, and for regulating the 

size, shape, and function of living species on a molecular scale.[148-151] During the last 

century, the principles of molecular self-organization via intermolecular non-covalent 

forces have been implemented in chemistry. Its interdisciplinary nature has brought 

up wide-ranging collaborations between physicists, theorists, computational 

modelers, crystallographers, inorganic/solid-state chemists, synthetic organic 

chemists, biochemists and biologists. As mentioned above, there is a great variety of 

assembling motifs.[152]  

Non-covalent interaction forces 

Several types of non-covalent interactions have been studied with respect to their 

binding strength, for example, hydrophobic interactions, metal coordination, ionic 

interactions, and hydrogen-bonding interactions.[153-157] A brief overview of the 

different types of non-covalent interaction forces and their respective binding 

energies is depicted in Figure 1.11. 

 

Figure 1.11: Supramolecular forces and their binding strengths. 
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The Van der Waals interactions are a collective group of long range inductive and 

dispersive intermolecular forces. One singular interaction is very weak but their 

effects are additive, hence their total contribution to complex stability can be 

significant.[146] 

Hydrophobic binding plays a major role in both the folding and recognition behavior 

of large biomolecules.[158] The free energy of hydrophobic binding was determined to 

be about 0.2 KJ/mol per Å2 of host-guest contact.[159] The attractive force-law 

between two hydrophobic (hydrocarbon) surfaces in aqueous solutions has been 

derived from total force measurements on monolayer coated mica surfaces. This 

“hydrophobic interaction” is much stronger than the expected Van der Waals 

interaction at distances below 8 nm and decays exponentially with distance.[160]  

Coulombic forces or electrostatic interactions are a rather fundamental force in nature 

being responsible for a nondirectional attraction of permanent oppositely charged 

molecules and the repulsion of molecules with the same charge. They are relatively 

strong but highly dependent on the polarity of the medium and are therefore 

strongest in the vacuum.[161]  

 

Figure 1.12:  Hydrogen bonds and their association constants (A: Hydrogen bonding acceptor; D: Hydrogen 
bonding donor; n: lone pair repulsion).

[94]
 

Contrary to most non-covalent interactions, the hydrogen bond is highly directional 

and relatively strong. The hydrogen bond constitutes the “master key interaction” in 

supramolecular chemistry and forms between a proton donor (D) and a proton 

acceptor (A) – see Figure 1.12. In classical chemistry, a hydrogen bond consists of a 

hydrogen atom shared between two electronegative atoms, namely fluorine, oxygen, 
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nitrogen, etc.[162] A hydrogen bond may occur inside a molecule as a stabilizing factor 

or it may occur between different molecules in solution or in crystals.[162] The strength 

of the bond depends on the bond angle and the distance between the acceptor and 

donor. It is possible to form linear and nonlinear hydrogen bonds, with bond energies 

ranging from 4 to 120 kJ mol-1. In supramolecular complexes the binding energy is 

highly dependent on the number of hydrogen bonds. The specificity and rigidity of 

hydrogen bonding interactions are due to the fact that the poor stability of a single 

hydrogen bond can be overcome by the provision of arrays of multiple 

interactions.[163] Association constants of hydrogen bonding host-guest complexes 

can reach binding energies in the region of covalent bonds, while still retaining their 

reversibility. This may be the reason why they are so important for natural 

systems.[164] This fact was emphasized by PAULING and coworkers in their 

crystallographic study of the structure of proteins.[165] They found that hydrogen 

bonds are essential in order to stabilize the secondary structure of the protein α-

Helix.[166] This discovery led to frequent recognitions of the hydrogen bonding motif in 

a lot of natural systems, e.g. the highly specific association of the corresponding 

nucleobases in the double helix structure of DNA and ribonucleic acid (RNA).[167, 168]  

 

Figure 1.13: (left) Crystal structure of an IHF-DNA complex (right) schematic view of the DNA backbone.
[169]

 

Since life is a dynamic process, the biological structures themselves are dynamic, 

thus allowing them organization/reorganization of their structures. This gives 

biological structures their unique evolutionary properties.[91]  

As one can see in Figure 1.13 the double helix of the DNA, held together by 

hydrogen bonding interaction, could be crystallized by adding specific protein strings. 

Crystallographic studies by WILKINS and WATSON and CRICK established that the 

interactions occur through the complementary pairing between adenine-thymine and 
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guanine-cytosine bases via hydrogen bonding.[170, 171] Therefore the investigation of 

hydrogen-bonded self-assemblies became an important goal in supramolecular 

chemistry. In order to study natural processes, one had to synthesize comparable 

artificial systems. 

The HAMILTON receptor 

In 1988, HAMILTON developed 1:1 complexes consisting of barbiturate derivatives and 

a complementary receptor.[172] Depicted in Figure 1.14 the backbone of the receptor 

consists of two 2,6-diaminopyridine units connected via an amide linkage to an 

isophthaloyl fragment. Due to this arrangement, a perfect cavity is built to envelop the 

barbiturates, which are fixed via six intermolecular hydrogen bonds. Barbiturate 

derivatives are especially attractive targets due to their widespread clinical use as 

sedatives, hypnotic agents, and anticonvulsants.[172] The complex formation can be 

followed via 1H-NMR spectroscopy. By applying 1H-NMR titration experiments the 

association constants of the complexes can be determined. These association 

constants are considerably high - in the range of 105 - 106 M-1. 

 

Figure 1.14: (left) Complex of HAMILTON receptor and barbiturate derivative (right) Conformation isomers of the 
HAMILTON receptor moiety.

[172]
 

Based on these fundamental investigations, the HAMILTON bonding motif was used for 

the formation of a vast number of supramolecular assemblies. For example, 
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HAMILTON himself started to design molecules that mimic key features of enzyme 

activity, protein surface recognition, and selective ion binding.[173-175] To ensure the 

arrangement of the receptor VÖGTLE and coworkers examined the photo physical 

properties using ultraviolet and visible (UV/Vis) - and fluorescence spectroscopy.[176] 

On the right-hand side of Figure 1.14, three possible conformations for the HAMILTON 

receptor functionalities, namely, cis-cis, cis-trans and trans-trans with respect to the 

aryl-CO bonds are displayed. Upon complexation of the barbiturate/cyanurate guest, 

the receptor is forced into the cis-cis conformation accompanied by the subsequent 

breakage of the intermolecular aggregation.[177, 178] In general, the benefit of all 

supramolecular interactions is that they can be influenced by exterior factors such as 

solvent or the pH-value. Since the association constants can be affected, one gains 

precise control over reversibility of the formed complexes. This enables the possibility 

of influencing parameters through the selection of the supramolecular binding motif. 

Such a parameter could be the solvent polarity due to the strong solvent dependence 

of hydrogen bonding complexes, since stable aggregates are formed only in apolar 

solvents. They are described by their Hansen parameters.[179, 180]  

Supramolecular chemistry and nanotechnology 

The conjunction of self-assembly and nanotechnology systems is important for the 

maturation of nanotechnology and promises fruitful outcomes.[181] For instance, the 

controlled organization of nanoparticles into well-ordered two- and three-dimensional 

arrays is of crucial importance for the development of nanoelectronics[182]. The 

directionality and reversibility of supramolecular assemblies makes them perfectly 

suitable to serve as linkers between nanoparticles.[183] Although self-assembly 

originated in the study of molecules, it is a strategy that is, in principle, applicable at 

all scales. Self-assembly therefore also provides a solution for the fabrication of 

ordered aggregates from components with sizes from nanometers to 

micrometers.[184] That is one of the reasons why self-assembly has recently emerged 

as a new approach in chemical synthesis, nanotechnology, polymer science, 

materials science, and engineering.[185] These principles offer a powerful alternative 

to both the top-down miniaturization and the bottom-up nanofabrication 

approaches.[6, 18] Rather than shifting atoms or molecules one by one it would be 

beneficial to create self-sorting systems. The first example for this concept is the 

formation of two-dimensional solid thin films on inorganic surfaces. These self-
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assembled monolayers (SAMs) are formed via adsorption of molecules on inorganic 

substrates from solution – see Figure 1.15.[186] Typically, applications of SAMs rely 

on the homogeneous assembly of one type of molecule or on layer-by-layer (LbL) 

approaches, in which each individual layer also consists of one sort of molecule. 

More recent attempts focus on mixed SAMs (composed of different molecules) 

solution processing containing same anchor chemistry. This enables full control of 

the SAM composition, which directly relates to the stoichiometric composition of the 

solution.[187] 

 

Figure 1.15:  Schematic sketch of self-assembling molecules consisting of anchor, tail, and head. Schematic 

structure of a) the self-assembly of an n-alkylphosphonic acid b) a functional multilayer of self-
assembled nanodielectric (SAND) type c) a multifunctional SAM (glycol-C60-C6-PA), where PA is 
phosphonic acid and d) a mixed SAM (HC18-PA and FC7-HC11-PA).

[187]
 

Supramolecular materials chemistry is seen as the extension of the original term of 

self-assembly to the nanoscale.[188, 189] This led to a great variety of applications such 

as molecular machines, supramolecular catalysis, the fabrication of 1 D and 2 D 

materials (nanofibers, bionanotubes), nanostructured biological materials, 

nanoparticle self-assemblies and a lot more.[185, 190-194] One can affirm that self-

assembly has become one of the holy grails of nanotechnology, and scientists in 

numerous labs are working to transform it into an effective nano engineering tool. 

In fact, the concept of self-assembly largely grew out of chemists‟ attempts to make 

molecules that aggregated spontaneously into specific configurations in the same 

way biological molecules reversibly form complex cell membranes. This reversibility 

is the most intriguing advantage of non-covalent intermolecular bonding, which can 

be influenced by externally attached stimuli.[163] Stimuli-responsive groups are 

attached and can change e.g. their polarity and hence the molecular amphiphilicity 



INTRODUCTION 

25 

changes between amphiphilic and hydrophilic, or between amphiphilic and 

hydrophobic.[195] Especially supramolecular polymers have attracted increasing 

attention in the past two decades.[196, 197] These are polymers that are constructed 

not by conventional covalent polymerization of monomers but rather at least partially 

by assembly of non-covalent interactions.[198] As a consequence it was stated that 

supramolecular polymers have reversible and stimuli-responsive properties for 

secondary interactions.[199] As mentioned before, many kinds of non-covalent 

interactions, such as metal–ligand coordination, hydrogen bonding, π–π stacking, 

ionic interaction, and host–guest interaction etc., can be involved in the binding 

interactions of monomer building blocks, as well as in the modification of the side 

chain for the construction of variable supramolecular polymers.[200]   

In general, the concept in supramolecular material chemistry is based on using the 

self-assembly principles of individual molecular building blocks for a controllable 

organization of nanoscale objects into larger assemblies. As an overall assembly 

goal, two or more components can be arranged to form nano-hybrid systems, 

supramolecular polymers, organized thin films, and three-dimensional arrangements, 

such as dendritic structures, hierarchical assemblies or other 3D patterns, by a 

tailored design of individual building blocks. 
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2. Motivation and Proposal 

 

The objective of this thesis was the establishment of a “Lego-type” modular concept 

for the creation of nanomaterials using supramolecular functionalization. A 

standardized wet-chemical surface functionalization process of gold nanoparticles 

should ensure a stable, reliable and replicable surface modification. In addition, the 

shielding of the particles from agglomeration should allow them to retain their unique 

properties and tailor them for the attachment of various functional molecular entities. 

This nanomaterial tool box should be applied in the formation of novel functional and 

stable hybrid materials. 

The first part should focus on the supramolecular bilayer coating of gold 

nanoparticles using the highly directional and specific hydrogen bonding interactions 

of HAMILTON receptors and cyanurates. Therefore, the synthesis and characterization 

of thiol terminated ligands bearing the HAMILTON receptor or cyanuric acid moieties 

needed to be accomplished. 

These ligands should differ in the spacer lengths in order to address different 

solubility issues. The structure of these ligands should be readily instrumented for the 

creation of functional and stable hybrid materials as well as hierarchical assemblies 

in a subsequent step. Fundamental experimental studies on the covalent surface 

modification of gold nanoparticles should lead to an establishment of a reliable 

functionalization procedure for their wet-chemical surface modification. The obtained 

knowledge should be applied in the fabrication of HAMILTON and cyanurate 

functionalized gold nanoparticles. Moreover, the quantification of the surface 

coverage should be achieved experimentally. 

Based on these findings, the self-assembly of HAMILTON receptor functionalized gold 

nanoparticles and tailored cyanurates should be investigated, see Scheme 2.1. The 

adsorption of suitable ligands should enable a molecular-controlled supramolecular 

self-assembly at the nanoparticle surface. For instance, the controllability of the 

dispersibility should be explored by the addition of cyanurates attached to different 

solubilizing head groups, see Scheme 2.1. Moreover, the increase of the 
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individualization and its impact on nano mechanical phenomena, like the SERS effect 

should be investigated in detail. 

As another objective, the interparticle network formation among different core 

nanoparticles and functionalized gold nanoparticles was the goal, as seen in 

Scheme 2.1. Therefore the reversible self-assembly of semi-conducting titanium 

dioxide or aluminium oxide nanoparticles with HAMILTON functionalized gold 

nanoparticles should be explored. Furthermore the physical strength of such a 

supramolecular hybrid material should be investigated. For this purpose, the 

HAMILTON functionalized gold nanoparticles should be linked to magnetic iron oxide 

nanoparticles. Their complex stability should be tested during exposure to an exterior 

magnetic force. 

 

Scheme 2.1:  HAMILTON and cyanurate derivative. Schematic representation of the nanomaterial modular concept 

for gold nanoparticle a) individualization, b) solubility and c) network formation. 

In line with the hydrogen bonding self-assembly non-covalent hydrophobic/ 

hydrophilic interactions should be established on gold nanoparticles within the 

second part of the thesis. Therefore gold nanoparticles should be functionalized with 

GNP@-spacer-HAMGNP@-Citrate

a) individualization

c) network formation

b) solubility in

unpolar solvents

HAMILTON receptor (HAM)

cyanurate derivative
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a stable hydrophobic 1st shell in order to be accessible for a second non-covalent 

surface modification. The formation of a functional amphiphile 2nd shell should yield a 

method to reverse the polarity and to attach diverse organic functionalities to the 

nanoparticle surface. 

Finally, the nanoparticle formation potential of carbon nano dots (CNDs) should be 

explored in a schematic manner. The utilization of carbon nanodots as dual purpose 

additive should combine the optical properties of the CND`s and the gold 

nanoparticles. The size and shape of the final hybrid material should be controlled 

through careful modification of the reaction conditions, such as precursor 

concentrations and temperature. The interplay between CNDs and gold nanoparticles 

should be investigated in detail by UV/Vis, infrared spectroscopy (IR), transmission 

electron microscopy (TEM) and dynamic light scattering (DLS) analysis. 
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3. Results and Discussion 

3.1 Synthesis of supramolecular functional molecules 

In order to create novel supramolecular nanomaterials, certain functionality was 

required at the surface. This functionality should be attached covalently to the surface 

due to the high stability of such attachments. Doing so should ensure that the 

nanoparticles are resistant against agglomeration and OSTWALD ripening. In principle, 

a covalent surface modification is realized with a ligand bearing a suitable anchor 

group. Therefore the synthesis of hitherto unknown HAMILTON receptors and 

cyanurate derivatives, bearing a thiol moiety, was a major goal to be accomplished.  

 

Scheme 3.1: Target HAMILTON and cyanurate derivatives for gold surface attachment. 

In order to compare the nanoscopic effects of the alteration of the chain length, 

different derivatives of HAMILTON receptors and cyanurates – depicted in Scheme 3.1 

- have been synthesized.  

3.1.1 HAMILTON receptor derivative syntheses 

As mentioned in chapter 1.4 the HAMILTON receptor is a well-investigated moiety. 

There had been plenty of reports of different synthetic modifications.[172, 176, 177, 201, 202] 

Hitherto the attachment of a terminal thiol moiety was unknown in literature. As a 

precursor, the famous HAMILTON receptor skeleton with the ability to form six hetero-

complementary hydrogen bonds with cyanurates/barbiturates was synthesized and 

employed as an acyclic building block. The preparation of the HAMILTON receptor was 

carried out following the synthetic route earlier published by VÖGTLE and DE COLA in 

2004.[176] They succeded in synthesizing the receptor unit, starting with the mono-

Hamilton derivative

Cyanurate derivative
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substitution of diaminopyridine 1 through 3,3-dimethylbutyryl chloride 2 as outlined in 

Scheme 3.2.  

 

Scheme 3.2: Synthesis of HAMILTON precursor 3.
[176]

 

Meanwhile, 5-Nitroisophthalic acid 4 was transformed into its analogous acyl chloride 

5 by the treatment with thionyl chloride in quantitative yields. The resulting acyl 

chloride product was successfully connected with the mono-substituted 

aminopyridine 3, treated with NEt3 in tetrahydrofurane (THF), to yield the 6 in 89 %. 

As outlined in Scheme 3.3 the amine-HAMILTON receptor 7 was finally obtained 

through a reductive hydrogenation of 6 using ADAMS catalyst (PtO2 monohydrate). All 

the compounds were fully characterized by 1H-, 13C-NMR-, IR-spectroscopy and 

mass spectrometry. The results were compared with literature data and found to be 

in good agreement.[176]  

 

Scheme 3.3: Synthesis of amine-HAMILTON receptor 7. 

The amine HAMILTON receptor 7 represents an excellent building block for further 

functionalization via covalent coupling reactions utilizing N-(3-dimethylaminopropyl)-

N‟-ethylencarbodiimide hydrochloride (EDC) / N,N‟-dicyclo-hexylcarbodiimide (DCC) 

or diazonium chemistry. Thiols are commonly used as strong anchoring groups for 
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gold nanoparticles due to their high affinity. The amine-HAMILTON receptors 7 can 

gently be reacted with carboxylic acids to form amid bridges via standard coupling 

reactions. Regarding these property, thiol containing carboxylic acids were chosen 

for the synthetic modification of HAMILTON receptor 7. With the purpose to prevent 

side reactions during the coupling, the mercapto moiety was protected by a 

triphenylmethane protecting group. Following up and slightly modifying the S-

tritylation of cysteins, invented by ZERVAS AND PHOTAKI in 1962, mercaptopropanoic 

acid 8 reacted with triphenyl methyl chloride 9 in dimethylformamide (DMF) for two 

days.[203] Afterwards, product 10 was obtained through repeated recrystallization from 

acetone with a good yield of 66 %. One of the greatest benefits of these reaction was 

that it could be scaled up very easily. Thus several hundred grams of starting 

material were available. 

 

Scheme 3.4: Synthesis of trityl protected 3-mercaptopropionic acid 10. 

The successful formation of 10 was determined by TLC and the product was 

completely characterized by 1H-, 13C-NMR-, IR-spectroscopy and mass spectrometry. 

With the purpose to alternate the chain length of the spacer units, three different 

protected mercapto acids were synthesized. Elongation of the spacer was supposed 

to influence the solubility of the resulting nanomaterials towards nonpolar solvents. 

Depicted in Scheme 3.5 the alkyl chain was elongated by choice of the mercapto 

acid. 

The solubility of the products in organic solvents was increased significantly as 

expected. The successful formation of 12 and 14 was confirmed by all standard 

characterization techniques. One minor drawback of increasing the spacer length 

was the accompanied decrease of the overall yield of protected mercapto acids from 

66 % to 35 %. 

The NMR spectra of the following compounds contained often EtOAc impurities. This 

was due to the fact that completely dry samples of the compounds tended to 
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aggregate irreversibly. Therefore a certain amount of EtOAc impurities was 

considered to be acceptable. 

 

Scheme 3.5: Synthesis of trityl protected mercapto acid 12 and 14. 

Obviously the most characteristic signals of the triphenyl methyl (trityl) skeleton in the 

proton NMR of target molecule 12 could be detected as a multiplet at δ = 7.27 ppm 

(depicted in Figure 3.1). The signal of the carboxylic acid proton is present as a 

broad signal at δ = 11.97 ppm. The CH2 protons of the aliphatic spacer can be 

assigned to several peaks between δ = 2.16 - 1.20 ppm. The spectra also displayed 

some remaining solvent impurities of water and EtOAc. 

 

Figure 3.1:
 1

H-NMR of trityl protected mercapto acid 12 (400 MHz; rt; DMSO-d6; *impurities of H2O, EtOAc). 
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The carbon NMR of 12 displayed the characteristic resonances for the carbon atoms 

in four characteristic regions of the spectrum. At δ = 174.64 ppm the signal of the 

carboxylic carbon was detected. Next to the carboxylic carbon the aromatic carbon 

atoms resulted in four signals in the region of δ = 144.71 to 126.71 ppm. The signal 

of the tertiary carbon bearing the three phenyl groups was observed at δ = 66.01 

ppm. Between δ = 33.63 – 24.45 ppm, the signals of all the alkyl carbons of the 

spacer were detected. In the high-resolution mass spectra of 12 the detected m/z 

values at 483.23261, matched perfectly with the calculated values of [12+Na]+. In the 

UV/Vis, every trityl protected mercapto acid displayed a characteristic absorption 

band at λ = 258 nm. 

 

Figure 3.2:
 13

C-NMR of trityl protected 11-mercaptoundecanoic acid 12 (100.6 MHz; rt; DMSO-d6; *impurities of 

EtOAc). 

Analogous to compound 12, the protected mercapto acid 14 was completely 

characterized by standard techniques. As mentioned above, the yield decreased to 

35 % for the compound with the longer spacer moiety. All the 1H-NMR signals were 

detected as expected. The most significant difference was assigned to the increased 

number of peaks in the high-field region due to the increased number of alkyl 

protons. Again the most prominent peak region was assigned to the trityl protecting 

group. Equally the 13C-NMR differed negligibly, except for the total signal numbers in 

the alkyl region between δ = 33.66 – 23.71 ppm. 

Subsequently to the synthesis of the protected mercapto acid compounds 10, 12, 

and 14 modified STEGLICH coupling reactions were performed. Therefore modified 

STEGLICH conditions utilizing DCC, 1-hydroxybenzotriazole (HOBt), and 
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dimethylaminopyridine (DMAP) as coupling reagents, were applied – see Scheme 

3.6.[204] The protection of the thiol moiety was necessary to limit the reaction 

exclusively to carboxylic acid moiety and the amine. The yield of the coupling 

reaction increased inversely to the afore mentioned protection reaction of the 

mercapto acids with increasing chain lengths. In case of the HAMILTON receptors an 

increased spacer length led to an easier workup procedure and therefore a higher 

yield. 

 

Scheme 3.6: Synthetic route of preparation of 18, 19, and 20. 

The trityl protecting group could easily be cleaved by the treatment with trifluoroacetic 

acid (TFA) at rt. and triethylsilane (TES), resulting in a quantitative conversion to the 

target molecules 18, 19, and 20.   

Successful generation of the thiol-terminated compounds was monitored closely by 

NMR spectroscopy. The proton NMR spectra of both compounds differed just in the 

number of alkyne protons detected (due to the alteration of the aliphatic chain 

length). Therefore exemplarily the spectrum of 19 is depicted in Figure 3.3. It 

displays all the specific signals of the HAMILTON receptor scaffold represented by the 

amid protons, the aromatic protons and the tert-butyl protons. The signal for the 

protons of the terminal tert-butyl groups was observed at δ = 1.02 ppm, followed by 

the signal of the aliphatic CH2 protons at δ = 2.30 ppm. The signals at δ = 2.50 and 

3.30 ppm could be assigned to the NMR solvent DMSO-d6 and residual water. 
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Downfield shifted, the 13 aromatic protons of 19 resulted in several multiplets 

between δ = 7.82 - 8.36 ppm.  

 

Figure 3.3: 
1
H-NMR of thiol terminated HAMILTON receptor 19 (400 MHz; rt; DMSO-d6; * H2O impurities). 

 

Figure 3.4: 
13

C-NMR of thiol terminated HAMILTON receptor 19 (100.6 MHz; rt; DMSO-d6). 
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Next, three signals at δ = 10.03, 10.30 and 10.39 ppm could be assigned to the NH-

protons of the HAMILTON receptor. These signals were found at comparatively high 

ppm values, which was caused by the deshielding of the protons due to hydrogen 

bonding interactions to the oxygen of the NMR solvent DMSO-d6. The aliphatic chain 

of the spacer moiety was assigned to the multiplets at δ = 1.27, 1.51, 1.61, 2.35, 

2.44, and 2.67 ppm. The proton of the terminal thiol led to a triplet at δ = 2.21 ppm. 

The absence of the aromatic protons of the trityl protecting group confirmed the 

successful deprotection reaction and formation of the desired HAMILTON compounds. 

In line with the proton NMR, the carbon NMR of compound 19 also exhibits the 

characteristic resonances of the HAMILTON receptor carbon atoms and the 

resonances of the spacer terminated with a thiol moiety. The three signals of the 

carbonyl groups at δ= 171.92, 170.95 and 165.22 ppm can be seen in Figure 3.4. 

The carbon atoms of the aromatic system were assigned to the three signals 

between δ = 134.81 - 121.78 ppm. The signals between δ = 150.46 - 139.88 ppm as 

well as the signals δ = 110.17 and 109.90 ppm belong to the pyridine skeleton. The 

strong signal at δ = 49.21 ppm stems from the two CH2 carbons next to the tert-Butyl 

group. Aliphatic moieties of the spacer were represented by the signals from δ = 

36.44 - 23.78 ppm with the exception of the tert-butyl signals at δ = 30.88 and 29.58 

ppm. The calculated mass/charge of 760.4215 [M]+ was in agreement with 

experimental high-resolution mass result. 

In general, the desired synthetic route was successful and lead to three novel 

HAMILTON receptor compounds. These were very similar in terms of functionality and 

structure but differed in solubility. The major reason for the difference in yield is 

related to the different purification procedures. Compound 17 was tedious to 

separate from its starting materials via column chromatography whereas compound 

19 and 20 were facile to purify via column chromatography. This was mainly due to 

the reduced interdependency of compound 19 and 20 and silica caused by the longer 

aliphatic chain. As a conclusion three, hitherto unknown thiol terminated HAMILTON 

receptor derivatives were successfully synthesized and characterized. Next their 

versatility in nanoparticle functionalization and supramolecular chemistry was 

investigated. 
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3.1.2 Cyanuric acid derivative syntheses 

One of the major targets of this thesis was the development of versatile gold 

nanoparticles applicable for supramolecular chemistry via self-assembly. Therefore 

the synthesis of the counterpart of the HAMILTON receptor, the cyanuric acid 

derivative, containing a thiol anchor group, was the second mandatory goal to be 

achieved. In similar fashion as for the novel HAMILTON derivatives, hitherto unknown 

cyanuric acid derivatives had to be synthesized. In principal, the structure was 

connected with the functional group by a certain spacer unit with a suitable anchor 

group. For gold as targeted surface material, a thiol functional group was chosen. In 

a similar fashion to the novel HAMILTON derivatives the chain length was alternated in 

order to vary the solubility of the new compounds. The derivatization of cyanuric acid 

was accomplished by means of nucleophilic substitution reactions.  

Following a literature known procedure, a non-nucleophilic base-catalyzed SN2-

reaction of 22 and cyanuric acid 21 was accomplished as outlined in Scheme 3.7.[205, 

206] 

 

Scheme 3.7: Synthesis of 1,6-mercapto cyanuric acid 25. 

Afterwards the introduced hydroxyl group was transformed into a bromide by an 

APPEL reaction to yield cyanurate 24 in excellent (91%).[207] This reaction was 

performed to provide a good leaving group for the final preparation of the desired 

thiol derivative 25. The thiol moiety was introduced by the reaction of cyanurate 24 

with thiourea under modified literature conditions.[208] To avoid by-products, the 

reaction was performed under the exclusion of oxygen. After column chromatography 

workup, all intermediates and the product 25 were fully characterized by all means of 

standard characterization techniques. 
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The successful product formation of cyanuric acid 25 was proven by 1H-NMR and 

13C-NMR. When measured in deuterated DMSO-d6, the two protons at δ = 11.35 ppm 

could be assigned to the cyanurate moiety of the structure of 25. The protons of the 

aliphatic spacer were assigned to the signals in the high-field region. The signals of 

the outer CH2 protons were assigned to δ = 3.60 ppm (N-CH2) and to δ = 2.44 ppm 

(HS-CH2). These two triplets were resolved with coupling constants of either 7.32 (N-

CH2) and 7.26 Hz (HS-CH2). The remaining spacer chain was assigned to the three 

multiplets between δ = 1.50 - 1.24 ppm. The product detected with the help of mass 

spectrometry at 245 [M+] (ESI). As expected the carbon NMR of cyanurate 25 

displayed all the characteristic peaks for the cyanurate carbons and the chain 

scaffold. Recorded in DMSO-d6 the signal of the carbon atom connecting both 

moieties was hardly observable at δ = 40.3 ppm. The rest of the signals fit perfectly 

to literature values. 

Aside from the synthesis of cyanurate 25, the influence of the spacer should be 

investigated. Therefore the aliphatic chain was desired to be elongated in order to 

increase the poor solubility of cyanurate derivatives in organic solvents. Doubling the 

length of the spacer was deemed to be suitable to compare the different effects of 

the spacer on the outcome of specific supramolecular experiments. Similar to 

compound 25 1,12-dibromododecane was attached to cyanurate 21 by means of a 

SN2 reaction mechanism – see Scheme 3.8.  

 

Scheme 3.8: Synthesis of 1,12-mercapto cyanuric acid 28. 

In order to tweak the synthetic strategy, an aliphatic dibromo compound was used for 

the initial synthetic step. Nevertheless, by-product formation and a tedious 

purification diminished the yield of cyanurate 27 (13%). Afterwards, compound 27 

was successfully converted into the desired product 28 by the treatment with thiourea 

and a basic workup. As mentioned above, the actual structure of compounds 27 and 

28 were confirmed by 1H-13C-NMR, IR and mass spectrometry. Depicted in Figure 

3.5 the proton NMR of cyanurate 28, the NH protons of the cyanurate moiety were 



RESULTS AND DISCUSSION 

39 

assigned to a broad singlet at δ = 11.36 ppm. These signals can disappear 

sometimes due to the basic workup procedure. The thiol proton was assigned to the 

triplet at δ = 3.65 ppm with its coupling constant of 7.2 Hz. This coupling constant 

was retrieved at the CH2 triplet of a doublet at δ = 2.44 ppm, which confirmed the 

specific structure of derivative 28. The triplet at δ = 3.60 ppm was assigned to the 

nitrogen bound CH2 of the spacer. In agreement with the proton NMR, the carbon 

NMR displayed all the mandatory peaks of the cyanurate scaffold and the thiol-

terminated spacer moiety. EI mass spectrometry was conducted and peaks at m/z = 

329 [M]+ and 352 [M+Na]+ were assigned. 

 

Figure 3.5: 
1
H-NMR of 1,12-mercapto cyanuric acid 28 (400 MHz; rt; DMSO-d6; * H2O and DMSO impurities). 

In comparison to the synthesis of compound 25, the yield of the attachment of the 

dibromo compound was diminished. Contrary to this, the attachment of the thiol 

moiety to compound 27 was as twice as efficient as for cyanurate 25. In general, the 

choice of the synthetic strategy should be based on the availability and price of the 

starting materials for each reaction itself. The formation of these three hitherto 

unknown thiol terminated cyanuric acid derivatives was successfully performed and 

confirmed by standard characterization techniques. In the following sections, these 

compounds were tested for the usage in nanoparticle functionalization and 

supramolecular chemistry. 

3.1.3 Functional HAMILTON receptor/cyanuric acid derivative syntheses 

For the formation of novel nanoparticle supramolecular architectures via hydrogen 

bonds, one central aspect was the creation of appropriately modified HAMILTON and 

cyanurate derivatives. Therefore cyanuric acid and HAMILTON derivatives could be 

equipped with certain functionalities in order to anchor these onto vice versa modified 
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gold nanoparticle surfaces. In principle, such functionalities could change the 

nanoparticles properties on purpose. 

The optical properties of gold nanoparticles can be tailored and represents one of 

their key properties – see chapter 1.3. That is the reason why the controlled 

alteration of their optical properties fascinated many scientists. [75]  

In order to absorb light within a desired regime, surface modification of gold 

nanoparticles by dye molecules is a possibility. Nevertheless one drawback of 

organic dyes is the lack of long-term stability. Covalent surface bound dyes possess 

just a certain life time and would remain inactive on the surface afterwards. Instead, 

non-covalently bound dyes would offer the possibility of renewing the dye molecules 

at the nanoparticle surface. 

 

Scheme 3.9: Target molecules: a) and b) Cyanurate and c) HAMILTON chromophores for supramolecular grafting. 

For this purpose, dye molecules like pyrenes or perylenes would have to be modified 

with suitable supramolecular anchoring moieties – see Scheme 3.9. Perylene 

diimides (PDIs) e.g. have proven to be suitable chromophores for fluorescence 

labeling because of their high photo stability and fluorescence quantum yield.[209] The 

most straightforward entry into the synthesis of PDIs is to use the commercially 

available perylene dianhydride (PDA) as starting material. From PDA, facile 

imidization reactions with aliphatic or aromatic amines provide perylene dyes in high 

yields using easy purification methods.  

The solubility of the PDIs varies greatly as a function of the imide groups. To achieve 

highly soluble perylene diimides, bulky alkyl (e.g., heptaoctyl) or aryl (e.g., 

diisopropylphenyl) substituents can be introduced.[209] These PDIs are soluble in 

most of organic solvents, such as dichloromethane, THF, acetone, toluene etc. The 
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supramolecular chemistry of HAMILTON and cyanuric acid host/guest complexes is 

highly solvent dependent. Apolar, aprotic solvents are known to enable the highest 

complexation constants of these arrays. Therefore the desired cyanurate perylene 

included a pentylhexyl substituent at the peri-position for a higher solubility in organic 

solvents. According to a previously established synthetic route of LANGHALS et al., 

PDA 29 was reacted with 6-undecylamine in imidazole at 160 °C, to obtain 

compound 31 in good yields.[209] PDI 31 exhibits excellent solubility in organic 

solvents and strong fluorescence. Nevertheless, π-π-stacking is likely which strongly 

affects the optical and electronic properties of perylenes.[210] A stepwise alkaline 

hydrolysis of 31 with potassium hydroxide in tert-butyl alcohol resulted in compound 

32.[211]  

Depicted in Scheme 3.10 perylene 32 was converted, in a one-step synthesis, into 

Perylene 33 by partial decarboxylation with copper powder. Copper powder in boiling 

3-picoline removed the carboxylic groups of the monoanhydride of perylene 32 in a 

stepwise cascade reaction.[212] Perylene 33 is very suitable for monofunctionalization 

because a link may be easily obtained by standard coupling reactions with the free 

carboxylic acid. 

 

Scheme 3.10: Synthesis of perylene 35 bearing a cyanurate moiety. 

STEGLICH coupling reactions are well established and have proven their versatility. 

According to literature procedure, amino-functionalized cyanurate 34 was 
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synthesized for the purpose of further coupling reactions. Briefly, the synthesis 

started with the preparation of N-(6-bromohexyl)phthalimide pursuant to instructions 

published by LI and coworkers.[213] According to these, potassium phthalimide was 

alkylated using 1,6-dibromohexane in dry DMF at 90 °C reaction temperature. 

Subsequently, the bromo-functionality was substituted by cyanuric acid using 8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a non-nucleophilic base.[214] Removal of 

the phthalimide group was achieved by treatment with methylamine in EtOH to obtain 

amino-functionalized cyanurate 34 in good yields (80 %). 

One disadvantage of this compound was its low solubility even in DMSO at elevated 

temperatures due to the formation of zwitterions as described in literature. For 

conducting adequate 1H- and 13C-NMR-spectra, the sample had to be treated with 

concentrated HCl to dissolve compound 34 completely in DMSO-d6.This was in good 

agreement with REINHOUDT and coworkers published results.[214]  

 

Figure 3.6: 
1
H-NMR of perylene monoimide 35 (400 MHz; rt; DMSO-d6; *Impurities of H2O and EtOAc). 

However, its insolubility proved to be unproblematic for further coupling reactions. 

With the compounds 33 and 34 in hand, a modified STEGLICH coupling reaction was 

performed. Perylene 33 was dissolved in DMF and chloroform (CHCl3) (1:1) under 

protective atmosphere and sequentially treated with HOBt and DCC. Afterwards, 

NH2-cyanurate 34 was added and the mixture was stirred three weeks at rt. Regular 

progress TLC´s confirmed a maximum product formation after three weeks of 

reaction time. After the purification by column chromatography, perylene 35 was 
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obtained in excellent yield (90%). The required solubility in chloroform or 

dichloromethane was provided by the pentylhexyl substituent in the peri-position. The 

main characteristic features of such a type of cyanurate derivative was observed in 

the 1H-NMR spectra of perylene 35, depicted in Figure 3.6. At δ = 11.39 ppm, the 

characteristic signal for the two cyanurate core protons appeared. The proton of the 

bridging amid group was assigned to the triplet at δ = 8.67 ppm with a coupling 

constant of 5.6 Hz. In comparison to other amid protons, these are shifted up field, 

due to the electronic effect of the perylene moiety. Hence the molecule had no 

element of symmetry, every proton in the aromatic region showed a resonance by 

itself. They were observed in the region between δ = 8.60 and 7.68 ppm. At δ = 5.07 

ppm, the central proton of the pentylhexyl substituent was observed. In the end, the 

aliphatic scaffold of the substituent and the spacer was displayed by several 

multiplets between δ = 3.66 and δ = 0.78 ppm. 

 

Figure 3.7: 
13

C-NMR of Perylene 35 (100.6 MHz; rt; DMSO-d6). 

To confirm the structure of compound 35 the 13C-NMR spectrum is presented in 

Figure 3.7. The carbonyl atoms of the amide are located at δ = 167.93 and of the 

imides at δ = 163.25 ppm. Signals at δ = 150.01 and 148.79 ppm originated from the 

carbonyl carbons of the cyanurate moiety. The aromatic carbons resonated between 

δ = 137.47 - 121.32 ppm. Downfield shifted signals of the deshielded nitrogen 

adjacent carbons appeared at δ = 53.12, 48.59 and 40.38 ppm. The remaining CH2 
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carbon atoms showed between δ = 31.58 - 20.73 ppm, followed by a signal of the 

CH3 carbon atoms at 13.83 ppm.  

Additionally, perylene 35 was investigated by high-resolution mass spectrometry. 

Hereby the calculated mass/charge of 729.3521 for [M]+ was found to be in excellent 

agreement with experimental data of [M]+ (729.3526). With respect to the optical 

properties of perylenes, the molar extinction coefficients of 35 were determined to be 

ε480 = 2.8 x 104 [M-1cm-1] and ε505 = 2.9 x 104 [M-1cm-1]. The absence of a vibronic fine 

structure in lower energy regions is an evidence that compound 35 exists in a 

nonaggregated state in the lower concentration regimes.  

 

Figure 3.8:  (left) Fluorescence spectrum (ex. 260 nm) and (right) UV/vis spectrum of the cyanurate-perylene 
derivative 35. 

Depicted as an example, see Figure 3.8, an excitation at λ = 260 nm resulted in a 

strong fluorescence at λmax = 533, 572 nm. This confirmed the molecular design of 

perylene 35 as a suitable chromophore for fluorescence labeling of nanoparticles. 

In order to investigate different chromophors for their behaviour in supramolecular 

recognition assemblies pyrene was chosen because of its well-known chemistry. The 

fluorescence properties of this system has been utilized over the last 50 years in the 

investigation of water-soluble polymers, making pyrene, by far, the most frequently 

applied dye in fluorescence labeled polymers.[215, 216] The tendency of pyrene and its 

derivatives to form excimers has been widely employed for supramolecular design 

and for probing the structural properties of macromolecular systems.[217] The reason 

for that is that pyrene proved to be versatile and easily accessible by direct 

electrophilic substitution. As depicted in Scheme 3.11 pyrenebutanol 36 was 

brominated in excellent yields in accordance to literature.[218] A derivatization of 
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cyanuric acid was accomplished by means of a nucleophilic substitution of pyrene 37. 

The yield of 5 % was due to the tedious purification by column chromatography. The 

formation of 37 as well as its conversion to the cyanurate was characterized by 1H- 

and 13C-NMR, mass spectrometry, absorption and infrared spectroscopy. 

 

Scheme 3.11: Synthetic pathway yielding cyanurate bearing pyrene 38. 

In the proton NMR of the target molecule 38 (depicted in Figure 3.9) the 

characteristic signals of the cyanurate moiety were absent, due to the work up 

procedure. Nevertheless, the pyrene skeleton was nicely assigned to the signals at 

δ = 8.21 – 7.82 ppm. The signals of the (CH2)4 spacer unit were observed at 

δ = 3.88, 3.34 and 1.82 ppm. In comparison to 37, the terminal CH2 signal is 

significantly downfield shifted, due to the attachment of the cyanuric acid.  

 

Figure 3.9: 
1
H-NMR of pyrene 38 (400 MHz; rt; CDCl3; * impurities CHCl3 and EtOAc). 

The 13C-NMR of 38 displayed the characteristic resonances for the cyanurate carbon 

atoms at δ = 150.28 and 149.11 ppm. Next, the aromatic carbon atoms of the pyrene 

were assigned to the signals between δ = 136.83 - 123.57 ppm. The deshielded CH2 

carbon atom next to the cyanurate moiety was displayed at δ = 41.08 ppm. Residual 

aliphatic carbon atoms resulted in signals at δ = 32.17, 28.56 and 27.28 ppm. Aside 

from the signals of the desired molecule at m/z = 385 [M]+ peaks at 409 [M+Na]+ and 
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426 [M+K]+ were detected in MALDI-TOF mass spectrometry. The infrared spectrum 

confirmed the conversion of 37 to 38 by the appearance of an intense carbonyl signal 

at ṽ = 1724 cm-1. This signal was assigned to the presence of the cyanuric acid 

moiety and cross checked against by spectra of ethylacetate (EtOAc) contaminated 

samples. Because of the fact that the binding constant of the HAMILTON 

receptor/cyanurate motif is strongest in unpolar solvents like chloroform the solubility 

of the compounds was a big issue. This was ensured by the suitability of cyanurate 

38 in solvents like CDCl3 as depicted in Figure 3.9. 

Similar to the approach in chapter 3.1.1 and 3.1.2, both species of modified pyrenes 

were targeted. This was done in advance to compare the binding of equal 

functionalities onto HAMILTON or cyanurate modified gold surfaces. For this purpose 

1-pyrenebutyric acid represented an excellent building block due to the possible 

modification via STEGLICH type coupling reactions. As depicted in Scheme 3.12, the 

coupling reaction was initialized by HOBt and DCC as activation reagents.1-

pyrenebutyric acid was stirred under the depicted reaction conditions for one week 

under the exclusion of oxygen. Compound 40 was yielded as a white powder, after 

purification by column chromatography, in 37 % yield.  

 

Scheme 3.12: Synthetic route yielding cyanurate bearing pyrene 40. 

The formation of 40 was confirmed by 1H- and 13C-NMR, mass spectrometry, 

absorption and infrared spectroscopy. Concentration dependent steady-state 

absorption spectroscopy revealed the molar extinction coefficient to be ε278 = 5.8 x 

104 M-1cm-1. Next to this, λmax at 243, 267, 278, 303, 312, 238 and 345 nm are 

contributing to the strong absorption – see Figure 3.10. This strong absorptions were 

a key feature for further absorption spectroscopy dependent supramolecular 

investigations.  
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The proton NMR of 40 still contained some impurities like water, ethyl acetate, and 

the solvent DMSO-d6. Apart from that all present signals were assigned in structural 

accordance to the desired molecule 40 – see Figure 3.11. 

 

Figure 3.10: UV/vis spectrum of the HAMILTON pyrene 40. 

As expected the amid protons of the HAMILTON receptor were present as two singlets 

at δ = 10.37 and 9.99 ppm. After the coupling reaction, the additional amid proton at 

δ = 10.31 ppm stems from the freshly formed amid bridge between both moieties. 

 

Figure 3.11: 
1
H-NMR of Pyrene 40 (400 MHz; rt; DMSO-d6; *impurities H2O and EtOAc). 

The aromatic protons of either the pyrene or the HAMILTON receptor were observed in 

the downfield region between δ = 8.45 - 7.80 ppm. Aliphatic -CH2 and -CH3 protons 

were assigned to the signals in the upfield region. 
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In Figure 3.12 the 13C-NMR of HAMILTON receptor 40 is presented. The carbonyl 

atoms of the amide resonate at δ = 171.78, 171.10 and 165.37 ppm. Signals at δ = 

150.69, 150.21, 140.24, 110.49 and 110.13 ppm originated from the pyrolic carbons 

of the HAMILTON moiety. The aromatic carbons of the pyrene and HAMILTON resonated 

between δ = 139.95 - 121.54 ppm. Down field shifted signals of the aliphatic carbon 

atoms appeared between δ = 49.11 - 27.13 ppm. Peryene 40 was additionally 

investigated by high-resolution mass spectrometry. Hereby the calculated 

mass/charge of 852.38439 for [M+Na]+ was found to be in good agreement with 

experimental data of [M+Na]+ (852.38513). 

 

Figure 3.12: 
13

C-NMR of Pyrene 40 (100.6 MHz; rt; DMSO-d6; * impurities EtOAc). 

In order to reveal the nature of the surface attachment of HAMILTON receptors 18 - 

see page 30 - the structural similar HAMILTON receptor 42 was synthesized. An 

orthogonal accessibility of the receptor is crucial for the nanoparticle concept.[219] 

Otherwise, the effective formation of a second self-assembled monolayer would be 

diminished or even not possible. Therefore it was necessary that the ligand itself was 

covalently bound to the surface via the thiol moiety. This was especially important 

because of previous studies of the HIRSCH group reporting the versatility of the 

HAMILTON receptor for the stabilization of gold nanoparticles.[220]   

It was stated that in general, pyridines, amides, and oxygen donors are known to 

stabilize gold nanoparticles.[221, 222] These perceptions were obtained by in-situ gold 

nanoparticle formation. By contrast, the ligand exchange mechanisms of non-
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covalently attached ligands were not yet investigated. Hence HAMILTON receptor 42 

was synthesized following up the synthetic procedure as mentioned earlier for thiol 

terminated HAMILTON receptor 18.  

Scheme 3.13 sketches the synthetic route to the so called “reference HAMILTON 

receptor” 42 containing no anchor group. Because of the absence of an anchoring 

group no protection group was needed to be introduced before the coupling reaction. 

DCC and HOBt were used as coupling agents during the reaction. Purification by 

column chromatography yielded the desired product in 67 % yield. In contrast to the 

thiol-terminated compound 18, recrystallization was not successfully. 

 

Scheme 3.13: Synthetic route of reference HAMILTON receptor 42. 

The 1H-NMR spectrum illustrated in Figure 3.13 displayed the HAMILTON receptor 

scaffold with the additional signals of the propionic acid.  

 

Figure 3.13: 
1
H-NMR of HAMILTON receptor 42 (400 MHz; rt; DMSO-d6; * impurities: H2O and EtOAc). 
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The spectrum was comparable to the 1H-NMR of HAMILTON receptor 18. However, 

the aliphatic signals of the chain were shifted up field due to the absence of the thiol. 

Although three protons of the novel -CH3 were assigned to the triplet at δ = 1.11 ppm 

with a coupling constant of 3J = 7.6 Hz. These were found to be in good agreement 

with the coupling constant of the quartet at δ = 2.38 ppm for the CH2 next to the 

amide.  

The successful formation was further proven by high-resolution mass spectrometry. 

The signal found at m/z = 616.32476 coincided with the calculated mass to charge 

ratio of 616.32419. Likewise, the values of the elemental analysis for compound 42 

were in good agreement with respect to the impurities of EtOAc. 

 

Figure 3.14: 
13

C-NMR of HAMILTON receptor 42(75.5 MHz; rt; DMSO-d6; * impurities: EtOAc). 

In line with the proton NMR, the 13C-NMR spectrum of 42 was related to the 

previously investigated HAMILTON receptors. The typical HAMILTON features can be 

seen in Figure 3.14. The main difference to the starting material can be seen in the 

CH2 and CH3 signals, assigned to δ = 29.57 and 9.51 ppm. 

In order to complete the reference assembly kit compound 44 was synthesized. In 

principle this compound based on of the same features as compound 18 and 19. It is 

terminated by a thiol anchor group and equipped with a hydrogen bonding side. 

Therefore the grafting mechanism to the gold surface should be similar. In contrast to 

compound 18 and 19 the supramolecular binding side consists of only one “arm” of 

the HAMILTON receptor, as can be seen in Scheme 3.14.  

To suppress side products the trityl protected mercapto acid 15 was selected as 
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mercapto acid. The initial reaction step was a modified STEGLICH type coupling 

reaction.[204] In this particular case, the reaction was carried out in DMF and the 

formation of the active ester was enhanced by a three hour delay before the addition 

of the amine HAMILTON receptor 7. As coupling agents EDC and HOBt were applied 

but the purification was tedious. 

 

Scheme 3.14: Synthetic pathway to yield reference HAMILTON receptor 44. 

Firstly automated flash chromatography (30 µm 12 g fine pored silica gel 

dichloromethane (DCM)); secondly column chromatography (silica gel DCM) and 

lastly another column chromatography (silica gel DCM/EtOAc 10:1) were applied. 1H- 

and 13C-NMR spectra evidenced the successful conversion of compound 43. 

Measured in DMSO-d6 it was shown that only few impurities were left - mainly water. 

The deprotection reaction was carried out according to the instructions of REED AND 

HUTCHINSON.[223] Compound 43 was dissolved in TFA, stirred for five minutes, and 

quenched with a few drops of triethylsilane (TES).  

The product was purified by column chromatography (silica gel DCM/EtOAc 5:3). 

Nevertheless it was yielded in almost quantitative amounts and good purity. The trityl-

protecting group could be easily removed from acid stable compounds. As in the 

case of the HAMILTON derivatives the absence of the typical trityl signals in the 1H- 

and the 13C-NMR spectra implied the successful conversion into reference HAMILTON 

receptor 44.  
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3.2 Covalent surface modification of gold nanoparticles 

The properties of gold nanoparticles depend strongly on the size, shape, and surface 

chemistry or environment of the particles.[75] A superb tool to obtain desired property 

changes is represented by the deposition of covalently self-assembled monolayers. 

Distinct features can be introduced due to the excellent molecular control of the 

outermost monolayer. Here, a main focus is kept on the enhancement of the stability 

of nanoparticles against agglomeration and their dispersibility in different solvents. 

Therefore surface modification is carried out mainly with molecules containing three 

different moieties in one molecule. As depicted in Scheme 3.15 the molecules 

consist of a material suitable anchor group like thioles, in the case of gold, a spacer 

unit and the functionality, tuning the properties of the gold nanoparticle. 

 

Scheme 3.15: Schematic representation of surface modification suitable molecules. 

This formation of monolayers of organic molecules on an inorganic surface is 

controlled by energetics and highly depends on the driving force for negative free 

energy ΔG, which is determined by the bond strength and entropy factors. It was 

stated that in general, pyridines, amides, and oxygen donors have a high affinity to 

gold nanoparticle via surface interactions.[221, 222] In line exchange reactions with a 

great variety of molecules bound to anchoring groups such as thiolates, amines, 
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carboxylates, or phosphine moieties are possible.[224] With respect to gold surfaces 

the highest affinity is achieved by thiol derivatives which boast a bond strength of 184 

KJ/mol.[225, 226] The spacer between the anchor and the functionality serves two 

purposes. Firstly, it separates the functionality from the gold surface. This is 

important in order to avoid catalytic reactions on the surface and to provide 

accessibility of the functionality. Otherwise, the functional groups would be stuck to 

the metal surface and could not be accessed in the desired way. Secondly, the 

spacer length defines the solubility of the ligands and the resulting nanomaterials. 

Thus it is possible to fine-tune the solubility properties of the final hybrid material 

which is extremely decisive in terms of supramolecular chemistry. The strength of the 

formed complexes is highly dependent on the polarity of the solvent they were 

formed in. Once functionalized the functional groups replace the surface of the core 

material in monolayer covered particles and define the properties of the material 

against solvents, chemicals, heat, and light.[75] Therefore the design of these 

functional groups is the main goal for the control of the properties of the hybrid 

materials.  

Citrate capped gold nanoparticles were chosen as the starting material of almost all 

inorganic nanomaterial based experiments described in this work. The knowledge 

about the ligand binding strength, the surface affinity of different ligand moieties and 

the surface chemistry of the particle cores was a crucial prerequisite. In order to 

establish a reliable functionalization procedure for the wet-chemical surface 

modification of gold nanoparticles, fundamental exchange experiments were 

conducted. Regarding the instability of gold nanoparticles against exchange 

reactions, a lot of parameters were taken into account. This characterization was 

mandatory before the development of self-assembled supramolecular chemistry of 

gold nanoparticles. Moreover, such studies led to a novel type of inter-particle 

chemistry via non-covalent bonding. 

3.2.1 Standard synthesis of gold nanoparticles 

As recently reviewed, gold nanoparticles nowadays have many applications in 

diagnostics, therapeutics, catalysis, optical sensing, and as biomarkers and building 

blocks in nanotechnology.[75] Among the conventional methods of gold nanoparticles 

synthesis by reduction of Au(III) derivatives, the most popular one for a long time has 

been using citrate reduction of HAuCl4 in water, which was introduced by TURKEVICH 

et al. in 1951 and refined by FRENS et al.[102, 227] In a typical procedure 78 mg 
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HAuCl4 × 2 H2O were dissolved in 200 mL of deionized water and heated up to boil 

under vigorous stirring. Subsequently followed by the addition of 20 mL of 38 mM 

preheated sodium citrate solution and accompanied by the color change from pale 

yellow to dark red. The heating was continued for 35 min. followed by cooling to rt. 

under continuously stirring. The advantages of in-house synthesized nanoparticles 

were the comparably low costs as well as the surfactant free synthesis. Also, the 

long-term degeneration of the nanoparticle solutions can be circumvented by their on 

demand synthesis. All these steps enabled the high uniformity of the starting material 

during the following nanoparticle functionalization. This was essential for 

optimizations of the ligand exchange reactions on the nanoparticle surface. Also, the 

size, concentration and therefore specific surface area were kept constant throughout 

each functionalization attempt.  

In order to establish a straightforward characterization process of the individual 

nanoparticle solution properties, TEM, DLS and UV/Vis were taken into account. The 

standard in-house synthesized nanoparticle solutions were analyzed by statistical 

TEM investigations to confirm their average particle size of 13.1 ± 0.5 nm - see 

Figure 3.15.  

 

Figure 3.15: Statistical TEM analysis; Core size distribution (bin size 1 nm, N>500). 

Applying a simple approach of GADOGBE et al. mercaptobenz-imidazole (MBI) was 

added to the samples of freshly prepared gold nanoparticle solution.[228] The initial 

HAuCl4 concentration was priorly determined by the absorption intensity at λ = 290 

nm and the molar extinction coefficient of this absorption (ε = 2.56 x 103 M-1cm-1). The 

MBI has a high binding affinity of 4.44 ± (1.29) x 106 M-1 towards gold, is water 
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soluble and can be detected easily by its absorbance at λ = 300 nm. With a molar 

absorptivity of ε = 2.7 x 104 M-1 cm-1
, the specific surface area can easily be 

determined after sedimentation.[228] Determined by this technique the in-house 

synthesized solutions exhibited a specific surface area of 49.6 cm2ml-1 (4.96 x 1015 

nm2). Another rapid, UV/Vis based, size determination technique utilizes the surface 

plasmon resonance (SPR) of gold nanoparticles. The SPR is generated by the 

collective oscillations of the electron gas at the surface of nanoparticles (6s electrons 

of the conduction band for gold nanoparticles) that is correlated with the 

electromagnetic field of the incoming light, i.e., the excitation of the coherent 

oscillation of the conduction band.[75] The nature of the SPR was rationalized in a 

master publication authored by MIE in 1908.[229] Methods to calculate the particle 

diameter from SPR were presented by HAISS et al. in 2007.[230]  

The SPR is clearly visible as a peak in the range between λ = 520 and 580 nm 

depending on the size, shape and environment of the particles. For very small 

particles this peak is damped due to the reduced mean free path of the electrons.[230] 

As expected, the in-house synthesized gold nanoparticles exhibited a strong SPR 

absorbance – see Figure 3.16 (left).  

 

Figure 3.16: (left) Steady state absorption spectra of in-house synthesized particles (right) DLS spectra. 

This was used to determine the ratio ASPR/A450 which was experimentally measured 

and was exploited to determine the size distribution. Thereby a mean particle size of 

12 – 14 nm was confirmed by this technique. The standard deviation was rather high 

why this technique was considered to be used as a fast analysis only. Finally the in-

house synthesized gold nanoparticles were investigated in detail by dynamic light 

scattering (DLS) techniques. Therefore the aqueous solutions were diluted one to ten 

and characterized by a ZEN 3600 from MALVERN INDUSTRIES. Depicted in Figure 3.16 
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(right) the average hydrodynamic diameter (hdd.) of pure nanoparticles was found to be 

14.44 ± 0.62 nm. A zeta potential value of – 35 ± 0.6 mV (1.17 x 10-4 wt. %) resembled 

the stability of the in-house synthesized particles. Citrate ions stabilized the 

nanoparticles and therefore contribute to the overall negative surface charge. The 

monodispersity of the solution was evidenced by the polydispersity index (PDI) of 

under 0.2. The dispersity (also known as the polydispersity index) of a sample is 

defined as Mw (mass average molar mass) divided by Mn (number average molar 

mass) and gives an indication just how narrow a distribution is.[231]  

3.2.2 Covalent gold nanoparticle surface functionalization 

The in-house synthesized gold nanoparticles were capped with citrate ligands, as 

priorly mentioned. As citrate is only loosely bound to the gold nanoparticles (6.7 

kJ/mol) exchange reactions with a great variety of molecules are possible.[232] In the 

process of such a one-step ligand exchange, less charged thioles replace highly 

charged citrate ligands, which causes a significant decrease in surface potential.[233] 

Thus, the colloidal stability can be dramatically diminished during the exchange 

process and cause total agglomeration. Therefore multiple optimization attempts 

were conducted, in order to prevent such a particle agglomeration along the process. 

The exchange of the surface bond ligands was evidenced by several characterization 

techniques such as UV/Vis, fourier-transformed infra-red (FT-IR), DLS, RAMAN and 

stability studies. With respect to the ligands, individual exchange conditions had to be 

developed. Depending on the water miscibility of the ligands and their resulting 

nanomaterials, solvents and additives had to be adjusted. In the following these 

unique exchange procedures will be described in detail. In order to establish a simple 

nomenclature, the nanoparticles systems were named according to the following 

guidelines: gold nanoparticles (GNP); HAMILTON (HAM) and CA for cyanurate 

moieties; These were connected via (@) a spacer unit named (-CX-). 

HAM-C3-SH functionalized gold nanoparticles 

The citrate-capped stock nanoparticles were processed in a wet-chemical approach 

with thiol HAMILTON receptor 18 to gain the desired hybrid GNP@-C3-HAM – see 

Scheme 3.16. In general, in-house synthesized particles were functionalized from the 

1.2 x 10-4 wt. % stock solutions in water. Corresponding to the amount of gold 

nanoparticle solution, a 1 mM solution of HAMILTON receptor 18 dissolved in methanol 

was added to end up with a 6.5 % methanolic solution. This was chosen due to the 
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solubility of the ligand and the increasing instability of the aqueous gold nanoparticles 

in higher methanolic solutions. Several trials proved a 6.5 % methanolic aqueous 

solution to represent the best exchange condition for this reaction. 

 

Scheme 3.16: Illustration of the functionalization of gold nanoparticles with HAMILTON receptor 18. 

In order to get rid of remaining unbound ligands every sample was washed at least 

thrice before further investigation. This was done by centrifugation at 14 000 rpm-1, 

10°C and redispergation by careful sonication (BRANSON® 2510) at rt. The resulting 

functionalized nanoparticles offered dispersibility in methanolic aqueous solutions 

and organic solvents like DCM or CHCl3. All of the above mentioned analysis tools 

were applied to confirm the successful ligand exchange. In order to record FT-IR 

spectra the washed particles where freeze-dried (ALPHA 2-4 LSCplus) and yielded a 

purple powder – seen in Figure 3.17. 

 

Figure 3.17: FT-IR spectra of (black) functionalized gold nanoparticles and (red) in-house synthesized. 

Obviously, the intense vibrations of the citrate can easily be assigned to the 

vibrations at ṽ = 1563 cm-1 and 1386 cm -1. After the ligand exchange, the citrate 
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vibrations disappeared completely whereas C=O stretching and N-H bending 

vibrations present at ṽ = 1700 cm-1 - 1500 cm -1 clearly confirmed the successful 

ligand exchange process by the HAMILTON receptor 18. The complete assignment of 

the Amid I/II, pyridine and benzene vibrations of the ligand in the IR spectrum of the 

particles further verified the surface attachment of HAMILTON receptor 18. Also, no 

significant shifts of the band position of C=O and N-H of the capping HAMILTON was 

witnessed. This was important because it was earlier reported by the HIRSCH group, 

that HAMILTON receptors can be used to template the formation of gold nanoparticles. 

[220] Such surface interactions were signified by a shift of the band positions in the FT-

IR.[220] The absence of such phenomena ensured the exclusive surface attachment 

via the thiol moiety. This orthogonal attachment at the processed surface was 

essential for further self-assembly attempts because it ensured the accessibility of 

the HAMILTON functionality. 

 

Figure 3.18: (left) Steady state absorption spectra and (right) stability study against centrifugation of (red) in-
house synthesized and (black) functionalized gold nanoparticles.  

A novel feature of these functionalized gold nanoparticles was that they offered an 

enhanced stability against conventional centrifugation. As shown in Figure 3.18 (on 

the right hand side) the plasmonic absorption of citrate-capped particles was almost 

zero after a single washing step. This was caused by the removal of the loosely 

bound citrate ions during the centrifugation and dilution with deionized water. 

Contrary to this, functionalized GNPs exhibited an inherent stabilization against 

centrifugation treatment due to the strong interaction between the ligands anchor and 

the surface. Thus the ligand molecules could not be removed from the surface by the 

washing process. Even after several washing steps most of the initial gold 
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nanoparticles still remained redispersible. This was explained by the increased 

colloidal stability of the particles due to the strong binding affinity of the thiol anchor 

group. The passivation of the surface and the dense packing evoked these novel 

properties.  

Monolayer coverage was required In order to attach cyanurates orthogonal to the 

surface-bound HAMILTON receptors. Initial experiments proved that a vast excess of 

HAMILTON receptors 18 was needed for a prosperous functionalization. During the 

washing process, the crucial multilayer coverage was removed for the purpose of 

accessibility. To determine the requirements for complete monolayer coverage in 

non-covalent experiments steady state absorption spectroscopy was utilized. 

HAMILTON receptor 18 exhibits a strong molar absorptivity of ε = 2.88 × 104 M-1 cm-1 

at λ = 300 nm. Applying Lambert-Beers-Law the amount of ligand excess present in 

the removed supernatants was estimated. Disregarding the absorption variation due 

to light scattering effects by the particles it was possible to calculate the amount of 

surface-bound HAMILTON receptor 18. Therefore the particles had been washed until 

no unbound ligand molecule was detectable in the final supernatant. The packing 

density of HAMILTON receptor 18 was determined by Equation ( 1) to be 3.0 nm-2. 

Compared to 3-mercaptopropionic acid (MPA) the bulkier HAMILTON receptor caused 

an increase of the spacial requirements as expected. The decrease of the packing 

density is in good agreement considering the literature values of 7.8 nm-2 for 

MPA.[234] 

pd  (n0 - 
Abs 1   V1   Abs 2   V2   Abs 3   V3

ε300nm   d
)    

           

  
 ( 1 ) 

(with pd: packing density; ε: extinction coefficient (18); V: volume of supernatant; d: 

diameter of the UV-cuvette; SA: surface area of initial gold nanoparticles) 

In contrast to TiO2 or ZnO nanoparticles no thermogravimetric analysis (TGA) 

measurements were conducted to underpin the results. The HIRSCH group has 

already successfully applied TGA measurements for quantitative packing density 

determination.[71] This decision was mainly caused by the lack of material required to 

yield enough material for such measurements. In general the nanoparticle 

concentration of the gold nanoparticles was 100 times smaller as needed. Therefore 

this facile and fast-track quantitative determination of the wet-chemical monolayer 

adsorption was not applicable.  
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To reveal the effect of excess HAMILTON receptors 18 and ensure a proper ligand 

exchange process, DLS measurements of the particles had been recorded. These 

showed that the zeta potential drops significantly due to the formation of multilayers. 

Such chemisorbed multilayer decreased the zeta potential on the on hand while 

increased the colloidal stability against agglomeration on the other. This effect 

attribution can occur because the high reactivity during the ligand exchange process. 

The passivation of the surface is of high importance and served by the excess of 

HAMILTON receptor 18. Comparing different initial concentrations of HAMILTON 

receptor 18, the zeta potential reached up to – 70 mV. Depicted in Figure 3.19 the 

average surface charge of - 36 mV was reached after the removal of excess of 

HAMILTON receptor 18 by two washing steps. None of the surface bound HAMILTON 

receptor was removed completely by these washing procedures. This was ensured 

by 10 washing steps. Afterwards the particles were redispersible without any loss due 

to agglomeration and retained a zeta potential of -35 mV.  

 

Figure 3.19: Zeta potential analysis dependent on initial HAMILTON receptor 18 concentration. a) 0.0 mM 

b) 1.0 mM c) 2.5 mM d) 5.0 mM e) 10 mM 

This perception was of major importance in order to guarantee surface accessibility 

for future modifications. While the ligand exchange, the hydrodynamic diameter 

(hdd.) of the functionalized nanoparticle increased by less than a nanometer due to 

the increased organic shell. Indeed the hdd. increased from 14.44 ± 0.62 nm to 15.52 

± 0.87 nm. But the functionalized nanoparticles exhibit increased affinity to form 

clusters during solvent evaporation. Seen in Figure 3.20 the cluster formation was 

evidenced by transient electron microscopy (TEM) images. The HAMILTON receptors 

on the surface interacted with each other via hydrogen bonding interactions. This 

interaction caused an attractive force favoring cluster formation as this diminishes the 
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surface area. Nevertheless, the core size of the individual particles did not change 

during self-assembled clustering. This was confirmed by statistical TEM 

investigations. Statistical size determination was done with the analysis software 

ImageJ.[235] Therefore the particle analyzer plug-in and at least a particle number 

greater than 500 were required. The core size of the gold nanoparticles was found to 

be 13.4 ± 0.9 nm. With respect to the size if the initial citrate particles (13.1 ± 0.5 nm) 

the core size of the gold nanoparticles did not change – see Figure 3.15. 

 

Figure 3.20: Statistical TEM analysis. Scale bar 100 nm; Core size distribution (bin size 1 nm, N>500). 

Comprising the above-mentioned characterizations, a novel hitherto unknown gold 

nanoparticle hybrid material was prepared. One last issue was to reveal the nature of 

the surface attachment of the modified HAMILTON receptors 18. An orthogonal 

accessibility of the receptor is crucial for the whole nanoparticle concept. Otherwise, 

the effective formation of a second self-assembled monolayer would be diminished or 

even not possible.  

Therefore it was necessary that the ligand was covalently bound to the surface via 

the thiol moiety. It was stated that in general, pyridines, amides, and oxygen donors 

are known to stabilize gold nanoparticle formation via surface interactions.[221, 222] 

Such a surface interaction of the HAMILTON receptor would have devastating effects 

towards its orthogonal accessibility. Therefore the reference molecule 42 was 

synthesized and tested in reference experiments because of its structural similarity 

except the thiol moiety – see Figure 3.21 (right). Various concentrations of 42 were 

tested in different water-miscible solvent combinations. It was not possible to repeat 
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the successful functionalization of these particles. All of the test reactions concluded 

with the destruction and agglomeration of the nanoparticles after the reaction or the 

centrifugation. These confirmed the assumption that the ligand exchange and 

stabilization of the gold nanoparticles critically depended on the presence of a 

suitable anchor moiety in compound 18. The HAMILTON moiety itself was found to be 

not suitable to support such an exchange reaction. 

To get a greater insight on the exchange mechanism further studies by Second 

Harmonic light scattering (SHS) experiments in collaboration with R. DINKEL of the 

PEUKERT group were conducted. 

 

Figure 3.21: (left) (a) Experimental setup for angle-resolved SH light scattering measurements. (AP: aperture, 

BP: band pass filter, FL: focusing lens, HW: half-wave plate, LP: long pass filter, P: polarizer, PMT: 
photomultiplier tube, and SP: short pass filter. (b) Negatively charged colloidal particle with an 
interfacial layer of oriented water molecules.

[236]
 (right) HAMILTON receptor 42. 

SHS is a second-order nonlinear optical process which is in dipole approximation not 

allowed for centrosymmetric materials such as gold or liquids. Since surfaces and 

interfaces necessarily break the symmetry of the bulk phases, SHS spectroscopy can 

be a powerful tool for interface spectroscopy of colloids.[236] Here, two photons at the 

frequency ω of a fundamental wave generate one photon at the frequency 2ω of the 

second-harmonic wave. Molecular fluctuations in the bulk liquid also generate light at 

a frequency of 2ω via hyper-Rayleigh scattering (HRS) but at comparatively low 

intensities.[237] At metal surfaces with delocalized electrons the situation is somewhat 

different. Here, the formation of adsorbate−substrate bonds leads to a localization of 

surface electrons and to a reduction of electric susceptibility contributions from the 

metal surface.[238] In fact, this reduction can be linearly related to the coverage of a 

surface ligand as was previously shown by BUCK et al. for thioles with long alkyl 

chains on planar gold surfaces.[239] The general setup for in situ SHS measurements 
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is depicted in Figure 3.21. SHS provided not only high surface sensitivity but also the 

time resolution in order to observe exchange reactions on gold nanoparticles in situ 

and in real time. As a label-free method SHS does not rely on chemical markers for 

signal detection at the interface, but the interface itself generates the signal.[224] The 

absorption of alkyl thioles and others onto planar metal surfaces was previously 

studied.[240-242] It was observed that the adsorption of optically transparent HAMILTON 

receptor 18 can be followed in situ and in real-time when the original citrate layer is 

exchanged. As thioles bind strongly to gold surfaces, the electronic structure of the 

gold nanoparticle surfaces is changed. Due to localization of surface electrons, the 

second-order susceptibility is reduced, which resulted in a decrease of the SHS 

intensity. Depicted in Figure 3.22 the SHS intensity of the HAMILTON receptor 18 

treated gold nanoparticles decreased within a timescale of less than 50 seconds. 

Upon addition of HAMILTON receptor 18 an initial sharp decrease in the signal is 

observed within the first 5 s and is followed by a much slower decrease on a minutes 

time scale. This clearly proved the strong interaction between the gold surface and 

the ligand system. Although the sample was vigorously stirred during the 

measurements incomplete mixing at early stages (<1 s) of the exchange reaction 

cannot be fully avoided. Particularly for small concentrations, mixing is important as 

higher concentration gradients can be generated due to incomplete mixing.  

 

Figure 3.22: Time-dependent SHS spectrum after the addition of either (black) HAMILTON receptor 18 or (red) 
HAMILTON receptor 42. 

The SHS intensities reached an equilibrium value after exchange times of >24 min 

and was with 20 % substantially smaller compared to the initial intensity of gold 

nanoparticles that had an intact citrate ligand shell.   

In contrast to this results the initial intensity of the SHS of gold nanoparticles, treated 
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with reference HAMILTON receptor 42 was nearly recovered after 10 minutes. The 

initial decrease of the SHS was clearly related to solvent mixing effects and further 

approved by methanol reference experiments.  

Due to the experimental setup the HAMILTON receptors were added dissolved in 

methanol. Therefore the solvent environment of the nanoparticles initially changed 

due to the addition of methanol reaching an amount of 9 %. This behavior was also 

confirmed conducting several reference experiments with pure methanol. Thereby a 

similar decay of the SHS intensity was observed but as in the case of the reference 

molecule recovered after several minutes. SHS investigations revealed the 

importance of the presence of the thiol moiety for a successful ligand exchange 

reaction. They clearly showed the different surface interactions of HAMILTON receptor 

18 and 42. Also, the assumed quick exchange mechanism was confirmed to be in a 

sub 5-second regime. This was important in order to establish a reliable exchange 

reaction in aqueous solutions. The end-on binding via the HAMILTON moiety could be 

excluded by the conducted reference experiments with 42. 

HAM-C11-SH functionalized gold nanoparticles 

Once all the information about the surface modification process was held in hand, the 

impact of the spacer was examined in more detail. In a similar approach to the one 

mentioned above, citrate-capped stock nanoparticles were processed in a wet-

chemical procedure with thiol HAMILTON receptor 19 to gain the desired hybrid 

GNP@-C11-HAM – see Figure 3.17. 

 

Scheme 3.17: Illustration of the functionalization of gold nanoparticles with HAMILTON receptor 19. 

[GNP@-C11-HAM][GNP@-Citrate]

19

19
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Briefly, HAMILTON receptor 19 was dissolved in 0.1 mL of MeOH and added to 1.0 mL 

of an aqueous 1.2 x 10-4 wt. % solution of gold nanoparticles at rt. The elongated 

spacer unit led to changes in the functionalization and purification procedure. Due to 

the increased hydrophobic nature of the C11 chain spacer, the functionalization was 

completed after 5 h when the GNPs had settled down completely – see Figure 3.23. 

The gold nanoparticles showed increased hydrophobic behavior. Removal of the 

supernatant and three times washing (with 9 % methanolic deionized water) yielded 

the functionalized particles. The absence of any absorbance of λmax of HAMILTON 

receptor 19 at 300 nm showed that no free ligand was present anymore. During the 

functionalization process the absorbance of the individual compounds were shifted 

towards longer wavelength. 

 

Figure 3.23: (black) initial UV/Vis spectrum of HAMILTON receptor 19 functionalized aqueous GNPs; (red) and 

repeated after 5 h reaction time.  

 

Figure 3.24: (black) HAMILTON receptor 19 functionalized GNPs in chloroform; (red) initial aqueous GNPs. 

A comparative UV/Vis spectra of HAMILTON receptor 19 coated GNPs and aqueous 

citrate capped GNPs is depicted in Figure 3.24.  
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Both the surface plasmon resonance at λ = 534 nm and the characteristic absorption 

feature of HAMILTON receptor 19 at λ = 302 nm were found to be slightly bathochromic 

shifted. This effect was explained by the surface attachment of the ligands and the 

created electronic communication.  

Determination of the amount of HAMILTON receptor grafted on the surface was done 

by UV/Vis measurements, as well. It was shown that the difference in the absorptions 

between the initial amount of HAMILTON receptor 19 and the supernatant could be 

taken into account to the absorption of HAMILTON receptor 19 on the surface of the 

gold nanoparticles. Successful monolayer formation, seen by complete 

sedimentation, was achieved using concentrations of 1 mM solutions of HAMILTON 

receptor 19 in methanol or even higher concentrations. 

 

Figure 3.25:  (left) subtraction spectrum of initial concentration 19 and summed supernatants spectra after during 

the functionalization. (right) subtraction of spectrum of initial GNP`s and functionalized GNP`s. 

Nevertheless, max. 28 percentages of the incipient HAMILTON receptor molecules 

could be grafted to the surface. It was assumed the necessity of an excess was due 

to solubility and stability effects caused by the multilayer formation. Applying 

Lambert-Beers-Law the amount of ligand excess present in the supernatants was 

determined. Disregarding the absorption variation due to light scattering effects it was 

possible to calculate the amount of surface-bound HAMILTON receptor 19. This 

calculated amount of HAMILTON receptor 19 was dissolved in chloroform to yield the 

left spectrum of Figure 3.25. The right spectrum - seen in Figure 3.25 - represents 

the final nanoparticle spectrum minus the initial gold nanoparticle spectrum. Thus 

only the absorption of the grafted HAMILTON receptor 19 was present at λ = 302 nm. 

As a result, HAMILTON receptor 19 was found to feature a maximum monolayer 

grafting density of 2.8 molecules per nm-2 determined by Equation ( 1) - see page 

59.  
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One of the benefits of the coated GNPs is their stability against agglomeration and 

their facile redispersibility in apolar organic solvents like CHCl3, DCM, and THF. 

Infrared spectroscopy and dynamic light scattering experiments gave further 

evidence for the successful attachment of the HAMILTON receptor to the nanoparticles 

surface. 

 

Figure 3.26: FT-IR spectra of HAMILTON receptor 19 modified gold nanoparticles. 

Depicted in Figure 3.26 the FT-IR spectrum displays all the characteristic vibrations 

of the HAMILTON scaffold. The amide assigned vibrations are shifted to lower 

wavenumbers due to the deprotonating of the thiol. This anchoring process had been 

explored by several studies. So far the common sense is that thioles are adsorbed as 

their thiolate forms on gold surfaces.[243] This charge is responsible for the shift of the 

amide signals in the infra-red region. 

 

Figure 3.27: (left) DLS spectrum of initial gold nanoparticles; (right) DLS spectrum of HAMILTON receptor 19 

modified gold nanoparticles. 

Furthermore, investigations by dynamic light scattering (DLS) were conducted, to 

determine the size of the particles in solution. The average hydrodynamic particle 

diameter of the functionalized particles was found to be increased due to the 
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increased organic shell surrounding the particles – see Figure 3.27. Hence the 5 nm 

increased hydrodynamic diameter of HAMILTON receptor 19 functionalized particles 

was in good agreement compared to the case of the shorter C3 chain functionalized 

particles described before. The prolongation of the spacer clearly proved to influence 

the surface modification and properties of the nanoparticles. Another effect was that 

the longer the spacer unit the more apolar the resulting nanomaterials. This was used 

to create gold nanoparticles suitable for further supramolecular self-assembly 

experiments in more apolar solvents like DCM or CHCl3. 

The novel modified nanoparticles were also tested for their long term stability 

properties. Therefore all the above mentioned characterizations were repeated after 

a time period of one month. The results were nearly the same as for freshly prepared 

particles. It could be shown that the functionalized nanoparticles did not show any 

type of decomposition after 1 month of storage under ambient conditions.  

CA-C6-SH functionalized gold nanoparticles 

The versatility of this Host-Guest concept should be confirmed by the 

functionalization of gold nanoparticles with the counterpart of the HAMILTON receptor 

– the cyanuric acid. This would proof the efficiency of the concept towards a new 

toolbox of ligands for gold nanoparticles. For this purpose thiol terminated cyanurates 

were synthesized. The synthesis of compound 25 succeeded as previously described 

in chapter 3.1.2. In compound 25 the cyanurate moiety is separated by a C6 spacer 

unit from the thiol anchor group. 

 

Scheme 3.18: Illustration of the functionalization of gold nanoparticles with compound 25. 

This design was required to provide a strong covalent surface attachment of the 

ligand and a free accessible functionality. Initial attempts to adapt the same wet-

chemical conditions for the functionalization as for the HAMILTON compounds failed. 

[GNP@-C6-CA][GNP@-Citrate]

25

25
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Mainly the poor solubility of the cyanurate moiety was the issue wherefore the 

reaction conditions had to be adjusted. Therefore compound 25 was dissolved in 

THF instead of MeOH due to the greater interactions between THF and the cyanuric 

moiety and the water miscibility of THF.  

This procedural work up changes enabled the wet-chemical surface modification – 

see Scheme 3.18 - of the aqueous citrate capped gold nanoparticles. In general, in-

house synthesized particles were functionalized from a 1.2 x 10-4 wt. % aqueous 

particle solution. Corresponding to the volume of gold nanoparticle solution, a 0.88 

mM solution of cyanurate 25 dissolved in THF was added to end up with a 1:2 

THF/H2O ratio. The high THF concentration was required to ensure a successful 

functionalization due to the poor solubility of compound 25 in water. 

 

Figure 3.28:  (left) DLS spectrum of initial gold nanoparticles; (right) DLS spectrum of cyanurate 25 modified gold 

nanoparticles. 

Lower THF ratios resulted in a destabilization during the ligand exchange process 

and an accompanied particle agglomeration. This degeneration of the nanoparticles 

was obvious by a color change from red/purple to dark blue/gray.  

Unfortunately, the functionalized nanoparticles revealed to be of disappointing quality 

in terms of uniformity and processability during the characterization. The increase of 

the hydrodynamic diameter due to the formation of agglomerates was evidenced by 

DLS measurements – see Figure 3.28. The mean average size was determined to 

be 103 nm with a comparable high PDI of 0.31. This rather high PDI was the result of 

the diverse incorporation of solvent molecules into the outermost surface layer of the 

nanoparticles. The size diversity of the functionalized nanoparticles can also be seen 

in Figure 3.28 by the flat decay of the size distribution.  

The zeta potential of the particles increased from -35 mV of the initial particles to -30 

mV. This increase is due to the replacement of the citrate ligands by compound 25. 
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Nevertheless, the surface charge was as negative as expected for thiol grafting 

ligands. Also TEM investigations of the nanoparticles functionalized with compound 

25 were conducted and revealed the increased core size and polydispersity – see 

Figure 3.29 

 

Figure 3.29:  (left) UV/Vis spectra of (black) cyanurate 25 functionalized nanoparticles and (red) initial gold 
particles; (right) TEM image of cyanurate 25 functionalized nanoparticles. 

Hence the surface modification procedure needed to be optimized. This goal was 

achieved by introducing a prefunctionalization step. Previous studies confirmed that 

ligands presenting a higher coordination number (dithiolane) exhibit much better 

stability against environmental changes.[244] The effectiveness of utilizing thioctic acid 

stabilized gold nanoparticles as the intermediate for further functionalization was 

assigned to their stability and their interchangeability. It was stated that these 

intermediates could be subsequently functionalized by ligand exchange reactions.[68] 

The key step was to ensure the assembly of the thiol protection layer by slowing 

down the removal of charged species causing a loss of electrostatic stability.[68] Thus 

thiol terminated cyanurate derivatives (25 or 28 for instance – see page 38) were 

utilized for a mixed layer functionalization. 

In a first step, the citrate-capped stock nanoparticles were processed in a wet-

chemical approach with thioctic acid. In detail, the in-house synthesized particles 

were functionalized from 1.2 x 10-4 wt. % solutions in aqueous media. Corresponding 

to the amount of gold nanoparticle solution, a 10 mM solution of thioctic acid 

dissolved in methanol was added to end up with a 9 % methanolic solution. This 

concentration and solvent composition was chosen due to the solubility of the ligand 
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molecules. Also the very high concentration was mandatory to ensure a complete 

exchange of the citrate ligands and therefore complete coverage of the 

nanoparticles.  

Afterwards, the samples were washed at least thrice before further investigation in 

order to remove the excess of free thioctic acid. This was mandatory to avoid 

competing exchange reactions during the following procedure step. Therefore the 

samples were centrifuged at 15 000 rpm-1 for half an hour at 10 °C and redispersed 

carefully by sonication at rt. in H2O. The functionalized nanoparticles offered good 

dispersibility in aqueous media as well as in organic solvents like MeOH, THF, DCM, 

and CHCl3. This was important with respect to the poor solubility of the cyanurates in 

aqueous media. The characterization of the properties was done by means of 

standard techniques like UV/Vis, IR, and DLS measurements.  

As a second step, purified thioctic acid functionalized, aqueous gold nanoparticles 

were reacted in a wet-chemical procedure with compound 25. Typically the pre-

functionalized particles were functionalized from 1.2 x 10-4 wt. % solutions in aqueous 

media. Corresponding to the amount of gold nanoparticle solution, a 0.88 mM 

solution of cyanurate 25 dissolved in THF was added to end up with a 1:2 mixture of 

THF and water. The excess of cyanurates was removed applying the same workup 

as before.  

For the final mixed layer functionalized nanoparticles a narrowed size distribution was 

observed. This observation clearly proofed the benefits of this technique in terms of 

uniformity of the particles. Depicted in Figure 3.30 the mean hydrodynamic diameter 

of the particles decreased from 103 nm to 29 nm. Likewise did the monodispersity of 

the resulted mixed layered particles increase as evidenced by the enormous 

decrease of the PDI from 0.31 to 0.13. This mixed layered particles offered good 

chemical and physical stability under ambient conditions. They could be centrifuged 

multiple times and concentrated thereby for further experiments or investigations. In 

line, the polydispersity did not increase during a storage time span of at least 1 

month. This also proved their increased processability and possible application for 

supramolecular experiments at the nanoscale. 
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Figure 3.30:  DLS spectra of (red) cyanurate 25 functionalized nanoparticles and (black) mixed layer 

functionalized particles. 
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3.3 Supramolecular modification of gold nanoparticles  

3.3.1 Concept of bilayer coating of gold nanoparticles via HAMILTON and 

cyanurate motif 

The HIRSH group began to extend the suitability of this concept into various fields of 

organic chemistry over the last decade. The latest achievements were accomplished 

by my college L. ZEININGER. He was able to establish the chemical functionalization of 

nanomaterials with the intriguing HAMILTON binding motif.[202, 219, 245] These bilayer 

coating concepts offer unique possibilities fabricating novel self-assembled organic-

inorganic nano-hybrid structures. To gain control of the formation and to ensure the 

transcription of molecular information into material arrangements the introduction of 

highly directional forces is vital. In a similar approach gold nanoparticles should be 

investigated in terms of the bilayer coating approach. Therefore the initial covalent 

surface modification should be followed by the supramolecular assembling process.  

 

Scheme 3.19: Systematic representation of bilayer coating concept via hydrogen bonding interactions by the 
HAMILTON/cyanurate motif. 
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The individual hydrogen bonding motif was equipped with a suitable anchor group 

(thiol), and spatially separated by a spacer unit from the functionality– see Scheme 

3.19. 

At first, the building blocks such as gold nanoparticles, and second shell ligands were 

synthesized and fully characterized. In the initial step of the bilayer coating concept, 

gold nanoparticles were functionalized covalently with either the HAMILTON receptor 

motif or the cyanurate moiety. The inorganic nanoparticles were functionalized via 

covalent chemical surface modification to ensure a strong attachment to the particle 

surface. The mechanism for the surface modification with the HAMILTON receptors 

was already outlined in chapter 3.2.2. Afterwards, these hybrid materials were 

suitable for grafting of organic cyanurates equipped with a second functionality such 

as inorganic nanoparticles, carbon allotropes or functional molecules. The grafting 

was facilitated by the strong interaction of the cyanurates and the surface-bound 

HAMILTON receptors. Regarding the versatility, this concept was designed to work 

also vice versa. Therefore cyanurates were equipped with suitable anchor moieties 

and grafted covalently to the gold surface as well. This increased the number of 

synthetic possibilities reaching the desired goal of nanoparticular supramolecular 

chemistry.  

The orthogonal formation of a hydrogen bonding mediated reversible array was 

shown by L. ZEININGER in 2016.[219] In his approach, exposure to polar protic solvents 

reversibly dismembered the nanohybrid materials. Thus novel self-assembled 

nanohybrid materials of individual particulate and molecular building blocks were 

realized.  

Following up these inspiring results, the transfer to conducting, optical dense, 

biocompatibility core materials like gold nanoparticles was the goal. This would open 

up the path to the formation of well-oriented supramolecular architectures for 

applications in nano-electronics and biotechnology. 

3.3.2 Bilayer coating of gold nanoparticles via HAMILTON receptor mediated 

self-assembly 

For general studies of the coupling of cyanurates, HAMILTON receptor 18 

functionalized gold nanoparticles GNP@-C3-HAM were treated with cyanurate 47 – 

see Scheme 3.20. HAMILTON receptor 18 comprised a thiol anchor group, suitable for 

gold, a C3-carbon chain spacer unit and the receptor itself. These moieties ensured 
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successful monolayer coverage of the gold nanoparticles with receptor 18. The 

functionalized nanoparticles were dispersible and stable in solvents like DCM. This 

was essential to achieve high coupling constants.  

Before the non-covalent grafting of cyanurate 47 onto gold nanoparticles, the 

supramolecular formation of Host-Guest complexes with HAMILTON receptors was 

verified. The interactions can be characterized for instance by 1H-NMR titrations 

experiments and optical spectroscopy.[202, 246] Therefore amine-HAMILTON receptor 7 

(page 30) was used to avoid any competing hydrogen bonding interactions with the 

anchor groups. Determination of the binding constant was achieved by titration of 

HAMILTON receptor 7 with equivalents of cyanurate 47.  

 

Scheme 3.20: Illustration of the bilayer coating concept with cyanurate 47. 

The chemical shift of the NH-protons, which participated in the hydrogen-bonding, 

was followed closely. A Jobs plot of the shift of the internal amid protons against the 

equivalents of cyanurate 47 resulted in the calculation of the association constant by 

the software Hyp NMR 2008®. The coupling constant of the complex was found to be 

4.1 x 104 M-1 in chloroform. This coupling constant proved the potential of the chosen 

system. Therefore cyanurate 47 was supposed to graft well onto HAMILTON 

functionalized gold nanoparticle surface via hydrogen-bonding interactions – as seen 

in Scheme 3.21. Because of the solvent dependency of the binding strength 

HAMILTON functionalized gold nanoparticles were redispersed in apolar chloroform 

after centrifugation. Subsequent addition of cyanurate 47 to this solution self-

assembled the novel array. The non-covalent grafting of cyanurate 47 was 
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accompanied by a dramatic individualization of the particles. The improved 

dispersibility of gold nanoparticles resulted (i) because the steric stabilization of the 

nanoparticles was improved through the alkyl ester moiety and (ii) mainly due to the 

formation of the highly directional six-fold hydrogen bonding complex which broke up 

the weaker HAMILTON-HAMILTON hydrogen bonding interactions.[202] 

 

Scheme 3.21: (left) Proposed inter particle agglomeration (right) TEM image of GNP@-C3-HAM. 

The significant individualization of the non-covalently functionalized particles was so 

evident that it could be easily seen in TEM images. Depicted in Scheme 3.21 and 

Scheme 3.22 the overall ratio of monomeric gold nanoparticles vs. clustered once is 

dramatically shifted towards the monomeric particles. This proved that the tendency 

to form aggregates was efficiently controlled by the addition of tailored cyanurates 

like 47.  

 

Scheme 3.22: (left) Proposed particle individualization (right) TEM image of GNP@-C3-HAM-CA(47). 
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Furthermore, this individualization of gold nanoparticles paved the way to sensing of 

supramolecular recognition with RAMAN spectroscopy by the help of the surface 

enhanced RAMAN scattering (SERS) effect. Plasmonic metal nanoparticles with 

localized surface plasmon resonance (LSPR) arising from the collective excitation of 

conduction electrons have found widespread use in biosensing, bioimaging, surface-

enhanced spectroscopy and drug delivery.[247-249] Recent advances in plasmonics, 

especially synthesis of well-defined plasmonic nanostructures, have promoted 

considerable research efforts in SERS science, which is emerging as a powerful tool 

for spectroscopic detection of molecular, cellular and in vivo targets.[250] Recent 

studies had proven that interparticle plasmonic coupling in nanoparticle assemblies 

affords an enhanced electromagnetic field in the interstitial spaces. This can 

significantly amplify the SERS signal of molecules coated on the nanoparticle 

surface, thus making it possible to detect the surface-coating-mediated 

assembly/disassembly of SERS-encoded nanoparticles using RAMAN 

spectroscopy.[251-254] This effect is exceptionally strong in the gap between plasmon-

coupled metal nanoparticles (NPs) known as "hotspots".[255-257] 

 

Figure 3.31: RAMAN mapping spectra of GNP@-C3-HAM (a) before and (b) after the addition of cyanurate 47. 

This SERS signal enhancement mechanism is based on the combination of an 

electromagnetic field enhancement and a chemical effect.[258] So far, most 

investigations were aimed to enhance the SERS signals by increasing the number of 

"hotspots". Decreasing the number of initial “hotspots” by a trigger like the addition of 

suitable molecules was a completely new attempt of sensing organic materials. 
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Regarding the above-mentioned effects, the RAMAN mapping spectrum of the bilayer 

functionalized gold nanoparticles is plotted against the starting material. Depicted in 

Figure 3.31 the characteristic RAMAN signals of the surface-bound HAMILTON receptor 

18 decreased drastically. The HAMILTON receptor 18 functionalized nanoparticles 

exhibited a SERS signal enhancement because of the self-aggregation on the 

substrate surface due to the HAMILTON-HAMILTON interactions – see Scheme 3.21. 

According to literature the formation of "hot spots" is responsible for a local field 

enhancement.[259, 260] All crucial experiment parameters were kept constant during 

the analyses of both samples. This was ensured by using the same starting material, 

SiO2 substrate, the same technique, spin coating and the same environmental 

conditions like temperature and drying period. Typical RAMAN band assignments for 

the nanohybrid material was as follows: Band shoulders at ṽ = 1674 cm-1 and 1589 

cm-1 were assigned to the ν(C-C) ring stretching vibrations.[261] Bands at ṽ = 1537 

cm-1 and 1445 cm-1 were due to strong asymmetric stretching vibrations ν(C-N-

C).[262] The band at ṽ = 1389 cm-1 was assigned to asymmetric ν(C-N) stretching.[263] 

At ṽ = 1295 cm-1 the vibration was assigned to stretching vibrations of (C-O) and ν(C-

C).[104] The band at ṽ = 1239 cm-1 was assigned to bending vibrations of ν(O-C-

O).[104] In accordance with the observations of TEM analysis, a dramatically 

increased individualization of the nanoparticles was obvious. The decline of hot spots 

on the SiO2 substrate is evoked by the self-assembly of cyanurate 47 sensed by the 

monolayer HAMILTON functionalized gold nanoparticles. The addition of cyanurate 47 

dramatically decreased the number of adjacent gold nanoparticles, blocking the 

surface of the functionalized nanoparticles. In summary, these observations made 

the HAMILTON receptor 18 functionalized gold nanoparticles a very potent future 

prospect for sensing materials for barbiturates. 

3.3.3 Designed solvent dispersibility via tailored cyanurate derivatives 

Novel materials based on 2D and 3D arrays of nanocrystalline building blocks can be 

prepared from colloidal suspensions by controlled processing. Therefore the choice 

of the solvent is a crucial process parameter. Dispersibility of gold nanoparticles in 

various solvents can be achieved by many different techniques. A widely used 

synthetic approach is to prepare nanoparticles in organic solvents itself, based on the 

Brust et al. method.[113] Thereby the common practice is to first extract the gold ions 

from an aqueous solution to a hydrocarbon (toluene) layer with the help of a phase-

transfer agent such as tetraoctylammonium bromide and then to carry out the 
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reduction with NaBH4 in the presence of an alkanethiol. Here the nucleation and 

growth of the gold particles and the attachment of the thiol molecules to the 

nanoparticles would occur simultaneously in a single step.[113, 264] Another technique 

puts the focus on the transfer of nanoparticles from aqueous to organic phases 

based on electrostatic interactions via the formation of acid-base pairs between 

surface-modified nanoparticles and surfactants.[265] Also, surface modifications with 

alkyl amine can transfer citrate-capped gold nanoparticles very efficiently into 

hydrocarbon layers.[266]   

One major drawback of the afore mentioned procedures is the one-dimensional 

solvent dependence. Only a distinct solvent or solvent group can be addressed at 

once. In order to develop gold nanoparticles with tunable dispersability, the GNP@-

C11-HAM array was chosen as starting material –see Scheme 3.23. Representing a 

starting material of supramolecular addressable nanoparticles, they were reacted 

with the purpose of enabling their dispersibility in desired media. GNP@-C11-HAM 

initially offered great dispersibility in solvents like MeOH, EtOH, DCM, and CHCl3. 

Nevertheless, they were not dispersible in unpolar solvents like toluene, n-hexane, 

and diethyl ether. As mentioned in chapter 3.3.2 the bilayer-coating of nanoparticles 

via hydrogen bonding motifs is a powerful tool for nanotechnology. The addition of 

cyanurates to GNP@-C11-HAM caused a supramolecular assembly in defined 

manner. Strong interactions between the surface-bound HAMILTON receptors and the 

corresponding cyanurates transferred the properties of the cyanurates reversibly onto 

the gold nanoparticle surface. Depicted in Scheme 3.23 the supramolecular self-

assembly of the Host-Guest complex occurs on the surface of the nanoparticles. The 

formation process was followed in detail by UV/Vis measurements tracking the 

prominent SPR of the gold nanoparticles. At first, a 7.9 x 10-5 wt. % solution of 

GNP@-C11-HAM dispersed in CHCl3 was dried before the addition of the various 

solvents. These nanoparticles featured a specific surface area of 49.6 cm2 ml-1(4.96 x 

1015 nm2). This surface was covered by HAMILTON receptor 19 with a packing density 

of 2.8 nm-2. In toluene, no dispersibility of the nanoparticles could be observed, 

evidenced by the absence of any absorption of the nanocomposite in the UV/Vis 

spectra. Neither extensive sonication nor shaking caused the nanoparticles to 

redisperse in toluene. Upon the addition of increasing amounts of cyanurate 47 the 

SPR absorption rose and thus the amount of redispersed particles. This indicated the 

formation of a supramolecular assembled layer of cyanurates on the surface of the 
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nanoparticles. The cyanurate was attached non-covalently to the surface via the 

hydrogen-bonding motif. For the determination of the bilayer formation, the 

nanoparticle solutions were titrated with different equivalents of cyanurate 47. A 

surge of the SPR absorption was observed due to the increased amount of the 

particles dispersed and covered with outwards pointing aliphatic tails. Monolayer 

covered particles were assumed to be fully covered with one layer of cyanurate 47 

molecules. 

 

Scheme 3.23: Illustration of the bilayer coating tailored dispersibility of gold nanoparticles. 

Plotting the increase of the SPR against the titrated equivalents of cyanurate 47 

revealed the minimum required concentration for the stabilization of the particles.  

 

Figure 3.32: (left) UV/Vis spectra of titration experiment; (right) SPR absorption vs. cyanurate 47 concentration. 
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Taking into account the surface area of the nanoparticles and the packing density of 

Hamilton receptor 19 the amount of cyanurate 47 was calculated to be 6.58 x 10-3 

mg/ml. This was confirmed by experimental data revealing the successful formation 

of the 1:1 complex between cyanurate 47 and the GNP@-C11-HAM solution - see 

Figure 3.32. 

Another tool for the investigation of supramolecular hydrogen bonding interaction 

was the observation of the bathochromic shift of the absorption of the HAMILTON 

receptors at the surface. Free HAMILTON receptor 19 offered a strong UV/Vis 

absorption at λ = 300 nm which was shifted by 6 nm upon the addition of cyanurate 

47. Generally, the absorbance of surface attached HAMILTON receptors was found to 

be shifted likewise. Figure 3.33 indicates on the right-hand side the same behavior of 

the HAMILTON receptor attached to the surface of the gold nanoparticles. The 

underlying noise of the gold nanoparticles prevented a better resolution of the peak 

maximum. 

 

Figure 3.33:  (left) UV/Vis spectra of the HAMILTON absorption (black) before and (red) after addition of cyanurate 
47; (right) UV/Vis spectra of the HAMILTON absorption of GNP@-C11-HAM (black) before and (red) 
after addition of cyanurate 47. 

These bilayer functionalized nanoparticles showed no sign of degeneration even 

after several months of storage under ambient conditions. The stability against 

agglomeration was ensured by the steric demand of the second layer formed by 

cyanurate 47. Thus the particles were individualized and not in close proximity, which 

would favor agglomeration as it reduces the surface area. As described above the 

individualization led to a great separation of the particles, which was resembled by 

their long term stability. 

In order to prove the principle of the concept n-hexane was addressed as an 

example of an unpolar, highly volatile organic solvent. For this purpose, a hexyl chain 
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was attached to the cyanurate core. Afterwards it was intended to cover the gold 

nanoparticles with a second shell, enabling the dispersability in n-hexane. With 

respect to these preconditions, outwards pointing hexyl chains where expected to 

fulfill the task. Cyanurate 49 was synthesized following a known literature procedure 

published by CLOSE.[267] Orthogonal functionalization realized the hitherto 

unfavorable dispersibility of GNP@-C11-HAM in n-hexane caused by the intended 

formation of the hydrophobic second shell, see Figure 3.34. This formation was 

observed by means of the above-described UV/Vis measurements. The appearance 

of the metal nanoparticles surface plasmon resonance at λ = 538 nm clearly 

confirmed the dispersibility in this apolar medium. Detailed titration experiments were 

carried out and confirmed the formation of a 1:1 complex between cyanurate 49 and 

HAMILTON receptor 19 functionalized gold nanoparticles. The amount of cyanurate 49 

required for the monolayer coverage of GNP@-C11-HAM was calculated to be 4.91 x 

10-3 mg/ml. This value was confirmed by experimental data, depicted in Figure 3.34 

on the right. 

 

Figure 3.34: (left) Supramolecular coupling sketch and images of n-hexane upon a water layer before and after 
the functionalization (right) SPR absorption vs. cyanurate 49 concentration. 

In line with the screening approach, diethyl ether was taken into consideration 

because of its properties and frequent use in organic chemistry. Earlier attempts 

failed due to the insolubility of the cyanurates in this media. For this purpose 

cyanurate 48, developed in the HIRSCH GROUP was utilized.[206] Again the afore in 

diethyl ether not dispersible GNP@-C11-HAM particles were dried, redispersed and 

treated with cyanurate 48. In general 1.0 mL of 1.2 x 10-4 wt. % nanoparticle solution 

was dried by airstream prior to the functionalization. Subsequently, 1.0 mL of a 

diethyl ether dissolved cyanurate 48 was added to the dried particles. As expected 

0,000 0,005 0,010 0,015
0,10

0,15

0,20

0,25

0,30

0,35

0,40Abs.
SPR

[a.u.]

Conc. [mg/ml]C[49] = 1.3 x 10-2 –>

3.5 x 10-2 mg/ml
C[49] =1.2 x 10-3 mg/ml

49

19



RESULTS AND DISCUSSION 

83 

the addition of the cyanurate resulted in a significant increase of the SPR absorption 

indicating the formation of the 1:1 complex via hydrogen bonding mechanism. This 

was confirmed by repeating the titration experiments mentioned above. Gold 

nanoparticle complexes consisting of either cyanurate 47 or 49 proved to be 

indispersible in diethyl ether due to the poor solubility of their tails. This clearly 

confirmed the effect of tailored cyanurates on the overall dispersibility properties of 

nanomaterials. Only compound 48 was capable to disperse the particles in diethyl 

ether, see Figure 3.35.  

 

Figure 3.35:  (left) Supramolecular coupling sketch and (right) images of Et2O upon a water layer a) without and 
b) with the addition of cyanurate 48. 

The concept of bilayer coating was also tested in terms of reversibility by the 

treatment of the complexes with polar solvents like MeOH. It was assumed that 

repeated washing with MeOH could remove the cyanurates. Therefore the particles 

would appear to be indispersible in diethyl ether again. And indeed this was proven 

by experimental data, too. The GNP@-C11-HAM-CA(48) complex was redispersed in 

MeOH and separated from the solvent by centrifugation. Afterwards the nanoparticles 

were not dispersible in diethyl ether, anymore. 

Table 3.1: Solubility of supramolecular complexes with + for good, 0 for moderate and - for bad solubility. 

complex water MeOH CHCl3 DCM n-Hexane Et2O 
 

Toluene 

GNP@-C11-HAM + + + 0 - - - 

GNP@-C11-HAM-CA(47) - + + + - - + 

GNP@-C11-HAM-CA(48) - + + 0 - + + 

GNP@-C11-HAM-CA(49) - + + + + - - 

Overall this technique represents a very powerful tool in order to extend the possible 

application fields of one starting material towards various solvent conditions. The 

solubility of the individual complexes is depicted in Table 3.1. 

48
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3.3.4 Reversible nano-network formation via hydrogen bonding interaction 

Besides tuning the solvent dispersibility of gold nanoparticles, the bilayer coating 

concept could also be applied for self-organization of interparticle networks amongst 

different core nanomaterials. The formation of these networks was reversibly induced 

via hydrogen bonding interactions between the attached HAMILTON and cyanurate 

ligands. The intrinsic construction principle of the bilayer coating concept via non-

covalent self-assembly of HAMILTON receptors and their counterpart offered excellent 

opportunities in terms of reversible interparticle interactions. Such assemblies will be 

the focus of the following chapter. 

 

Scheme 3.24: Sketch of self-assembled nanoparticle networks. 

Therefore different combinations of gold nanoparticles with other nanoparticles were 

investigated. This screening approach led to novel nanomaterial compositions. 

Since HAMILTON receptors attached to gold nanoparticles offered the best results in 

terms of suitability, stability, and dispersability, cyanurates were decided to covalently 

anchor to the corresponding counter particle. Due to pioneer labor, TiO2 
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nanoparticles equipped with cyanuric acid were already available for such types of 

reactions.[268]  Cyanurate 50 was grafted onto the TiO2 surface by a phosphonic acid 

group in order to provide a strong anchor group and suppress any desorption from 

the surface, see Scheme 3.24. Such a desorption could cause unpredictable issues 

during the bilayer functionalization of the exterior region of the gold nanoparticles. As 

a consequence both nanoparticle systems were functionalized in separate 

procedures.  

In principle, TiO2 and gold nanoparticles were covalently functionalized with their 

specific ligands in a wet-chemical procedure. Commercially available TiO2 (anatase) 

nanoparticles with a specific surface area of 46.18 m2/g and an average diameter of 

34.42 nm – determined by BET calculation - were covalently functionalized with 

cyanuric acid 50 in a 0.15 wt.% dispersions in isopropanol – see Scheme 3.24. 

The hydrodynamic diameter was found to be 54 nm, using dynamic light scattering 

(DLS) measurements. This stable dispersion of TiO2 nanoparticles in isopropanol 

offered a zeta potential value (ζ) of -31.3 mV.[202] Subsequently, the dispersion was 

sonicated for 30 minutes washed once by centrifugation (14 000 rpm-1) and 

redispersed in chloroform. 

 

Figure 3.36: (left) UV/Vis spectra TiO2@C6-CA in CHCl3; (right) UV/Vis spectra TiO2@C6-CA-HAM -C11-GNP in 
CHCl3 (red) and iso-propanol (black). 

The hybrid organic-inorganic system (TiO2@C6-CA) had an average hydrodynamic 

diameter of 91 nm and appeared as a stable colloidal dispersion with a ζ-value of -27 

mV in isopropanol. The increased diameter was due to the formation of a cyanurate 

and solvent shell around the nanoparticles. TiO2@C6-CA nanoparticles revealed a 

poor dispersibility in apolar aprotic solvents like CHCl3 evidenced by a ζ-value of 

around +19.0 mV. As depicted in Figure 3.36 (left) the sedimentation of cyanurate 

modified TiO2 nanoparticles was finally completed after 3 days. 
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Furthermore the successful surface modification could be confirmed by IR 

measurements. Here the characteristic vibration peaks of the phosphonic acid and its 

hydroxyl groups attenuated whereas the cyanurate vibrations were not affected. 

GNP@C11-HAM was chosen as counterpart system because of its excellent stability 

and dispersibility in chloroform. As described in chapter 3.2.2 these particles were 

made from in house-synthesized gold nanoparticles covalently functionalized with 

HAMILTON receptor 19 – see Scheme 3.24.  

The core size of these particles was determined to be 14 nm in average which is 

significantly smaller than their TiO2 counterpart. The goal was to create a network 

consisting of small gold nanoparticles incorporated by the bigger titanium dioxide 

particles. 

The expectation was that the two different particle types would sort themselves in the 

densest order to reduce free surface areas. Thereby the TiO2@C6-CA particles would 

drag the GNP@C11-HAM particles with them and sediment in the mentioned manner 

because of their insolubility in chloroform.  

The network formation experiments were carried out in CHCl3 because of the aprotic 

unpolar nature of the solvent. It is important to mention that gold nanoparticles were 

completely stable in chloroform and showed no sign of sedimentation even after 

several months of storage under ambient conditions.  

 

Figure 3.37: (left) Supramolecular coupling sketch and (right) UV/Vis absorption spectra of black initial 
TiO2@C6-CA-HAM -C11-@GNP network and red after 10 minutes. 

Taking into account the specific surface area, size and concentration of the 

participating particle systems, the reaction conditions were as follows: 0.75 ml of a 
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bathochromic-shift of the SPR absorption from λ = 535 nm to 545 nm was observed – 

see Figure 3.37. This effect clearly indicated a strong surface interaction amongst 

the two different particles, diversifying the electronic environment at the gold surface. 

The cyanuric moieties of the TiO2@C6-CA particles replaced the solvent molecules 

bound to the HAMILTON receptor units. 

This exchange process appeared to be slow due to the mandatory spatial self-sorting 

of the particles. After 24 h the network formation was completed and accompanied by 

the sedimentation of the network due to the poor dispersability and size of the yielded 

network. The sedimentation behavior of the network is depicted in Figure 3.36 on the 

right hand side and characterized by the decay of the most intense UV/Vis absorption 

(the SPR). 

The decay behavior revealed a two phase process reaching the total sedimentation. 

After the initial self-sorting and growth of the networks within the first hour, they 

quickly dropped out of the solution during the following hours. By contrast, no 

sedimentation or change of the SPR absorbance was discernible in polar, protic 

solvents like iso-propanol. This was as expected due to the competitive nature of the 

solvent molecules epitomizing the non-covalent character of the network.  

 

Figure 3.38: FT-IR spectrum of TiO2@C6-CA-HAM -C11-@GNP network. 
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Additionally, FT-IR investigations were used to reveal the successful network 

formation. The spectrum featured cyanurate as well as HAMILTON moiety specific 

vibrational features around ṽ = 3200 cm-1, 3000-2800 cm-1, 1750-1650 cm-1, 1500-

1350 cm-1 and 1250 cm-1- see Figure 3.38. 

Next to the above mentioned techniques, the network was characterized by Scanning 

electron microscopy (SEM). With this technique it was feasible to see the individual 

structure of the network at the nanoscale.  

 

Figure 3.39:  SEM image of TiO2@C6-CA-HAM-C11-@GNP network (left) and photography of the sedimented 
purple nanoparticle network (right). 

As depicted in Figure 3.39 the particles formed coral-like structures with a height of 

several hundred nanometers. The nanoparticles obviously retained their initial core 

size during the self-assembly and sedimentations process. 

Backscattered electrons (BSE) were used to determine the exact location of the gold 

nanoparticles (blue spots) in the network. A powerful tool herein was the overlay of a 

SEM image and the corresponding BES image (see Figure 3.40 on the right hand 

side). Obviously one can see that the gold nanoparticles are completely surrounded 

by the TiO2 particles or vice versa, as depicted in Figure 3.40 on the right hand side. 

The gold nanoparticles were clearly separated from each other what perfectly fits with 

the proposed assembly behavior and the shift of the SPR. The gold nanoparticles 

were incorporated in between the bigger, semiconducting TiO2 particles as proposed 

in Scheme 3.24. Statistical investigations clearly confirmed that the number of 

adjacent gold nanoparticles was drastically diminished compared to the number of 

Sedimentation
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pure GNP@C11-HAM particles. Therefore particles were coated onto TEM-grids and 

agglomerated due to the attraction forces inter the HAMILTON receptor moieties.  

 

Figure 3.40:  SEM/backscatterd overlay images of TiO2@C6-CA-HAM-C11-@GNP network (left) magnification 
(red circles TiO2@C6-CA and blue circles GNP@-C11-HAM; (right). 

The second goal was to prove the reversibility of the assemblies. This was important 

because reversibility is considered to be one of the essential features in 

supramolecular chemistry. Especially assembly/disassembly processes coupled with 

switching protocols that allow reversible control over the building process are of 

enormous interest.[269] 

 

Scheme 3.25: Sketch of supramolecular disassembly of the TiO2@C6-CA-HAM-C11-@GNP network. 
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The evaluation of the reversibility was done by the controlled addition of a suitable 

competitive ligand to the network - Scheme 3.25. Cyanurate 47 was added in excess 

in order to break up the network and regain the initial stability of the gold 

nanoparticles. 

Cyanurate 47 incorporated an ethoxy head-group which allowed good solubility in 

organic solvents like chloroform – see Figure 3.41. It was observed that the 

competing ligand disrupted the network after shaking and restored the stability of the 

gold particles in chloroform. As described earlier the cyanurate functionalized TiO2 

particles were not stable in chloroform and started to settle down immediately after 

shaking was stopped. As expected the HAMILTON receptor sides were occupied by 

the excess of cyanurate 47 and thus the gold nanoparticles stayed in solution. This 

was monitored by means of time-dependent UV/Vis measurements and evidenced by 

the decrease of the scattered light absorption of the dispersed particles in solution. It 

was observed that the SPR absorbance decayed until a minimum of about 60 % of 

the initial intensity – see Figure 3.41. 

Since TiO2 nanoparticles exhibit a particle number dependent light scattering at the 

absorbance of the gold SPR as well, the loss of 40% of intensity could be clearly 

assigned to the sedimentation of the TiO2 particles. Reference experiments with pure 

TiO2@C6-CA-particle solutions confirmed this 40 % contribution of the TiO2 to the 

initial TiO2@C6-CA-HAM-C11-@GNP network absorption of the network. The 

sedimentation of the separated TiO2@C6-CA particles was completed within a time 

span of 14 hours – see Figure 3.41. The resulting supernatant consisted exclusively 

of gold nanoparticles non-covalently attached to compound 47. 

 

Figure 3.41: (left) UV/Vis study of the sedimentation behavior of TiO2@C6-CA-HAM-C11-@GNP network (black) 
without and (red) with competing CA-derivative; (middle) sedimented and redispersed TiO2@C6-
CA-HAM -C11-@GNP network; (right) cyanurate 47. 

47
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The electronic communication amongst the two inorganic nanoparticles was 

disrupted as well. Due to the recovered surface environment, the SPR was 

hypsochromic shifted to the initial absorption of λ = 535 nm. This clearly confirmed 

the desired reversibility of the network. In terms of future investigations, these 

networks could be finetuned adjusting the size of the particles. This would lead to 

different packing orders and therefore different properties of the network. Such 

flexibility in the composition of the network might be interesting with respect to 

etching experiments, leading up to nanoporous gold structures. 

The electronic communication between the two particles led to promising results and 

could potentially be utilized in many different ways. TiO2 nanoparticles e.g. are widely 

used in the field of dye-sensitized solar cells (DSSCs). Orthogonal grafting of redox-

active components onto the TiO2 nanoparticles is mandatory for their usage as an 

active layer in solar cells. 

By virtue of the intrinsic tendency of inorganic nanoparticles to agglomerate – a 

feature that stems from their high surface area-to-volume ratio – steric and/or 

electrostatic stabilization by means of suitable ligands is imperative. [219] Therefore a 

stable attachment of suitable self-assembled monolayers providing both colloidal 

stability and access to the non-covalent attachment of organic functionalities via self-

organization was introduced by L. ZEININGER in 2016.[219] The novel supramolecular 

strategy for the non-covalent reversible grafting of porphyrins onto the surface of TiO2 

nanoparticles was enabled by applying the HAMILTON receptor and cyanuric acid 

Host-Guest complex.[219] One of the features of gold nanoparticles is that they 

provide an outstanding light-trapping property due to their surface plasmons. 

Consequently, such nanoparticles had been integrated into photovoltaic cells to 

increase the efficiency.[270]  

Emphasized by the promising results of the non-covalent self-assembly of 

functionalized gold and TiO2 nanoparticles, the advantages of non-covalent 

supramolecular chemistry was further explored and contributes towards the 

generation of well-oriented organic-inorganic hybrid architectures for the applications 

in nano-electronics - see Scheme 3.26. 
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Scheme 3.26: Sketch of the hybrid system [TiO2@-C6-CA-HAM-C11-@GNP@-C11-HAM-CA-porphyrin(51)]. 

For this purpose transparent nanocrystalline TiO2 layers (Ti-Nanoxide T/SP, 

Solaronix) were prepared on untreated glass slides using the doctor blade technique 

by my colleague F. LODERMEYER. The coated glass slide was exposed to cyanurate 

50 in isopropanol (0.5 mM) for 24 h. After washing, the glass slide was immersed in a 

HAMILTON receptor 19 functionalized gold nanoparticle solution (7.9 x 10-4 wt. %) in 

CHCl3. Depicted in Figure 3.42 the time-dependent absorption measurements of the 

glass slide perfectly displayed the successful coupling to the surface. Monolayer 

coverage of GNP@-C11-HAM was reached after 1h. A multilayer formation initialized 

by physical adsorption was not observed.  

As a reference, a TiO2 coated glass slide was exposed to pure gold nanoparticles, 
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the pre-cyanurate functionalized samples was measured which underlined the 

necessity of a covalent functionalization with cyanurate 50 in the first step. Thus the 

HAMILTON receptor/cyanuric acid binding motif was found to be suitable as a 

reversible inter-particle linker. 

 

Figure 3.42: (left) Time-dependent absorption of λ = 453 nm upon gold nanoparticle adsorption; (right) Time-
dependent absorption of λ = 427 nm upon porphyrin adsorption. 

As a further step, the hitherto unknown network was implemented into DSSCs and 

hierarchical DSSCs. For the purpose of an increased light harvesting system, a 

suitable porphyrin was attached to the gold nanoparticles via the same binding motif. 

Therefore the TiO2@-C6-CA-HAM-C11-@GNP coated glass slide was immersed in a 

porphyrin 51 chloroform solution (0.5 mM) – see Scheme 3.26.  

Porphyrin 51 was adsorbed onto the material via hydrogen bonding interactions until 

the saturation of the gold nanoparticles surface. This point was reached after 50 

minutes indicated by a plateau of the chemisorption. Further exposure of the glass 

slides to the porphyrin solution caused the physical adsorption of the porphyrins onto 

the hybrid material. This physisorption of the porphyrin was revealed by the linear 

behavior of the increased porphyrin absorption at λ = 427 nm. The same linear 

physisorption conduct was observed for pure TiO2 coated glass slides immersed in 

porphyrin 51 solutions. Multilayer formation of dye molecules could cause 

undesirable recombination effects and is therefore avoided by adjusting the time of 

exposure. Finally this procedures lead to the fabrication of DSSCs consisting of 

layers of TiO2, gold nanoparticles and porphyrin 51 representing a hierarchical 

multilayered DSSC.  

The photovoltaic characteristics for DSSCs were evaluated using a typical sandwich-

type DSSC configuration, which comprised a 7-μm-thick layer of anatase TiO2 
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nanoparticles and a platinum counter electrode. This measurement revealed that 

unfortunately most of the photo induced current in the J-V characteristics stemmed 

from the TiO2 layer material. As a consequence the injection of electrons neither from 

gold nanoparticles nor porphyrins to gold nanoparticles and then to TiO2 particles 

was observed. But this drawback could potentially be solved by means of synthetic 

approaches towards conjugated spacer units. Also, carboxylic acid anchor groups 

are known to enable better electron transfer to the particle surface of TiO2 and could 

therefore improve the efficiency. Nevertheless, the applicability of the assembly 

protocol for hierarchical structures was established on gold and TiO2 nanoparticles 

with conversion efficiencies of about 0.01 %. 

The further extension and elaboration of this assembly protocol including a variation 

of the nanomaterial core was accomplished by transferring this construction principle 

to the orthogonal modification of aluminum oxide nanoparticle surfaces [AlOx]. 

Another screening approach was the fabrication of a novel non-covalent array of gold 

and aluminum oxide nanoparticles. This task was achieved in collaboration with L. 

PORTILLA from the group of Prof. Dr. M. HALIK, (Organic Material and Devices, 

University of Erlangen-Nuremberg). L. PORTILLA was responsible to provide the 

cyanurate functionalized aluminum oxide nanoparticles. These core-shell 

nanoparticles were generated according to general functionalization procedure as 

outlined for the TiO2 particles before. The spherical aluminum oxide nanoparticles 

with an average particle diameter of 50 nm were functionalized with phosphonic acid 

cyanurate 50. A 5 mM solution of ligand 50 in isopropanol was added to 0.2 wt. % 

particle dispersion. Core-shell nanoparticles were obtained after 30 min of ultra-

sonication, subsequent centrifugation, three washing steps and redispergation in 

isopropanol. The successful surface modification of these nanoparticles was tracked 

via IR spectroscopy, where the characteristic absorption bands of the cyanurate 

could be observed.[268] These nanoparticles were already successfully deposited onto 

region-selective HAMILTON receptor structured 2D substrates.[268] 

Next to 2D structures the 3D network formation via hydrogen bonding interactions 

was of great interest. Gold nanoparticles functionalized with HAMILTON receptor 18 

were synthesized according to procedures presented in chapter 3.2.2 (Scheme 3.6).  

The nanoparticles (GNP@-C3-HAM) were transferred into chloroform by 

centrifugation and redispersion. In such solvents, the binding strength of the 
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hydrogen binding motif is considered to be strongest. Mediocre dispersibility of both 

nanoparticle species was observed in chloroform. Both nanoparticles tend to 

sediment within a certain time period. Gold nanoparticles offered a slight advantage 

in terms of dispersibility compared to the aluminum oxide nanoparticles. Therefore 

the surface reduction via self-assembly was desired to be unfavorable for both 

components. The aluminum oxide nanoparticles displayed a significant sedimentation 

in chloroform – see Figure 3.43 (left). 

 

Figure 3.43: Time dependent UV/Vis sedimentation spectra (time interval 3 h) (left) cyanurate functionalized 
aluminum oxide particles; (right) HAMILTON receptor 18 modified gold nanoparticles. 

Within 3 hours 90% of the initial particle scattering at λ450nm was lost in case of the 

aluminum oxide nanoparticles. While the GNP@-C3-HAM absorption at λ450nm 

decreased just by 22 % after 3 hours due to a better colloidal stability of the gold 

nanoparticles see Figure 3.43 (right). 

As depicted in Scheme 3.27 the particles were supposed to form a network initialized 

by the interaction of the attached ligands. In principle the network formation was 

started by simply mixing both compounds without any external stimuli like shaking or 

sonication. In order to vary the composition of the network, different ratios of both 

components and different overall concentrations were tested. Interestingly the 

network formation proved to generate some sort of stabilization against 

sedimentation. So far the 1:1 mixture revealed the most interesting results in this 

manner. Due to the coupling between HAMILTON 18 and cyanurate 50, a network 

formation was observed. That caused a decrease in the sedimentation rate for each 

individual particle of 90 % and 22 %. 
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Scheme 3.27: Sketch of self-assembled nanoparticle networks (GNP@-C3-HAM-CA-C6-@AlOx). 

As depicted in Figure 3.44 the initial particle absorbance (black line) decreased by 

only 8 % within the first 3 h after mixing (red line). This was somehow counter-

intuitive due to the afore-mentioned formation of huge networks and their decreased 

colloidal stability. A possible explanation for this observation is the formation of some 

sort of nanogel like network which undergoes constant reversible reorganization 

reactions with solvent molecules. This would result in the formation of small networks 

where the most chloroform soluble particles envelop the worse soluble ones. 

Depicted in Figure 3.44 the time-dependent UV/Vis spectrum of the novel nanogel 

featured the SPR (λ = 546 nm) of the gold nanoparticles as well as the absorption of 

the aluminum oxide particles (λ = 300 nm). As mentioned above the network 

formation was accompanied by a shift of the SPR. Interestingly the SPR was blue 

shifted during the network formation process. This clearly indicated the strong 

interparticle interaction which led to a different surface environment at the gold 

nanoparticle surface. 
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Figure 3.44: Time dependent UV/Vis sedimentation spectra (time interval 3 h) of AlOx@-C6-CA-HAM -C3-@GNP. 

The sedimentation of the hybrid material was evaluated tracking the decrease of the 

particle`s scattered light at λ450nm. Hitherto a complete stabilization in chloroform 

solution was not achieved. Nevertheless, the novel nanogel offered ten times better 

stability with regard to the aluminum oxide nanoparticles. Compared to the initial 

amount of gold nanoparticles sedimented after 3 h, one can sum up that the colloidal 

stability was doubled. This indicated an increase in terms of stability against the 

sedimentation caused by the supramolecular coupling of these two components.  

In summary, these results confirmed the successful non-covalent interaction of gold 

and aluminum oxide particles and let to the fabrication a novel hybrid material. The 

structure of these supramolecular nanomaterials, and as a result, their self-

associated architectures comprising gold nanoparticles were affecting the 

morphology of each inorganic-inorganic fabricated nanostructure. This approach was 

another example for the self-assembled combination of a semiconducting 

nanomaterial with the conducting gold nanoparticles. 

The transfer of material properties of one core nanomaterial to another was 

considered to be a worthwhile goal of this versatile concept. Magnetism of gold 

nanomaterials would spread their possible applications fields. In general, gold 

nanoparticles are not affected by the presence of magnets. While ferromagnetic 

materials are able to interact strongly with magnetic fields. For example Fe3O4 

exhibits a strong interaction with magnetic forces. Nano particles can be purchased 

as commercially available Fe3O4 nanoparticles with a particle diameter of d = 12.5 

nm as an aqueous dispersion. They could be magnetically pulled to the sidewall of a 

glass tube and thus out of any solution. Thereby the solution becomes completely 

transparent due to the removal of any dispersed Fe3O4 nanoparticles. The goal was 
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to transfer this magnetic property onto gold nanoparticles via non-covalent forces. As 

a consequence both particles had to offer proper binding sides. For this purpose 

Fe3O4 was covalently functionalized in a wet-chemical approach, with cyanuric acid 

50 in 0.15 wt. % dispersions in isopropanol – see Scheme 3.28.  

 

Scheme 3.28: Sketch of self-assembled magnetic nanoparticle network (Fe3O4-@C6-CA-HAM-C11-@GNP). 

Subsequently, the dispersion was sonicated for 30 minutes washed once by 

centrifugation (14 000 rpm-1) and redispersed in the desired solvent, here chloroform. 

As corresponding particles, GNP@C11-HAM particles were chosen because of their 

excellent stability and dispersibility in chloroform. In contrast to the previous 

approaches the particles had with 12.5 nm (Fe3O4) and 14 nm (GNP) nearly the 

same size. This was done on purpose because it was expected that doing so will 

favor a 1:1 composition of the novel network. This was important to guarantee the 

formation of as many hydrogen bonds as possible between the different particles. It 

was not clear how many bonds would be needed to withstand the exterior force of a 

magnetic field.  

The network formation experiments were carried out in CHCl3 because of the aprotic 

unpolar nature of the solvent. As depicted in Scheme 3.28 the non-covalent 

interaction between the two nanoparticles occurred because of the formation of 

hydrogen bonds. This was accompanied by a bathochromic shift of the SPR to λ = 
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565 nm which obviously confirmed the proximity of the two core materials. In similar 

approaches the network formation via the HAMILTON receptor and cyanuric acid 

binding motif was already established on materials like TiO2 and AlOx. 

The exceptional feature of the nanocomposite Fe3O4@-C6-CA-HAM-C11-@GNP was 

the magnetizability. It was doubted if the hydrogen bonding would withstand the 

physical forces caused by the applied magnetic field. But indeed the formed 

nanohybrid material accumulated at the glass wall adjacent a magnet. As a 

consequence the stable gold nanoparticles were fixed within the network and 

dragged to the sidewall as well.  

 

Figure 3.45: (left) Time dependent UV/Vis spectra and (right) images of Fe3O4@-C6-CA-HAM-C11-@GNP (black) 

with and (red) without a magnet. 

This can be seen in Figure 3.45 on the right hand side, were the purple gold 

nanoparticles were completely removed out of the solution. The UV/Vis studies – 

seen in Figure 3.45 on the left hand side – revealed the sedimentation behavior of 

the network in more detail. In contrast no magnetic interactions of octadecanthiole 

functionalized gold nanoparticles were observed in reference experiments. Herein the 

GNPs were mixed with the Fe3O4 nanoparticles under the same conditions as 

described above. The magnet dragged only the iron particles to the sidewall leaving 

behind well dispersed GNPs – see Figure 3.45. 

The network of Fe3O4@-C6-CA-HAM-C11-@GNP also tends to settle down due to the 

increasing insolubility. Nevertheless, this sedimentation process was significantly 

slower compared to the usage of a magnetic field. Without a magnet ~ 90 percentage 

of the initial network absorption remains due to the slow sedimentation 

(sedimentation time of ½ hour). The absolute opposite was observed while a 
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magnetic field was applied to the bottom of the flask. Only 20 percentage of the initial 

absorption remained after ½ hour in this scenario. The sedimentation rate of the 

network was increased 8 times by the magnetic field within the first ½ hour. Without 

any magnetic field 30 percentage of the network remained stable after 16 hours of 

sedimentation time. This percentage was reached 50 times faster, after 17 minutes, 

with a magnetic field. This clearly displayed the successful network formation and the 

transfer of the magnetizability onto the gold nanoparticles. 

The excess addition of competing ligands, like cyanurate 47 again led to the 

reversible decomposition of the networks. This could be proven by the inactivity of 

the gold nanoparticles to any kind of sedimentation or magnetic forces applied 

externally. With this approach it was possible to combine the optical properties of the 

gold nanoparticles and the magnetic properties of the iron particles to obtain a novel 

material. Thus gold nanoparticles could be accumulated or transferred in desired 

areas by the usage of magnets. This was another great example of the versatility of 

this inter-particle assembly protocol.  
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3.4 Shell-by-Shell (SbS) Coating of gold nanoparticles  

In contrast to the highly selective and directional forces in the previously described 

bilayer coating concept hydrophobic core/shell nanoparticles are gradually attracting 

more and more attention, since these nanoparticles have emerged at the frontier 

between materials chemistry and many other fields, such as electronics, biomedical, 

pharmaceutical, optics, and catalysis.[271] Classically alterations of the ligand shells 

are predominantly based on ligand exchange reactions of covalently attached 

organic molecules. However, such a substitution reaction comprises a certain 

risk.[272] Due to the desorption of the initial ligand, defects can occur in the shell, 

which provide partially free and highly reactive nanoparticle surfaces that can 

promote irreversible changes to the nanoparticles, including agglomeration and 

growth.[273] So far the diversity of in-situ capping ligands is limited providing either 

hydrophilic or hydrophobic characteristic.[274] A chemical transformation of a 

hydrophobic into a hydrophilic ligand shell can be accomplished e.g. by oxidation of 

the initial ligand leading to particles with terminal oxygen functions which can likely 

generate hydrophilicity.[275] Besides these strategies, addition of a second ligand 

layer that intercalates the first ligand shell represents the mildest approach and is 

purely organic based. So far, this concept has been applied only to modify the 

dispersibility of hydrophobic nanoparticles, such as photon up conversion systems, 

and to generate biocompatibility.[276, 277] 

3.4.1 Concept of Shell-by-Shell (SbS) coating Approach 

PELLEGRINO et al. described a coating procedure with an amphiphilic polymer shell, 

converting hydrophobic nanocrystals into hydrophilic particles.[89] The novel strategy 

is based on the addition of an amphiphile, which consisted of a polar and an apolar 

moiety. Subsequently, the apolar moiety incorporated into the first shell of the particle 

system. Thus the before apolar particle was covered by the polar moiety pointing 

outwards. Thereby the dispersibility behavior of the particles was switched from 

lipophilic to hydrophilic. Afterwards, the treated nanoparticles were significantly better 

dispersible in water.[89] This phenomenon was based on hydrophobic interactions of 

the amphiphiles and the nanoparticles shell. Due to the effort of ZEININGER et al., this 

concept was extended and established as a general approach for the ligand 

interchange with the reversible incorporation of functionalities resulting in a polarity 
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switch.[90] The concept of the “supramolecular polarity umpolung” is depicted in 

Figure 3.46 and describes the non-covalent incorporation of a second shell. 

 

Figure 3.46: “Umpolung”- concept of shell-by-shell (SbS-) coating TiO2 nanoparticles.
[90]

 

So far ZEININGER et al. were able to switch the dispersibility of various nanoparticles 

between polar and apolar solvents by the controlled addition of suitable ligands. They 

established the Shell-by-Shell (SbS) coating concept on TiO2 nanoparticles. The 

SbS-coating concept describes a generalization of hydrophobic interaction driven 

self-assembly of surfactant molecules on pristine hydrophobically coated nanoparticle 

scaffolds towards the reversible incorporation of tailored functionalities offering 

inspiring options for the creation of new nano hybrid systems, such as photo- and 

redox-active materials. In this highly pragmatic approach the unique characteristics of 

a stable covalent surface attachment (steric stabilization of the nanoparticle), are 

combined with the advantages of non-covalent supramolecular chemistry 

(reversibility, self-organization).[90]  

3.4.2 Shell-by-Shell concept on gold nanoparticles for novel nano hybrids 

In order to extend the field of application of the SbS-coating concept, gold 

nanoparticles were chosen as a promising target nanomaterial. ZEININGER et al. 

revealed that the facile SbS-coating approach was applicable to various pristine 

coated nanoparticles. Additionally, a reversibly reversion of polarity of nanoparticles 

could be accomplished by simple amphiphilic surfactants. It was stated that the 

particle core remained unaffected concerning any aggregation and growth 

processes.[90] Thus, the versatility of this construction principle and the possibility of 

easily creating functional nanoparticles were very promising. 
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Scheme 3.29: Concept of shell-by-shell (SbS-) coating of gold nanoparticles. 

As mentioned priorly, citrate-capped gold nanoparticles were culled as the starting 

material of the gold nanoparticle experiments described in this work. In-house 

synthesized gold nanoparticles capped by citrate ligands with an average particle 

size of 13.1 ± 0.5 nm (TEM) were utilized for the following experiments. These 

nanoparticles boasted excellent dispersibility and long-term stability in water. In the 

process of such a one-step ligand exchange, less charged thioles replace highly 

charged citrate ligands, which causes a significant decrease in surface potential.[233] 

Thus, the colloidal stability can be diminished during this exchange process and 

cause agglomeration. This problem occurred to be even worse while working within a 

two-phase system. For example, citrate-stabilized gold nanoparticles could not be 

transferred directly into toluene. Mixing the metal hydrosol with a toluene solution of 

trioctylamine and octadecanthiole (ODT) resulted in degeneration of the particles. As 

the exchange between the ligands and citrate ions could only occur at the interface 

between water and toluene, the failure to transfer the nanoparticles was the result of 

poor interface contact between the two phases. Thus the particles always 

agglomerated at the interface, forming a glittering blue layer between the two 

solvents. Therefore multiple optimization attempts were conducted, in order to avoid 
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this particle agglomeration. Based on this consideration, acetone, which is water-

miscible and a good solvent for the ligands as well, was tested and used afterwards 

to increase the interfacial contact between the two solvents. In order to provide a mild 

exchange process trioctylamine and octadecanthiole were used. The first as a 

transfer agent and the second as a capping agent. A two-phase exchange process 

was expected to take place. The amphiphilic trioctylamine replaced the citrate ligands 

in the first step and subsequently transferred the nanoparticles through the interface 

into the toluene phase. In similar fashion octadecanthiole replaced the moderate 

bound amine ligands in the toluene phase in the second step. This procedure 

ensured an entire transfer and functionalization of the nanoparticles in the toluene 

layer.  

 

Figure 3.47: (left) UV/Vis spectra of 1
st
-shell- (black) and (red) initial gold nanoparticles (right) image of the 

successful phase transferred particles. 

Nearly no loss of particles, due to irreversible agglomeration was observed. The 

phase-transfer reaction was initialized by mixing both solutions and was accelerated 

by shaking due to the increasing surface interactions. The optimum reaction 

conditions for a 1.2 x 10-4 wt. % solution of gold nanoparticles were found to be 2.0 

eq. of aqueous media, 1.0 eq. of acetone followed by the addition of 1.0 eq. of the 

ligand-containing unpolar solvent. Obviously, the exchange process was completed 

after ten seconds of vigorous shaking. The switch of the polarity was easily observed 

by the color change of the water and toluene phase. The water layer turned colorless 

whereas the toluene layer turned red-wine due to the presence of nanoparticles– as 

depicted in Figure 3.47. This observation was also proven by UV/Vis experiments as 

well. The surface plasmon resonance of the covalently functionalized nanoparticles 

was bathochromic shifted from initial λ = 522 nm up to 539 nm in the toluene phase. 
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This increase clearly indicated a significant change in the surface charge due to an 

alternated environment. The shift can be assigned to the different solvent and the 

different surface charge. Reference experiments resulted in colorless toluene layers 

or agglomerated particles at the interface when performed without these two ligands. 

Although each individual ligand was tested under the same conditions and resulted in 

colorless or grey tinted organic layers. This color clearly indicated a complete 

decomposition of the nanoparticles. 

 

Figure 3.48: (left) DLS spectrum of initial gold nanoparticles; (right) DLS spectrum of octadecanthiole modified 
gold nanoparticles. 

Dynamic light scattering (DLS) was utilized as a powerful tool to prove the fabrication 

of the 1st-shell – as depicted in Figure 3.48. The mean hydrodynamic radius of the 

particles increased from 7 nm up to 13 nm, as expected due to the increased organic 

shell. The organic shell of the particles increased due to the change of the size of the 

capping ligands. Additionally, almost none of the initial citrate gold nanoparticles 

were detectable in the water layer by UV/Vis measurements. The attachment of the 

1st shell ligand provided steric stabilization to the particles and determined the 

hydrophobic character of the gold nanoparticles. With respect to the negative charge 

of the citrate ligands, it was expected to observe an increase in the ξ-potential after 

the functionalization. DLS measurements confirmed this expectation with an increase 

of the ξ-potential from - 34 mV up to + 44 mV. This huge switch in the surface charge 

must be caused by the incorporation of protonated trioctylamine into the freshly 

formed 1st shell. Therefore the phase transfer was considered to be accompanied by 

a spontaneous 2nd layer formation. Here, the size and ξ-potential of the resulting 

hydrophobic particles were in good agreement with the proposed mechanism. These 

nanomaterial exhibits excellent properties in terms of colloidal stability. Due to the 

volatile nature of toluene, the nanoparticles could be easily drop cast onto any 
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materials. Another mutual benefit was the possibility to increase the concentration of 

the solutions by moderate solvent evaporation. Doing so, the concentrations of the 

solutions could be increased up to 100 times without any sign of degeneration.  

In order to explore the applicability of this material for the shell-by-shell concept, a 2nd 

shell needed to be incorporated. As a simple amphiphile, sodium dodecylbenzyl-

sulfonate (SDBS) was added to demonstrate the success of this supramolecular 

concept. As depicted in Figure 3.49 on the right hand side the second hydrophilic 

shell was formed immediately. Typically the toluene gold nanoparticle solution was 

added to an equal amount of water. Next, a 1.0 mM SDBS solution, dissolved in 

toluene, was added to the 1.4 x 10-4 wt. % toluene gold nanoparticle solution. As 

before, the reaction mixture was shaken to accelerate the reaction speed by creating 

greater interfacial areas.  

 

Figure 3.49: (left) UV/Vis spectra of 1
st
-shell- (black) and (red) initial gold nanoparticles (right) image of the 

successful phase transferred particles. 

The water solubility of the bilayer coated, homogeneous dispersion of [GNP-

ODT]@SDBS was followed by DLS and UV/Vis experiments. Obviously, the color of 

the organic layer faded out immediately whereas the aqueous phase was colored 

red-wine once again. Depicted in Figure 3.49, the maximum UV absorption shifted 

hypsochromic due to the second shell formation and the increased water solubility of 

the nanoparticle array. The restored SPR absorbance at 531nm in the water phase 

proved the success of the phase transfer. Thus it can be correctly stated that the 

initial 2nd shell of trioctylamine (TOA) was successfully replaced by the SDBS ligands. 

This was enabled by a huge excess of SDBS ligands and the favorable hydrophobic 

interaction. The size of the functionalized particles increased from a hydrodynamic 

radius of 13 nm up to 20 nm. Depicted in Figure 3.20 the DLS measurements 
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revealed the increased size of the particles, caused by the incorporation of the SDBS 

ligands. In line, the individualization resulted from an enhanced electrostatic 

stabilization potential which stemmed from the hydrophilic sulfonated moiety. 

Through the incorporation of sulfonated moieties the zeta-potential drop from initially 

+ 44 mV to - 63 mV (measured at pH = 7.2 phosphate buffer). These highly charged 

nanoparticles were assumed to be perfectly stabilized through electrostatic repulsion. 

As expected the resulting SbS-functionalized gold nanoparticles boasted excellent 

colloidal stability. Even after freeze-drying using a lyophilizer (ALPHA 2-4 LSC PLUS), 

the particles retained their characteristic UV absorption as well as their size 

distribution and ξ-potential. During the process, the particle core remained unaffected 

concerning any aggregation and growth processes. Furthermore the versatility and 

reversibility of this type of functionalization was witnessed by the subsequent 

treatment of the freeze-dried [GNP-ODT]@SDBS with an excess of 1-

Phenyldodecane (PDD). PDD was dissolved in toluene and after a hydrophobically 

driven reversible non-covalent functionalization, [GNP-ODT]@PDD particles were 

formed.  

 

Figure 3.50:  (left) DLS spectrum of octadecanthiole modified gold nanoparticles; (right) DLS spectrum of SDBS 
modified gold nanoparticles. 

The hydrophobic shell provided once again excellent stability in unpolar solvents like 

toluene. To conclude, a reversible attachment of functionalities and simultaneously a 

reversion of the polarity were realized. The results were in good agreement with the 

observations made for other core materials.[90] Consequently, the SbS-coating 

approach was successfully established for gold nanoparticles. This versatile 

construction principle enabled a facile technique to switch the polarity of pre-

functionalized gold nanoparticles. Such nanoparticles are considered to be applicable 

for a great variety of applications.  
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3.5 Carbon nanodots mediated gold nanoparticle synthesis 

As already mentioned in chapter 1.3, several concepts to control the size and 

distribution of gold nanoparticles are based on in situ reduction/stabilization 

procedures. Thereby different additives serve a dual purpose. First, they initialize the 

seed formation of gold nanoparticles via surface-catalyzed reduction of Au3+. Second, 

they enable the homogeneous growth process through their capping ability like 

citrate ligands do.[278] In this innovative concept, the utilization of pressure-carbon 

nanodots (p-CND) as dual purpose additive rendered the formation of novel highly 

worthwhile nanohybrids possible. The naming as “pressure”-carbon nanodots (p-

CND) was introduced by the GULDI group because of the autoclave synthesis. These 

p-CNDs exhibit homogeneous and narrowly dispersed optical properties.[142] This is 

due to the comparatively small size distribution ensured by the preparation technique 

which utilizes high pressure microwave reactor conditions.[279] In general, p-CNDs 

provide reductive sites at which gold seeds can be formed. Through careful 

modification of the reaction conditions, such as precursor concentrations and 

temperature, the size and shape of the particles could be controlled. The interplay 

between p-CNDs and gold nanoparticles was investigated by UV/Vis, IR and DLS 

analysis. TEM investigations confirmed the size distribution of these fabricated 

inorganic-organic hybrid materials. 

3.5.1 Concept and synthesis of gold nanoparticles via carbon nanodots 

Preliminary preparations of gold nanoparticle and carbon nanodots had been 

reported in chapter 1.3. These arrays were synthesized under different synthetic 

conditions and hitherto not well investigated in terms of optical properties. Also, the 

influence of the reaction conditions with respect to the reproducibility and the size 

determination was not yet reported. In order to reveal the dual purpose of p-CNDs in 

the formation of nanoparticles various reaction procedures were conducted.  

P-CNDs were provided by my colleague V. STRAUSS following previously reported 

procedures.[142, 280] In a typical synthesis, aqueous solutions of urea and citric acid 

were mixed and subjected to a controlled thermolytic process for 5 min. at 15 bars 

and 170 °C in a microwave autoclave. The product was washed with acetone to 

remove unreacted precursors. Finally, the product was dissolved in MeOH and the 

solvent was removed by steadily increasing the temperature from 70 to 100 °C.  
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In initial experiments, the temperature and concentration of either HAuCl4 or p-CNDs 

were varied. Depicted in Table 3.2 and Table 3.3, various sizes and size distributions 

were obtained throughout the experimental attempts. In a usual trial, 5 mL of p-CNDs 

were preheated in a pear-shaped flask and 0.2 mL of aqueous HAuCl4 was swiftly 

added. Initially concentrations of 1.2 mg/mL p-CNDs were utilized. Vague estimations 

of the number of active sites of the p-CNDs led to this concentration. In a comparable 

gold nanoparticle synthesis with sodium citrate as the reactant, the number of active 

sites was around ten to one Au3+ ion, or even higher. Therefore 1.2 mg/mL of p-

CNDs was chosen as initial concentration. For the citrate reduction, it was confirmed 

that the ratio between [AuCl4]
- / [AuCl4-x(OH)X]- was responsible for the size 

distribution of the nanoparticles. This equilibrium was determined by the reaction 

temperature and the pH of the reaction mixture. It was stated that [AuCl4]
- is 

responsible for the initial seed formation.[105] The lower the initial pH value, the 

greater the overall number of seeds formed. Consequently, the final size of the 

particles was smaller. The concentration of sodium citrate has almost no effect on the 

final size as long as its buffer capacity ensured a neutral pH after mixing the 

reactants. This provided a shift of the gold complex equilibrium toward less reactive 

forms to create the fortunate coincident which was required for the seed-mediated 

growth mechanism. In contrast, the concentration of HAuCl4 had a significant 

influence since it determined the initial pH value of the precursor solution and the 

ratio of [AuCl4]
- / [AuCl4‑x(OH)x]

- during seed particle formation. For higher HAuCl4 

concentrations, a larger percentage of [AuCl4]
- was available during the seed particle 

formation. More particles were formed. Therefore, smaller particles were obtained for 

higher precursor concentrations.[105] The reactants were added in the inverse 

method. In the standard TURKEVICH synthesis, a sodium citrate solution was added to 

a preheated HAuCl4 solution.[102] In contrast, the inverse method corresponds to the 

addition of a small volume of highly concentrated HAuCl4 solution to a large volume 

of a diluted preheated solution of sodium citrate. It was found that final particle size 

and synthesis time decreased using the inverse method.[281] Hence, various conc. of 

aqueous HAuCl4 were added to a fixed conc. of p-CNDs. Preliminary attempts 

confirmed the successful particle formation. Nevertheless, the polydispersity and 

reproducibility of these were rather poor. The particles offered SPR absorption at λ = 

560 nm. These absorptions were relatively broad, due to the high polydispersity of 
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the particles. This was further confirmed by DLS measurements which exhibit an 

extent size distribution. 

Table 3.2:  Results on high concentration of precursors, here the concentration of p-CND is 0.385 mM Note: 
These procedures were done using a sand bath.

[282]
 

cp-CND 
[mg/mL] 

cHAuCl4 

[mM] 
ratio 

Rtime 

[min] 
Rtemp. 

[°C] 
DLS size 

[nm] 
TEM size 

[nm] 
λmax 
[nm] 

1.20 25 1:2.5 1 100 70-75 
7-14 particles, 

50-80 agglomerates 
~560 

1.20
 a)

 50 1:5 10 100 80-85 57/75/92 agglomerates ~570 

1.20
 b)

 50 1:5 10 100 80-85 no data ~550 

1.20
 b)

 25 1:2.5 10 100 90 
~7 small particles 

90-100 agglomerates 
just scattering 

1.20
 b)c)

 100 1:10 10 100 400-600 
2-5 a lot, 
10-15 few 

~580 

1.20
 b)

 200 1:20 10 100 40 no data ~570 

1.20
 b)

 12.5 1:1.25 10 100 58 
9-16 particles, 

~60 agglomerates 
~560 

1.20 50 1:5 30 100 90-150 no data just scattering 

1.20 50 1:5 10 60 polydisperse No particles observed just scattering 

1.20
 a)

 50 1:5 10 60 polydisperse no data just scattering 

a)
( microwave (MW) heated) b) 

(CND preheated)
 c)

(pH = 10)  

In a second series of attempts, the concentrations of p-CNDs and HAuCl4 were 

reduced by ten times in order to prevent the spontaneous formation of agglomerates. 

These resulted in a smaller particle size but retained the poor particle distribution. 

Hereby the SPR absorption was less intense hence harder to detect. When present it 

was red shifted up to λ = 580 - 640 nm.  

Table 3.3: Results on low concentration of precursors. Reactions were quenched in an ice bath.
[282]

 

cp-CND 
[mg/mL] 

cHAuCl4 

[mM] 
ratio 

Rtime 

[min] 
Rtemp. 

[°C] 
DLS size 

[nm] 
TEM size 

[nm] 
λmax 
[nm] 

0.12 20 1:20 10 100 12 
several homogenous particles, 

60-70 
broad ~560 

0.12 10 1:10 10 100 57 50-72 ~610 

0.12 5 1:5 10 100 19 no data just scattering 

0.12 20 1:20 1 100 polydisperse no data ~640 

0.12 10 1:10 1 100 48 86-90 agglomerates ~560 

0.12 2 1:20 10 100 polydisperse no data just scattering 

0.006 2 1:40 10 100 polydisperse no data just scattering 

0.12 2 1:20 10 100 polydisperse no data ~600 

0.24 2 1:10 10 100 polydisperse no data ~590 

0.006 2 1:40 10 100 polydisperse no data just scattering 

0.12 2 1:20 5 100 polydisperse no data just scattering 

0.12 2 1:20 2 100 polydisperse no data ~600 
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A variation of reaction time or heat source (microwave) did not significantly influence 

the results. So as to develop smoother seed formation and particle growth a further 

decrease of the overall concentration of the reactants was tested.  

Additionally, the reaction temperature was reduced from 100 °C to 80 °C to minimize 

heat convection. 

It was observed that the best reproducibility was ensured while keeping the 

concentration of p-CND and the temperature constant during the reaction and varying 

the concentration of HAuCl4. After the addition of concentrations of HAuCl4 in the 

range between 0.75 - 4 mM the solution was rapidly heated to 80 °C and smoothly 

stirred for 16 hours at 1000 rpm. It is worth to point out that premixing the precursors 

prior to heating or adding auric acid to hot aqueous p-CND solutions did not result in 

any appreciable differences. Increasing the auric acid concentration resulted in an 

increased hydrodynamic diameter. As well the size of the nanoclusters increased 

from 20 nm up to 90 nm as depicted in Table 3.4. Coincidentally, the zeta potential 

decreased from - 10 mV to -28 mV. These was due to the accumulation of negative 

charges on the surface by the increasing number of p-CNDs on the surface which 

themselves feature a ξ-potential of -20.5 ± 0.6 mV.[142] 

Table 3.4: Results using 0.06 mg/mL of p-CNDs and various HAuCl4 con.
[282]

 

Cp-CND 
[mg/mL] 

CHAuCl4 [mM] 
DLS size 

[nm] 
ζ-potential 

[mV] 
TEM size 

[nm] 
λmax 

[nm] 

0.06 0.75 26 -10.4 ± 0.5 20 no peak 

0.06 1 30  40 no peak 

0.06 1.25 34 -10.9 ± 0.5 30 no peak 

0.06 2 47 -14.0 ± 1.0 32 647 

0.06 2.5 48 -18.9 ± 2.1 40 660 

0.06 3 69  52 657 

0.06 4 85 -27.6 ± 0.9 90 585 

 

In Scheme 3.30, an illustration of the proposed nanocluster formation mechanism is 

sketched. Importantly, key in the formation of gold nanoclusters was the reduction of 

the Au (III) precursors. Hereby, p-CND oxidation was likely to be based on a 

mechanism similar to that of citrate oxidation. It involved decarboxylation and 

subsequent oxidation of a hydroxyl group.[283] Charge transfer interactions between, 

for example, gold clusters and p-CNDs could not be ruled out. CNDs were known to 

stabilize complexes with electron acceptors in solution.[280] Also, excited state 

interactions between CNDs / graphene quantum dots (GQDs) and gold nanoclusters 
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had been observed earlier and, in fact, both static as well as dynamic quenching was 

observed.[284] A stabilizing effect of CNDs towards gold nanoparticles by replacement 

of the citrate ions was proposed. Negative charge transfer was found to be a 

stabilizing force to Au/CND clusters as shown in density functional theory (DFT) 

calculations.[285] Initial seed formation by the redox active sites of the p-CNDs was 

followed by fusion of seeds diminishing surface potential.  

 

Scheme 3.30: Proposed formation mechanism of Au@ p-CND in H2O.
[282]

 

This seed consumption continued until a thermodynamic favorable size of the 

particles was reached. The final size distribution was highly dependent on the 

number of seeds present in the reaction mixture. As mentioned above the number of 

seeds was determined by the equilibrium of [AuCl4]
- / [AuCl4‑x(OH)x]

-. Thus the 

experimental data of the simultaneously increase of [HAuCl4] and size distribution as 

well as the core structure, determined by TEM images, led to the proposed formation 

mechanism - Scheme 3.30. In order to test the stability of Au@p-CND nanoclusters, 

mercaptopropionic acid (MPA) was added in different concentrations. First 

experiments showed that upon addition of MPA aggregation of Au@p-CND was 

induced, as the particle size increases from 45 to 300 - 400 nm as monitored by DLS. 

This observation was also made when inspecting the TEM images. Loosely bound 

agglomerates would have been separated and the overall size distribution would 

have decreased due to particle individualization. Hence the p-CNDs were deeply 

incorporated by the gold nanoparticles. 
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3.5.2 Characterization of novel CND-gold nanomaterial hybrid 

In cooperation with V. STRAUSS, A. SAHA, and the GULDI research group the 

characterization of the nanoclusters was performed. TEM images revealed Au@p-

CND agglomerates of different sizes in most cases. In these agglomerates, bulbous 

shapes with an amorphous carbon shell –Figure 3.51.a– were identified. From the 

reciprocal space images a diffraction pattern of randomly oriented gold nanoparticles 

was derived. In the reference diffraction pattern of p-CND, merely the Debye-

Scherrer rings of carbon were seen. To shed more light on the Au@p-CND 

composition dark field images with a focus on the gold and carbon diffraction spots 

were recorded. The dark field image in Figure 3.51.b shows some bright spots 

located at the shell of the Au@p-CND particle. As such, the presence of p-CND π-

systems in the periphery, covalently bound to gold particles was postulated.  

Reference experiments with 0.08 mg/mL sodium citrate instead of p-CND were also 

conducted under the same optimized reaction conditions. Hereby perfectly spherical 

gold nanoparticles with a size distribution from 20 to 40 nm were observed. These 

classically fabricated nanoparticles showed a sharp SPR absorption at λ = 525 nm as 

a reflection of their low heterogeneity - see Figure 3.52 on the right hand side. For p-

CND reduced/stabilized gold nanoparticles a broad absorption stretching from 

λ = 550 to 750 nm was observed indicating the formation of gold particles larger than 

30 nm in diameter. The reference spectrum of bare p-CND treated under the same 

conditions, that was, concentration, boiling, and rapid cooling, showed the typical 

absorption pattern of oxidized p-CNDs with a fingerprint absorption at λ = 410 nm.[279] 

 

Figure 3.51:  a) TEM bright field image of Au@ p-CND nanoclusters; b) Corresponding dark field image showing 
some bright crystalline spots related to p-CND coated gold clusters; c) Diffraction pattern of pure p-
CND; d) Diffraction pattern of several Au@ p-CND clusters; e) Diffraction pattern of a single gold 
cluster.

[282]
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As a matter of fact, spectroscopic proof for oxidized p-CNDs was also discernable in 

Au@ p-CND. Similar absorption patterns were monitored upon an in situ reductive 

syntheses of GQD–Au nanoclusters, in which a λ = 450 nm feature was assigned to 

the surface plasmon of small gold clusters.[286] The surface plasmon absorption for 

gold nanoparticles of any size was, however, known to set in at around λ = 520 nm or 

even further in the red.[230] Therefore, the peak at λ = 405 nm was assigned to 

oxidized p-CNDs. The oxidizing effects of the gold nanoclusters on p-CNDs were 

corroborated by FT-IR measurements, depicted in Figure 3.52 on the left. A typical 

IR spectrum of p-CNDs showed a set of fingerprints in the region between ṽ =1500 

and 1700 cm-1 and another set in the ṽ = 1100 to 1450 cm-1 region. Importantly, the 

former set was typically correlated with highly oxidized functional groups, such as 

carbonyl containing species.[279] Their intensity was enhanced upon oxidation. 

 

Figure 3.52: (left) FT-IR spectra of p-CND p-CND (red) and Au@p-CND (black) at room temperature. (right) 

Steady state absorption spectra of GNP obtained when reacting 0.08 mg/mL citric acid with 2.5 mM 
HAuCl4 (black) and Au@ p-CND when reacting 0.06 mg/mL p-CND with 0.75 (dark grey), 1.00 
(grey), 1.25 (light grey), 2.00 (dark red), 2.50 (red), 3.00 (light blue), and 4.00 (dark blue) mM 
HAuCl4.

[282]
 

Bare p-CNDs showed a typical fluorescence centered at λ = 450 nm – see Figure 

3.53 left hand side. The fluorescence of p-CNDs was drastically quenched in Au@ p-

CNDs to a value of ~40% of the original intensity, which was in line with a previous 

report.[143] Moreover, the overall shape of the fluorescence feature was different in 

comparison to bare p-CND, namely stronger quenched at the blue end of the feature. 

As a matter of fact, such a fluorescence pattern was commonly observed in oxidized 

p-CNDs.[279] In spectroelectrochemical experiments, it was shown that the enhanced 

long-wavelength fluorescence correlates with an enhanced absorption at λ = 410 nm 

of oxidized p-CND. Both, p-CND and Au@ p-CND in their excited state were subject 

to the same deactivation, which pointed to a static quenching mechanism. The 

corresponding time-fluorescence profiles are depicted in Figure 3.53 (right).  
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In order to shed light on photo-physical interaction at the interface of gold 

nanoclusters and p-CNDs, transient absorption spectroscopy was employed. Three 

different excitation wavelengths, that were, λ = 387, 505, and 550 nm, were selected 

for the transient absorption measurements to selectively excite either gold or p-CND. 

Importantly, selective excitation at λ = 550 nm showed features related to only gold 

clusters, namely excited state absorption at λ = 480 nm and surface plasmon 

bleaching at λ = 600 nm, while p-CNDs were selectively excited at λ = 387 nm. The 

citrate stabilized/reduced reference particles had a rather narrow plasmon 

absorption, which was excited at λ = 505 nm. Thereby the transient absorption 

spectra and the decay kinetics of p-CNDs were unaffected by the boiling process, 

confirmed by reference experiments. 

 

Figure 3.53: (left) Steady state fluorescence spectra of p-CND (grey), Au@p-CND (black), and GNP (red) upon 
excitation at λ = 340 nm in H2O at room temperature. (right) Time-emission profiles of p-CND (red) 

and Au@p-CND (blue) at λ = 500 nm obtained by means of TCSPC upon excitation at 
λ = 410 nm.

[282]
 

Upon excitation of bare p-CND at λ = 505 or 550 nm, minima at λ = 495 and 600 nm 

evolved – see Figure 3.54 – which were taken into account for the data analysis. 

From a tri-exponential fitting, lifetimes of 2, 30, and 1420 ps were derived. In line with 

previous investigations of the GULDI group, the short-lived component was attributed 

to the population of trap states, while the intermediate- and long-lived component 

originated from excitonic and trap mediated radiative deactivation processes, 

respectively.[287]   

As for citric acid reduced/stabilized gold nanoparticles, the surface plasmon 

bleaching appeared in form of a sharp negative transient at λ = ~530 nm and a broad 

positive at λ = 547 nm. For both features, a recovery of the ground state happened 

with bi-exponential kinetics including lifetimes of 4 and 190 ps. 
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Figure 3.54: (left) – transient absorption spectra of boiled p-CND obtained upon laser flash photolysis excited 
with λ = 505 nm laser pulses in H2O with time delays between 2 and 6500 ps. (right) – 
corresponding time-absorption profiles at λ = 475 nm (black) and λ = 560 nm (red).

[282] 

The short-lived component was attributed to cooling of thermalized electrons, while 

the long-lived component reflected the lifetime of lattice phonons.[288] The same 

features and the same kinetics evolved at either λ = 387 or 505 nm photo excitation. 

For Au@ p-CND, a broad bleaching was observed at λ = ~560 nm together with a 

maximum of λ = 475 nm. The negative signal was assigned to surface plasmon 

bleaching since the position of the minimum corresponds to the maximum observed 

in the steady-state absorption spectra. This signal decayed bi-exponentially with 

lifetimes of 3.5 and 1500 ps to the ground state.  

 

Figure 3.55:  (left) – transient absorption spectra of Au@p-CND obtained upon laser flash photolysis excited with 
λ = 505 nm laser pulses in H2O with time delays between 2 and 6500 ps. (right) – Corresponding 
time-absorption profiles at λ = 475 nm (black) and λ = 560 nm (red).

[282]
 

A similar decay was concluded at the λ = 475 nm maximum, which was, therefore, 

assigned to absorptions within the conduction band of gold. To probe the effect of 

particle size on the overall dynamics, the time absorption profiles of differently sized 

Au@p-CND was analyzed. 
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Figure 3.56:  (left) – transient absorption spectra of Au@p-CND obtained upon laser flash photolysis excited with 
λ = 550 nm laser pulses in H2O with time delays between 2 and 5500 ps. (right) – corresponding 

time-absorption profiles at λ = 475 nm (black) and λ = 580 nm (red). Please note that the signal at 
λ = 496 nm is an artifact from the excitation pulse.

[282]
 

For example, Figure 3.57 documents that the transient decay of the λ = 475 nm 

maximum and the λ = 560 nm minimum was independent of the particle size. The 

results from the transient absorption analysis showed that in Au@p-CND charge 

transfer interactions dominate between gold and p-CNDs. Importantly, these charge 

transfer features contributed to the overall Au@p-CND stability. The observed 

lifetimes in the 10-10 s regime were in line with other charge transfer systems 

including gold nanoparticles.[289, 290] 

 

Figure 3.57: Time absorption profile of spectra of Au@p-CND with sizes of 33 nm (black), 50 nm (red), and 
60 nm (grey) probed at 480 and 600 nm.

[282]
 

Once the spectroscopic investigation indicated short-lived excited state transients in 

the form of a negative charge transfer from the p-CNDs shell to the gold core RAMAN 

activity of the nanoclusters was examined. Gold is known to amplify the RAMAN 

signals of adsorbed species by means of enhancing localized electromagnetic 

fields.[291] So far no RAMAN signal was detected in experiments conducted with bare 

p-CNDs. But the gold nanoclusters fabricated in the above-mentioned manner 
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offered weak RAMAN signals in the region typical for D- and G-bands as well as 2D-

band.  

 

Figure 3.58: Raman spectrum of Au@p-CND (gray) obtained upon λ = 457 nm laser excitation with multiple 
Lorentzian peak fitting of the D- and G-band region.

[282]
 

Nevertheless, the spectra had to be corrected with respect to the strong background 

stemming from fluorescence.  

In general, the RAMAN pattern resembled the characteristics of highly disturbed 

graphene oxide.[292] The spectrum showed two sets of multiple signals between ṽ = 

1100 and 1600 as well as between ṽ = 2300 and 3500 cm-1. Both of the multiplets 

were fit in several cases with four Lorentz functions each to achieve the highest 

possible R2-values (0.96-0.99). As far as the ṽ = 1100 to 1600 cm-1 range was 

concerned, Lorentzian peaks maximize at ṽ = 1171, 1352, 1433, and 1585 cm-1. 

1352 and 1585 cm-1 were assigned to the D- and G-bands, respectively, while ṽ = 

1171 and 1433 cm-1 were likely associated with D*- and D**-bands. Although the 

exact origin of the latter bands was still controversial, they had been assigned on 

multiple occasions for amorphous carbon samples to sp3-rich phases of highly 

disordered carbon.[293, 294] Considering, on one hand, the 1-2 nm size of p-CNDs and, 

on the other hand, the inherently small π-systems, the contributions from sp3 

hybridized carbon seemed safe and sound. Large amounts of polar functional groups 

on the p-CND surface enabled out-of-plane distortions of the π-system. Peak 

intensities varied as a function of investigated spots and laser intensity. In this 

context, pyrolytic/photolytic effects or photodecompositions during the measurements 

were evident in a fluorescence intensity that decreased upon prolonged illuminations. 

High RAMAN signals were observed only in regions, where a high gold content was 

confirmed. In the ṽ = 2300 to 3500 cm-1 region, Lorentzian peak fittings of the 

multiplets led to maxima at ṽ = 2675, 2794, 2952, and 3199 cm-1. Like in graphene 
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oxide, the first two signals were assigned to a set of G‟- (2D) and the latter two 

signals to D D‟- (D G), and 2D‟-bands (G D‟).[293, 295] In summary revealing D* and 

D** bands prompted to a high amount of sp3 carbon within the p-CND network. 

Hereafter growing CNDs on gold nanoclusters could, therefore, constitute a powerful 

means for characterizing the sp3 to sp2 ratio in carbon nanodots.  

In Collaboration with S. KLEIN cellular uptake and biocompatibility studies were 

conducted. With respect to the high stability and enhanced water-solubility, gold 

nanoclusters were taken into consideration for cancer therapy. Typically, the 

nanoparticle size is critical for their cellular uptake and the corresponding uptake 

mechanism.[296] Therefore Au@p-CND particles with hydrodynamic radii of either 30 

nm or 48 nm were tested. 48 nm Au@p-CND nanoparticles were incorporated into 

the cells via endocytosis, which is shown in Figure 3.59 (a). 

 

Figure 3.59:  TEM images of the endothelial cells loaded with ~48 nm Au@p-CND a) endocytosis of the 
particles, b) particles in the cytoplasm and vesicles and ~30 nm Au@p-CND c) particles inside the 
cytoplasm.

[282]
 

In particular, endosomes encapsulating Au@p-CND were formed through 

invagination of the cell membrane. Subsequently to endocytosis, one fraction of the 

nanoparticles remained inside the endosomes – Figure 3.59 (b) – while the residual 

GNP@p-CNDs were released into the cytoplasm. Once GNP@p-CNDs reached the 

cytoplasm, they were biologically active. The fraction of GNP@p-CNDs, which could 

not escape from the endosomes, followed the endosomal pathway, that was, they 

would either be degraded in the lysosomes or thrown out of the cells.[297] 30 nm 

GNP@p-CNDs showed an endocytosis-free cellular uptake and were found to be 

distributed all over the cytoplasm in the form of small black spots – Figure 3.59 (c). 

Once the size-dependent cellular uptake ability was examined, the size dependence 

of the biocompatibility was investigated. In Figure 3.60, the biocompatibility assays of 

GNP@p-CNDs synthesized with 30, 34, 47, 48, and 85 nm are compared to citric 
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acid reduced/stabilized GNP and bare p-CNDs. All values are presented as a 

percentage of the cells cultured in a culture medium, which is depicted as a black line 

in the diagram. The p-CNDs showed a biocompatibility of 89% cell viability for the 

lung cancer cells (A549) and 92% for the healthy endothelial cell line (HUVEC). The 

biocompatibility of GNP@p-CNDs was subject to size dependence: larger GNP@p-

CNDs exhibited a lower biocompatibility than smaller GNP@p-CNDs. 

 

Figure 3.60: Biocompatibility studies of the GNP@p-CNDs synthesized with different molarities of HAuCl4 
compared to p-CND and citric acid reduced/stabilized GNPs in lung cancer (A549) and endothelial 
(HUVEC) cells.

[282]
 

A possible rational included differences in the cellular uptake mechanism. Larger 

GNP@p-CNDs (>48 nm) were internalized via endocytosis. Probably, a greater 

fraction of GNP@p-CNDs reached the acidic lysosomes, where they were digested, 

resulting in the release of toxic ions (Au1+, Au3+ ions) into the cytoplasm. A significant 

fraction of the intracellular gold ions may then have cause ion-specific toxicity against 

some cellular targets and/or lysosomal damage and dysfunction.[297] Notably, there 

was no difference in the biocompatibility of the citric acid and p-CND 

reduced/stabilized gold nanoparticles of nearly the same size. The cell viability of the 

endothelial cells was 94% for the citric acid reduced/stabilized gold nanoparticles 

compared to 96% for GNP@p-CNDs. Nevertheless, a difference in the 

biocompatibility between the healthy endothelial and the lung cancer cells was noted. 

Larger GNP@p-CNDs, which were synthesized with either 2.5 or 4 mM HAuCl4, were 

more toxic to cancer cells than for the endothelial cells. This implied, that the larger 

GNP@p-CNDs showed potential for further applications in cancer therapy.  

This work has optimized the protocol for a synthesis of carbon stabilized gold 

nanoparticles where carbon nanodots were used as reducing/stabilizing agents for 

gold nanoparticles. Microscopic images showed the stabilization of bulbous gold 
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nanoparticles in form of a homogeneous wrapping layer around CNDs affording core-

shell Au@p-CND nanoclusters. Importantly, RAMAN signals had been detected for p-

CNDs when coated onto gold cores due to the SERS effect. Revealing D* and D** 

bands prompted a high amount of sp3 carbon within the p-CND network. In a broader 

view, growing CNDs on gold nanoclusters could, therefore, constitute a powerful 

means for characterizing the sp3 to sp2 ratio in carbon nanodots. The spectroscopic 

investigation indicated sizable excited state interactions as observed by fluorescence 

quenching and short-lived excited state transients in the form of a negative charge 

transfer from the p-CND shell to the gold core. Cellular uptake and biocompatibility 

studies indicated the encouraging potential of GNP@p-CNDs for biomedical 

applications. Larger GNP@p-CNDs with diameters >50 nm were shown to develop a 

higher toxicity for cancer cells than smaller ones, which makes them a potential 

candidate for cancer therapy. 
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4. Conclusion 

The goal of this thesis was the establishment of a “Lego-type” modular concept for 

the creation of nanomaterials using supramolecular functionalization. The covalent 

surface modifications as well as the non-covalent supramolecular self-assembly 

processes have been conducted successfully. Thereby the major accomplishments 

were (i) the synthesis and characterization of versatile supramolecular organic 

molecules, (ii) an establishment of the wet-chemical surface functionalization of gold 

nanoparticles and (iii) the detailed experimental characterization of novel 

supramolecular “Lego-type” assemblies . 

First of all, in chapter 3.1, the synthesis and characterization of hitherto unknown 

HAMILTON receptors and cyanurate derivatives was accomplished. Therefore the 

HAMILTON moiety was linked to the thiol anchor group applying a coupling reaction 

under modified STEGLICH conditions, yielding compound 18, 19, and 20 - Scheme 4.1 

- in good yields. 

 

Scheme 4.1: Synthesized HAMILTON and cyanurate derivatives for covalent functionalization. 

Following this approach, cyanuric acid was functionalized with a terminal thiol anchor 

group, as presented in chapter 3.1.2, yielding compound 25 and 28 - Scheme 4.1. 

Doing so, the HAMILTON and cyanurate compounds were successfully and efficiently 

attached to the gold nanoparticle surfaces. 

A systematic characterization and evaluation of the wet-chemical covalent 

modification of gold nanoparticles with these novel functional molecules is described 

in chapter 3.2.2. As a crucial prerequisite, the employed in house-synthesized gold 

nanoparticles were characterized in detail, as presented in chapter 3.2.1.  

HAMILTON derivative

Cyanurate derivative
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With these data available, the development of a standard functionalization and 

characterization protocol yielded a reliable procedure for the covalent surface 

modification of the gold nanoparticles. Thereby many important insights of the ligand 

exchange mechanisms and key parameters were obtained – see Scheme 4.2. For 

instance the packing density of the functional molecule 18 was determined to be 

3.0 nm-2
. The ligand exchange reaction was found to be finished within 50 seconds. 

This fast ligand exchange process is mandatory due to the inherent instability of the 

particles during the exchange process. 

 

Scheme 4.2: Illustration of the functionalization of gold nanoparticles with HAMILTON receptor 18. 

The stable, highly directional, and specific hydrogen bonding interactions of 

HAMILTON receptors and cyanurates makes them promising candidates for a 

supramolecular bilayer coating of nanoparticles. For the integration of this 

sophisticated molecular recognition motif, additional HAMILTON receptors and 

cyanurate counterparts were synthesized in chapter 3.1.3. 

As described in chapter 3.3.3 one further goal was the confirmation of a successful 

supramolecular assembly. This necessity was served by the accompanied 

individualization of the non-covalent grafting of cyanurate 47 onto the gold 

nanoparticles - Scheme 4.3. The improved dispersibility of gold nanoparticles was 

found to be a result of (i) the improvement of the steric stabilization of the 

nanoparticles through the alkyl ester moiety and (ii) the formation of the highly 

directional six-fold hydrogen bonding complex which broke up the weaker HAMILTON-

HAMILTON hydrogen bonding interactions between the nanoparticles itself. The 

significant individualization of the non-covalently functionalized particles was so 

evident that it could be easily distinguished by TEM analysis and the dramatic 

[GNP@-C3-HAM]

18

18

[GNP@-Citrate]



SUMMARY 

124 

decrease of the SERS-effect due to the loss of so called “hot-spots”. The 

dispersibility of [GNP@-C11-HAM] was moreover made possible in afore not 

accessible solvents like n-Hexane or Et2O, after the addition of cyanurate 48 and 49 - 

Scheme 4.3. Under these circumstances, the supramolecular complexation of the 

cyanuric acid derivative provided the driving force for the increase of the 

dispersibility.  

 

Scheme 4.3: Illustration of the bilayer coating of [GNP@-C11-HAM] with cyanurate 47. 

Encouraged by these results, the bilayer coating concept was further investigated 

with the focus on inter particle interactions in chapter 3.3.4. The desired approach of 

a reversible particle network formation of different core materials was successfully 

accomplished. Therefore the assembly behavior of GNP@C11-HAM and TiO2@C6-CA 

was investigated in detail. The resulting novel hybrid nanomaterial [TiO2@C6-CA-

HAM-C11-@GNP] is the first non-covalently bound array of these semiconducting and 

conducting core materials. 

As depicted in Scheme 4.4 the network formation was initiated by the interaction of 

the two tailored organic ligands. This network formation was also investigated 

concerning its reversibility, a clear key feature of supramolecular chemistry. It was 

stated that the network could be easily disrupted by the addition of competing ligand 

molecules or the alternation of the solvent polarity. It is important to mention, that the 

individual particle parameters, like size and shape, did not change at all during the 

processing. Likewise, other metal oxide nanoparticles, e.g. AlOx or Fe3O4 were 

investigated in order to combine the preserved unique properties of the individual 

19
47

[GNP@-C11-HAM]

19

47

[GNP@-C11-HAM-CA(47)]

Au Au
Au
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nanoparticles. Additionally, the fabrication of orthogonal hybrid architectures of 

[TiO2@C6-CA-HAM-C11-@GNP] and porphyrines as an active layer in a new-type of 

supramolecular dye-sensitized solar cell, was tested. Preliminary results already 

confirmed the hierarchical fabrication principal. 

 

Scheme 4.4: Sketch of self-assembled nanoparticle networks. 

The transmission of another facile strategy for the non-covalent surface modification 

of pristine coated core-shell nanoparticles via hydrophobic interactions was outlined 

in chapter 3.4.2. This approach was previously established in the HIRSCH group for 

titanium oxide nanoparticles.[90] Due to strong hydrophobic interactions, the 

amphiphiles were forced into a micelle arrangement around the particle cores. Owing 

to the polar head group of the amphiphilic molecules, the gold nanoparticles colloidal 

stability changed from apolar to polar solvents like water. The main advantage of this 

coating procedure was that the switch of polarity could be reversed again by the 

control of the process parameters. The processability of the particles was increased 

due to the stability of the gold nanoparticles, even against treatments like freeze-

drying. 

2. supramolecular 

self-assembly

3. network formation

1. covalent surface

modification

19

50

19

50

TiO2Au
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Finally, the gold nanoparticle formation potential of p-CNDs was successfully 

investigated and optimized in terms of reproducibility and size control. A fundamental 

nanoparticle formation process was proposed in chapter 3.5 – see Scheme 4.5. 

 

Scheme 4.5: Proposed formation mechanism of Au@ p-CND in H2O. 

The optimization was accomplished through myriads of experiments varying the 

crucial process parameters. During these, also fundamental investigations of the 

electronic communication of the p-CNDs and the gold nanoparticles were performed. 

Importantly, RAMAN signals have been detected for p-CNDs when coated onto gold 

cores due to the SERS effect. The spectroscopic investigation indicates sizable 

excited state interactions as observed by fluorescence quenching and short-lived 

excited state transients in the form of a negative charge transfer from the p-CND`s 

shell to the gold core. Cellular uptake and biocompatibility studies indicate the 

encouraging potential of Au@p-CNDs for biomedical applications. Au@p-CNDs with 

diameters >50 nm were shown to develop a higher toxicity for cancer cells than 

smaller ones, which makes them a potential candidate for cancer therapy. 

To conclude, this PhD thesis successfully established a “Lego-type” modular 

approach for the creation of novel nanomaterials using supramolecular 

functionalization of gold nanoparticles. 

80  C, 16 hours

reduction

agglomeration



ZUSAMMENFASSUNG 

127 

5. Zusammenfassung 

Das Ziel der vorliegenden Arbeit war es, ein „Lego“-artiges Baukastenprinzip für die 

Herstellung neuartiger Nanomaterialien mittels supramolekularer Funktionalisierung 

von Goldnanopartikeln zu schaffen. Hierzu wurden sowohl die kovalente 

Oberflächenmodifikationen, als auch die nicht-kovalente supramolekularen Selbst-

organisationsprozesse, erfolgreich durchgeführt. Die wichtigsten Errungenschaften 

waren die Synthese und Charakterisierung von vielseitigen organischen Molekülen, 

deren nasschemische Funktionalisierung auf Goldnanopartikeln sowie der detaillierte 

Aufbau von supramolekularen Strukturen im Baukastenprinzip. 

Zu allererst wurden in Kapitel 3.1 die erfolgreichen Synthesen und 

Charakterisierungen von bisher unbekannten HAMILTON Rezeptoren und Cyanuraten 

durchgeführt. Dazu wurde die HAMILTON Einheit mit einer Thiol-Ankergruppe, mittels 

modifizierten STEGLICH Kopplungsreaktion, versehen und die Verbindungen 18, 19 

und 20 in guten Ausbeuten hergestellt (Abbildung 5.1). 

 

Abbildung 5.1: Synthetisierte HAMILTON und Cyanursäure Derivate für die kovalente Funktionalisierung. 

In ähnlicher Art und Weise wurden die Cyanursäure Derivate 25 und 28 mit einer 

Thiol-Ankergruppe versehen, wie in Kapitel 3.1.1. beschrieben. Durch diese 

Modifikation wurde eine effektive Oberflächenfunktionalisierung von Gold-

nanopartikeln mit HAMILTON und Cyanursäure Verbindungen erst ermöglicht. 

In Kapitel 3.2.2 ist die systematische Charakterisierung der nasschemischen 

Funktionalisierung von Goldnanopartikeln, mit den oben genannten Molekülen, 

beschrieben. In Kapitel 3.2.1 wird die vollständige Charakterisierung der selbst 

HAMILTON Derivate

Cyanursäure Derivate
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hergestellten Goldnanopartikel dargestellt, welche eine enorm wichtige 

Grundvoraussetzung für deren weitere Verwendung war. Ausgehend hiervon wurden 

Standardprotokolle zur Funktionalisierung und Charakterisierung der 

Goldnanopartikelkomplexe entwickelt. So wurde zum Beispiel die Packungsdichte 

der funktionalen Moleküle bestimmt, welche im Falle der Verbindung 18 3.0 nm2 pro 

Molekül betrug. Die Ligandenaustauschzeit zwischen Verbindung 18 und an der 

Goldoberfläche gebundenem Citrat wurde mittels SHS bestimmt und betrug weniger 

als 50 Sekunden. Eben jener schnelle Ligandenaustausch war eine 

Grundvoraussetzung für die effiziente Funktionalisierung, welche aufgrund der hohen 

Instabilität der Partikel während des eigentlichen Austauschprozesses besonders 

gefährdet ist (Abbildung 5.2). 

 

Abbildung 5.2: Darstellung der Funktionalisierung von Goldnanopartikeln mit HAMILTON Rezeptor 18. 

Anschließend wurde das stabile, gerichtete und selektive Prinzip der 

Wasserstoffbrückenwechselwirkungen zwischen HAMILTON Rezeptoren und 

Cyanuraten für die Doppelschicht Bedeckung von Nanopartikeln genutzt. Um dieses 

molekulare Erkennungsmotiv effektiv nutzen zu können, wurden in Kapitel 3.1.3 

weitere HAMILTON Rezeptoren und Cyanurate hergestellt. 

Der Beweis der erfolgreichen supramolekularen Kopplung und Bildung der 

Doppelschicht Systeme, waren  entscheidende Hürden, welche im Kapitel 3.3.3 

ausführlich behandelt werden. Die Kopplung konnte indirekt durch die einhergehende 

Vereinzelung der Nanopartikel, während der nicht kovalenten Bindung des 

Cyanurates 47 an die Goldnanopartikel bewiesen werden. Die verbesserte 

Dispergierbarkeit der Goldnanopartikel resultierte aus folgenden Gründen: zum einen 

[GNP@-C3-HAM]

18

18

[GNP@-Citrate]
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durch die sterische Stabilisierung der Nanopartikel, durch die Alkylester Einheiten, 

aber hauptsächlich durch die Ausbildung von hoch gerichteten sechsfachen 

Wasserstoffbindungskomplexen, welche die schwächeren Anziehungskräfte 

zwischen den HAMILTON Einheiten untereinander verhinderten. Die Vereinzelung der 

nicht kovalent funktionalisierten Partikel war so eindeutig, dass sie mittels TEM 

Analysen und eines drastischen Abfalls des SERS-Effektes, aufgrund der 

gesunkenen Anzahl an „Hot-Spots“, deutlich zu erkennen war.  

Die Dispergierbarkeit von [GNP@-C11-HAM] wurde durch die Kopplung an die 

Cyanurate 48 und 49 auf, zuvor nicht adressierbare Lösungsmittel wie n-Hexan oder 

Diethylether, erweitert - siehe Abbildung 5.3. In den genannten Beispielen war stets 

die supramolekulare Komplexierung der Cyanursäure Derivate die Triebkraft für die 

Verbesserung der Dispergierbarkeit. 

 

Abbildung 5.3: Schematische Darstellung der Doppelschichtbildung am Beispiel von [GNP@-C11-HAM-CA(47)]. 

Ermutigt durch diese Ergebnisse wurde in Kapitel 3.3.4 die Anwendbarkeit dieser 

Doppelschicht Funktionalisierung für die Partikel-Partikel-Wechselwirkung erprobt. Es 

gelang die gezielte reversible Herstellung von Partikel-Partikel-Netzwerksystemen 

mit unterschiedlichen Kernmaterialien zu realisieren. Hierzu wurde das Verhalten von 

GNP@C11-HAM und TiO2@C6-CA im Detail untersucht. Das hieraus erhaltene 

neuartige hybrid Nanomaterial [TiO2@C6-CA-HAM-C11-@GNP] war die erste nicht 

kovalent gebundene Anordnung dieser nanopartikularen halbleitenden und leitenden 

Kernmaterialien. Abbildung 5.4. zeigt, dass die Netzwerkbildung durch die 

Wechselwirkungen der maßgeschneiderten organischen Liganden ausgelöst wird . 

19
47

[GNP@-C11-HAM]

19

47

[GNP@-C11-HAM-CA(47)]

Au Au
Au
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Diese Netzwerke wurden auf eine der Kerneigenschaften der supramolekularen 

Chemie , die Reversibilität, hin untersucht. Es wurde festgestellt, dass die Netzwerke 

durch die Zugabe eines konkurrierenden Liganden oder durch die Änderung der 

Polarität des Lösungsmittels, erfolgreich reversibel gelöst werden können. Es ist 

wichtig zu erwähnen, dass die charakteristischen Parameter der einzelnen Partikel, 

wie deren Größe und Form, während der Hin- und Rückreaktion unverändert blieben. 

In ähnlicher Art und Weise wurden weitere Nanopartikel, wie die Metalloxide AlOX 

oder Fe3O4 untersucht, um deren individuellen Eigenschaften für ein neues 

Gesamtnetzwerk zu nutzen. 

 

Abbildung 5.4: Schematische Darstellung des sich selbst anordnenden Nanopartikelnetzwerks. 

Des weiteren konnte die Herstellung eines orthogonalen Hybrid Systems aus 

[TiO2@C6-CA-HAM-C11-@GNP] und einem Porphyrin, als aktive Schicht in einem 

neuartigen Typus von supramolekularer Farbstoffsolarzelle, getestet werden. 

Vorläufige Ergebnisse, dieser Arbeit, bestätigen das hierarchische Aufbauprinzip. 

2. Supramolekulare 

Selbstorganisation

3. Netzwerkbildung

1. Kovalente

Oberflächen-

modifikation

19

50

19

50

TiO2Au
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Die Übertragung einer weiteren eleganten Synthesestrategie, zur nicht kovalenten 

Oberflächen Modifikation wird in Kapitel 3.4.2 vorgestellt. Hierbei werden die 

hydrophoben Wechselwirkungen von Nanopartikeln, welche mit einer ersten 

hydrophoben Schicht umhüllt sind, genutzt. Dieser Ansatz wurde zuvor in der HIRSCH 

Gruppe für Titanoxid Nanopartikel entwickelt.[90] Die unpolaren Enden der Amphiphile 

wurden mittels starker hydrophober Wechselwirkungen mit der hydrophoben Hülle 

der Nanopartikel, in einer mizellenartigen Struktur, an die Partikel gebunden. 

Aufgrund der polaren Kopfgruppe der amphiphilen Moleküle, wurde die kolloidale 

Partikel Stabilität von unpolaren Lösungsmitteln, in den Bereich von polaren 

Lösungsmitteln, wie Wasser, verschoben. Der größte Vorteil dieser 

Beschichtungsstrategie besteht in der, durch die Prozessparameter, bestimmbaren 

Umkehrbarkeit der Lösungsmittelstabilität. Dadurch wurde zum Beispiel die 

Prozessierbarkeit der Partikel erhöht, wodurch sie sogar nach einer Gefriertrocknung 

redispergierbar waren. In einem abschließenden Versuch wurde die 

Lösungsmittelstabilität, durch die Zugabe eines passenden Liganden, wieder zurück 

in den Bereich der unpolaren Lösungsmittel verschoben. 

Zu guter Letzt wurde das Potential von „pressure carbon nanodots (p-CNDs)“ zur 

Herstellung von Goldnanopartikeln untersucht und mit Blick auf die 

Reproduzierbarkeit hin optimiert. Hierzu wurde in Kapitel 3.5 ein fundamentaler 

Nanopartikel Bildungsprozzess postuliert – siehe Abbildung 5.5. 

 

Abbildung 5.5: Postulierter Bildungsmechanismus von Au@p-CND in H2O. 

80  C, 16 Stunden

Reduktion

Agglomeration
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Die Optimierung des Prozesses wurde durch eine Vielzahl an Experimenten, mit 

veränderten Prozessparametern, erreicht. Hierzu wurden grundlegende 

Untersuchungen der elektronischen Kommunikation zwischen den p-CNDs und den 

Goldnanopartikeln durchgeführt. Aufgrund des SERS-Effekts konnten RAMAN Signale 

der p-CNDs nachgewiesen werden. Spektroskopische Untersuchungen zeigten 

größenabhängige Wechselwirkungen der angeregten Zustände. Diese 

Wechselwirkungen wurden durch die Fluoreszensauslöschung und den negativen 

Ladungstransfer von p-CNDs in kurzlebige angeregte Zustände des Goldkerns 

bewiesen. Zellstudien zeigten das ermutigende Potential von GNP@p-CNDs für bio-

medizinische Anwendungen, ermöglicht durch ihre gute Zellpermeabilität und 

biologische Verträglichkeit. Dabei wurde ebenfalls belegt, dass GNP@p-CNDs 

Komplexe, größer als 50 nm, eine höhere Toxizität gegenüber Krebszellen aufweisen 

als kleinere und deshalb eine potentielle Anwendung in der Krebstherapie finden 

könnten. 

Zusammenfassend kann man sagen, dass diese Doktorarbeit eine Art Lego-

Baukasten-Prinzip zur Herstellung von neuartigen Nanomaterialien, mittels 

supramolekularer Funktionalisierung von Goldnanopartikeln, ermöglicht hat. 
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6. Experimental part 

6.1 Materials and Chemicals 

All reagents were purchased from SIGMA-ALDRICH
®, FLUKA

®, and ACROS ORGANICS
® 

and used without further purification. Solvents were dried under standard 

techniques.[298] HPLC–grade solvents were purchased from VWR
® and CARL ROTH

® 

and used as obtained. 

Silica gel for column chromatography: 

Kieselgel 60 M, deactivated (0.04 – 0.063 mm / 230-400 mesh ASTM) MACHERY–

NAGEL
®, Düren, Germany. 

Thin layer chromatography (TLC): 

Silica gel 60 F254 TLC–aluminium foils, MERCK
®, Darmstadt, Germany. Visualization 

was performed by using a UV lamp (λ = 254 or 366 nm) or by developing (1% 

potassium permanganate in an aqueous solution acidified with sulfuric acid; 

elemental bromine or iodine). 

Technical Equipment 

The following methods and equipment were used for wet-chemical functionalization 

of nanomaterials, the purification of synthesized compounds and for the 

characterization of the obtained materials. 

NMR spectroscopy: 

JEOL EX 400, JEOL GX 400, JEOL Alpha 500, BRUKER Avance 300, BRUKER Avance 

400. All NMR solvents were purchased from DEUTERO
®

 and EURISO–TOP
®. The 

chemical shifts were reported in parts per million (ppm) and referenced to the 

residual solvent. Spectral splitting patterns were designated as s (singlet), d 

(doublet), t (triplet) and m (multiplet) or as combinations thereof. Signals referred to 

as br (broad) are not clearly resolved or significantly broadened. The raw data was 

processed using ACD Labs 12.0. 
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Mass spectrometry (MS): 

MALDI-TOF MS-Spectrometer: (SHIMADZU BIOTECH
®) AXIMA Confidence. 2-[(2E)–3-

(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile (dctb), 3,5-dimethoxy-4-

hydroxy-cinnamic acid (sin) and 2,5-dihydroxybenzoicacid (dhb) were used as matrix 

or without matrix (no matrix). 

HRDF MS-Spectrometer with GC-Coupling: (THERMO SCIENCE
®) Finnigan MAT 95 

XP. 

TOF MS-Spectrometer: (BRUKER DALTONIK
®) micrOTOF II focus.  

UHR TOF MS/MS-Spectrometer: (BRUKER DALTONIK
®) maXis 4G.  

Infrared spectroscopy (IR): 

IR spectra were conducted on a BRUKER FT-IR-Vector 22 with an ATR RFS 100/S 

detector on a BRUKER FT-IR Tensor 27 (Pike MIRacle ATR) on a diamond crystal and 

on a VARIAN
®

 660-IR (ATR) using the substance in dissolved or in the solid state. 

Absorption is given in wavenumbers ṽ [cm-1]. IR data were analyzed with the data 

analysis and graphing software Origin Pro 9.1. 

UV/Vis spectroscopy: 

UV/Vis spectroscopy was performed on a Specord S 600 spectrometer (ANALYTIK 

JENA
®

 AG) and on a VARIAN CARY 5000 UV/Vis-NIR spectrometer. Absorption 

maxima (λmax) were displayed in nanometers [nm]. UV/Vis were analyzed by data 

analysis and graphing software Origin Pro 9.1. 

Fluorescence spectroscopy: 

Fluorescence spectra were recorded on either RF–5301 PC spectrofluorophotometer 

(SHIMADZU
®, Japan), PERKIN–ELMER

®
 LS55 Fluorescence Spectrophotometer using 

quartz cuvettes (HELLMA
®, Germany) or FLUOROMAX

® 3 spectrofluorometer from 

HORIBA. 

Transient absorption spectroscopy: 

Transient absorption spectroscopy was performed with either λ = 387, 505, or 550 

nm laser pump pulses (1 kHz, 150 fs pulse width) from an amplified Ti:sapphire laser 

system CPA 2110 from CLARK-MXR Inc. 
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RAMAN spectroscopy: 

RAMAN spectra were recorded on a HORIBA SCIENTIFIC
® (Kyoto, Japan) Labram 

Aramis confocal RAMAN microscope equipped with an automated XYZ-table using 

0.80 NM objectives and laser excitations of λ = 532, 633 and 785 nm. 

Elemental analysis: 

Elemental analysis was carried out by combustion and gas chromatographic analysis 

with an EA 1110 CHNS analyzer (CE Instruments). Although all samples were 

completely dried in vacuum, water and solvent molecules (which are able to interact 

with hydrogen bonds in a non-covalent way) could frequently be observed. 

Atomic force microscope (AFM): 

AFM measurement was conducted with a Q–scope series AFM from AMBIOS
® and a 

Veeco NanoMan VS AFM from BRUKER. 

Ultrasonication (U.sc.):  

A BRANSON® 2510, 100 W, 42 kHz was used for ultrasonication.  

Scanning electron microscopy (SEM): 

Scanning electron microscopy was conducted on an AURIGA
® with a GEMINI ®column 

from ZEISS
®. 

Transmission electron microscopy (TEM): 

TEM analysis was performed with a TEM 912 OMEGA
® and a TEM 906 from ZEISS. 

Dynamic light scattering (DLS): 

For DLS measurements and determination of the zeta potentials, a Zetasizer Nano 

series ZEN 3600 from MALVERN INSTRUMENTS
® was used. All measurements were 

conducted at 25 °C. 

Second-Harmonic light scattering (SHS): 

The setup for in situ SHS measurements was based on a femtosecond Ti:sapphire 

oscillator (MAITAI HP, Spectra Physics) delivering pulses at a wavelength of λ = 810 

nm with a duration of 80 fs and a repetition rate of 80 MHz. The average power of the 
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laser was adjusted to 0.45 W and filtered with RG630 (SCHOTT
®, Germany) to remove 

any second-harmonic light that was generated by the measurement cell. 

Subsequently, the laser beam was focused with a lens (f = +25 mm) into a quadratic 

10 mm quartz cuvette that contained the sample solution. The scattered SH light was 

collected at an angle of 90° and passed through a bandpass filter (λ = 405/10 nm 

BRIGHTLINE
®, SEMROCK

®). The SHS signal was then collimated and guided to a 

photomultiplier tube (R7205-1, HAMAMATSU
®) and recorded with a photon counting 

unit (C9744, HAMAMATSU). The fundamental wave was s-polarized while the 

polarization of the second-harmonic wave was not chosen (all-out). Wavelength-

resolved spectra were recorded using a similar setup for SHS excitation, but in this 

case, the SHS light was generated with a MAITAI SP (SPECTRA PHYSICS) and 

collected with fiber-based optics and guided to an imaging spectrograph (SHAMROCK 

303I, ANDOR
®) where it was spectrally dispersed and subsequently detected with a 

CCD camera (NEWTON, ANDOR). 

Thermogravimetric analysis (TGA): 

TGA and TGA-MS experiments were carried out on a TGA/SDTA 851e from METTLER 

TOLEDO
®, a TG-209 F1 Libra from NETZSCH

®, and a Skimmer STA 409 CD from 

NETZSCH with nitrogen and oxygen as protective and carrier gas. 

Centrifugation : 

HERAEUS MULTIFUGE X1R from THERMO SCIENTIFIC
®. 

Automated flash chromatography: 

Flash chromatography INTERCHIM
®

 puriFlash 430. PuriFlash Column 15 silica HP–

silica 15 μ (80.0 g). 

Melting point (M.P.): 

Melting points were measured using a THERMOFISHER SCIENTIFIC
®

 Digital Apparatus 

IA9000 Series. 

Freeze dryer (Lyo): 

Alpha 2-4 LSCplus from CHRIST
® was used to freeze dry water or methanol miscible 

organic and inorganic compounds.  
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6.2 General Procedures 

The compound names are given in this section comply with IUPAC nomenclature 

rules as far as possible. Names proposed by ChemDrawUltra 16.0 

(CAMBRIDGESOFT
®) were incorporated. Where the use of IUPAC names would be 

impractical, logical abbreviations were used. 

The following compounds synthesized according to literature procedures listed below 

together with the corresponding references: 

 

 5-Nitroisophthaloyl chloride 5[176] 

 8-Bromo-octanoic acid tert-butyl ester[299] 

 8-(tert-Butoxy)-8-oxooctyl cyanurate[268] 

 8-Ethoxy-8-oxooctyl cyanurate 47[268] 

 n-Hexyl cyanurate 49[267] 

 N-(6-Bromohexyl)phthalimide[213] 

 1-(6-Phthalimidohexyl)-[1,3,5]-triazin-[2,4,6]-trione[214] 

 N-(1-Pentylhexyl)-perylene-3,4,9-tricarboxylic-9-acid-3,4-tetracarboxdiimide 33[212] 

 1-(6-Aminohexyl)-[1,3,5]-triazine-[2,4,6]-trione 34[214] 

 (6-([2,4,6]-Trioxo-[1,3,5]-triazinan-1-yl)hexyl)-phosphonic acid 50[219] 

 Porphyrin cyanurate 51[300] 

 

In the following section, the experimental procedures for all remaining compounds 

were described as carried out. If syntheses of intermediate products - which were 

already documented in literature - vary from initial proceedings (e.g. reaction 

conditions, purification, characterization) or were optimized, the original references 

were additionally given in brackets. 
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6.3 Synthetic Procedures and Analytical Data 

N-(6-Aminopyridin-2-yl)-3,3-dimethylbutyramide 3[176] 

Under protective atmosphere 2,6-diaminopyridine (16.60 g, 

0.15 mol, 1.0 eq.) was dissolved in THFHPLC (50 mL) and 

triethylamine (20.80 mL, 0.15 mol, 1.0 eq.) was added. The 

mixture was cooled to 0°C and a solution of 3,3-dimethylbutyryl 

chloride (20.19 g, 0.15 mol, 1.0 eq.) in THFHPLC (25 mL) was added dropwise within 2 

hours. After stirring at room temperature for 3 days the resulting precipitate was 

filtered off. The solvent was removed under vacuum and the raw product was purified 

by column chromatography (silica gel, DCM/EtOAc 4:1). The Compound was 

obtained as a yellowish solid. Yield: 20.41 g (65 %). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 9.63 (s, br, 1 H, NH), 7.29 (dd, 3J = 

7.84 Hz, 1 H, PhH), 7.22 (d, br, 3J = 7.72 Hz, 1 H, PhH), 6.14 (d, br, 3J = 7.84 Hz, 1 

H, PhH), 5.66 (s, br, 2 H, NH2), 2.18 (s, br, 2 H, CH2), 0.95 (s, 9 H, CH3). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 170.65 (1 C, C=O), 158.50 (1 C, 

PhC), 150.48 (1 C, PhC), 138.92 (1 C, PhC), 103.39 (1 C, PhC), 101.10 (1 C, PhC), 

49.25 (1 C, CH2), 30.93 (1 C, C-(CH3)3), 29.66 (3 C, CH3). 

IR (ATR, RT): ṽ [cm-1] = 3439, 3365, 3244, 2951, 1652, 1609, 1583, 1537, 1452, 

1364, 1346, 1325, 1325, 1299, 1286, 1234, 1136, 787, 713, 636, 571, 426, 409. 

MS (MALDI, dhb): m/z = 208 [M+H]+. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl]-5-nitro-isophthalamide 6[176] 

Monosubstituted diaminopyridine 3 (4.00 g, 19.30 

mmol, 2.0 eq.) and triethylamine (TEA) (2.70 mL, 

19.30 mmol, 2.0 eq.) were dissolved in THFHPLC (40 

mL) and cooled to 0°C. A solution of 5-

nitroisophthaloyl dichloride 5 (2.70 g, 9.60 mmol, 1.0 

eq.) in THFHPLC (40 mL) was added dropwise. After 

finished supplementation, the mixture was stirred at 

room temperature for 12 hours, the residue was 

filtered off, and the solvent concentrated to small 



EXPERIMENTAL PART 

139 

volume. Purification by column chromatography (silica gel, DCM/EtOAc 2:1) gave the 

product as a yellowish solid. Yield: 3.56 g (63 %), Rf = 0.60 (DCM/EtOAc 2:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.92 (s, br, 2 H, NH), 10.02 (s, br, 2 

H, NH), 8.91 (d, 4J = 1.44 Hz , 2 H, PhH), 8.89 (t, 4J = 1.44 Hz, 1 H, PhH), 7.87 (dd, 

3J = 7.76 Hz, 4J = 1.46 Hz, 1 H, PhH), 7.83 (dd, 3J = 7.75 Hz, 3J = 7.68 Hz, 1 H, 

PhH), 7.78 (dd, 3J = 7.63 Hz, 4J = 1.48 Hz, 1 H, PhH), 2.30 (s, br, 4 H, CH2), 1.01 (s, 

18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 170.99 (2 C, C=O), 163.50 (2 C, 

C=O), 150.62 (2 C, pyrC), 149.84 (2 C, pyrC),147.65 (2 C, PhC), 140.14 (2 C, pyrC), 

135.79 (2 C, PhC), 125.77 (2 C, PhC), 110.71 (2 C, pyrC), 110.35 (2 C, pyrC), 49.06 

(2 C, CH2), 30.93 (2 C, C-(CH3)3), 29.59 (6 C, CH3). 

IR (ATR, RT): ṽ [cm-1] = 2953, 1670, 1583, 1510, 1443, 1296, 1238, 1154, 799, 721, 

666, 604, 585, 558. 

MS (MALDI, sin): m/z = 612 [M+Na]+. 

 

5-Amino-N,N`-Bis[6-(3,3- dimethylbutyrylamino)pyridin-2-yl]-isophthalamide 7[176] 

In a round bottom flask PtO2 monohydrate (150 mg, 

10 % by weight) was added to a suspension of NO2-

HAMILTON receptor 6 (1.5 g, 2.54 mmol) in EtOHHPLC 

(150 mL). After hydrogenation at room temperature 

with stirring for 2 hours, the catalyst was filtered off 

and the solvent was removed under reduced 

pressure. Recrystallization from EtOH gave a 

yellowish powder. Yield: 1.27 g (89 %), Rf = 0.25 

(DCM/EtOAc 2:1). 

1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 10.14 (s, br, 2 H, NH), 9.97 (s, br, 2 H, 

NH), 7.81 (m, 6 H, PhH), 7.67 (m, br, 1 H, PhH), 7.31 (m, br, 2 H, PhH), 5.65, (s, br, 2 

H, NH2), 2.29 (s, br, 4 H, CH2), 1.01 (s, 18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 170.92 (2 C, C=O), 165.77 (2 C, 

C=O), 150.52 (2 C, pyrC), 150.20 (2 C, pyrC), 149.35 (1 C, PhC), 140.03 (2 C, pyrC), 
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134.88 (2 C, PhC), 116.31 (2 C, PhC), 114.35 (1 C, PhC), 110.33 (2 C, pyrC), 109.81 

(2 C, pyrC), 49.12 (2 C, CH2), 30.92 (2 C, C-(CH3)3), 29.61 (6 C, CH3). 

IR (ATR, RT): ṽ [cm-1] = 3407, 3312, 3129, 2958, 2869, 1783, 1758, 1734, 1695, 

1671, 1603, 1583, 1504, 1388, 1363, 1334, 1298, 1236, 1151, 1130, 1077, 1020, 

989, 893, 867, 797, 768, 733, 699, 666. 

MS (MALDI, dhb): m/z = 560 [M]+. 

 

3-(Tritylmercapto) propanoic acid 10 [301] 

To a solution of triphenyl methyl chloride (41.82 g, 0.15 mol, 

1.5 eq.) in DMFHPLC (100 mL) mercaptopropanoic acid (8.71 

mL, 0.1 mol, 1.0 eq.) was added under N2 atmosphere and 

was stirred for 2 days. After the addition of NaOH (10%, 500 

mL) the product and triphenylcarbinol were separated as a 

white precipitate. These were refluxed in acetone (400 mL) for 30 min. to receive the 

product through recrystallization as a white powder. Yield: 22,99 g (66%), Rf = 0.71. 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 12.25 (s, br, 1 H, COOH), 7.31 (m, 15 

H, PhH), 2.27 (dd, 3J = 7.11 Hz, 3J = 6.66 Hz, 2 H, CH2), 2.15 (dd, 3J = 7.05 Hz, 3J = 

6.36 Hz, 2 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 172.70 (1 C, COOH), 144.35 (3 C, 

PhC), 129.07 (6 C, PhC), 128.03 (6 C, PhC), 126.72 (3 C, PhC), 66.15 (1 C, C-Ph3), 

32.89 (1 C, CH2), 26.67 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3033, 2911, 1700, 1591, 1486, 1429, 1408, 1342, 1305, 

1250, 1182, 1140, 1083, 1031, 1001, 956, 833, 771, 743, 699, 677, 629, 617, 585, 

507, 476, 446, 428, 416. 

MS (ESI): m/z = 371 [M+Na]+. 

HRMS (ESI+): m/z calculated for C22H20NaO2S [M+Na]+ 371.10762; found 

371.10715. 
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11-(Tritylmercapto) undecanoic acid 12 

A solution of triphenyl methyl chloride (4.18 g, 15 

mmol) and 11-mercapto-undecanoic acid (2.18 g, 

10 mmol) in DMF (10 mL) was stirred for 2 days. 

After the addition of aqueous sodium acetate 

(15%, 200 mL) solution the product precipitated 

as a white powder. Recrystallization from acetone gave the desired product as a 

white powder. Yield: 2.59 g (56%), Rf = 0.72 (EtOAc/DCM 1:9). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.97 (br, 1 H, COOH), 7.27 (m, 15 H, 

PhH), 2.16 (t, 3J = 7.35 Hz, 2 H, CH2), 2.05 (t, 3J = 7.25 Hz, 2 H, CH2), 1.45 (m, 2 H, 

CH2), 1.20 (m, 14 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 174.64 (1 C, COOH), 144.71 (3 C, 

PhC), 129.18 (6 C, PhC), 128.04 (6 C, PhC), 126.71 (3 C, PhC), 66.01 (1 C, C-Ph3), 

33.63 (1 C, CH2), 31.19 (1 C, CH2), 28.73 (1 C, CH2), 28.63 (1 C, CH2), 28.48 (1 C, 

CH2), 28.32 (1 C, CH2), 28.21 (1 C, CH2), 27.92 (1 C, CH2), 24.45 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] =2926, 2852, 1703, 1485, 1440, 1232, 1180, 927, 758, 740, 

698, 673, 626, 617, 520, 503. 

HRMS (ESI): calculated: m/z = 483.23282, measured: m/z = 483.23261 [M+Na]+. 

 

16-(Tritylmercapto) hexadecanoic acid 14 

Triphenyl methyl chloride (363 mg, 1.3 

mmol, 1.5 eq.) and 16-mercaptohexa-

decanoic acid (250 mg, 0.87 mmol, 1 

eq.) were dissolved in DMF (5 mL) 

under N2 atmosphere. The yellow reaction mixture was stirred at room temperature 

for 2 days. The solvent was removed under reduced pressure and the remaining 

solution was dissolved in CHCl3, washed with H2O (50 mL), brine (50 mL), H2O (50 

mL) and dried over MgSO4. Purification by column chromatography (silica gel, 

CH2Cl2/EtOAc 9:2) gave a yellow oil, which solidified after drying under vacuum. 

Yield: 166 mg (35 %). Rf = 0.35 (CH2Cl2/EtOAc 9:2). 
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1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.96 (s, br, 1 H, COOH), 7.32 (m, 15 

H, PhH), 2.17 (t, 3J = 7.30 Hz, 2 H, CH2), 2.06 (t, 3J = 7.30 Hz, 2 H, CH2), 1.47 (m, 2 

H, CH2) 1.22 (m, 24 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 174.68 (1 C, COOH), 144.72 (3 C, 

PhC), 129.20 (6 C, PhC), 128.08 (6 C, PhC), 126.74 (3 C, PhC), 66.02 (1 C, C-Ph3), 

33.66 (1 C, CH2), 31.20 (1 C, CH2), 28.97 (2 C, CH2), 28.91 (2 C, CH2), 28.73 (2 C, 

CH2), 28.68 (2 C, CH2), 28.53 (1 C, CH2), 28.32 (1 C, CH2), 27.92 (1 C, CH2), 24.47 

(1 C, CH2), 23.71 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3269, 3055, 2928, 2853, 1661, 1607, 1584, 1504, 1443, 

1393, 1366, 1335, 1300, 1234, 1198,1184, 1152, 1134, 1080,1036, 1024, 993, 968, 

953, 932, 885, 866, 854, 795, 741, 727, 698, 675, 615, 600, 559, 515. 

MS (MALDI, dhb): m/z = 553.378 [M+Na]+. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(3-(tritylmercapto)-propan-

amido)-isophthalamide 15 

3-(Tritylmercapto) propanoic acid 10 (1.05 g, 

3 mmol, 3.0 eq.), HOBt (405 mg, 3 mmol, 3.0 

eq.), DMAP (366 mg, 3 mmol, 3.0 eq.), NH2-

HAMILTON receptor 7 (560 mg, 1 mmol, 1.0 

eq.) were dissolved under N2 atmosphere in 

THFHPLC (30 mL) and cooled to 0°C. To this 

solution, EDC (575 mg, 3 mmol, 3.0 eq.) was 

added and the mixture was stirred under this 

condition for 1.5 hours, and afterward for further 5 days at room temperature. After 

separation of solid particles, the solvent was removed under vacuum and the 

resulting residue was purified by flash chromatography (silica gel, DCM/EtOAc 90:10) 

to obtain the product as a white solid. Yield: 350 mg (35%), Rf = 0.54 (DCM/EtOAc 

5:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.41 (s, 2 H, NH), 10.35 (s, 1 H, NH), 

10.04 (s, 2 H, NH), 8.30 (s, br, 2 H, PhH), 8.19 (s, 1 H, PhH), 7.80 (m, 6 H, pyrC), 

7.32 (m, 15 H, PhH), 2.44 (m, 2 H, CH2), 2.38 (m, 2 H, CH2), 1.00 (s, 18 H, CH3). 
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13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 170.93 (2 C, C=O), 169.72 (1 C, 

C=O), 165.15 (2 C, C=O), 150.52 (2 C, pyrC), 150.02 (2 C, pyrC), 144.40 (3 C, PhC), 

140.12 (2 C, pyrC), 139.53 (1 C, PhC), 134.81 (2 C, PhC), 129.10 (6 C, PhC), 128.08 

(6 C, PhC), 126.79 (3 C, PhC), 121.71 (2 C, PhC), 121.59 (1 C, PhC), 110.33 (2 C, 

pyrC), 109.99 (2 C, pyrC), 66.20 (1 C, C-Ph3), 49.11 (2 C, CH2), 35.20 (1 C, CH2), 

30.90 (2 C, C-(CH3)3), 29.58 (6 C, CH3), 27.14 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3290, 2953, 1670, 1583, 1509, 1442, 1393, 1364, 1296, 

1237, 1154, 1131, 1082, 1034, 993, 884, 797, 742, 699, 674, 616. 

MS (ESI): m/z = 890 [M]+, 912 [M+Na]+. 

HRMS (ESI+): m/z calculated for C52H56N7O5S [M+H]+ 890.40582; found 890.40657 

and [M+Na]+ C52H56N7NaO5S 912.38776; found 912.38883. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(11-(tritylmercapto)-undecan-

amido)-isophthalamide 16 

11-(Tritylmercapto) undecanoic 

acid 12 (1.00 g, 2.17 mmol, 2.0 

eq.), HOBt (332 mg, 2.17 mmol, 

2.0 eq.), DCC (448 mg, 2.17 

mmol, 2.0 eq.) were dissolved 

in DMF (50 mL) and stirred for 2 

hours. Afterwards, NH2-

HAMILTON receptor 7 (607 mg, 

1.08 mmol, 1.0 eq.) was added 

and the mixture was heated at 

60°C for 3 days. After separation of solid particles, the solvent was removed under 

vacuum and the resulting residue was purified by flash chromatography (silica gel, 

DCM/EtOAc 3:1) to obtain the product as a white solid. Yield: 0.931 g (86%), Rf = 

0.28 (DCM/EtOAc 3:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.35 (s, 2 H, NH), 10.27 (s, 1 H, NH), 

9.99 (s, 2 H, NH), 8.35 (m, 2 H, PhH), 8.20 (m, 1 H, PhH), 7.84 (m, 6 H, PhH, 7.25 

(m, 15 H, PhH), 2.34 (m, 2 H, CH2), 2.29 (s, 4 H, CH2), 2.05 (m, 2 H, CH2), 1.59 (m, 2 
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H, CH2), 1.26 (m, 6 H, CH2), 1.15 (m, 6 H, CH2), 1.06 (m, 6 H, CH2) , 1.01 (s, 18 H, 

CH3). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 171.80 (1 C, C=O), 170.87 (2 C, 

C=O), 165.13 (2 C, C=O), 150.51 (2 C, pyrC), 150.03 (2 C, pyrC), 147,74 (1 C, PhC), 

144.56 (3 C, PhC), 140.05 (2 C, pyrC), 134.70 (2 C, PhC), 129.06 (6 C, PhC), 127.93 

(6 C, PhC), 127.75 (2 C, PhC), 127.49 (1 C, PhC), 126.59 (3 C, PhC), 110.35 (2 C, 

pyrC), 65.97 (1 C, CPh3), 49.06 (2 C, CH2), 31.21 (1 C, CH2), 30.87 (4 C, -CH2/-

C(CH3)3), 29.56 (6 C, CH3), 28.77 (1 C, CH2), 28.70 (1 C, CH2), 28.35 (1 C, CH2), 

28.23 (1 C, CH2), 27.94 (1 C, CH2), 24.99 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] =3269, 3055, 2928, 2853, 1661, 1607, 1584, 1504, 1443, 

1393, 1366, 1335, 1300, 1234, 1198,1184, 1152, 1134, 1080,1036, 1024, 993, 968, 

953, 932, 885, 866, 854, 795, 741, 727, 698, 675, 615, 600, 559, 515. 

MS (MALDI): m/z = 1024 [M+Na]+. 

HRMS (APPI): m/z calculated for C60H71N7O5S [M]+ 1001.5232; found 1001.5234. 

 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(16-(tritylmercapto)-

hexadecanamido)-isophthalamide 17 

16-(tritylthio)hexa-

decanoic acid (80 mg, 

0.15 mmol), HOBt (23 

mg, 0.15 mmol), DCC 

(31 mg, 0.15 mmol) 

were dissolved in DMF 

(8 mL) and stirred for 1 

hours at 0°C. 

Afterwards, amino-

HAMILTON receptor (56 

mg, 0.1 mmol) was added and the mixture was stirred for 14 days. After separation of 

solid particles, the solvent was removed under vacuum and the resulting residue was 

purified by flash chromatography (silica gel, DCM/EtOAc 1:1) to obtain the product as 

a white solid. Yield: 44 mg (41%), Rf = 0.9 (EtOAc/DCM 1:1). 
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1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 10.35 (s, 2 H, NH), 10.27 (s, 1 H, NH), 

9.99 (s, 2 H, NH), 8.35 (d, 4J=1,2 Hz, 2 H, PhH), 8.20 (m, 1 H, PhH), 7.84 (m, 6 H, 

PhH, 7.25 (m, 15 H, PhH), 2.34 (m, 2 H, CH2), 2.29 (s, 4 H, CH2), 2.05 (m, 2 H, CH2), 

1.59 (m, 2 H, CH2), 1.26 (m, 6 H, CH2), 1.15 (m, 6 H, CH2), 1.06 (m, 6 H, CH2) , 1.01 

(s, 18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 171.80 (1 C, C=O), 170.87 (2 C, 

C=O), 165.13 (2 C, C=O), 150.51 (2 C, pyrC), 150.03 (2 C, pyrC), 147,74 (1 C, PhC) 

144.56 (3 C, PhC), 140.05 (2 C, pyrC), 134.70 (2 C, PhC), 129.06 (6 C, PhC), 127.93 

(6 C, PhC), 127.75 (2 C, PhC), 127.49 (1 C, PhC), 126.59 (3 C, PhC), 110.35 (2 C, 

pyrC), 65.97 (1 C, C(Ph)3), 49.06 (2 C, CH2), 31.21 (1 C, CH2), 30.87 (4 C, -CH2/-

C(CH3)3), 29.56 (18 C, CH3), 28.77 (1 C, CH2), 28.70 (1 C, CH2), 28.35 (1 C, CH2), 

28.23 (1 C, CH2), 27.94 (1 C, CH2), 24.99 (1 C, CH2). 

IR (diamond, RT): ṽ [cm-1] = 2922, 2853, 1668, 1584, 1504, 1445, 1298, 1240, 1153, 

1132, 800, 743, 698, 523. 

MS (MALDI-TOF, sin): m/z =1094 [M+Na]+. 

 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(3-mercaptopropanamido)-

isophthalamide 18 

Trifluoro acetic acid (TFA) (2.00 mL) was poured 

onto HAMILTON receptor 15 (52 mg, 0.06 mmol) 

resulting in a yellow solution. To this, triethylsilane 

(TES) (~ 10 drops) was added dropwise until the 

color disappeared and a white precipitate 

appeared. The solvent was evaporated under 

reduced pressure and the white residue was 

purified by column chromatography (silica gel, 

EtOAc). The product was obtained as a white gluey solid. Yield: 37 mg (98%), Rf = 

0.70 (EtOAc). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.46 (s, 1 H, NH), 10.39 (s, 2 H, NH), 

10.01 (s, 2 H, NH), 8.36 (s, 2 H, PhH), 8.20 (s, 1 H, PhH), 7.82 (m, 6 H, PhH), 2.72 

(m, 4 H, CH2), 2.29 (s, 4 H, CH2), 1.00 (s, 18 H, CH3). 
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13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 170.95 (2 C, C=O), 169.99 (1 C, 

C=O), 165.18 (2 C, C=O), 150.56 (2 C, pyrC), 150.08 (2 C, pyrC), 140.08 (2 C, pyrC), 

139.66 (1 C, PhC), 134.81 (2 C, PhC), 121.83 (2 C, PhC), 121.57 (1 C, PhC), 110.38 

(2 C, pyrC), 110.07 (2 C, pyrC), 49.10 (2 C, CH2), 40.31 (1 C, CH2), 30.91 (2 C, C-

(CH3)3), 29.59 (6 C, CH3), 19.63 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3456, 3074, 2986, 2924, 2711, 2259, 2129, 1790, 1718, 

1696, 1622, 1595, 1561, 1466, 1420, 1358, 1323, 1258, 1173, 1089, 1043, 1022, 

999, 900, 825, 763, 692, 640, 614. 

MS (ESI): m/z = 670 [M+Na]+. 

HRMS (ESI+): m/z calculated for C33H41N7O5S [M+Na]+ 670.27821; found 670.27939. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(mercaptoundecanamido)-

isophthalamide 19 

A suspension of protected HAMILTON 

receptor 16 (293 mg, 0.29 mmol) 

dissolved in trifluoroacetic acid (2.00 

mL) was treated dropwise with triethyl 

silane until the yellow color 

disappeared and a white solid 

precipitated. The solvent was 

evaporated under reduced pressure 

and the white residue was washed thrice with diethyl ether. A white solid was 

obtained as the desired product. Yield: 219 mg (99%). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.39 (s, 2 H, NH), 10.30 (s, 1 H, NH), 

10.03 (s, 2 H, NH), 8,36 (m, 2 H, PhH), 8.20 (s, 1 H, PhH), 7.82 (m, 6 H, PhH), 2.67 

(m, 2 H, CH2), 2.44 (m, 2 H, CH2), 2.35 (m, 2 H, CH2), 2.30 (s, 4 H, CH2), 2.21 (t, 3J = 

7.7 Hz, 1 H, SH), 1.61 (t, 3J = 7.1 Hz, 2 H, CH2), 1.51 (m, 2 H, CH2), 1.27 (m, 8 H, 

CH2), 1.02 (s, 18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 171.92 (1 C, C=O), 170.95 (2 C, 

C=O), 165.22 (2 C, C=O), 150.46 (2 C, pyrC), 150.02 (2 C, pyrC), 140.19 (1 C, pyrC), 

139.88 (1 C, pyrC), 134.81 (2 C, PhC), 128.34 (2 C, PhC), 121.78 (2 C, PhC), 110.17 

(2 C, pyrC), 109.90 (2 C, pyrC), 49.21 (2 C, CH2), 36.44 (1 C, CH2), 33.40 (1 C, CH2), 



EXPERIMENTAL PART 

147 

30.88 (2 C, -C(CH3)3), 29.58 (6 C, CH3), 28.95 (1 C, CH2), 28.88 (1 C, CH2), 28.79 (1 

C, CH2), 28.64 (1 C, CH2), 28.50 (1 C, CH2), 27.76 (1 C, CH2), 25.04 (1 C, CH2), 

23.78 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3088, 3020, 2929, 1681, 1666, 1651, 1614, 1573, 1566, 

1444, 1369, 1325, 1280, 1217, 1199, 1176, 1118, 1031, 902, 796, 733, 698. 

MS (MALDI,dhb): m/z = 761 [M+H]+, 783 [M+Na]+. 

HRMS (APPI): m/z calculated for C41H57N7O5S [M]+ 760.4215; found 760.4217. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)]-5-(mercaptohexadecanamido)-

isophthalamide 20 

A suspension of 10 mg (0.01 

mmol) protected HAMILTON 

receptor 17 was dissolved in 

TFA (2.00 mL) and treated 

with TES until the yellow color 

disappeared and a white solid 

precipitated was formed. The 

solvent was removed under 

reduced pressure and the 

white residue was washed thrice with diethyl ether. A white solid was obtained as the 

desired product. Yield: 7.7 mg (99%). 

1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 10.36 (s, 2 H, NH), 10.28 (s, 1 H, NH), 

10.01 (s, 2 H, NH), 8.37 (d, 4J=1,3 Hz, 2 H, PhH), 8.21 (m, 1 H, PhH), 7.83 (m, 6 H, 

PhH, 2.66 (m, 1 H, SH), 2.35 (m, 2 H, CH2), 2.31 (s, 4 H, CH2), 1.60 (m, 4 H, CH2), 

1.29 (m, 8 H, CH2), 1.22 (m, 16 H, CH2) , 1.02 (s, 18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 172.28 (1 C, C=O), 171.38 (2 C, 

C=O), 165.61 (2 C, C=O), 150.95 (2 C, pyrC), 150.48 (2 C, pyrC), 140.59 (2 C, pyrC), 

135.16 (2 C, PhC), 122.18 (4 C, PhC), 110.79 (2 C, pyrC), 110.47 (2 C, pyrC), 49.56 

(2 C, CH2), 38.41 (1 C, CH2), 36.87 (1 C, CH2), 31.36 (2 C, -C(CH3)3), 30.05 (3 C, 

CH3), 29.49 (4 C, CH2), 29.41 (4 C, CH2), 29.25 (2 C, CH2), 29.07 (1 C, CH2), 29.00 

(1 C, CH2), 28.95 (1 C, CH2), 28.13 (1 C, CH2), 25.96 (1 C, CH2), 25.47(1 C, CH2). 
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IR (diamond, RT): ṽ [cm-1] = 3291, 2924, 2855, 1670, 1585, 1535, 1504, 1443, 1393, 

1331, 1296, 1238, 1200, 1153, 1130, 799, 733, 536, 459. 

MS (MALDI-TOF, sin): m/z =852 [M+Na]+. 

1-(6-Hydroxyhexyl)-[1,3,5]-triazine-[2,4,6]-trione 23[302] 

In a round bottom flask cyanuric acid (3.87 g, 30 mmol, 

2.0 eq.), 6-bromo-1-hexanol (2.71 g, 15 mmol, 1.0 eq.) 

and DBU (2.24 mL, 15 mmol, 1.0 eq.) was dissolved in 

DMFHPLC (200 mL) under a protective atmosphere. The 

solution was heated up to 60°C for 1 day. Once cooling to room temperature, cold 

water (300 mL) was added. The product was extracted with EtOAc (3 x 200 mL), 

dried over MgSO4, concentrated under reduced pressure and yielded as a white 

powder after purification via column chromatography (silica gel, EtOAc/cyclohexane 

10:1). Yield: 1.44 g (42%). 

1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 11.38 (s, 2 H, NH), 3.55 (t, 3J = 7.17 

Hz, 2 H, CH2OH), 3.31 (t, 3J = 6.48 Hz, 2 H, CH2N), 1.41 (m, 2 H, CH2), 1.33 (m, 2 H, 

CH2), 1.18 (m, 4 H, CH2). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 150.49 (2 C, C=O), 149.63 (1 C, 

C=O), 60.64 (1 C, CH2OH), 40.32 (1 C, CH2N), 32.44 (1 C, CH2), 27.52 (1 C, CH2), 

26.11 (1 C, CH2), 25.26 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3391, 3202, 3084, 2938, 2861, 1765, 1745, 1724, 1681, 

1601, 1460, 1417, 1406, 1361, 1112, 1059, 1029, 1010, 912, 823, 790, 759, 741, 

684, 637, 614. 

MS (ESI): m/z = 252 [M+Na]+. 

HRMS (ESI ): m/z calculated for C9H15N3NaO5 [M+Na]+ 252.09548; found 252.09730. 

1-(6-Bromohexyl)-[1,3,5]-triazine-[2,4,6]-trione 24 

Once compound 23 (3.00 g, 13.1 mmol, 2.0 eq.) was 

suspended in THFHPLC (60 mL) under N2 atmosphere, 

CBr4 (6.51 g, 19.6 mmol, 3.0 eq.) and triphenylphosphine 

(PPh3) (5.15 g, 19.6 mmol, 3.0 eq.) were added. Stirred 

for 1 day at room temperature, the product was formed and purified by column 
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chromatography (DCM/EtOAc 1:1) to be received as a white powder. Yield: 3.47 g 

(91%), Rf = 0.58 (DCM/EtOAc 1:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.36 (s, 2 H, NH), 3.61 (t, 3J = 7.32 

Hz, 2 H, CH2), 3.31 (t, 3J = 6.74 Hz, 2 H, CH2), 1.77 (m, 2 H, CH2), 1.49 (m, 2 H, 

CH2), 1.37 (m , 2 H, CH2), 1.25 (m, 2 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 149.83 (2 C, C=O), 148.62 (1 C, 

C=O), 40.27 (1 C, CH2N), 35.03 (1 C, CH2Br), 32.13 (1 C, CH2), 27.22 (1C, CH2), 

27.16 (1C, CH2), 25.23 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3190, 3074, 2936, 2857, 1763, 1714, 1681, 1461, 1408, 

1372, 1294, 1243, 1198, 1054, 782, 758, 726, 688, 675, 644. 

MS (EI): m/z = 292 [M]+. 

 

1-(6-Mercaptohexyl)-[1,3,5]-triazine-[2,4,6]-trione 25 

In a round bottom flask 1-(6-Bromohexyl)-[1,3,5]-triazine-

[2,4,6]-trione 24 (224 mg, 0.77 mmol, 0.9 eq.) and 

thiourea (65 mg, 0.85 mmol, 1 eq.) were dissolved in 

EtOH (40 mL), degassed thrice and refluxed under N2 

atmosphere for 20 hours. Once the reaction mixture was allowed to cool down to 

room temperature, NaOH (2 mL, 5 M) was added. The solution was again degassed 

thrice and refluxed under N2 atmosphere for 20 hours. Subsequent the mixture was 

cooled to room temperature and acidified with HCl (4 mL, 2M). The formed 

precipitate was filtered off and washed with H2O to yield the product as a white 

powder. Yield: 53 mg, (28 %), Rf = 0.33 (DCM/EtOAc 1:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.35 (s, 2 H, NH), 3.60 (t, 3J = 7.32 

Hz, 2 H, CH2), 2.44 (t, 3J = 7.26 Hz, 2 H, CH2), 1.50 (m, 4 H, CH2), 1.33 (m, 2 H, 

CH2), 1.24 (m, 2 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 149.82 (2 C, C=O), 148.61 (1 C, 

C=O), 40.31 (1 C, CH2N), 30.97 (1 C, CH2SH), 28.95 (1 C, CH2), 27.85 (1 C, CH2), 

27.18 (1 C, CH2), 25.68 (1 C, CH2). 
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IR (ATR, RT): ṽ [cm-1] = 3201, 3087, 2927, 2853, 1765, 1747, 1682, 1460, 1416, 

1406, 1374, 1049, 788, 759, 741, 684. 

MS (ESI): m/z = 212 [M-SH]+, 245 [M]+. 

1-(12-Bromododecyl)-[1,3,5]-triazine-[2,4,6]-trione 27 

In a round bottom flask cyanuric acid (2.58 g, 20 

mmol, 4.0 eq.), 1,12-Dibromododecane (1.60 g, 

5.0 mmol, 1.0 eq.) and DBU (0.75 mL, 5 mmol, 

1.0 eq.) were dissolved in DMFHPLC (50mL) 

under a protective atmosphere. This solution was heated up to 80°C for 1 day. Once 

cooling to room temperature, cold water (250 mL) was added. The product was 

extracted with EtOAc (3 x 100 mL), dried over MgSO4, concentrated under reduced 

pressure and yielded as a white powder after purification via column chromatography 

(silica gel, EtOAc/cyclohexane 3:1). Yield: 1.62 g (86%), Rf = 0.70 (DCM/EtOAc 2:1). 

1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 11.38 (s, 2 H, NH), 3.59 (t, 3J=7,3 Hz, 

2 H, CH2N), 3.51 (t, 3J=6,7 Hz, 2 H, CH2Br), 1.77 (m, 2 H, CH2), 1.47 (m, 2 H, CH2), 

1.33 (m, 2 H, CH2), 1.23 (m, 2 H, CH2). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 149.80 (2 C, C=O), 148.60 (1 C, 

C=O), 40.35 (1 C, CH2N), 35.20 (1 C, CH2Br), 32.22 (1 C, CH2), 28.88 (2 C, CH2), 

28.84 (2 C, CH2), 28.65 (1 C, CH2), 28.06 (1 C, CH2), 27.48 (1 C, CH2), 27.25 (1 C, 

CH2), 26.08 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3209, 2916, 2846, 1751, 1674, 1604, 1585, 1496, 1442, 

1415, 1373, 1327, 1296, 1238, 1219, 1153, 1130, 844, 790, 756, 717, 682, 648, 547. 

MS (MALDI-TOF, sin): m/z =297 [M-Br]+, 377 [M]+. 

1-(12-Mercaptododecyl)-[1,3,5]-triazine-[2,4,6]-trione 28 

In a round bottom flask 1-(12-Bromododecyl)-

[1,3,5]-triazine-[2,4,6]-trione 27 (100 mg, 0.26 

mmol, 1 eq.) and thiourea (24 mg, 0.31 mmol, 

1.2 eq.) were dissolved in EtOH (20 mL), 

degassed thrice and refluxed under N2 atmosphere for 20 hours. Once the reaction 

mixture was allowed to cool down to room temperature, NaOH (1 mL, 5 M) was 
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added. The solution was again degassed thrice and refluxed under N2 atmosphere 

for 20 hours. Subsequent the mixture was cooled to room temperature and acidified 

with HCl (4 mL, 2M). The formed precipitate was filtered off and washed with water to 

yield the product as a white powder. Yield: 58 mg (67%), Rf = 0.8 (EtOAc). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.36 (s, 2 H, NH), 3.65 (t, 3J=7.2 Hz, 

1 H, SH), 3.59 (t, 3J=7.3 Hz, 2 H, CH2N), 2.44 (t, 3J=7.3 Hz, 2 H, CH2SH), 1.48 (m, 4 

H, CH2), 1.31 (m, 2 H, CH2), 1.22 (br, 14 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 149.96 (2 C, C=O), 148.76 (1 C, 

C=O), 40.37 (1 C, CH2N), 33.36 (1 C, CH2), 31.06 (1 C, CH2), 29.09 (1 C, CH2), 

28.90 (1 C, CH2), 28.66 (1 C, CH2), 28.55 (1 C, CH2), 28.14 (1 C, CH2), 28.04 (1 C, 

CH2), 27.26 (1 C, CH2), 26.09 (1 C, CH2), 23.91 (1 C, CH2SH). 

IR (ATR, RT): ṽ [cm-1] = 3201, 3086, 2916, 2850, 2796, 1751, 1681, 1462, 1415, 

1373, 1203, 1165, 1141, 1049, 948, 925, 786, 759, 736, 721, 682, 547. 

MS (EI; APPI): m/z = 329 [M]+; 352 [M+Na]+ 

N-(1-Pentylhexyl)perylene-9-([2,4,6]-Trioxo-[1,3,5]-triazinan-1-yl)-hexylcarbamoyl)-

3,4-dicarboxdiimide 35 

N-(1-Pentylhexyl)-perylene-3,4,9-

tricarboxylic-9-acid-3,4-tetra-

carboxdiimide 33 (26 mg, 0.05 

mmol) was dissolved under 

protective atmosphere in DMF (3 

mL) and CHCl3 (3 mL) at 0 °C. 2 

hours after the addition of HOBt (10 mg, 0.075 mmol) and DCC (15 mg, 0.075 mmol), 

cyanurate derivative 34 (17 mg, 0.075 mmol) was added. The reaction mixture was 

stirred for three weeks at rt. After separation of solid particles, the solvent was 

removed under vacuum and the resulting residue was purified by column 

chromatography (silica gel, DCM/EtOAc 1:1) to obtain the product as a white solid. 

Yield: 32 mg (90%), Rf = 0.27 (DCM/EtOAc 1:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.39 (s, 2 H, NH), 8.67 (t, 3J=5.6 Hz, 

1 H, NH), 8.60 (dd, 3J=8.2 Hz, 4J=2.4 Hz, 4 H, PhH), 8.41 (m, 2 H, PhH), 8.20 (d, 

3J=8.6 Hz, 1 H, PhH), 7.68 (m, 2 H, PhH), 5.07 (m, 1 H, (CH2)2-CH-N),3.66 (t, 3J=7.3 
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Hz, 2 H, CH2), 3.35 (m, 2 H, CH2), 2.18 (m, 2 H, CH2), 1.77 (m, 2 H, CH2), 1.58 (m, 2 

H, CH2), 1.38 (m, 2 H, CH2), 1.21 (m, 14 H, CH2 ), 0.78 (m, 6 H, CH3 ). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 167.93 (1 C, C=O), 163.25 (2 C, 

C=O), 150.01 (2 C, C=O), 148.79 (1 C, C=O), 137.47 (1 C, PhC), 130.77 (2 C, PhC), 

129.62 (2 C, PhC), 129.07 (2 C, PhC), 128.59 (2 C, PhC), 127.80 (1 C, PhC), 127.30 

(2 C, PhC), 126.20 (2 C, PhC), 125.75 (2 C, PhC), 124.67 (1 C, PhC), 123.65 (1 C, 

PhC), 21.53 (1 C, PhC), 121.32 (1 C, PhC), 53.12 (1 C, (CH2)2-CH-N), 48.59 (1 C, 

O=CNH-CH2), 40.38 (1 C, CH2N), 31.58 (2 C, CH2), 31.07 (2 C, CH2), 28.95 (1 C, 

CH2), 27.36 (1 C, CH2), 26.19 (1 C, CH2), 25.91 (2 C, CH2), 21.92 (2 C, CH2), 20.73 

(1 C, CH2), 13.83 (2 C, CH3). 

IR (ATR, RT): ṽ [cm-1] = 3213, 3078, 2924, 2854, 1689, 1635, 1589, 1573, 1539, 

1454, 1411, 1350, 1296, 1249, 1211, 1176, 1126, 1103, 1060, 1033, 995, 898, 840, 

810, 752, 725, 682, 663, 621, 597, 513. 

UV/Vis (CHCl3): λmax [nm] = 264, 480, 505. 

Fluorescence emission spectroscopy (CHCl3): λmax [nm] = 533, 572. 

HRMS (APPI): m/z calculated for C43H47N5O6 [M]+ 729.3521; found 729.3526. 

1-(4-Bromobutyl)pyrene 37[218] 

Once 1-Pyrenebutanol (1.00 g, 3.64 mmol, 1.0 eq.), CBr4 (1.61 g, 

4.85 mmol, 1.25 eq.) and K2CO3 (0.80 g, 5.82 mmol, 1.5 eq.) were 

dispersed in CHCl3 (20 mL) under N2 atmosphere the mixture was 

cooled down to 0°C. PPh3 (1.27 g, 4.85 mmol, 1.25 eq.) was 

dissolved in CHCl3 (7.5 mL) and slowly added. The reaction 

mixture was stirred for 1 day at room temperature and purified by column 

chromatography (n-hexane/EtOAc 4:6) to be received as a greenish solid. Yield: 

1.21 g (98%), Rf = 0.35 (n-hexane/EtOAc 4:6). 

1H-NMR (400 MHz, CDCl3, RT): δ [ppm] = 8.28 (d, 2J = 9.3 Hz, 1 H, PhH), 8.18 (m, 2 

H, PhH), 8.13 (d, 2J = 8.5 Hz, 2 H, PhH), 8.04 (d, 4J = 1.1 Hz, 2 H, PhH), 8.04 (d, 2J = 

7.6 Hz, 1 H, PhH), 7.87(d, 2J = 7.7 Hz, 1 H, PhH), 3.48 (m, 2 H, CH2), 3.39 (m, 2 H, 

CH2), 2.04 (m, 4 H, CH2). 
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13C-NMR (100.6 MHz, CDCl3, RT): δ [ppm] = 136.11 (1 C, PhC), 131.49 (1 C, PhC), 

130.93 (1 C, PhC), 129.97 (1 C, PhC), 128.67 (1 C, PhC), 127.54 (1 C, PhC), 127.40 

(1 C, PhC), 127.25 (1 C, PhC), 126.74 (1 C, PhC), 125.89 (1 C, PhC), 125.15 (1 C, 

PhC), 125.05 (1 C, PhC), 124.98 (1 C, PhC), 124.86 (1 C, PhC), 124.80 (1 C, PhC), 

123.28 (1 C, PhC), 33.52 (1 C, CH2), 32.55 (1 C, CH2), 32.53 (1 C, CH2), 30.13 (1 C, 

CH2). 

IR (ATR, RT): ṽ [cm-1] = 3043, 2939, 2866, 1600, 1485, 1462, 1435, 1415, 1334, 

1303, 1242, 1192, 837, 817, 748, 709, 675, 651, 586, 555, 524. 

MS (EI): m/z = 337 [M]+. 

HRMS (APPI): m/z calculated for C20H17Br [M]+ 336.05081; found 336.05077. 

1-(4-([2,4,6]-Trioxo-[1,3,5]-triazinan-1-yl))-butyl) pyrene 38 

In a round bottom flask cyanuric acid (229 mg, 1.78 mmol, 

3.0 eq.) and DBU (0.88 mL, 0.59 mmol, 1.0 eq.) were 

dissolved in DMFHPLC (20 mL) and heated up to 70°C. 

Pyrene 37 (200 mg, 0.59 mmol, 1.0 eq.) was dissolved in 

DMFHPLC (12 mL) and added dropwise to the suspension. 

After 4 h of heating at 70°C, the reaction mixture was cooled down to room 

temperature and poured into cold water (100 mL). The product was extracted with 

EtOAc (3 x 100 mL), dried over MgSO4, concentrated under reduced pressure and 

yielded as a yellowish white powder after purification via column chromatography 

(silica gel, DCM/EtOAc 10:1). Yield: 11 mg (5%), Rf = 0.61 (EtOAc/DCM 1:10). 

1H-NMR (400 MHz, CDCl3, RT): δ [ppm] = 8.21 (d, 3J = 9,1 Hz, 1 H, PhH), 8.13 (m, 2 

H, PhH), 8.06 (m, 2 H, PhH), 7.99 (s, 2 H, PhH), 7.96 (t, 3J=7.5 Hz, 1 H, PhH), 7.82 

(d, 3J=7.8 Hz, 1 H, PhH), 3.88 (t, 3J=7.2 Hz, 2 H, CH2N), 3.34 (t, 3J=7.5 Hz, 2 H, 

CH2Ph), 1.82 (m, 4 H, CH2). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 150.28 (2 C, C=O), 149.11 (1 C, 

C=O), 136.83 (1 C, PhC), 131.00 (1 C, PhC), 130.50 (1 C, PhC), 129.32 (1 C, PhC), 

128.13 (1 C, PhC), 127.61 (1 C, PhC), 127.54 (1 C, PhC), 127.28 (1 C, PhC), 126.56 

(1 C, PhC), 126.20 (1 C, PhC), 124.99 (2 C, PhC), 124.83 (1 C, PhC), 124.30 (1 C, 

PhC), 124.25 (1 C, PhC), 123.57 (1 C, PhC), 41.08 (1 C, CH2), 32.17 (1 C, CH2), 

28.56 (1 C, CH2), 27.28 (1 C, CH2). 
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IR (ATR, RT): ṽ [cm-1] = 3224, 3109, 3039, 2951, 2862, 1724, 1666, 1454, 1427, 

1404, 1373, 1242, 844, 786, 759, 725, 705, 682, 559, 528. 

MS (MALDI, dhb): m/z = 385[M]+, 409 [M+Na]+, 426 [M+K]+.  

UV/Vis (CHCl3): λmax [nm] = 242, 264, 275, 311, 326, 341. 

 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)-5-(4-(pyren-1-yl)-butanamido]-

isophthalamide 40 

4-(Pyren-1-yl) butanoic acid (232 mg, 0.8 mmol, 

1.5 eq.), HOBt (122 mg, 0.80 mmol, 1.5 eq.), 

DCC (165 mg, 0.80 mmol, 1,5 eq.) and NH2-

HAMILTON receptor 7 (300 mg, 0.54 mmol, 1eq.) 

were dissolved in DMF (5 mL). The reaction 

mixture was stirred for 3 days at room 

temperature. After separation from solid 

particles, the solvent was removed under 

reduced pressure and the resulting residue was 

purified by column chromatography (silica gel, DCM/EtOAc 1:1) to obtain the product 

as a white solid. Yield: 165 mg (37%), Rf = 0.88 (DCM/EtOAc 1:1). 

1H-NMR (300 MHz, DMSO-d6, RT): δ [ppm] = 10.37 (s, 2 H, NH), 10.31 (s, 1 H, NH) , 

9.99 (s, 2 H, NH), 8.45 (d, 3J=9.3 Hz, 1 H, PhH) , 8.37 (s, 2 H, PhH), 8.25 (m, 5 H, 

PhH), 8.13 (m, 2 H, PhH), 8.05 (t, 3J=7.6 Hz, 1 H, PhH), 7.99 (d, 3J=7.8 Hz, 1 H, 

PhH), 7.85 (m, 4 H, PhH), 7.80 (m, 2 H, PhH), 3.42 (m, 2 H, CH2), 2.54 (m, 2 H, 

CH2), 2.30 (s, 4 H, CH2), 2.16 (m, 2 H, CH2), 1.02 (s, 18 H, CH3). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 171.78 (1 C, C=O), 171.10 (2 C, 

C=O), 165.37 (2 C, C=O), 150.69 (2 C, pyrC), 150.21 (2 C, pyrC), 140.24 (2 C, pyrC), 

139.95 (1 C, PhC), 138.08 (1 C, PhC), 136.51 (1 C, PhC), 134.87 (2 C, PhC), 131.01 

(1 C, PhC), 130.56 (1 C, PhC), 129.51 (1 C, PhC), 128.34 (1 C, PhC), 127.74 (1 C, 

PhC), 127.59 (1 C, PhC), 127.44 (1 C, PhC), 126.69 (1 C, PhC), 126.28 (1 C, PhC), 

125.11 (2 C, PhC), 124.95 (1 C, PhC), 124.39 (1 C, PhC), 124.27 (1 C, PhC), 123.62 

(1 C, PhC), 121.93 (1 C, PhC), 121.54 (1 C, PhC), 110.49 (2 C, pyrC), 110.13 (2 C, 
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pyrC), 49.11 (2 C, CH2), 35.94 (1 C, CH2), 32.16 (1 C, CH2), 30.90 (2 C,-C(CH3)3), 

29.58 (6 C, CH3), 27.13 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3275, 2951, 2866, 1670, 1604, 1585, 1535, 1504, 1442, 

1392, 1292, 1238, 1203, 1153, 1130, 1080, 1022, 975, 887, 844, 790, 736, 721, 671, 

601, 559, 524. 

MS (MALDI, no matrix): m/z = 831 [M+H]+, 853 [M+Na]+. 

HRMS (ESI+): m/z calculated for C50H51N7NaO5 [M+Na]+ 852.38439; found 

852.38513. 

UV/Vis (CHCl3): λmax [nm] = 243, 267, 278, 303, 312, 328, 345. 

N,N`-Bis[6-(3,3-dimethylbutyrylamino)pyridin-2-yl)-5-(3-propanamido]-isophthalamide 

42 

Propanoic acid (120 mg, 0.8 mmol, 1.6 eq.), HOBt (244 

mg, 0.8 mmol, 1.6 eq.) and DCC (330 mg, 0.8 mmol, 

1.6 eq.) were dissolved under N2 atmosphere in 

DMFHPLC (5 mL). To this solution, NH2-HAMILTON 

receptor 7 (300 mg, 0.54 mmol, 1.0 eq.) was added 

and the mixture was stirred for 3 days at room 

temperature. After separation of solid particles, the 

solvent was removed under reduced pressure and the 

resulting residue was purified by flash chromatography (silica gel, DCM/EtOAc 1:1) to 

obtain the product as a white solid. Yield: 225 mg (67%), Rf = 0.42 (DCM/EtOAc 

1:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.36 (s, 2 H, NH), 10.28 (s, 1 H, NH), 

10.00 (s, 2 H, NH), 8.36 (s, 2 H, PhH), 8.20 (s, 1 H, PhH), 7.82 (m, 6 H, PhH), 2.38 

(dd, 3J=7.6 Hz, 2 H, CH2), 2.30 (s, 4 H, CH2), 1.11 (t, 3J=7.6 Hz, 2 H, CH3), 1.02 (s, 

18 H, CH3). 

13C-NMR (75.5 MHz, DMSO-d6, RT): δ [ppm] = 172.71 (2 C, C=O), 171.09 (1 C, 

C=O), 165.34 (2 C, C=O), 150.68 (2 C, pyrC), 150.19 (2 C, pyrC), 140.23 (2 C, pyrC), 

134.85 (2 C, PhC), 121.80 (2 C, PhC), 110.48 (1 C, pyrC), 110.12 (1 C, pyrC), 49.10 
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(2 C, CH2), 30.89 (1 C, C-(CH3)3), 29.57 (1 C, CH2), 20.75 (6 C, CH3), 9.51 (1 C, 

CH3). 

IR (ATR, RT): ṽ [cm-1] = 3410, 3286, 3209, 3116, 2954, 2870, 1728, 1658, 1608, 

1581, 1562, 1508, 1438, 1388, 1365, 1327, 1296, 1226, 1188, 1153, 1130, 1076, 

1041, 1022, 995, 964, 933, 898, 864, 794, 729, 698, 624, 597, 555. 

MS (MALDI, no matrix): m/z = 638 [M+Na]+, 654 [M+K]+. 

HRMS (ESI+): m/z calculated for C33H41N7O5 [M+H]+ 616.32419; found 616.32476. 

EA: calculated for C33H41N7O5 (615.74): C 64.37; H 6.71 N, 15.92 O, 12.99 found: C 

63.41, H 6.629, N 15.41%. 

3,3-Dimethyl-N-(6-(3-(tritylthio)propanamido)pyridin-2-yl)-butanamide 43 

3-(Tritylmercapto) propanoic acid 10 (2.43 g, 7 

mmol, 2.0 eq.), HOBt (945 mg, 7 mmol, 2.0 eq.), 

EDC (1.34 g, 7 mmol, 2.0 eq.) were dissolved 

under N2 atmosphere in DMFHPLC (110 mL), 

cooled to 0°C and stirred for 3 hours, to allow the 

formation of the active ester. To this solution monosubstituted diaminopyridine 3 (725 

mg, 3.5 mmol, 1.0 eq.) was added, the refrigeration was removed and stirred for 

further 5 days at room temperature. The solvent was removed under vacuum and the 

resulting yellow oil was purified by column chromatography (silica gel, DCM/EtOAc 

10:1) to obtain the product as a white solid. Yield: 871 mg (46%), Rf = 0.19 

(DCM/EtOAc 10:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.07 (s, 1 H, NH), 9.89 (s, 1 H, NH), 

7.74 (m, 3 H, PhH), 7.31 (m, 12 H, PhH), 7.22 (m, 3 H, PhH), 2.50 (m, 2 H, CH2), 

2.33 (m, 2 H, CH2) , 2.28 (s, 2 H, CH2), 0.99 (s, 9 H, CH3). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 170.83 (1 C, C=O), 170.05 (1 C, 

C=O), 150.26 (1 C, pyrC), 150.05 (1 C, pyrC), 144.38 (3 C, PhC), 139.84 (1 C, pyrC), 

129.07 (6 C, PhC), 128.01 (6 C, PhC), 126.70 (3 C, PhC), 109.21 (1 C, pyrC), 109.01 

(1 C, pyrC), 66.08 (1 C, C-Ph3), 49.04 (1 C, CH2), 34.83 (1 C, C-(CH3)3), 30.85 (1 C, 

CH2), 29.53 (3 C, CH3), 27.15 (1 C, CH2). 
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IR (ATR, RT): ṽ [cm-1] = 3247, 3206, 3057, 3032, 2953, 2867, 1696, 1655, 1583, 

1545, 1507, 1443, 1354, 1331, 1294, 1239, 1183, 1140, 1080, 1034, 991, 967, 917, 

888, 844, 797, 767, 742, 698, 676, 615. 

MS (EI): m/z = 538 [M+H]+, 560 [M+Na]+, 576 [M+K]+. 

N-(6-(3-mercaptopropanamido)pyridin-2-yl)-3,3-dimethylbutyrylamino 44 

TFA (2 mL) was given to compound 43 (150 mg, 

0.28 mmol). To this yellow solution, TES (~ 7 drops) 

was added dropwise until the yellow color 

disappeared and a white precipitate was formed. The 

solvent was evaporated under reduced pressure and 

the white residue was purified by column chromatography (silica gel, EtOAc/DCM 

5:3). The product was obtained as a white solid. Yield: 82 mg (97%), Rf = 0.52 

(EtOAc/DCM 5:3). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 10.16 (s, 1 H, NH), 9.94 (s, 1 H, NH), 

7.71 (m, 3 H, PhH), 2.72 (m, 4 H, CH2), 2.35 (m, 1 H, SH), 2.28 (s, 2 H, CH2), 0.99 (s, 

9 H, CH3). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 170.91 (1 C, C=O), 170.32 (1 C, 

C=O), 150.12 (1 C, pyrC), 149.97 (1 C, pyrC), 139.96 (1 C, pyrC), 109.16 (1 C, 

pyrC), 109.03 (1 C, pyrC), 49.02 (1 C, CH2), 30.83 (2 C, C-(CH3)3/CH2), 29.48 (3 C, 

CH3), 19.47 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3448, 3247, 2956, 2866, 1689, 1584, 1523, 1447, 1365, 

1294, 1240, 1199, 1154, 1074, 1043, 1018, 996, 830, 801, 766, 739, 715, 634. 

MS (MALDI-TOF, sin): m/z = 296 [M+H]+, 318 [M+Na]+. 

1-(11-Hydroxyundecyl)-[1,3,5]-triazine-[2,4,6]-trione 52 

In a round bottom flask cyanuric acid (3.87 g, 30 

mmol, 2.0 eq.), 11-bromo-1-undecanol (3.77 g, 

15 mmol, 1.0 eq.) and DBU (2.24 mL, 15 mmol, 

1.0 eq.) were dissolved in DMFHPLC (150mL) 

under a protective atmosphere. This solution was heated up to 60°C for 1 day. Once 

cooling to room temperature, cold water (300 mL) was added. The product was 
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extracted with EtOAc (3 x 200 mL), dried over MgSO4, concentrated under reduced 

pressure and yielded as a white powder after purification via column chromatography 

(silica gel, EtOAc/cyclohexane 3:1). Yield: 3.48 g (77%), Rf = 0.58 

(EtOAc/Cyclohexane 5:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.33 (s, 2 H, NH), 4,30 (s, 1 H, OH), 

3.59 (t, 3J = 7.25 Hz, 2 H, CH2), 3.35 (t, 3J = 6.50 Hz, 2 H, CH2), 1.48 (m, 2 H, CH2), 

1.38 (m, 2 H, CH2), 1.22 (m, 14 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 149.97 (2 C, C=O), 148.80 (1 C, 

C=O), 60.77 (1 C, CH2), 40.38 (1 C, CH2), 32.56 (1 C, CH2), 31.84 (1 C, CH2), 28.99 

(2 C, CH2), 28.90 (1 C, CH2), 28.69 (1 C, CH2), 27.30 (1 C, CH2), 26.13 (1 C, CH2), 

25.52 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3434, 3205, 3092, 2916, 2849, 2498, 1711, 1682, 159, 

1463, 1449, 1414, 1375, 1339, 1186, 1036, 920, 790, 759, 740, 721, 684, 601, 546, 

490. 

MS (EI): m/z = 337 [M+K]+. 

HRMS (ESI+): m/z calculated for C14H25N3NaO4 [M+Na]+ 322.17373; found 

322.17477. 

1-(7-Hydroxyheptyl)-[1,3,5]-triazine-[2,4,6]-trione 53 

In a round bottom flask cyanuric acid (3.87 g, 30 mmol, 

2.0 eq.), 7-bromo-1-heptanol (2.93 g, 15 mmol, 1.0 eq.) 

and DBU (2.24 mL, 15 mmol, 1.0 eq.) were dissolved in 

DMFHPLC (200mL) under a protective atmosphere. This 

solution was heated up to 60°C for 1 day. Once cooling to room temperature, cold 

water (200 mL) was added. The product was extracted with EtOAc (3 x 200 mL), 

dried over MgSO4, concentrated under reduced pressure and yielded as a white 

powder after purification via column chromatography (silica gel, EtOAc/Cyclohexane 

10:1). Yield: 1.28 g (35%), Rf = 0.28 (EtOAc/DCM 10:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.59 (s, 2 H, NH), 4.62 (s, 1 H, OH) 

3.59 (t, 3J = 7.38 Hz, 2 H, CH2), 3.34 (t, 3J = 6.53 Hz, 2 H, CH2), 1.41 (m, 2 H, CH2), 

1.33 (m, 2 H, CH2), 1.18 (m, 6 H, CH2). 
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13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = 149.86 (2 C, C=O), 148.67 (1 C, 

C=O), 60.75 (1 C, HO-CH2), 40.43 (1 C, CH2), 32.48 (1 C, CH2), 28.65 (1 C, CH2), 

27.34 (1 C, CH2), 26.22 (1 C, CH2), 25.45 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3430, 3197, 2930, 2851, 2053, 2029, 1744, 1712, 1680, 

1656, 1478, 1445, 1408, 1372, 1336, 1044, 980, 790, 757, 739, 542, 499, 428, 412. 

MS (ESI): m/z = 266 [M+Na]+. 

HRMS (ESI+): m/z calculated for C10H17N3NaO4 [M+Na]+ 266.11113; found 

266.11289. 

1-(7-Bromoheptyl)-[1,3,5]-triazine-[2,4,6]-trione 54 

Once compound 53 (1.01 g, 4.11 mmol, 2.0 eq.) was 

suspended in THFHPLC (30 mL) under a N2 atmosphere, 

the solution was degassed thrice. Afterwards CBr4 (2.04 

g, 6.16 mmol, 3.0 eq.) and PPh3 (1.62 g, 6.16 mmol, 3.0 

eq.) were added. Stirred for 1 day at room temperature, the product was formed and 

purified by column chromatography (DCM/EtOAc 1:1) to be received as a white 

powder. Yield: 281 mg (22%), Rf = 0.77 (DCM/EtOAc 1:1). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 11.36 (s, 2 H, NH), 3.60 (t, 3J = 7.36 

Hz, 2 H, CH2), 3.49 (t, 3J = 6.72 Hz, 2 H, CH2), 1.77 (m, 2 H, CH2), 1.49 (m, 2 H, 

CH2), 1.29 (m, 6 H, CH2). 

13C-NMR (100.6 MHz, DMSO-d6, RT): δ [ppm] = = 149.82 (2 C, C=O), 148.61 (1 C, 

C=O), 40.31 (1 C, CH2), 35.15 (1 C, CH2), 32.13 (1 C, CH2), 27.74 (1 C, CH2), 27.41 

(1 C, CH2) 27.22 (1 C, CH2), 25.94 (1 C, CH2). 

IR (ATR, RT): ṽ [cm-1] = 3193, 3077, 2931, 2854, 1763, 1714, 1678, 1461, 1406, 

1373, 1262, 1054, 781, 757, 725, 643, 541, 512, 428. 

MS (ESI): m/z = 328 [M+Na]+. 

HRMS (ESI+): m/z calculated for C10H16BrN3NaO3 [M+Na]+ 328.02673; found 

328.02768. 
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N-(1-hexyl-6-[1,3,5]-triazine-[2,4,6]-trione)perylene-3,4-dicarboximide 55 

Perylene-3,4-anhydride (32 mg, 0.1 mmol, 1.0 

eq.), cyanurate 34 (23 mg, 0.1 mmol, 1.0 eq.), 

zinc acetate dihydrate (0.25 g, 1.12 mmol) and 

imidazole (5.00 g, 73 mmol) were given to a 

round bottom flask and heated to 160 °C for 24 

hours. After the reaction mixture was allowed to cool down to rt., water was added 

and the solution was acidified with HCl. The red precipitate was collected by filtration, 

washed with water, and dried under reduced pressure. The crude product was 

purified by recrystallization from THF to yield the red product. Yield: 26 mg (49%). 

1H-NMR (400 MHz, DMSO-d6, RT): δ [ppm] = 8.52 (m, 4 H, PhH), 8.32 (d, 3J=8.1 Hz, 

2 H, PhH), 7.98 (d, 3J=8.1 Hz, 2 H, PhH), 7.64 (t, 3J=7.8 Hz, 2 H, PhH), 3.99 (t, 

3J=7.5Hz, 2 H, CH2N), 3.63 (t, 3J=7.2 Hz, 2 H, CH2N), 1.62 (m, 2 H, CH2), 1.35 (m, 2 

H, CH2), 1.34 (m, 4 H, CH2).  

IR (ATR, RT): ṽ [cm-1] = 3155, 3082, 2935, 2800, 1685, 1643, 1589, 1570, 1454, 

1411, 1365, 1292, 1249, 1176, 1087, 1060, 972, 810, 756, 628. 

MS (MALDI,dctb): m/z = 532 [M]+, 533 [M+H]+. 

HRMS (APPI): m/z calculated for C31H24N4O5 [M+H]+ 533.1819; found 533.1816. 
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