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1. Introduction  

1.1 Nanoparticle-Based Self-Assembly Systems  

Supramolecular chemistry studies the interactions between molecules through recognition and 

assembly on the molecular level. It thus provides a platform for biological and material science 

applications, such as the design of receptors that can be used for the the delivery of drug 

molecules or the mimicking of biomolecules. Binding partners in supramolecular receptors 

communicate through noncovalent forces such as hydrogen bonds, hydrophobic, aromatic, 

electrostatic, or van-der-Waals interactions and metal-ligand bonds. These interactions usually 

motivate supramolecular structures to self-assemble spontaneously due to the interactions of 

the complementary recognition units. Self-assembly is an appealing approach to synthesize 

complex systems because equilibrium is reached via a fast and self-correcting process under 

thermodynamic control.1  

Cooperativity is a key concept in the realization of supramolecular self-assembling systems and 

is achieved by two or more interactions that behave different together than individually. Thus, 

novel collective properties of a system are achieved that are not observed in the individual 

components. Depending on the nature of the cooperativity, whether interactions favor or 

disfavor each other, the terms positive or negative cooperativity are used.  

 

  

    

Figure 1.1 Complexation equilibria of a) molecules with single binding site, b) molecules with 

more than one binding site "Reprinted with permission from; C. A. Hunter and H. L. Anderson, 

Angew. Chem. Int. Ed., 2009, 48, 7488–7499, Copyright 2009, John Wiley and Sons" 

b) 

a) 
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Figure 1.1 depicts the association equilibrium of a receptor and a ligand with single binding sites 

and the corresponding equilibrium of binding partners with multiple binding sites. If the overall 

affinity in the latter case is larger than the sum of the individual interactions in terms of ΔG, the 

two binding sites act with a positive cooperativity. A well-known literature example for positive 

cooperativity is the binding of oxygen to the subunits of hemoglobin. In this case, binding of 

oxygen to one site improves affinity of the other sites.2 This feature is also observed in the 

strengthening of the interactions that involve more than one recognition unit assembled on a 

suitable receptor core and is due to favorable thermodynamics.3-5 Nanoparticles containing 

multiple receptor units comprise attractive platforms to realize cooperative binding of 

individual binding sites to target molecules.6, 7  

Nanomaterials, which are sub-micrometer scale materials, can be readily manipulated in terms 

of structure and properties to achieve an application of interest. An important aspect of 

nanotechnology is functionalizing materials that are initially inert to implant functionalities and 

potentially also biocompatibility. With multivalent attachment sites for small molecules, 

nanomaterials have a great potential in biomedical applications due to the enhanced specific 

binding affinity. Various nanomaterials are available that can be further functionalized, for 

instance, quantum dots, polymeric nanoparticles, metal nanoparticles and nanotubes. 

Functionalization can benefit from the spontaneous self-organization of organic molecules on 

the surface. Examples involve self-assembled monolayers (SAMs) on flat surfaces or on 

nanoparticles. In contrast to extended flat surfaces, nanoparticles comprise vertexes and edges, 

resulting in a curvature of the monolayer. Figure 1.2 shows the different arrangements of 

ligands on flat and curved surfaces as an example, where (a) shows hexadecanethiol molecules 

in their fully extended conformations adsorbed on a flat Au(111) surface 8 and (b) shows a 

cysteine-coated Au144(RH)60 nanocluster 9.  
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Figure 1.2 Molecular models of a) SAM of hexadecanethiol molecules adsorbed on Au(111) 

surface, b) cysteines coated Au144(RH)60 nanocluster. The spheres in Figure 1.2-a represent gold 

(orange), sulphur (red), carbon (grey) and hydrogen (white) atoms, and in Figure 1.2-b large 

spheres represent gold (orange) and sulphur (yellow) atoms and the oxygen (red), carbon 

(cyan), nitrogen (blue) and hydrogen (white) atoms of the ligands are shown as ball-and-stick 

representations. "Reprinted with permission from; a), M. A. Boles, D. Ling, T. Hyeon and D. V. 

Talapin, Nat. Mater., 2016, 15, 141-153, Copyright 2016, Nature Publishing Group, b) S. A. 

Alsharif, L. Y. Chen, A. Tlahuice-Flores, R. L. Whetten and M. J. Yacaman, Phys. Chem. Chem. 

Phys., 2014, 16, 3909-3913, Copyright 2013, Royal Society of Chemisty" 

 

Nanoparticles most commonly contain a surrounding monolayer and thus display the 

properties of both their inorganic core and the organic monolayer surrounding it. The inorganic 

core is not only responsible for the size, shape and physical properties, it also maintains the 

stability and monodispersity. The organic protecting monolayer, on the other hand, ensures 

colloidal and chemical stability. In addition, it allows tailoring the solubility and the interactions 

of the particles with target molecules in various media. Solubility of nanoparticles in aqueous 

media can, for instance, be achieved by an organic monolayer containing hydrophilic 

functionalities, such as polyethylene glycol units or ligands containing ionic groups at their 

termini. These groups also prevent nonspecific adsorption of biomolecules in addition to 

avoiding nanoparticle precipitation or agglomeration.  

a b 
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Noncovalent interactions mediated by the surface bound functional groups are also used to 

achieve affinity of the nanomaterials to specific target molecules, including biomolecules.10 In 

addition, the surface bound functional groups can also serve other purposes. 11, 12, 13 They can, 

for example, catalytically transform a bound substrate or signal its presence by the change of 

an optical property.14, 15 Figure 1.3 shows some applications of functionalized nanoparticles in a 

schematic fashion.16 

   

Figure 1.3 Various applications of nanoparticles provided by their functionalized monolayers,     

"Reprinted with permission from; L. J. Prins, Acc. Chem. Res., 2015, 48, 1920-1928, Copyright 

2015, American Chemical Society" 

 

An attractive feature of using nanoparticles with functionalized surfaces in these applications is 

that their size can be adapted to be in the same size window of proteins, rendering these 

systems also relevant for applications in biological contexts.17, 18, 19 

 

1.2 Gold Nanoparticles 

Gold nanoparticles (AuNPs) have been used for a long time, especially for the staining of glass. 

They found wide spread use in nanotechnology only in the last three decades since methods 

became available of synthesizing stable monolayer protected nanoparticles in a controlled 

manner. The ease of preparation and functionalization contributes to the attractiveness of such 
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systems, in addition to their high stability under various conditions.16 Gold nanoparticles can be 

stabilized by monolayers of ligands that contain thiol, disulfide, phosphine, or amino groups to 

interact with the gold atoms. Organic thiols are particularly attractive because they strongly 

interact with the gold core and their organic residues allow controlling the properties 

(solubility, reactivity etc.) of the nanoparticles. Figure 1.4 shows the X-ray crystal structure of 

the Au102(p-MBA)44 nanoparticles to illustrate the three-dimensional structure of such clusters 

(MPA; mercaptopropionic acid).20  

 

 

Figure 1.4 X-ray crystal structure of the Au102(p-MBA)44 nanoparticle. The red mesh shows the 

electron density map with individual atoms denoted as yellow (gold), cyan (sulfur), gray 

(carbon), and red (oxygen) spheres. "Reprinted with permission from; P. D. Jadzinsky, G. Calero, 

C. J. Ackerson, D. A. Bushnell and R. D. Kornberg, Science, 2007, 318, 430-433, Copyright 2007, 

The American Association for the Advancement of Science"  

 

The interactions between the gold surface and the ligand of the monolayer is mediated through 

the -SH (sulfhydryl) functional group. Formation of a gold-thiolate bond (RS-Au) requires 

abstraction of a hydrogen atom from the sulfhydryl group and formation of a thiol radical (RS·). 
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The resulting gold-sulfur bond has a strength close to that of a gold-gold bond, allowing 

modifications of gold-gold bonding at the gold-sulfur interface. It has been shown that thiols 

form semi-covalent bonds with gold having a bond strength of   45 kcal/mol. In comparison, the 

 -   ond strength is around   83 kcal/mol.21, 22, 23 

A remarkable property of AuNPs is the 'Surface Plasmon Resonance' (SPR), which is an effect 

resulting from collective oscillations of surface electrons at the interface between the metal 

core and the monolayer, in resonance with an external electromagnetic field. The ease of 

tuning the SPR properties of AuNPs by manipulating their size, shape, and structure is attractive 

for applications in which shifts of the SPR bands are followed that are caused by changes in the 

size or structure of functionalized AuNPs. The SPR bands of AuNPs can be observed in the 

visible region of the electromagnetic spectrum.24  

Figure 1.5 shows that the SPR band of dodecanethiol protected AuNPs is affected by their size, 

becoming more intensive and sharper and displaying a slight red shift as the nanoparticle size 

increases. The SPR band vanishes for particles below ca. 2 nm.25 

                                            

Figure 1.5 UV–Vis absorption spectra of dodecanethiol protected AuNPs of different diameters 

in DCM "Reprinted with permission from; G. L. Nealon, B. Donnio, R. Greget, J.-P. Kappler, E. 

Terazzib and J.-L. Gallani, Nanoscale, 2012, 4, 5244-5258, Copyright 2012, Royal Society of 

Chemisty" 
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1.2.1 Ligand Exchange Reactions of Gold Nanoparticles 

The functional groups of the ligands within the monolayers of AuNPs control the nanoparticle 

properties.26 To adapt these properties to an application of interest, for instance the binding to 

a target molecule, it is essential that methods are available to control the presence and ideally 

also the spatial distribution of functional groups on the nanoparticle surface. In this context, the 

exchange of surface bound ligands is an effective tool to create functional surfaces. This process 

is due to adsorption of the incoming ligand and displacement of an existing one on the gold 

surface.27-29 Figure 1.6 illustrates a ligand exchange reaction between thiol-ligands to form 

mixed monolayer protected nanoparticles.30 

  

Figure 1.6 Schematic representation of a ligand exchange reaction yielding mixed-monolayer 

protected AuNPs "Reprinted with permission from; H. K. Bisoyia and S. Kumar, Chem. Soc. Rev., 

2011, 40, 306-319, Copyright 2010, Royal Society of Chemisty" 

 

Ligand exchange reactions are performed by mixing a solution of the precursor nanoparticles 

with the ligands of interest. This technique also allows the preparation of water soluble 

nanoparticles by incorporating hydrophilic ligands into the monolayer. Progression of ligand 

exchange causes the transfer of the particles from the organic phase to the aqueous phase.  

Ligand exchange reactions are easy to perform due to the dynamic nature of the interactions 

between gold nanoparticle surfaces and the ligands.24 They require suitable AuNPs precursors 

that are sufficiently stable due to a protective layer of suitable ligands. These ligands should 

also be readily exchanged with other ligands that potentially form more stable bounds to the 

nanoparticle core.  
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A number of such precursors are available, for instance, citrate protected AuNPs were 

introduced by Turkevich31 and Frens.32 They are prepared by reduction of a gold salt in the 

presence of trisodium citrate. These nanoparticles are commonly synthesized with 10-20 nm 

diameters and have been employed for attaching DNA strands to AuNPs by using the ligand 

exchange strategy.33 

Thiol protected AuNPs can be prepared by using a method developed by Brust and Schiffrin, 

which involves reduction of a gold salt in the presence of alkanethiol ligands in a two phase 

system.34
 It involves the reaction of aqueous chloroauric acid solution with sodium borohydride 

in toluene in the presence of tetraoctylammonium bromide and alkyl thiols. The strong gold-

sulfur bonds ensure the stability of the inorganic nanoparticles, even at very low 

concentrations.16 The reaction conditions are mild enough to tolerate a wide range of 

functional groups on the organic ligands. In order to increase the affinity of the ligand to the 

nanoparticle, multidentate thiols can be used.4 The AuNPs obtained by this method usually 

have a low polydispersity and their diameter can be controlled by the gold salt/reducing agent 

ratio. They typically have diameters between 0.5-7 nm. Post modifications of the surface layers 

is possibly by treating the obtained thiol protected nanoparticles with the excess of other thiols, 

which leads to a ligand exchange.  

This method was also used to synthesize stable water soluble nanoparticles with polyethylene 

glycol units in the monolayer.35, 36 In addition, mixed monolayer protected gold nanoparticles 

are accessible by using a mixture of thiol ligands during the AuNP synthesis. However, this 

strategy requires careful optimization if a defined surface composition of the different thiols 

needs to be achieved. Also, all ligands should be stable during the reduction process.  

HAuCl4

NaBH4

CH3(CH2)nSH Au

S

S

HS-R
Au

S

S
R

n

n

n

(n-C8H17)4N+Br- - CH3(CH2)nSH

 

Figure 1.7 Reaction scheme of the Brust-Schiffrin method to synthesize monolayer protected 

nanoparticles, followed by a ligand exchange reaction 

https://en.wikipedia.org/wiki/Chlorauric_acid
https://en.wikipedia.org/wiki/Sodium_borohydride
https://en.wikipedia.org/wiki/Toluene
https://en.wikipedia.org/wiki/Tetraoctylammonium_bromide
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Figure 1.7 illustrates the Brust-Schiffrin method to synthesize nanoparticles, followed by a 

ligand exchange reaction, resulting in mixed monolayer protected AuNPs.  

Finally, a very practical strategy for the synthesis of mixed monolayer protected AuNPs with 

stable thiols as ligands, including water soluble AuNPs, is to prepare dioctylamine passivated 

clusters initially, and exchange the weakly bound amine ligands with functionalized alkyl thiols 

in the next step (Figure 1.8).37 The advantage of this process is that incorporation of the thiols 

leads to a more stable system, therefore, no large excess of the incoming thiols is required for 

the ligand exchange. Another advantage of this method is that it allows a better control over 

the ratio of different ligands in mixed monolayer than when using thiol protected AuNPs as 

precursors. Equilibrating amine protected AuNPs with a mixture of thiols typically leads to 

mixed monolayer protected nanoparticles with a ratio of the different surface bound ligands 

that closely reflects the ratio of the different thiols in the mixture used for the ligand exchange 

reaction. In contrast, when starting from thiol protected nanoparticles and using a mixture of 

thiols for ligand exchange, the ratio of surface bound ligands in the products can differ 

substantially from the one of the reaction mixture, because different ligands are more easily 

introduced in the nanoparticles than others. The diameters of AuNPs that can be obtained with 

this method range between 1.5-8 nm, depending on the gold-to-ligand ratio and the amount of 

the reducing agent used in the synthesis of the precursors. 

 

HAuCl4

NaBH4

(n-C8H17)2NH
Au

HN

HN HS-R

Au

S
R'

S
R

HS-R'

(n-C8H17)4N+Br-
- (n-C8H17)2NH

 

Figure 1.8 Schematic representation of ligand exchange reaction between amine and thiol 

ligands                                                                            
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Introducing amphiphilic functional thiols into the protective monolayer of AuNPs during the 

ligand exchange reaction gives rise to water soluble systems whose properties can be further 

controlled by the functional groups in the ligands. Polyethylene glycol groups, for example, 

prevent nonspecific adsorption of biomolecules, while ligands with polar terminal groups lead 

to neutral, anionic and cationic water soluble systems (Figure 1.9).38 Amphiphilic nanoparticles 

with mixed monolayers containing hydrophobic and hydrophilic ligands have been also shown 

to behave similar to lipids,39 having water solubility while also being able to penetrate the cell 

membrane.40  

 

Figure 1.9 Structure of an amphiphilic nanoparticle 41  

"Reprinted with permission from; S. Rana, Y.-C. Yeh and V. M. Rotello, Curr. Opin. Chem. Biol., 

2010, 14, 828-834, Copyright 2010, Elsevier" 

 

 

1.2.2 Gold Nanoparticles as Molecular Receptors 

The possibility to cluster functional groups of the same kind or with different structures on the 

surface of AuNPs renders nanoparticles interesting platforms for the development of nanosize 

synthetic receptors, which engage in strong and selective interactions with structurally 

complementary binding partners. Because of the sizes of AuNPs that typically approach those 

of small biomolecules, work in this area has mainly concentrated on the development of 

receptors for proteins, nucleotides, or other bio-relevant compounds.  
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Figure 1.10 Schematic representation of AuNP-surface structures for delivery applications 42 

"Reprinted with permission from; S. Rana, A. Bajaja, R. Mouta and V. M. Rotello, Adv. Drug 

Deliv. Rev., 2012, 2, 200-216, Copyright 2011, Elsevier" 

 

Figure 1.10 gives an overview of strategies that have been used to access such systems. 

Nanoparticles with attached DNA strands can, for example, recognize complementary 

oligonucleotide sequences. Fusing such AuNPs with larger oligonucleotides leads to the 

crosslinking of the nanoparticles. The resulting nanoparticle aggregation could be visually 

followed by the pronounced change in the SPR band. AuNPs that are densely functionalized 

with thiolated oligonucleotides were also attached via double-strand formation to DNA-labeled 

dye molecules or drugs.43 Additionally, polycationic AuNPs with ligands containing ammonium 

groups interact with proteins that feature a predominantly negatively charged surface. Rotello's 

nanoparticle-green fluorescent protein conjugate represents an example of such system.44 

In contrast, there are significantly fewer examples in the literature of surface functionalized 

AuNPs that specifically interact with small molecules.45-51 Scrimin's AuNP-based catalyst for 

trans-phosphorylation is one example. This system comprises AuNPs containing triazacyclo-

nonane-Zn(II) complexes on their surfaces. These nanoparticles interact with small nucleotides 

and mediate effective cleavage of phosphate diesters as shown in Figure 1.11. These AuNPs 

were therefore named 'nanozymes'.52-55  
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Figure 1.11 Gold nanoparticle‐ ased transphosphorylation catalysts "Reprinted with permission 

from; F. Manea, F. B. Houillon, L. Pasquato and P. Scrimin, Angew. Chem. Int. Ed., 2004, 43, 

6165-6169, Copyright 2004, John Wiley and Sons" 53 

 

An early example of a nanoparticle that interacts with a low molecular weight substrate is 

Rotello's flavin receptor.56, 57 This AuNP contains two orthogonal binding sites on the surface, a 

diamidopyridine unit that can form hydrogen bonds with flavin, and a pyrene unit that can 

engage in π-stacking interactions (Figure 1.12). Strong binding was expected when both units 

are bound on the surface in such a fashion that they can bind simultaneously to the substrate. 

An increase of the affinity of the AuNPs was indeed detected when they were equilibrated with 

flavin. This result was assumed to be due to the dynamic adaptation of the surface distribution 

of the two ligands templated by the substrate to afford optimal binding arrangements. 

  

Au

N N
H

N
H

OO

N
N

H
N

N
O O

S

S

                                           

Figure 1.12 Schematic illustration of a flavin molecule binding to Rotello's AuNP, containing a 

diaminopyridine unit and a pyrene as binding sites  
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A AuNP-based receptor for flavin mononucleotide (FMN) was also described by Rotello. This 

receptor comprises a AuNP containing thiol ligands with quaternary ammonium head groups. 

Substrate binding is due to electrostatic interactions between the positively charged 

nanoparticle and the negatively charged substrate. Interestingly, a turn-off fluorescence sensor 

could be developed on the basis of this system (Figure 1.13).56, 58 It comprised the positively 

charged tetramethylammonium functionalized AuNPs and the FMN chromophore, whose 

fluorescence was quenched when bound to the nanoparticle. Quantitative binding analyses 

could be performed by following the dramatic decrease in the fluorescence intensity upon 

addition of the AuNP to the chromophore. 

 

 

SN

S

Au

N

N

NH

N O

O

HO

HO

OH

O
P

O

O

O

TMA -NP

FMN       

Figure 1.13 Rotello's flavoenzyme model system, "Reprinted with permission from; A. Bayir, B. 

J. Jordan, A. Verma, M. A. Pollier, G. Cooke and V. M. Rotello, Chem. Commun., 2006, 4033-

4035, Copyright 2006, Royal Society of Chemistry." 

 

The AuNPs introduced by Prins' also demonstrate that incorporation of appropriate binding 

sites into nanoparticle monolayers induces affinity for small molecules (Figure 1.14).45 These 

AuNPs are structurally related to Scrimin's receptors as they also contain zinc-

triazacyclononane units. They were shown to possess high affinity for negatively charged 

substrates, in particular nucleotides. These systems turned out to be also highly attractive 

platforms for the development of responsive multivalent surfaces. 
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Figure 1.14 Self-assembly of fluorescent probes on the surface of AuNPs 45  

"Reprinted with permission from; G. Pieters, A. Cazzolaro, R. Bonomi and L. J. Prins, Chem. 

Commun., 2012, 48, 1916-1918, Copyright 2011, Royal Society of Chemisty" 

 

Mancin et al. described AuNPs containing crown ethers for the binding of protonated primary 

amines in aqueous or methanol solutions (Figure 1.15).59 These systems were able to selectively 

bind their analytes and, in the case of fluorescent substrate, also change their optical 

properties. 

 

Figure 1.15. Mancin's crown ether-AuNPs that bind to primary amines in water, "Reprinted with 

permission from; M.-V. Salvia, G. Salassa, F. Rastrelli and F. Mancin, J. Am. Chem. Soc., 2015, 

137, 11399-11406. Copyright 2015, American Chemical Society." 

                                                                                                                                                                      

These selected examples thus show that attaching suitable binding sites to AuNPs can give rise 

to multifunctional receptors that can specifically interact with a given substrate even in 

competitive media.  
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1.2.3 Determination of Surface Structure of Gold Nanoparticles and their Interactions with 

Substrate Molecules 

Despite progress in the development of characterization methods for nanoparticles, 

determining the number of ligands attached to a AuNP and, in particular, their distribution is 

still challenging. Characterization of AuNPs in solution by NMR spectroscopy is complicated by 

the broad signals in the spectra, so that limited information can often be obtained about the 

nature of the immobilized ligands and their amounts on the surface. An alternative method to 

investigate the composition of thiol-protected AuNP is to release the ligands first by using 

iodine.60, 61 This 'iodine decomposition' technique alleviates the problem of the broadness of 

the ligand signals in the NMR spectrum because once release from the surface, the ligands 

exhibit sharp signals in the spectra again. Their ratio can therefore be estimated from the 

integration of characteristic signals. Two different mechanisms were proposed in the literature 

for the role of iodine when added to a solution of thiol capped gold nanoparticles. The first 

mechanism was proposed by Chechik72 and involves the decomposition of the particles by 

oxidation of gold to form disulfides and a gold salt. Murray, on the other hand, suggested that 

iodine disturbs the stability of the nanoparticles and liberates the thiol ligands as disulfides.78-80  

Various techniques have been used to quantitatively estimate the stability of AuNP complexes 

such as NMR, UV-Vis, and fluorescence spectroscopy and isothermal titration calorimetry. In 

general, titrations are performed during which one binding partner is gradually added to the 

other one and the change of a physical property associated with the binding event is followed. 

NMR spectroscopic binding studies typically rely on the change of the resonances of protons in 

the guest or the host during complex formation. They have been used, for instance, by Pochini 

et al. to study the recognition of quaternary ammonium cations by calix[4]arene functionalized 

AuNPs.62, 63  

UV- or fluorescence spectroscopy can be used if complex formation affects the position or the 

intensity of an absorption or emission band in the spectrum. Fluorescence spectroscopic 

binding studies are particularly attractive when studying complex formation of AuNPs because 

the fluorescence of a substrate is usually quenched when it binds to the nanoparticle.64 This 

method was used by Prins et al., for example, to characterize the affinity of zinc-triazacyclo-
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nonane-containing AuNPs towards fluorescent analogs of oligoanions.65, 66 Gradual addition of 

the fluorescent substrate to solutions of these AuNPs initially leads to quenching of the 

fluorescence. Only when the AuNPs are saturated, chromophore molecules start to appear in 

solution leading to an increase of fluorescence. The concentration of the substrate at which 

fluorescence becomes visible correlates with the stability of the complexes and the maximum 

amount of substrates that can be bound. Conversely, titrating the solution of a complex of an 

AuNP with a bound chromophore and adding a better substrate causes displacement of the 

chromophore and appearance of its emission band.  

Isothermal titration calorimetry (ITC) allows direct measurement of the heat consumed or 

released during the binding event. For instance, the interactions between AuNPs and negatively 

charged proteins were investigated by Rotello et al. by using this technique to gain 

understanding of the thermodynamics and stoichiometry of these systems.67 

Recently, DOSY-NMR spectroscopy has become an attractive technique to analyze the 

intermolecular interactions in systems containing different binding partners, including ones in 

which one binding partner represents a AuNP.68, 69 This NMR technique allows measurements 

of diffusion coefficients based on the pulsed-field gradient spin-echo (PGSE) methodology and 

presents them as a 2D spectrum, where the chemical shifts are displayed in one dimension and 

the diffusion coefficients in the second one. The obtained diffusion coefficients can be related 

to the effective size and shape of a molecular species. In addition, DOSY-NMR spectroscopy also 

allows the estimation of association constants and the understanding of the intermolecular 

interactions in multi-component systems. Interactions of supramolecular nanoparticles 

composed of a hydrophobic dendrimer host molecule and hydrophilic guest molecules, for 

example, were investigated by using DOSY-NMR titrations.70 The binding of phosphonic acid 

ligands to CdSe quantum dots has been also investigated by using this technique where 

quantitative replacement of oleic acid ligands on the quantum dots with incoming phosphonic 

acids could be monitored.71  
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2. Scope of the Project 

The goal of this work was to synthesize artificial receptors based on gold nanoparticles for low 

molecular weight compounds. It has been shown that attaching a combination of different 

functional groups to the surface of nanoparticles allows them to cooperatively interact with a 

given substrate, thus improving affinity.72 In this work, this concept should be extended to the 

development of AuNP-based receptors for short peptides in water. Design of these receptors 

was inspired by a receptor described by Schneider, which was shown to bind di- and tripeptides 

in water by targeting their terminal ammonium and carboxylate groups as well as aromatic 

groups in the side chains (Figure 2.1).73  

  

Figure 2.1 Schneider's synthetic receptor for peptide recognition in water,73 "Reprinted with 

permission from; M. A. Hossain and H.-J. Schneider, J. Am. Chem. Soc., 1998, 120, 11208-11209. 

Copyright 1998, American Chemical Society."  

 

This receptor contains a crown ether that was expected to engage in interactions with the 

ammonium group of the substrate, a quaternary ammonium group that binds to the oppositely 

charged peptide carboxylate group, and an aromatic unit that can π-stack with aromatic 

peptide side chains. Affinities in water ranged between 30 and 2000 M-1 for dipeptides and 

tripeptides. Importantly, higher affinities were observed for tripeptides that contain a central 

aromatic amino acid, showing the contribution of aromatic interaction to the overall affinity. 

Another notable feature of the receptor is that the terminal binding sites possess negligible 

affinity for one another, so that no intra- or intermolecular self-recognition complicate the 

binding event.  
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The AuNPs designed on the basis of Schneider's receptor have the general structure shown in 

Figure 2.2. They contain the same structural components as the corresponding low molecular 

weight receptor. The linker components used to attach these binding sites to the gold 

nanoparticles derive from work of Scrimin.74  

 

 

Figure 2.2 Schematic representation of the AuNP-based peptide receptors targeted in this 

thesis  

 

Attachment of the ligands to the nanoparticles will be achieved through thiol groups. These 

thiol groups are located at the end of a hydrophobic chain that allows hydrophobic interactions 

around the gold core, thus providing a hydrophobic protective layer. The hydrophobic chains 

are attached via amide bonds to the peripheral polar functional groups that should mediate 

substrate recognition. The linking amide groups could potentially form hydrogen bonds with 

the neighboring amide groups on the AuNPs, thus contributing to their stability. The specific 

ligands required in this work for the decoration of the functionalized nanoparticles are shown in 

Figure 2.3. 
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Figure 2.3 Chemical structures of the ligands required for nanoparticle syntheses 

 

As in Schneider's receptor, a ligand with an ammonium group (Q) will be used to mediate 

binding to carboxylate groups in the peptide substrates. Ligands with crown ethers (Cs and CL) 

should serve to bind to the substrate's ammonium group, and a ligand with an aromatic ring (P) 

should mediate aromatic interactions. Two ligands with crown will be considered, differing in 

the distance between the crown ether moiety and the amide group to explore the effect of the 

length of this ligand on the properties of the corresponding nanoparticles. Finally, ligand TEG, 

containing a triethyleneglycol unit, should also be included in the investigation because it could 

potentially allow diluting the other ligands on the gold surface with a polar but otherwise inert 

residue.  

With respect to the size of the nanoparticles, a good control over the particle size with a narrow 

size distribution is essential for the applications of such systems as synthetic receptors.31, 32 

Other factors are stability and accessibility of the functional groups on the nanoparticle surface. 

Because of the larger surface curvature of smaller nanoparticles, they were considered more 

Q 

CS 

CL 

P 
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suitable for the desired application than larger ones.75 These nanoparticles are typically 

accessible with relatively narrow size distribution and different surface bound ligands by using a 

range of synthetic methods.76, 77 The initial task of the thesis is to identify a suitable strategy, 

which would yield water soluble gold nanoparticles with small diameters (ca. 2 nm) containing a 

mixture of ligands deriving from the ones shown in Figure 2.3. Further aspects that need to be 

addressed are: 

i) the development of a strategy that allows preparation of functionalized AuNPs with a defined 

composition of the surface layer, 

ii) the characterization of these AuNPs in terms of size and structure, 

iii) the characterization of their binding properties. 

The results will provide information whether the concept of attaching a combination of 

functional groups to the surface of AuNPs could represent a versatile and facile strategy for the 

synthesis of nano-sized multivalent receptors, whose binding properties can be varied in a wide 

range by adapting the type and number of recognition elements to the targeted substrate.   
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3. Results and Discussions 

3.1 Ligand Syntheses 

All ligands were synthesized from a common building block, namely 8-(acetylthio) octanoic acid 

1. This compound was prepared by treating 8-bromooctanoic acid with potassium thioacetate 

(Figure 3.1). The thioacetate group serves as a protecting group that needs to be cleaved prior 

to attaching the ligands to the gold nanoparticles. 78 

 

Figure 3.1 Synthesis of compound 1 

 

For the synthesis of the ligand TEGAc, containing a triethylene glycol group, triethylene glycol 

monomethly ether was reacted with 4-toluenesulfonyl chloride.74 The resulting tosylate 2 was 

then converted into the corresponding azide by using sodium azide. The azide group was finally 

reduced with triphenylphosphine to produce the amine 4 (Figure 3.2). 
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Coupling of 1 and 4 was achieved by, first, transforming 1 into the acid chloride with 

thionylchloride and then reacting 4 and 5 in the presence of DIEA to afford TEGAC (Figure 3.3). 
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Figure 3.3 Synthesis of TEGAc  

 

Ligand QAc was prepared by coupling commercially available 2-amino-N,N,N-trimethylethan-

aminium chloride with 1 under the influence of N,N'-dicyclohexylcarbodiimide (DCC) (Figure 3.4). 

 

 

Figure 3.4 Synthesis of protected ligand QAc 

 

Ligand PAc resulted from the DCC mediated coupling of 3-phenyl-1-propylamine to 1 (Figure 

3.5). The yield of the coupling step was 75 % in this case. 
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Figure 3.5 Synthesis of protected ligand PAc 

 

The synthesis of the ligand CSAc, bearing a crown ether moiety, was also performed by using the 

DCC coupling strategy. As starting materials, the commercially available 4′-aminobenzo-18-

crown-6 was used and the carboxylic acid 1 (Figure 3.6). 

 

 

Figure 3.6 Synthesis of protected ligand CSAc 

 

For the synthesis of CLAc, 4-aminobutanoic acid was reacted with benzyl chloroformate to yield 

the corresponding Z-protected derivative 6. This compound was coupled with 4'-aminobenzo-

18-crown-6 by using DCC as coupling agent. Deprotection of the Z-group in the resulting 

product 7 was achieved by palladium catalyzed hydrogenation. Afterwards, the resulting amine 

8 was coupled to 1 by using DCC to afford the protected CLAc ligand with a yield of 70 % (Figure 

3.7). All ligands were fully characterized and obtained in analytically pure form.  
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Figure 3.7 Synthesis of the ligand CLAc 
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3.2 Syntheses of the Mixed Monolayer Protected Gold Nanoparticles 

Prior to the nanoparticle syntheses, a deprotection procedure was established to release the 

thiol groups in the ligands. There are two alternative methods that can be used for the removal 

of the acetyl protecting group, namely acidic and basic conditions. Both methods were 

considered. For the deprotection under basic conditions, a solution of ligand TEGAc in methanol 

was reacted with 150 equivalent of DIEA at room temperature. For the deprotection in the 

presence of acid, a methanolic solution of TEGAc was reacted with a solution of HCl in 1-4-

dioxane (6 N, 60 eq.) (Figure 3.8).  

S

H
N

O

R

O

HS

H
N

O

R
HCl / 1,4-dioxane (6N, 60 eq.)

MeOH, 4h, Ar, 25 oC

  Figure 3.8 Deprotection of the acetyl protected ligands under acidic conditions 

Both reactions were performed in closed vials under inert conditions. Their course was followed 

was by taking samples from the reaction vessels at regular time intervals, evaporating the 

solvent, dissolving the residue in CDCl3, and recording a 1H-NMR spectrum to follow the 

progressive disappearance of the acetyl CH3 signal. These investigations showed that under the 

basic conditions deprotection was not completed even after 5 d. On the other hand, complete 

deprotection was observed under the acidic conditions already after 4 h. Therefore, acidic 

conditions were used for all deprotection reactions (Figure 3.9). 

 

Figure 3.9 Schematic representation of the deprotection procedure 

HCl / 1,4-Dioxan 
(6 N, 2 mL) 
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The relatively fast rate of deprotection under these conditions is advantageous because the risk 

of unwanted oxidative disulfide formation can thus be minimized. The comparison of the 1H-

NMR spectra of CSAc and CS are shown in Figure 3.10 as an example.  

 

 

Figure 3.10 1H-NMR spectra of CS (a) and CSAc (b). The signal of the acetyl methyl group is 

marked with a red dot.  

 

The free thiols obtained after removal of the solvent were immediately dissolved in degassed 

methanol under an argon atmosphere to avoid disulfide formation prior to the attachment to 

the AuNPs.  

The approach used for the synthesis of the mixed monolayer protected nanoparticles followed 

a strategy originally introduced by Scrimin.74 This method involves the initial synthesis of 
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nanoparticle NP A, containing weakly bound dioctylamines as protective ligands. The exchange 

of these amines with the functionalized deprotected thiols can then be performed in a second 

step.37 This method has the advantage of that it allows a better control over the ratio of the 

surface bound ligands than exchanging ligands of a thiol protected nanoparticle with other 

thiols. In the latter case, the ratio of the ligand on the resulting nanoparticles depends on the 

propensity of the incoming ligands to replace the already present ones. Synthesizing mixed 

monolayer protected nanoparticles with a desired ligand ratio therefore requires finely tuned 

reaction conditions with the relative concentration ratios of the incoming ligands in the 

reaction mixture not necessarily reflecting their ratio in the product. When starting from NP A, 

nanoparticles can be obtained whose ligand ratio on the surface is controlled by the ligand ratio 

in the exchange solution, rendering this approach more convenient for the preparation of 

mixed monolayer protected nanoparticles (Figure 3.11).37 
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Figure 3.11 Synthesis of AuNPs via ligand exchange reaction  

 

For the preparation of the nanoparticles, a freshly prepared solution of NP A in toluene was 

used from which a series of nanoparticles was synthesized. To this end, a certain amount of a 

ligand, or the same overall amount of a mixture of ligands (for AuNPs with one or two types of 

ligands: n(ligtot)=0.04 mmol, for those with three types of ligands n(ligtot)=0.045 mmol) was 

added to the NP A solution (40 mL). After stirring the reaction mixture for 2 h, the water soluble 

particles formed were observed to precipitate. Addition of water transferred them into the 

aqueous phase. The products were isolated by discarding the toluene phase and evaporating 
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the water. In order to check the reproducibility of the results at least three independently 

prepared batches of each AuNP were used for the characterization and binding studies.  

Initially, NP TEG was synthesized containing only one ligand type. These nanoparticles were 

purified by repeatedly performing size-exclusion chromatography on a Sephadex LH-20 column. 

The 1H-NMR spectrum of the product obtained is shown in Figure 3.12a. It shows a series of 

broad peaks at the chemical shifts of the protons of the organic ligands. The observed line 

broadening is due to the short relaxation times of the ligand protons once they are bound to 

the nanoparticles.79
 The broadness of peaks therefore proved the successful nanoparticle 

synthesis. In addition, a number of sharp peaks are visible in the spectrum that indicate the 

presence of impurities, which could not be separated chromatographically. 

 

 

Figure 3.12 1H-NMR spectra of NP TEG purified via (a) size-exclusion chromotography and (b) 

membrane filtration. Impurities in spectrum (a) are marked with dots. 

 

Because of the insufficient purity of the AuNPs obtained after size-exclusion chromatography 

another purification method was tested, which involved repeated washing of the nanoparticles 
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by using molecular weight cutoff membranes. This method proved to be more practical, leading 

to pure particles as shown by the 1H-NMR spectrum in Figure 3.12b. Therefore, this method 

was consistently used for the purification of the AuNPs prepared in this thesis.  

The structure of the AuNPs prepared in this work are shown in Figure 3.13. All AuNPs contain 

ligand Q to ensure water solubility. NP Q only contains Q while AuNPs NP QP, NP QCS, NP QCL 

additionally contain, respectively, ligands Q, Cs and CL. The two nanoparticles NP QPCS and NP 

QPCL contain all three respective ligands. As all nanoparticles should contain a substantial 

amount of binding sites on their surface, a 1:1 ligand ratio was chosen for nanoparticles 

containing two ligand types. In the case of NP QPCS and NP QPCL care had to be taken that 

these nanoparticles remained water soluble. Therefore, it was decided that the content of Q of 

these nanoparticles should be 50% while the other two ligands should be present on the 

nanoparticle surface in equal amounts. 

Based on the assumption that the ratio of surface bound ligands on the nanoparticles would 

reflect the ratio of the ligands used in the exchange reactions, AuNP NP A was treated with 

equimolar mixtures of the respective ligands for the preparation of NP QP, NP QCS, and NP QCL. 

Indeed, iodine composition of the prepared nanoparticles and determination of the surface 

bound ligands by 1H-NMR spectroscopy (see chapter 3.3.6) confirmed the desired 1:1 ratio of 

the two ligands in the products. Synthesis of the AuNPs containing three ligand types required a 

more careful optimization of the reaction conditions, however. When treating NP A with a 2:1:1 

ratio of ligands Q, P and CS, respectively, the AuNP obtained containing the three ligans in a 

ratio of 15:2:3, showing that ligand Q was preferentially adsorbed. The amount of Q was 

therefore reduced in the exchange reaction and all three ligands were used in equimolar 

amounts. When using 0.015 mmol of each ligand, the desired 2:1:1 ratio of ligands Q, P and CS  

on the nanoparticles could be achieved. The same conditions could be also used to synthesize 

NP QPCL. NP TEG was not included in this set of nanoparticles since TEG ligands would not 

provide binding sites for the substrates. Table 3.1 summarizes the conditions used for the 

preparation of all nanoparticles.  
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Figure 3.13 Schematic representation of the prepared nanoparticles  
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Table 3.1 Amounts of ligands used for the syntheses of all nanoparticles for NP A. The amounts 

refer to the amount of NP A present in 40 mL of the toluene stock solution obtained in the 

synthesis of this AuNP.  

 

 

Figure 3.14 shows the protocol used for the syntheses of these AuNPs in a schematic fashion by 

using the example of NP QPCs.  

  

Figure 3.14 Schematic representation of the synthesis of NP QPCS 

Ligand CS 
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Isolation of the nanoparticles involved transfer into water and purification by using membrane 

filtration.  

 

3.3 Nanoparticle Characterization 

The prepared nanoparticles were characterized by NMR and UV-Vis spectroscopy, transmission 

electron microscopy (TEM) and dynamic light scattering (DLS). The surface compositions of the 

nanoparticles were determined by 1H-NMR spectroscopy after iodine decomposition. 

 

3.3.1 1H-NMR Spectroscopy 

1H-NMR spectra of the nanoparticles were recorded in D2O at 25 oC. The obtained spectra 

showed broad peaks due to shorter relaxation times of the ligand protons with respect to the 

relaxation times in the unbound state, confirming that the ligands are firmly attached to the 

nanoparticles.  

 

Figure 3.15 1H-NMR spectra of (a) ligand QAc and of (b) NP Q in D2O at 25 oC 
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Figure 3.15 shows the comparison of the 1H-NMR spectra of QAc in D2O (a) and of NP Q (b). The 

resonances of the nanoparticle match those of the free ligand with the exception of the acetyl 

CH3 signal that is absent in the nanoparticle spectrum. The absence of sharp signals in the 

nanoparticle spectrum furthermore confirms that no unbound ligands are present. Also the 

mixed monolayer protected nanoparticles exhibited excellent purity as judged from their 1H-

NMR spectra. Figure 3.16 shows the spectrum of NP QPCL as an example.  

 

 Figure 3.16 The 1H-NMR spectrum of the NP QPCL in D2O 

 

 

3.3.2 UV-Vis Spectroscopy 

Figure 3.17 shows the UV-Vis spectrum of NP Q in the range of 200-800 nm recorded in D2O. 

Only a weak surface plasmon resonance band was observed around 515 nm indicating that 

these nanoparticles have diameters of ca. 2 nm. 25 Bands that would account for the presence 

of larger nanoparticles are absent. Similar results were obtained for other nanoparticles. 

  



3. Results and Discussion 

34 
 

 

Figure 3.17 UV spectrum of NP Q in water 

 

3.3.3 Transmission Electron Microscopy 

 Figure 3.18-23 show the TEM images of the prepared nanoparticles together with histograms 

describing the size distribution of the particles observed in these pictures. According to these 

measurements, the prepared nanoparticles had gold cores with diameters ranging from 1.9 to 

2.6 nm. Table 3.2 summarizes the results. 

 

 
 

Figure 3.18 TEM image and histogram of NP Q 
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Figure 3.19 TEM image and histogram of NP QCS 

 

 
 

Figure 3.20 TEM image and histogram of NP QP 

 

 
 

Figure 3.21 TEM image and histogram of NP QPCS 
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Figure 3.22 TEM image and histogram of NP QCL 

 

      
Figure 3.23 TEM image and histogram of NP QPCL 

 

 

Table 3.2 Average diameters of the nanoparticles according to the TEM measurements 
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3.3.4 Dynamic Light Scattering 

Another method that was used to obtain information about the size of the nanoparticles is 

Dynamic Light Scattering. This method measures the speed with which particles and molecules 

that are in constant random thermal motion (Brownian motion) diffuse in solution and relates it 

to their size. The method initially provides diffusion coefficients of the particles that are 

converted to hydrodynamic diameters by using the Stokes-Einstein equation13 (Equation 3.1), 

where k is the Boltzmann's constant, T is the temperature (300 K), η is the viscosity of the 

solvent (D2O), D is the diffusion coefficient of the nanoparticles, and dh is the hydrodynamic 

diameter. The results of the DLS measurements are shown in Figure 3.24. 

                                                  dh = 
   

    
                                                                Equation 3.1 
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Figure 3.24 Results of the DLS measurements  
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Table 3.3 shows that the hydrodynamic diameters of the nanoparticles were in the range of 4.1 

to 6.2 nm according to the DLS measurements.  

 

Table 3.3 Hydrodynamic diameters of nanoparticles from DLS measurements 

 

 

3.3.5 DOSY NMR Spectroscopy  

DOSY-NMR spectroscopy was used as a tool complementary to DLS to determine the diffusion 

coefficients of the prepared nanoparticles. In a DOSY-NMR spectrum, chemical shifts of species 

in solution are plotted against their diffusion coefficients. The chemical shifts are obtained by 

Fast Fourier transformation (FFT) of the time domain data. The diffusion coefficients are 

obtained by an inverse Laplace transformation (ILT) of the signal decay data.80  
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NP QCS 



3. Results and Discussion 

40 
 

 

 3.25 2D DOSY NMR spectrum of NP Q 

 

The DOSY-NMR spectra of the nanoparticles were recorded at 300 K and in D2O. The diffusion 

coefficients of the individual species in the solution were referenced to the diffusion coefficient 

of water, which amounts to 2.18±0.03 × 10–9m2s–1 at 300 K according to the measurements. The 

diffusion coefficients of the nanoparticles were then used to estimate hydrodynamic diameters 

by using the Stokes-Einstein equation. The results are shown in Table 3.4.  
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Table 3.4 Diffusion coefficients and diameters of nanoparticles estimated by DOSY-NMR 

 

 

 

3.3.6 Iodine Decomposition 

The binding properties of the prepared nanoparticles were expected to depend sensitively on 

the ratio of the different functional groups bound to their surface. Unfortunately, it was not 

possible to estimate this ratio directly from the 1H-NMR spectra of the different nanoparticles 

because of the pronounced line broadening. The nanoparticles were therefore decomposed by 

addition of iodine. The ratios of different ligands on the nanoparticles were then determined by 

integrating characteristic signals of the released ligands in the 1H-NMR spectra of the resulting 

solutions. An internal standard (2,4,6-trimethoxy-1,3,5-triazine) was used to follow the 

decomposition process and confirm that it went to completion. In addition, the integral of the 

signal of this standard could be used to calculate the absolute amounts of the ligands on each 

nanoparticle. For the determination of the ligand ratios, at least two signals of each ligand were 

used in order to increase reliability of the results. The 1H-NMR spectrum of NP QPCs after iodine 

decomposition is shown in Figure 3.26 as an example. 
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 Figure 3.26 1H-NMR of NP QPCs after iodine decomposition 

 

The peaks used for the assessment of surface composition and the peak belonging to the 

internal standard at 3.95 ppm are marked in this spectrum with different colors. By relating the 

integrals of the ligand signals to the one of the internal standard, and considering the known 

amount of the internal standard, the total amount of ligands per mg of nanoparticle could be 

calculated. Table 3.5 shows the results of a typical measurements by using the example of NP 

QPCs. For this measurement 2.2 mg of the nanoparticle was used and the solution contained 

1.87 x 10-6 mol of the internal standard. Integration of ligand protons gave the integrals for the 

internal standard and for each ligand (lines 3 to 6 of Table 3.5). From these integrals, the 

amounts of the three ligands in solution and their total molar amount were calculated. The 

molar amounts were used to estimate the masses of the ligands showing that of the 2.2 mg of 

sample, 0.64 mg represented the organic components while 1.56 mg or 7.9 x 10-6 mol were 
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gold. Together with the total molar amount of adsorbed ligands this leads to a ratio of gold 

atoms to number of ligands of 4.27.  

 

 Table 3.5 Gold/ligand ratio calculation for NP QPCs 

 

 

The same procedure was applied to evaluate the composition of all prepared nanoparticles. 

Table 3.6 summarizes the relative amounts of ligands present on the prepared nanoparticles 

obtained from these experiments. These experiments were performed at least three times to 

test the reproducibility, and the errors for the ligand ratios were estimated as ±5%. 
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Table 3.6 Surface layer composition of the prepared nanoparticles resulting from the iodine 

decomposition experiments (estimated errors ±5%) 

 

 

 

 

3.3.7 Discussion 

The NMR spectroscopic analyses of the prepared AuNPs showed only broad signals in the 

spectra, indicating that all nanoparticles were pure and did not contain residual unbound 

ligands or other impurities.  

The UV-Vis spectra provided initial information about the sizes of the nanoparticles. The 

absence of a clear SPR band in these spectra showed that the diameters of the nanoparticles 

were around 2 nm.25 This result was confirmed by transmission electron microscopy.  

The corresponding images and histograms showed that the core diameters of all synthesized 

nanoparticles were in the expected range of ca. 2 nm with small differences. The diameters 

observed for the different nanoparticles were reproducible for different batches. Notably, for  

NP QP and NP QCs larger diameters, respectively 2.6 and 2.5 nm, were observed while all other 

nanoparticles have diameters between 1.9-2.0 nm. At the moment it is unclear why certain 

nanoparticles turned out to be larger than the others although they were prepared from the 

same batch of NP A. It seems as if exchange reactions and potentially also the nature of the 

ligands affect the size of the nanoparticles in exchange reactions in some extent. 

The DLS results provided information about the hydrodynamic diameters of the nanoparticles 

including the organic monolayer. The obtained diameters are therefore consistently larger than 
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the diameters obtained by TEM, which only reflect the sizes of the gold cores. Relating the 

diameters obtained from DLS and TEM allows calculations of the thickness of the monolayers 

Lshell according to Lshell = (dDLS - dTEM) / 2. 

These calculations were based on the assumption of having globular shaped particles. They 

yielded thicknesses of 1.1 nm for the nanoparticles NP Q and NP QPCs and of 1.7-1.8 nm for the 

other nanoparticles (Table 3.7). 

 

Table 3.7 Hydrodynamic diameters of nanoparticles from DLS measurements, average 

diameters from TEM, and the calculated thickness of the ligand shell  

 

 

 

The calculated values for the monolayer thicknesses (Lshell) were compared with the lengths of 

the ligands, estimated from the calculated ligand structures with the alkyl chains in their 

thermodynamically preferred extended confirmations, by using Chem3D (Figure 3.27). The 

results show that the determined Lshell is mostly smaller than the predicted ligand lengths even 

when considering the relatively large errors of Lshell, indicating that the ligands most likely 

prefer folded conformations when bound to the nanoparticle surface. 
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Figure 3.27 Extended conformations of the ligands and their corresponding lengths. The images 

were generated by using Chem3D Ultra 8.0 (Cambridge Soft). 

 

 

2.8 nm 

CL  

2.2 nm 

CS 

Q 

1.6 nm 

1.9 nm 

P 

 



3. Results and Discussion 

47 
 

The hydrodynamic diameters of the nanoparticles determined by DLS and DOSY-NMR 

spectroscopy are compared in Table 3.8. This table shows that the results are in good 

agreement. The nanoparticles that had slightly larger core diameters (NP QP and NP QCs) also 

displayed slightly larger hydrodynamic diameters, and the nanoparticles with longer ligands (NP 

QCL and NP QPCL) also possessed larger hydrodynamic diameters. 

 

Table 3.8 Comparison of the hydrodynamic diameters of the nanoparticles estimated by DLS 

and DOSY-NMR spectroscopy 

   
 
 

Iodine decomposition provided detailed information about the composition of the prepared 

nanoparticles, also confirming the presence of the corresponding ligands on the surface. All 

mixed monolayer protected nanoparticles contained ca. 50 % of ligand Q, ensuring water 

solubility. The other portion comprised the second ligand in case only two ligands were bound 

to the surface. In the case of NP QPCS and NP QPCL, the ligand P and CS or CL were present in 

almost equal amounts.  

The use of the internal standard also allowed determining of the ratio of ligands and gold atoms 

on the nanoparticles. This ratio depends on the packing density of the ligands on the 

nanoparticle surface and on particle size. Leff et al.81 introduced a model that allows calculation 

of the number of gold atoms in a nanoparticle of given size, the number of surface atoms, and 
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the number of ligands by using the equations 3.2-3.4. This model, developed to estimate the 

composition of gold crystals decorated with dodecanethiol molecules, is based on the 

assumption of closely packed ligands with a specific distance between them. The number of 

gold atoms was calculated by using equation 3.2 where n is number of gold atoms and νg is the 

volume of one gold atom which amounts to ca.   17 Å3. For the calculations performed in this 

work, the radius of the gold core dTEM/2 was calculated from the diameters obtained in the TEM 

measurements.  

                                                                Equation 3.2 

The number of surface gold atoms (nout) was calculated by using equation 3.3 where the radius 

of the nanoparticles is reduced by the thickness of one layer of gold atoms, which is estimated 

to amount to 2.38 Å. 

                                        ]               Equation 3.3 

Finally, the number of thiol ligands was calculated using equation 3.4. Here it is assumed that 

each thiol on the surface of a gold nanoparticle occupies an area of 21.4 Å2. 

                                                                  Equation 3.4 

Table 3.9 shows the application of the Leff model to NP QPCS. This nanoparticle has a diameter 

measured by TEM of 1.9 nm. According to equations 3.2-3.4, it should therefore contain 211 

gold atoms of which 122 are located on the surface. The number of ligands on the surface was 

thus calculated to amount to 53. 

The iodine decomposition experiment of this nanoparticle yielded a ratio #gold atoms/ #ligands 

of 4.27. If the nanoparticle contains 211 gold atoms it should therefore feature 49 ligands on 

the surface, a value closely matching the one predicted theoretically.  
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Table 3.9 Calculated and experimental values for surface coverage for NP QPCS 

 

 

The same calculations were performed for all prepared nanoparticles and the results are 

summarized in Table 3.10. This table shows that the calculated numbers of ligands on the 

surface of the individual nanoparticles and the predicted ones based on the Leff model are in 

good agreement for every nanoparticle. The table also contains the experimental surface 

coverage of the nanoparticles calculated from equation 3.5. 

                                                                                Equation 3.5 

The surface coverages thus calculated are consistently lower than the value predicted by 

Murray for dodecanethiol functionalized gold nanoparticles with a diameter of 2 nm, which 

should amount to 52%.82  

 

Calculated values   
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Table 3.10 The number of surface ligands and gold atoms, and the surface coverages of the 

prepared nanoparticles

 

 

To summarize, the exchange reaction used to prepare the mixed monolayer protected 

nanoparticles afforded the desired products in high purity. These particles had core diameters 

of 1.9-2.6 nm, while the thickness of the monolayers were 1.1-1.8 nm. Comparison with the 

calculated maximum lengths of the ligands indicated that they likely adopt folded 

conformations on the nanoparticle surfaces. Moreover, the iodine experiments provided 

information about the number of ligands on the nanoparticle surfaces, which were in good 

agreement with theoretically predicted numbers.  

An aspect that could not be clarified is the observation that the isolated mixed monolayer 

protected nanoparticles turned out to have different diameters, even if they were prepared 

from the same batch of precursor nanoparticle NP A. Whether nanoparticle size or nanoparticle 

aggregation is affected during the exchange reaction or is possibly influenced by the ligands 

present in the reaction mixture should be the subject of further investigations. 
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3.4 Binding Studies 

3.4.1 1H-NMR Spectroscopy  

Estimation of the strength with which nanoparticles form supramolecular complexes is 

challenging because the binding model, i.e the number of low molecular weight target 

molecules that bind to each nanoparticle, is often not well defined. Various analytical 

techniques have been used in order to quantitatively estimate the strengths of these 

interactions, for example isothermal titration calorimetry or NMR, UV-Vis, and fluorescence 

spectroscopy. In all cases, the change of a measurable physical property caused by the binding 

event is used to obtain qualitative or quantitative information about the interacting binding 

partners.  

NMR spectroscopy is one of the most useful techniques for the evaluation of binding equilibria 

in systems, in which molecular recognition takes place between host and guest molecules. 

Under the conditions where fast exchange occurs on the NMR time scale, one signal is observed 

for the complex at the population-averaged chemical shift of the corresponding free binding 

partner and its complex.83 By changing the ratio of the binding partners, a binding isotherm can 

be obtained that allows quantification of binding strength provided that complex stoichiometry 

is known. 

To evaluate whether NMR spectroscopy is a suitable method to quantify the binding of 

peptides to the functionalized nanoparticles, 1H-NMR titration experiments were performed. In 

these titrations, increasing amounts of NP Q were added to a solution of GlyGly (0.05 mM) in 

D2O. The chemical shifts of peaks of the peptide were followed in order to assess the effect of 

the presence of the nanoparticles.  

The obtained NMR spectra showed small but clearly visible downfield shifts of peptide signals 

with increasing nanoparticle concentration, which indicate that interactions could indeed occur 

(Figure 3.28).  
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Figure 3.28 1H NMR titration of NP Q with GlyGly (0.05 mM) in D2O 

 

Of the two peptide signals, the one which is more shielded at 3.3 ppm was observed to 

experience the larger shift in the presence of the nanoparticle. This signal was assigned to the 

protons in the CH2 group of the C-terminal glycine residue of the dipeptide according to the 

literature.84 Pronounced overlaps of the peptide signals and those of the nanoparticle made it 

difficult to follow the course of the signal shifts during the whole titration. 

The interaction of NP QPCS with the dipeptide Gly-Phe was investigated analogously. Also in 

this case, overlaps of peptide and nanoparticle signals were observed and the multiplicity of the 

peptide signals further complicated following their shifts. 
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3.4.2 DOSY-NMR Spectroscopy  

DOSY-NMR spectroscopy is increasingly used to analyze intermolecular interactions in 

multicomponent systems and to estimate association constants.69, 85 The applicability of DOSY 

NMR spectroscopy to follow binding equilibria derives from the fact that host and guest 

molecules in their respective free states have their own diffusion coefficients, depending on 

their size and molecular weight. When these molecules engage in binding equilibria that are 

fast exchange on the NMR time scale, the observed diffusion coefficient (Dobs) is a weighted 

average of the diffusion constants of the free (Dfree) and the bound (Dbound) states.80 Thus, if Dfree 

and Dbound are known, the fraction of the complex and its association constant can be 

calculated. Specifically, the fraction χ of the complex in an equilibrium can be calculated from 

Equation 3.6.   

                           χ = (Dfree – Dobs) / (Dfree – Dbound)                  Equation 3.6 

 

When it is difficult to determine Dbound, i.e the diffusion constant of the complex, certain 

assumptions can be made. If, for example, one binding partner has a significantly higher 

molecular weight than the other one, complex formation will likely not affect the diffusion 

constant of this species to a large extent and this constant can therefore be assumed to equal 

Dbound. This should be the case for peptide binding to the investigated nanoparticles, where Dfree 

is the diffusion constant of the peptide, Dbound that of the nanoparticle and Dobs the apparent 

diffusion constant of the peptides in mixtures of nanoparticles and peptides. Equation 3.2 thus 

allows calculation of the fraction of peptides bound to the nanoparticles.  

To test the applicability of DOSY-NMR spectroscopy for the evaluation of dipeptide binding to 

the nanoparticles, solutions were prepared containing mixtures of a dipeptide and a 

nanoparticle and DOSY-NMR spectra were recorded. As dipeptides, Gly-Gly and Gly-Phe were 

chosen. To ensure comparability of the measurements, the same dipeptide concentrations 

were used and the nanoparticles were used in amounts that lead to comparable overall 

concentrations of the surface bound ligands. These amounts were calculated based on the 

estimated compositions of the nanoparticles. The diffusion coefficients of free dipeptides Dfree 
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were determined in independent experiments. Figure 3.29 shows the DOSY-NMR spectrum of a 

mixture of NP Q and Gly-Phe in D2O as an example.  

 

 Figure 3.29 2D DOSY NMR spectrum of a mixture of NP Q (c(ligtot)= 1.9 mM) and Gly-Phe (0.96 

mM) in D2O 

 

This 2D spectrum shows the 1H-NMR spectrum of the mixture of NP Q and Gly-Phe on one axis 

and the diffusion coefficients on the other. The different diffusion coefficients of the 

nanoparticle, of the peptide, and also of the residual H2O molecules in the solution are clearly 

visible. The diffusion coefficients were typically determined by nonlinear fitting of the intensity 

against the gradient strength curve obtained from the DOSY-NMR measurements by using a 

routine implemented in the TopSpin software. In some spectra, overlapping signals of 

nanoparticles and dipeptides were observed, and the diffusion coefficients Dobs were in these 

cases determined by resolving the decay of the overlapping peaks by biexponential fitting, using 

the independently determined nanoparticle diffusion coefficients as known values.86 The 

NP Q 

GlyPhe 

H2O/HDO 
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diffusion coefficient of HDO exhibited excellent reproducibility throughout all measurements. 

The obtained diffusion coefficients were used to calculate the fractions of bound peptide χ by 

using equation 3.6. The results of all measurements are summarized in Table 3.11. 

 

Table 3.11 Results of the DOSY-NMR measurements performed in D2O at 300 K with a dipeptide 

concentration of 0.072 nM 

 

 

Table 3.11 clearly shows that DOSY-NMR spectroscopy provided quantitative information about 

the extent to which the dipeptides interacted with the nanoparticles. Titrations were therefore 

subsequently performed by measuring the DOSY-NMR spectra of solutions that contained a 

constant nanoparticle concentration and increasing amounts of a dipeptide. Because these 

measurements were rather time consuming, they were only performed with dipeptide Gly-Phe 

and the nanoparticles NP Q, NP QP, NP QCS and NP QPCS. 

In all titrations, a continuous increase of the diffusion coefficient of the peptide was observed 

with increasing peptide concentrations, indicating the expected decrease of χ in the same 
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direction. The fraction of bound peptide calculated from the observed diffusion coefficients, 

plotted against peptide concentration yielded the graphs shown in Figure 3.30. 

 

   

   

Figure 3.30 Changes of the fractions of bound Gly-Phe in the presence of nanoparticles NP Q, 

NP QP, NP QCS and NP QPCS with increasing peptide concentration 
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3.4.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy was used as an independent means to characterize the binding 

properties of the prepared nanoparticles and to verify the results obtained by DOSY-NMR 

spectroscopy.  

Fluorescence spectroscopy is used in a number of analytical applications such as medicinal 

diagnostic or cellular and molecular imaging.87 The fluorescence spectra of the amino acids 

tryptophan (Trp) and tyrosine (Tyr) contain, for instance, important information about the 

environment of these amino acids in proteins.88 One advantage of fluorescence spectroscopy is 

its high sensitivity. The use of this method requires, however, that a suitable fluorescence 

chromophore is present in the investigated systems or that it can be easily introduced.89-94  

The interaction between supramolecular binding partners of which one or both contains a 

fluorescence chromophore can lead to an increase (‘turn-on’) or a decrease (‘turn-off’, 

quenching) of the emission.95 In the case of gold nanoparticles, binding of fluorescent 

chromophores to the particles typically results in the quenching of their emission. This 

quenching is attributed to the effects of the plasmon field of the nanoparticles on the transition 

of the excited state of the chromophore to the ground state. The level of quenching depends 

on the field strength in addition to the size of the gold nanoparticle. This effect has been used 

in a number of molecular sensing applications.96-101 

One example of the use of fluorescence spectroscopy for the characterization of the binding of 

a low molecular weight compound to monolayer protected AuNPs has been described by 

Rotello.56 It involves the binding of anionic flavin mononucleotides to trimethlyammonium 

functionalized AuNPs, which resulted in a dramatic decrease of fluorescence that also allowed 

obtaining quantitative information about the strength of binding. To transfer this concept to 

the investigation of the nanoparticles studied in this work, peptide Gly-Trp (Figure 3.31) was 

used as a substrate.  
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Figure 3.31 Chemical structure of dipeptide Gly-Trp  

 

In order to determine the optimum excitation wavelength of dipeptide Gly-Trp in aqueous 

media, emission spectra of a solution of Gly-Trp (1.5 x 10-6 M) in water were recorded at 

different excitation wavelengths. Figure 3.32 shows the series of spectra obtained in the range 

of 200-500 nm when the excitation wavelength was varried between 250-320 nm.  

 

                

Figure 3.32 Stack plot of the emission spectra obtained when exciting a solution of a Gly-Trp 

(1.5 x 10-6 M) in water with wavelengths ranging between 250 and 320 nm 

                                                                                         

The excitation wavelength leading to the most pronounced emission was found to be 295 nm. 

The corresponding fluorescence spectrum obtained by exciting Gly-Trp at 295 nm is shown in 

Figure 3.33. It shows that the maximum of the emission band is located at 360 nm. 
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Figure 3.33 Fluorescence spectrum of a solution of Gly-Trp (1.5 x 10-6 M) in water (excitation 

wavelength 295 nm) 

 

Figure 3.34 shows that the intensity of the emission band of Gly-Trp slowly decreases when the 

solution is continuously irradiated at 295 nm, demonstrating that photo-bleaching occurs to 

some extent under these conditions. After 30 minutes, ca. 12% decrease in fluorescent intensity 

of the sample was observed. 

                                                                 

Figure 3.34 Photo-bleaching of Gly-Trp (0.33 mM) irradiated at 295 nm for 30 min in water  

[a.u.] 
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Because the binding studies require precise measurement of the fluorescence intensity of Gly-

Trp, this photo-bleaching should be avoided. Fluorescence intensity was therefore determined 

in the binding studies by following the intensity at the fixed wavelength of 360 nm for only 60 s. 

Figure 3.35 shows the result of such a measurement when using a solution of Gly-Trp (1.5 x 10-6 

M) in water. 

 

                                                                  

Figure 3.35 Intensity of the emission at 360 nm of a solution of Gly-Trp (1.5 x 10-6 M) in water 

(excitation wavelength 295 nm) when irradiated for 60 s. 

 

To identify the best concentration regime for the binding studies in which peptide 

concentration and fluorescence intensity ideally correlate in a linear fashion, the emission 

intensities of solutions of Gly-Phe at 360 nm were measured when varying the peptide 

concentration between 0.015 and 0.67 mM. Figure 3.36 shows the results.  
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Figure 3.36 Dependence of the emission intensity of Gly-Trp at 360 nm in water on the peptide 

concentration (excitation wavelength 295 nm) 

 

Figure 3.36 shows that fluorescence intensity increases when increasing the concentration of 

Gly-Trp, although not linearly when the dipeptide concentration exceeds 0.4 nM. Above this 

concentration, self-quenching sets in so that intensity decreases at higher peptide 

concentrations. These results suggested that the binding studies should best be performed at 

concentrations below 0.4 nM, depending on the desired concentrations of AuNPs in the 

titration experiments.  

For the binding studies, increasing amounts of a solution of nanoparticle was added to Gly-Trp 

(1.5 x 10-6 M) in water and the fluorescence intensity was recorded at 360 nm. Figure 3.37 

shows the results of such a titration for NP Q as an example. The nanoparticle stock solutions 

for these measurements were prepared by dissolving amounts of the nanoparticles in water 

that yield a total ligand concentration of 1.9±0.2 mM in every case. 

The figure clearly shows the expected decrease of fluorescence intensity with increasing 

nanoparticle concentration, which could be due to the binding of the peptide to the 

nanoparticle and the associated fluorescence quenching. It has to be considered, however, that 

the optical transmission of the solution strongly decreases when adding nanoparticles, which 
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also causes a loss of emission intensity. In addition, also scattering effects could reduce the 

overall emission intensity of the solution. To evaluate the extents to which these effects 

influence the measurement, an independent titration was performed by using an aqueous NaCl 

solution (0.2 M) as solvent instead of water. The presence of the salt is expected to suppress 

binding of the peptide to the nanoparticle thus eliminating the specific binding effects on the 

fluorescence intensity. The change of fluorescent intensity when increasing the nanoparticle 

concentration in the salt solution is also plotted in Figure 3.37 

 

                                                                  

Figure 3.37 Decrease of fluorescence intensity when adding increasing amounts of NP Q to 

solutions of Gly-Trp (1.5 x 10-6 M) in water (black squares), and in 0.2 M aqueous NaCl (red 

circles)     

                                                                                                           

As expected, increasing the nanoparticle concentration in the solution causes a substantial 

reduction of fluorescence intensity which almost linearly correlates with nanoparticle 

concentration. However, the reduction is stronger in the absence of salts, i.e. under conditions 

where interactions between the peptide and the nanoparticle are believed to occur. The 

difference between the curves shown in Figure 3.38 therefore provide evidence for the 

interaction of Gly-Trp with NP Q.  
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The titrations were subsequently repeated under the same conditions in the presence of the 

other nanoparticles. The results, shown in Figure 3.38, look qualitatively similar, with the curves 

that include the effects of specific binding of the dipeptide to the different nanoparticles lying 

below the ones associated with quenching by other means than binding. Differences are also 

noted between the individual titrations mainly involving the extents to which the binding 

curves differ from the reference ones. For NP QP, NP QCS and NP QCL the respective pairs of 

curves have similar distances as those observed for NP Q.102 The nanoparticles containing all 

three ligands, namely NP QPCS and NP QPCL, cause a notably stronger decrease of the 

fluorescent emission of Gly-Trp than the other nanoparticles. 
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Figure 3.38 Decrease of fluorescence intensities when adding increasing amounts of NP QP, NP 

QCS, NP QPCS, NP QCL and NP QPCL to Gly-Trp (1.5 x 10-6 M) in water (black squares), and in 0.2 

M aqueous NaCl (red circles). 
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3.4.4 Discussion 

The shifts of the Gly-Gly signals in the 1H-NMR spectra, observed upon addition of NP Q 

indicate that interactions between the dipeptide and the nanoparticles occur, likely involving 

electrostatic interactions between the carboxylate groups of the dipeptide and the positively 

charged nanoparticle.  

Indeed, the dipeptide signal that was found to be more strongly affected by the presence of the 

nanoparticle was assigned to belong to the C-terminal glycine residue. It has to be considered, 

however, that the chemical shifts of the methylene protons of Gly-Gly are strongly affected by 

the pH.84 The pH of the solution can even cause the two CH2 signals of Gly-Gly to change their 

sequence in the NMR spectrum so that the assignment made in this work is not yet fully 

confirmed. In addition, the observed movement of the CH2 signal may alternatively be due to 

slight pH changes induced by the presence of the nanoparticle. Further systematic studies are 

therefore required to obtain information about the causes for the observed changes in the 1H-

NMR spectrum and the mode with which the dipeptide actually binds to the nanoparticles. 

Independently, 1H-NMR spectroscopy is not suitable to obtain quantitative information about 

the strength of binding because of the pronounced overlap of nanoparticle and peptide signals.  

In this context, DOSY-NMR spectroscopy turned out to be much more useful. DOSY-NMR 

spectroscopy indeed confirmed that the peptides bind to the nanoparticles. The diffusion 

coefficient of the dipeptides decrease in the presence of nanoparticles showing they are partly 

adsorbed. Table 3.11 shows that NP Q, containing only quaternary ammonium ligands, binds 

30-40% of the peptide molecules present in solution under the conditions of the measurement. 

Incorporating crown ether or phenyl moieties in addition to quaternary ammonium groups into 

the AuNP surface layers did not improve the amount of the bound peptide significantly. On the 

contrary, nanoparticles NP QPCS and NP QPCL, that have three different binding sites (Q, P and 

CS/L) exhibited substantially higher affinities to both peptides than the other AuNPs, possibly 

because the aromatic units are required to ‘‘dilute’’ the  inding sites on the AuNP surface thus, 

providing arrangements that allow the quaternary ammonium ions and crown ether moieties to 

cooperatively engage in binding interactions. This effect is substantially more pronounced for 

Gly-Phe, indicating that aromatic interactions are likely to contribute to complex stability. 
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Moreover, no pronounced effect of the structure of the different crown ether ligands was 

observed. However, there was a distinct difference in the affinities of nanoparticles NP QCS and 

NP QCL to Gly-Gly, which is less pronounced in the case of Gly-Phe. This effect may be due to a 

slight advantage induced by ligand CL on peptide binding, which is, however lost, once the 

ligand P is present or the substrate structurally differs from Gly-Gly. 

The results compiled in Table 3.1 provide qualitative information about the effects of surface 

composition on dipeptide affinity of the prepared nanoparticles. To obtain more quantitative 

information, titrations were performed, the results of which are shown in Figure 3.30. Deriving 

binding constants from these curves is complicated by the fact that the stoichiometry 

underlying complex formation is unknown. A more appropriate method to quantitatively 

describe these binding isotherms is therefore the model developed by Langmuir that describes 

adsorption of small molecules to solid surfaces, forming ultimately a monolayer. Langmuir 

isotherms have been used to quantify the binding of nanoparticles with multiple binding sites 

to their respective substrates.103-105 For example, the Langmuir treatment was used to 

characterize the binding of Bovine serum albumin via electrostatic interactions to negatively 

charged citrate protected gold nanoparticles,106, 107 the adsorption of functionalized gold 

nanoparticles onto hydroxy-apatite to assess the applicability of these nanoparticles for 

targeted delivery to bone mineral,108 or the adsorption of thiolated DNA molecules on gold 

nanoparticles.107 Describing adsorption equilibria by using the Langmuir isotherm has the 

advantage that it is not required to know the exact mode with which molecules are adsorbed 

on surfaces or how many functional groups on the surface are needed on average to bind a 

single guest molecule. As quantitative parameters of the Langmuir description, an equilibrium 

constant is obtained that allows comparison of the properties of different surfaces in a 

quantitative fashion. In addition, the isotherm affords information about the maximum number 

of molecules that can be adsorbed on the surface. The isotherms obtained by fitting the graphs 

depicted in Figure 3.30 to the Langmuir equation 3.7 are shown in Figure 3. 39.  

 

χ = cmax · K / (1 + K · cpep)                                             Equation 3.7 
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 Figure 3.39 Langmuir isotherms for Gly-Phe binding to NP Q and NP QPCS calculated from the 

data summarized in Table 3.12 

 

Figure 3.39 shows the Langmuir isotherms for Gly-Phe binding to NP Q and NP QPCS. The 

underlying non-linear regressions yielded the corresponding equilibrium constants K and the 

maximum fractions of bound peptide cmax. Relating cmax to the amounts of ligands on the 

nanoparticles provided information about the average number of ligands required to bind one 

peptide moleucle. The results are summarized in Table 3.12. The fitting of the curve obtained 

for NP QP was unsuccessful, presumably due to a larger scattering of the data. Therefore, an 

association constant could not be calculated. Unfortunately, this titration could not be repeated 

during this Ph.D. thesis because all DOSY-NMR measurements were performed in Wageningen.  

 

 

 

 

 

NP Q 

    NP QPCS 
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Table 3.12 Nonlinear regression results for NP Q, NP QCS and NP QPCS 

 

 

The association constants calculated by using the Langmuir treatment confirmed the trends 

observed in the data in Table 3.11: a small difference was observed in the affinities of NP Q and 

NP QCs for Gly-Phe, which may be an effect of the crown ether ligand in NP QCs. NP QPCs 

possesses the highest affinity for Gly-Phe confirming the other results and again indicating the 

importance of the three orthogonal binding sites for peptide recognition.  

The calculated ratios c(ligtot) / cmax obtained from the Langmuir treatment show that for NP Q 

and NP QCS the ligand/peptide ratio amounts to ca. 20. Thus, a significant number of ligands on 

these nanoparticles are presumably not involved in direct interactions with the peptide. In the 

case of NP QPCS the ligand/peptide ratio decreases to 14. This nanoparticle therefore contains 

more binding sites than NP Q and NP QCS. Also in this case the number of ligands per peptide is, 

however, significantly higher than expected if one assumes that every ligand is involved in a 

productive recognition event. A possible explanation could be that many ligand arrangements 

exist on the nanoparticle surfaces that cannot contribute to peptide binding. The number of 

productive recognition sites is probably controlled by statistics during nanoparticle synthesis 

and future studies also need to address strategies how to improve the number of binding sites 

on the nanoparticles.  

Fluorescence spectroscopy required changing the substrate to one with a fluorescence 

chromophore, namely Gly-Trp. Gly-Trp and Gly-Phe are, however, structurally related and their 

biding to the nanoparticles can therefore be expected to be similar. Addition of nanoparticles 

to an aqueous Gly-Trp solution caused the expected quenching of fluorescence. This quenching 

is stronger than that observed in analogous measurements, in which the binding of Gly-Trp to 

K x 10-3 M-1 
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the nanoparticles was supressed by addition of NaCl. Thus, also fluorescence spectroscopy 

provided evidence for peptide binding to the nanoparticles.  

Figure 3.40 shows the comparison of fluorescent titration curves obtained in the measurements 

with nanoparticles NP Q and NP QPCS. The more pronounced decrease of fluorescent intensity 

observed in the presence of NP QPCS indicated that the nanoparticle containing the three 

functional groups has a higher peptide affinity, a result consistent with the one of the DOSY-

NMR measurements. Unfortunately, no suitable mathematical model could be to derived 

during this Ph.D. thesis to extract quantitative information from these binding isotherms.  

 

                                                

Figure 3.40 Comparison of fluorescent titration curves of NP Q and NP QPCS 

 

DOSY-NMR spectroscopy and fluorescence spectroscopy thus revealed similar trends of peptide 

affinity: nanoparticles containing a combination of three orthogonal functional groups (NP QPCS 

and NP QPCL) are more efficient in binding to dipeptides than mono or difunctionalized 

analogues. This result is mainly attributed to the dilution of the specific binding sites on the 

nanoparticle surface by the hydrophobic residue in ligand P. Arrangements are thus induced on 

the nanoparticle surface, which allow the quaternary ammonium group in Q and the crown 
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ethers in ligands CS or CL to better interact with the peptides in a cooperative fashion than if the 

ligand P is absent. Since this effect is more pronounced for binding of Gly-Phe, aromatic 

interactions are likely to also contribute to complex stability. 

In spite of the observed affinities of NP QPCS and NP QPCL for dipeptides, the extent to which 

the fluorescence of Gly-Trp is quenched in the presence of these nanoparticles turned out to be 

relatively modest. By contrast, the binding of flavin mononucleotide to a positively charged 

ammonium groups has been shown to result in a dramatic decrease of fluorescence, which 

could even be used to quantify binding strength.56 This pronounced difference may be due to 

the fluorescence properties of flavin mononucleotide combined with the higher charge of this 

substrate that renders its affinity to an oppositely charged nanoparticle higher. As a 

consequence, nanoparticles with even larger affinity for peptides are required to render 

fluorescence spectroscopy a useful method for the evaluation of binding properties.  
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4. Summary and Outlook 

This Ph.D. dissertation addressed the development of new artificial receptors for low molecular 

weight compounds, in this case for peptides, on the basis of mixed monolayer protected gold 

nanoparticles. Specifically, these nanoparticles combined different functional groups on their 

surface that could engage in interactions with the chosen substrates provided that these 

binding sites are spatially appropriately arranged. The attractiveness of this approach lies in the 

ease of preparation of these nanoparticles once a library of functional thiols containing 

appropriate binding sites for a given substrate is available and its enormous flexibility.  

To test this concept, gold nanoparticles were prepared containing four different types of 

functional ligands (Q, P, CS and CL). These ligands were chosen such that they contain functional 

groups that can interact with terminal amino and carboxylate groups of short unprotected 

peptides and with aromatic side chains in water. The ligands were synthesized in their 

protected forms as thioacetates. Syntheses of nanoparticles were performed by a ligand 

exchange reaction strategy, using the deprotected thiol forms of the ligands and dioctylamine 

protected gold nanoparticles as precursors. Using this technique, six different nanoparticles 

were prepared with a good control over the ratio of the surface bound ligands (NP Q, NP QP, 

NP QCS, NP QPCS, NP QCL and NP QPCL). Figure 4.1 shows NP QPCS and its potential interactions 

with dipeptide Gly-Phe as an example.  

 

Figure 4.1 Schematic representation of NP QPCS and its potential interactions with Gly-Phe, 

"Reprinted with permission from; S. Yapar, M. Oikonomou, A. H. Velders and S. Kubik, Chem. 

Commun., 2015, 51, 14247-14250, Copyright 2015, The Royal Society of Chemistry" 
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Surface composition was characterized by using an iodine decomposition strategy followed by 

1H-NMR spectroscopic determination of the ligand ratios. All nanoparticles containing more 

than one ligand type contained ca. 50% of the positively charged ligand Q that ensures water 

solubility and was expected to serve as a binding site for the carboxylate group of the peptides. 

Nanoparticles with two different ligands, namely NP QP, NP QCS, NP QCL contained both ligands 

with a ca. 1:1 ratio. Nanoparticle NP QP contained a phenyl group in addition to the quaternary 

ammonium group of Q that should mediate interactions with aromatic residues in the 

substrates. Nanoparticles with ligands CS or CL contained crown ethers. These ligands differ in 

the lengths of the chain between the thiol and the [18]crown-6 units, the latter of which was 

expected to bind to the amino group of the peptides. Finally, nanoparticles with three ligand 

types, namely NP QPCS and NP QPCL contained 50% Q and a ca. 1:1 ratio of the other two 

ligands.  

By using an internal standard in the iodine decomposition experiments it was possible to also 

obtain detailed information about the number of gold atoms in the individual nanoparticles and 

the number of ligands.  

Further characterization of these nanoparticles was performed by using 1H-NMR, DOSY-NMR 

and UV-Vis spectroscopy, in addition to TEM and DLS measurements. These measurements 

mainly provided information about the sizes of the prepared nanoparticles. Specifically, the 

diameters of the cold cores were estimated by TEM measurements to range between 1.9-2.6 

nm. DOSY-NMR spectroscopy and DLS measurements provided information about the sizes of 

the nanoparticles including their protective monolayers. Both methods gave relatively 

consistent results, showing that the overall diameters of the nanoparticles ranged between 5.0-

5.6 nm.  

The affinities of the prepared nanoparticles for dipeptides were evaluated in water. Binding 

studies were performed by using 1H-NMR, DOSY-NMR, and fluorescence spectroscopy. As 

substrates, the dipeptides Gly-Gly, Gly-Phe, and Gly-Trp were used. 1H-NMR spectroscopy 

indicated qualitatively that even the simplest nanoparticle, containing only ligand Q, interacts 

with the dipeptides in water. DOSY-NMR spectroscopy confirmed this result and also provided 

more qualitative information about peptide affinity. These measurements showed that 
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combining ligand Q with another ligand containing either an aromatic (P) or a crown ether 

moiety (CS, CL) does not lead to a substantial improvement of affinity. This result is in contrast 

to work by Schneider who has shown that combining a quaternary ammonium group and a 

crown ether on a rigid scaffold gives rise to a low molecular weight receptor for peptides in 

water. Combining the same functional groups on the surface of a gold nanoparticle is obviously 

not sufficient to ensure their cooperative action in substrate binding.  

When combining the positively charged ligand Q with a crown ether (CS) and an aromatic 

residue (P) in nanoparticle NP QPCS, a nanoparticle with a substantially higher peptide affinity 

was obtained than when using only two ligand types. Affinity of NP QPCS for Gly-Phe is slightly 

higher than for Gly-Gly, indicating that aromatic interactions contribute to affinity. The positive 

effect of P on binding strength was attributed to an ability of P to induce arrangements on the 

nanoparticle surface that allow the ligands Q and CS to better engage in interactions with the 

substrate.  

Quantitative information about affinity was obtained from DOSY-NMR titrations followed by 

treating the obtained results on the basis of Langmuir isotherms. These titrations furthermore 

showed that only a small fraction of the ligands in the nanoparticle surface engage in 

interactions with the substrate.  

The fluorescence measurements qualitatively confirmed these results by showing that 

fluorescence of dipeptide Gly-Trp is more strongly quenched in the presence of NP QPCS than in 

the presence of nanoparticles containing only two ligand types. These measurements were 

complicated by strong effects of the nanoparticles on the emission of Gly-Trp that are not 

related to binding so that no quantitative information about affinity could be derived.  

Overall this work introduces a promising concept for the preparation of new nano-sized 

receptors. The strategy is highly modular and easily allows adapting the receptor selectivity to a 

given substrate by varying the type, number, and ratio of binding sites on the nanoparticle 

surface. An additional advantage could be that the optical properties of gold nanoparticles 

could also allow the development of optical probes on the basis of this strategy. Disadvantages 

are the still relatively limited methods to structurally characterize mixed monolayer protected 

nanoparticles and their surface composition. Also obtaining information about binding 
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properties, in particular quantitative information about affinity, is not straightforward. This 

work shows that DOSY-NMR spectroscopy is a powerful analytical technique, but it is still not 

widely available and very time consuming.  

The most significant drawback of nanoparticle-based receptors is that their binding properties 

not only depend on the ratio of the ratio of the ligands present on their surface but, even more 

importantly, on the spatial arrangement, which is not yet possible to control. In this respect, 

dynamic chemistry that uses template effects to access the thermodynamically most stable 

product, which could potentially be the complex between a given substrate and a nanoparticle 

containing exchangeable ligands, represents a promising approach. First examples of using 

dynamic chemistry for the development of nanoparticle-based functional systems109-114 have 

been described. Future work will have to show whether this approach can also be used to 

optimize the binding properties of the nanoparticle-based receptors developed in this work. 

 



5. Experimental Part 

75 
 

5. Experimental Part 

5.1 Materials 

The solvents and starting materials for the syntheses of the ligands and the nanoparticles are 

commercially available and were used without further purification unless otherwise noted. 

They were obtained from the following sources: Acros Organics, VWR, Sigma Aldrich, Fluka, TCI-

Tokyo Chemical Industry, and Alfa Aesar. 

 

5.2 Analytical Methods 

NMR Spectroscopy 

1H-NMR and 13C-NMR spectroscopy were recorded using a Bruker AVANCE III HD 400 NMR 

spectrometer. The chemical shifts δ are denoted in ppm. They were assigned by using the 

residual signals of the solvent as reference.  

1H: δ( D l3) = 7.26, δ(methanol-d4) = 3.31, δ(DMSO-d6) = 2.50 

13C: δ ( D l3) = 77.2, δ(DMSO-d6) = 39.5, δ(methanol-d4) = 49.0 

The multiplicities of the signals in the 1H-NMR were abbreviated as: 

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and bs = broad singlet.  

The coupling constants J are given in Hertz (Hz). 

Diffusion Ordered NMR Spectroscopy (DOSY-NMR) 

DOSY NMR measurements were performed on a 500 MHz Bruker Avance III NMR spectrometer, 

equipped with a 5 mm TXI probe head at 300 K. The pulse sequence was a stimulated echo 

bipolar gradient pulse (stebpgp1s), with the DOSY spectra acquired for each sample having 32 

increments (exponential array) and 32 scans. The gradient pulse length (δ) amounted to 6.0 ms, 

and the  ig delta (Δ) 150.0 m.  
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Elemental Analysis 

Elemental analyses were determined by using an Elementar Vario Microcube elemental 

analyzer. 

Melting Points 

A Müller SPM-X 300 apparatus was used to determine the melting points of the prepared 

compounds. 

MALDI-TOF-Mass Spectrometry 

The mass spectra of the compounds were recorded by using a Bruker Ultraflex TOF/TOF 

spectrometer. Sample preparation was carried out by mixing solutions of the respective 

compound with 2,5-dihydroxybenzoic acid as the matrix on a support plate. 

Infrared Spectroscopy 

The infrared spectra of the ligands and intermediates were recorded by using a Spectrum BX 

Perkin-Elmer FT-IR System. 

UV-Vis Spectroscopy 

Characterization by UV-Vis spectroscopy was done by using a Varian Cary 100 Conc UV-Vis 

Spectrophotometer. The spectra were recorded in the range 200-800 nm. For the UV-Vis 

analysis, a sample of nanoparticle (1 mg) was dissolved in HPLC grade water (0.35 mL) and 100 

µL of this solution was taken and diluted to 3 mL in a quartz UV cuvette by adding water. 

Transmission Electron Microscopy 

TEM images were recorded by using a JEOL JEM1011 microscope with an acceleration voltage 

of 80 kV. The measurements were performed by dissolving the nanoparticles in water. A drop 

of the solution was places on a copper grid and dried before recording the TEM images. These 

images were then processed with the ImageJ software to determine the average core 

diameters and produce the histograms . 
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Dynamic Light Scattering Experiments 

To measure the sizes of the nanoparticles, DLS experiments were performed by using a 

Zetasizer Nano S90 (Malvern) Spectrometer (with 90 degree scattering optics) at 25 oC using 

water as solvent. To measure the diffusion speed, the particles were illuminated with a laser. 

The scattering intensity at a specific angle (90o) and the intensity changes were analyzed to give 

the size and the size distribution. For these experiments, nanoparticles (0.5 mg) were dissolved 

in HPLC grade water (0.25 mL) and placed in micro cuvettes. The measurements were 

performed by keeping the temperature constant at 25 oC. 

Fluorescence Spectroscopy 

A JASCO FP-6200 spectrofluorometer with a Xe lamp as a source of radiation was used for the 

fluorescence measurements.  

Column Chromatography  

Acros Organics silica gel 60 A (0.06-0.20 mm) was used for the purification of the compounds 

and Macherey-Nagel silica gel 60 (0.04-0.06 mm) was used for flash column chromatography.  

Thin Layer Chromatography  

Merck silica gel 60 F254 on aluminum support was used as TLC plates. 

Syringes and Pipettes 

Hamilton gas-tight micro syringes and BRAND Transferpette®S micropipettes were used for 

accurate volumetric handling of the solutions during the reactions and titrations. 

 

 

 

 



5. Experimental Part 

78 
 

5.3 Ligand Syntheses 

5.3.1 Synthesis of Compound 1 115 

 

To a solution of 8-bromooctanoic acid (3 g, 13.4 mmol) in methanol (100 mL), potassium 

thioacetate (3 g, 26 mmol) was added and the mixture was refluxed for 24 h. After cooling, the 

solvent was evaporated and the crude product was dissolved in water (50 mL). The solution was 

extracted with dichloromethane (3 x 50 mL), the organic layer was collected, dried over Na2SO4 

and the solvent was evaporated. The obtained material was purified by column 

chromatography (SiO2, dichloromethane/hexane, 1:1) to afford the product as a beige solid.  

Yield: 2.5 g, 85% 

1H NMR (400 MHz, 25 °C, CDCl3) δ: 2.86 (t, 2H, 3J = 7.3 Hz, Ha), 2.35 (t, 2H, 3J = 7.6 Hz, Hb), 2.33 

(s, 3H, Hc), 1.65-1.55 (m, 4H, Hd,d'), 1.38-1.34 (m, 6H, He) ppm 

13C NMR (100.6 MHz, 25 °C, CDCl3) δ: 196.9, 180.2, 34.6, 31.1, 30.1, 29.8, 29.6, 29.4, 29.3, 25.3 

ppm 

IR wavenumber/cm–1: 3474 (m), 2931 (m), 2858 (w), 1723 (w), 1660 (s), 1487 (w), 1438 (m), 

1408 (m), 1386 (s), 1255 (m), 1090 (s), 1063 (w), 658 (s) 

 

5.3.2 Synthesis of Compound 2 115 
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A solution of tosyl chloride (14.0 g, 0.73 mol) and triethylene glycol monomethyl ether (10 mL, 
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0.64 mol) in dry dichloromethane (300 mL) was stirred under nitrogen at 25 oC for 24 hours. 

Then, the reaction mixture was concentrated to 50 mL by evaporation and extracted with water 

(50 mL). The organic layer was collected, dried over anhydrous Na2SO4, and the solvent was 

evaporated. The product was obtained as a colorless oil. 

Yield: 8 g, 40 %.  

1H-NMR [400 MHz, 25 °C, MeOD] δ: 7.75 (d, 2H, Ha,a'); 7.21 (d, 2H, Hb,b'); 3.76-3.54 (m, 12H, Hc); 

3.35 (s, 3H, Hd); 2.36 (s, 3H, He) ppm. 

 

5.3.3 Synthesis of Compound 3 
115 

 

Under a nitrogen atmosphere, compound 2 (3 g, 9.42 mmol) and NaN3 (7,33 g, 113 mmol) were 

dissolved in a mixture of 2:1 water-methanol (30 mL). The reaction mixture was heated to 75 oC 

and stirred at this temperature for 17 hours. It was then concentrated, diluted with water (50 

mL), and extracted with dichloromethane (3 x 30 mL). The organic layer was collected, dried 

over anhydrous Na2SO4, and the solvent was evaporated. The product was obtained as a 

colorless oil.  

Yield: 1.7 g, 95 % 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 3.66-3.36 (m, 15H, Ha) ppm. 

 

5.3.4 Synthesis of Compound 4 115 

                                                                                                                                 

Triphenylphosphine (3.15 g, 12 mmol) was added to a solution of 3 (2.0 g, 10.7 mmol) in dry 
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THF (27 mL). The mixture was stirred under nitrogen at 25 oC for 15 h. Then, water (7.7 mL) was 

added and stirring was continued for additional 2 hours. The solvent was evaporated, the 

residue was dissolved in toluene (70 mL) and water (100 mL) was added. The mixture was 

stirred until phosphine oxide was dissolved. The aqueous portion was extracted with toluene (2 

x 30 mL). The combined aqueous layers were evaporated to dryness. The residue was dissolved 

in dichloromethane and dried over anhydrous Na2SO4. The product was obtained after 

evaporation of the solvent as a yellow oil.  

Yield: 900 mg, 46 % 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 3.74-3.51 (m, 10H, Ha); 3.37 (s, 3H, Hb); 2.89 (t, 2H, J= 5.2 

Hz, Hc); 2.60 (s, 2H, Hd)  

 

5.3.5 Synthesis of Compound 5 115 

 

Thionyl chloride (196 µL, 2.7 mmol) was added to a solution of compound 1 (520 mg, 2.4 mmol) 

in dry dichloromethane (10.5 mL). The reaction mixture was stirred at 25 °C for 3 h and the 

solvent was removed by evaporation. The reside was dissolved in toluene (4 mL) and the 

solvent was removed. The product was isolated chromatographically (SiO2, 1:1 (v/v) 

dichloromethane/ethyl acetate).  

Yield: 461 mg, 80 % 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 2.84 (t, 2H, J=7.3 Hz, Ha); 2.32 (t, 2H, J=7.5 Hz, Hb); 2.30 (s, 

3H, Hc); 1.64-1.30 (m, 10H, Hd) ppm. 
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5.3.6 Synthesis of Protected Ligand TEGAc 
115 

 

To a solution of 5 (630 mg, 2.55 mmol) in dry dichloromethane (10 mL), a solution of 4 (390 mg, 

2.40 mmol) in dichloromethane (10 mL) was added followed by diisopropylethylamine (1.05 

mL, 5.10 mmol). The reaction mixture was stirred at 25 °C for 18 h under an argon atmosphere. 

Then, the mixture was extracted with 1 M HCl (2x 15 mL), the organic layer was collected and 

the solvent was removed. The product was isolated chromatographically (SiO2, 1:1 (v/v) 

hexane/ethyl acetate) as a colorless oil.  

Yield: 700 mg, 80 %.  

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 6.09 (bs, 1H, Ha); 3.67-3.53 (m, 10H, Hb); 3.48-3.43 (m, 2H, 

Hc); 3.38 (s, 3H, Hd); 2.85 (t, 2H, J=7.2 Hz, He); 2.32 (s, 3H, Hf); 2.17 (t, 2H, J=7.5, Hg); 1.65-1.52 

(m, 4H, Hh,h’); 1.32-1.29 (m, 6H, Hi) ppm. 

13C-NMR [100.6 MHz, 25 °C, D2O] δ: 196.5, 173.6, 72.3, 70.9, 70.8, 70.6, 70.4, 59.5, 39.5, 37.0, 

31.1, 29.9, 29.6, 29.3, 29.0, 26.0. 

MALDI-TOF MS m/z %: 364.2 (95) [M+H]+, 386.3 (100) [M+Na]+, 402.3 (75) [M+K]+. 

Elemental Analysis (C17H33NO5S): calcd (%) C 56.17, H 9.15, N 3.85, S 8.82 

                                                            found (%) C 55.90, H 8.89, N 3.71, S 8.72                                            

                                                                                    

5.3.7 Synthesis of Protected Ligand QAc 
116 
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To a solution of 1 (600 mg, 2.7 mmol) in dichloromethane (50 mL) and dimethylformamide (5 

mL), N,N'-dicyclohexylcarbodiimide (800 mg, 3.9 mmol) and 4-dimethyl-aminopyridine (50 mg, 

0.4 mmol) were added, followed by 2-amino-N,N,N-trimethyl ethanaminium chloride (500 mg, 

3.6 mmol). The reaction mixture was refluxed for 16 hours under a nitrogen atmosphere. 

Afterwards, the solvent was evaporated, cold acetone (2 mL) was added to the residue, and the 

solution was filtered to remove residual dicyclohexyl urea. The filtrate was evaporated and the 

addition of acetone, filtration, and evaporation was repeated three times. The crude product 

was thus obtained as a light yellow sticky oil. To obtain it as an analytically pure product, 

further purification was performed by flash column chromatography (SiO2, methanol). Fractions 

containing the product were collected and evaporated to dryness. The residue was dissolved by 

addition of dichloromethane (2 mL), and the resulting suspension was filtered to remove silica 

gel. The filtrate was evaporated to afford the product as a colorless sticky oil.  

Yield: 650 mg, 60% 

1H NMR (400 MHz, 25 °C, CDCl3) δ: 8.69 (s, 1H, Ha), 3.74 (m, 4H, Hb), 3.38 (s, 9H, Hc), 2.77 (t, 2H, 

3J = 7.5 Hz, Hd), 2.25 (s, 3H, He), 2.22 (t, 2H, 3J = 7.7 Hz, Hf), 1.60-1.42 (2xm, 4H, Hg,g'), 1.18-1.29 

(m, 6H, Hh) ppm 

13C NMR (100.6 MHz, 25 °C, CDCl3) δ: 196.2, 174.8, 65.8, 54.2, 36.2, 34.4, 30.7, 29.4, 29.1, 29.1, 

28.8, 28.6, 25.3 ppm 

IR wavenumber/cm–1: 3364 (m) 3252 (m), 3026 (w), 2928 (s), 2855 (m), 1687 (s), 1654 (s), 

1541, 1480, 1353, 1133, 955 

MALDI-TOF MS m/z (%): 303.1 (100) [M-Cl]+ 

Elemental Analysis (C15H31ClN2O2S·0.5H2O):   calcd (%)  C 51.78, H 9.27, N 8.05, S 9.22 

                                                                                 found (%)  C 51.64, H 9.00, N 7.91, S 9.13 
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5.3.8 Synthesis of Protected Ligand CSAc  

 

To a solution of 1 (160 mg, 0.7 mmol) in dichloromethane (30 mL) and dimethylformamide (3 

mL), N,N'-dicyclohexylcarbodiimide (185 mg, 0.9 mmol) and 4-dimethylaminopyridine (12 mg, 

0.1 mmol) were added, followed by 4'-aminobenzo-18-crown-6 (200 mg, 0.6 mmol). The 

resulting reaction mixture was refluxed for 16 h under a nitrogen atmosphere. Afterwards, the 

solvent was evaporated and the product was purified chromatographically (SiO2, ethyl acetate) 

to afford a white powder.  

Yield: 170 mg, 54 % 

Mp: 113-115 °C 

1H NMR (400 MHz, 25 °C, CDCl3) δ: 7.29 (s, 1H, Ha), 6.97 (s, 1H, Hb), 6.75 (s, 2H, Hc,c'), 4.04-4.10 

(2xm, 4H, Hd,d'), 3.81-3.85 (m, 4H, He,e'), 3.60-3.70 (m, 12H, Hf), 2.78 (t, 2H, 3J = 7.3 Hz, Hg), 2.21-

2.26 (m, 5H, Hh,h'), 1.70-1.61 (m, 2H, Hi), 1.55-1.44 (m, 2H, Hj), 1.25-1.35 (m, 6H, Hk) ppm 

13C NMR (100.6 MHz, 25 °C, CDCl3) δ: 196.2, 171.1, 149.2, 145.4, 132.2, 114.8, 112.1, 106.9, 

70.8, 70.8, 70.7, 70.6, 69.7, 69.6, 69.5, 68.9, 37.5, 30.7, 29.4, 29.0, 28.7, 28.5, 25.4 ppm 

IR wavenumber/cm–1: 3285 (m), 3075 (w), 2929 (m), 2854 (m), 1681 (s), 1650 (s), 1601 (w), 

1544 (m), 1513 (m), 1410, 1247, 1126 (s), 1086, 1055, 947, 845, 721 

MALDI-TOF MS m/z (%): 527.4 (63) [M+H]+, 550.5 (100) [M+Na]+, 566.5 (68) [M+K]+ 

Elemental Analysis (C26H41NO8S):   calcd (%)  C 59.18, H 7.83, N 2.66, S 6.08  

                                                              found (%)  C 59.16, H 8.06, N 2.62, S 5.67 
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5.3.9 Synthesis of Protected Ligand PAc 

 

To a solution of 1 (500 mg, 2.3 mmol) in dichloromethane (30 mL), N,N'-dicyclohexylcarbo-

diimide (700 mg, 3.4 mmol) and 4-dimethylaminopyridine (70 mg, 0.6 mmol) were added, 

followed by 3-phenylpropan-1-amine (0.27 mL, 1.9 mmol). The resulting reaction mixture was 

refluxed for 16 h under a nitrogen atmosphere. Afterwards, the solvent was evaporated and 

the product was purified chromatographically (SiO2, acetone/hexane, 1:1). The yellow solid 

collected after evaporation of the product fractions was dissolved in dichloromethane and the 

product was precipitated by pouring the solution into cold ether. The beige product was 

collected by filtration, washed with ether, and dried.  

Yield: 480 mg, 75 % 

Mp: 205-207 °C  

1H NMR (400 MHz, 25 °C, CDCl3) δ: 7.33-7.04 (m, 5H, Ha), 5.32 (s, 1H, Hb), 3.22 (q, 2H, 3J = 6.6 

Hz, Hc), 2.78 (t, 2H, 3J = 7.2 Hz, Hd), 2.59 (t, 2H, 3J = 7.6 Hz, He), 2.25 (s, 3H, Hf), 2.04 (t, 2H, 3J = 

7.5 Hz, Hg), 1.77 (q, 2H, 3J = 7.3 Hz, Hh), 1.43-1.54 (m, 4H, Hi,i'), 1.19-1.24 (m, 6H, Hj) ppm 

13C NMR (100.6 MHz, 25 °C, CDCl3) δ: 196.1, 173.1, 141.4, 128.4, 128.3, 126.0, 39.2, 36.6, 33.3, 

31.2, 30.6, 29.4, 29.0, 28.7, 28.5, 25.6 ppm 

IR wavenumber/cm–1: 3325 (m), 3063 (w), 3029 (w), 2926 (m), 2851 (m), 1682 (m), 1640 (s), 

1544 (s), 1452 (w), 1244 (m), 1115 (m), 1088 (m), 744, 698, 634  

MALDI-TOF MS m/z (%): 336.3 (100) [M+H]+, 358.3 (56) [M+Na]+, 374.3 (10) [M+K]+ 

Elemental Analysis (C19H29NO2S):   calcd (%)  C 68.02, H 8.71, N 4.18, S 9.56 

                                                              found (%)  C 68.10, H 8.94, N 4.39, S 9.86 

 



5. Experimental Part 

85 
 

5.3.10 Synthesis of Compound 6 

 

To a solution of γ-aminobutyric acid (5 g, 48.5 mmol) and N,N-diisopropylethylamine (10 mL) in 

dry dichloromethane (150 mL), benzyl chloroformate (10,4 mL, 97 mmol) was added at 0 oC. 

The reaction mixture was stirred at 25 oC for 16 hours. Then, the solvent and amine were 

removed by evaporation and the product was isolated chromatographically (SiO2, 2:1 (v/v) 

hexane/ethyl acetate) to afford the product as a light-yellow solid.  

Yield: 4.2 g, 37 % 

Mp : 61-62 oC 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 7.42-7.30 (m, 5H, Ha), 5.12 (s, 2H, Hb), 4.92 (s, 1H, Hc), 3.28-

3.24 (m, 2H, Hd), 2.42-2.38 (m, 2H, He), 1.86-1.80 (m, 2H, Hf)
 ppm. 

13C-NMR [100.6 MHz, 25 °C, CDCl3] δ: 178.5, 156.6, 136.4, 128.7, 128.4, 128.3, 67.1, 40.3, 31.2, 

25.2 

IR wavenumber/cm–1: 3325 (m), 3061 (w), 3034 (w), 2933 (m), 1686 (s), 1536 (s), 1451 (s), 1413 

(m), 1257 (s), 1210 (s), 1140 (m), 1016 (m), 907 (m), 747 (m), 696 (m) 

Elemental Analysis (C12H15NO4):    calcd (%)  C 60.75, H 6.37, N 5.90 

                                                              found (%) C 60.72, H 6.34, N 5.91 
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5.3.11 Synthesis of Compound 7 

 

To a solution of 6 (420 mg, 1.8 mmol) and 4'-aminobenzo-18-crown-6 (480 mg, 1.5 mmol) in 

dichloromethane (50 mL) and dimethylformamide (5 mL), N,N'-dicyclohexyl-carbodiimide (350 

mg, 1.7 mmol) and 4-dimethylaminopyridine (30 mg, 0.25 mmol) were added under a N2 

atmosphere. The reaction mixture was refluxed for 16 hours. The solvent was removed, cold 

acetone (2 mL) was added to the residue and the solution was filtered to remove residual 4-

dimethylaminopyridine and dicyclohexylurea. The filtrate was evaporated and addition of 

acetone, filtration, and evaporation was repeated three times. Then, the product was dissolved 

in 2 mL of dichloromethane followed by precipitation in diethyl ether (50 mL). The precipitate 

was collected to obtain the product as a light-yellow solid.  

Yield: 310 mg, 40 % 

Mp: 130-132 oC 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 8.20 (s, 1H, Ha), 7.40-7.34 (m, 6H, Hb,b'), 6.95 (d, 1H, Hc), 

6.82 (d, 1H, Hd), 5.11 (s, 2H, He), 5.04 (s, 1H, Hf), 4.16-4.11 (m, 4H, Hg,g'), 4.91-4.89 (m, 4H, Hh,h'), 

3.77-3.68 (m, 12H, Hi), 3.32 (m, 2H, Hj), 2.37 (t, 2H, J=6.6 Hz, Hk), 1.93-1.86 (m, 2H, Hl) ppm. 

13C-NMR [100.6 MHz, 25 °C, CDCl3] δ: 171.2, 157.4, 148.8, 148.5, 145.0, 136.6, 132.8, 128.6, 

128.2, 114.3, 112.4, 106.8, 70.8, 70.7, 70.6, 69.7, 69.5, 69.3, 68.7, 66.9, 40.2, 34.6, 26.7 ppm. 

IR wavenumber/cm–1: 3310 (m), 3267 (w), 2935 (m), 2860 (w), 1692 (s), 1653 (s), 1600 (m), 

1551 (s), 1517 (s), 1450 (m), 1412 (m), 1266 (s), 1128 (s), 1022 (s), 844 (m) 

MALDI-TOF MS m/z (%): 546.3 (50) [M]+, 569.3 (100) [M+Na]+, 585.4 (95) [M+K]+ 
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Elemental Analysis (C26H34N2O8·0.5H2O):   calcd (%)  C 61.04, H 6.90, N 5.48 

                                                                             found (%) C 61.25, H 7.08, N 5.28  

 

5.3.12 Synthesis of Compound 8 

 

To a solution of compound 7 (230 mg, 0.42 mmol) in MeOH (30 mL), Pd/C (10 %, 36 mg) and 

HCl (1 M, 0.42 mL) were added, and the reaction was stirred at 25 oC under a H2 atmosphere for 

2 days. Then, the solution was filtered through celite followed by the evaporation of methanol. 

The crude product was then dissolved in ethyl acetate with 5% triethylamine (25 mL), and this 

solution was filtered through a short SiO2 column. The final solution was collected and dried to 

give the product as a light yellow solid.  

Yield: 170 mg, 98 % 

Mp: 134-137 oC 

1H-NMR [400 MHz, 25 °C, D2O] δ: 7.07 (s, 1H, Ha); 6.96 (m, 1H, Hb); 6.88 (d, 1H, Hc); 4.18 (m, 4H, 

Hd,d'); 3.87 (m, 4H, He,e'); 3.69-3.65 (m, 12H, Hf); 3.03 (t, 2H, J=7.7 Hz, Hg); 2.47 (t, 2H, J=7.4 Hz, 

Hh); 1.98-1.94 (m, 2H, Hi) ppm. 

13C-NMR [100.6 MHz, 25 °C, D2O] δ: 173.5, 146.9, 144.3, 129.9, 114.8, 111.8, 107.1, 69.8, 67.2, 

38.6, 32.5, 22.8 ppm. 

IR wavenumber/cm–1: 3324 (w), 2926 (m), 2852 (m), 1661 (m), 1609 (m), 1547 (m), 1513 (s), 

1453 (m), 1223 (s), 1116 (s), 1025 (m), 953 (s), 820 (m) 

MALDI-TOF MS m/z (%): 413.2 (17) [M+H]+, 435.2 (35) [M+Na]+, 451.2 (100) [M+K]+ 
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5.3.13 Synthesis of Protected Ligand CLAc 

 

To a solution of 1 (200 mg, 0.9 mmol) in dichloromethane (30 mL) and dimethylformamide (2 

mL), N,N'-dicyclohexyl carbodiimide (150 mg, 0.73 mmol) and 4-dimethylaminopyridine (15 mg, 

0.12 mmol) were added. Compound 8 (100 mg, 0.24 mmol) was added and the reaction 

mixture was refluxed for 16 hours under a N2 atmosphere. Then, the solvent was evaporated 

and cold acetone (2 mL) was added to the residue. The solution was filtered to remove residual 

4-dimethylaminopyridine and dicyclohexylurea. The filtrate was evaporated and the addition of 

acetone, filtration, and evaporation was repeated three times. Then, the product was dissolved 

in 2 mL of dichloromethane followed by precipitation in diethyl ether (50 mL). The precipitate 

was collected to afford the product as a light-yellow solid.  

Yield: 52 mg, 70 %  

Mp: 108-110 oC 

1H-NMR [400 MHz, 25 °C, CDCl3] δ: 10.27 (s, 1H, Ha); 7.47 (s, 1H, Hb); 7.43 (s, 1H, Hc); 7.35-7.33 

(m, 1H, Hd); 6.58 (d, 1H, He); 4.06-3.99 (m, 4H, Hf,f'); 3.90-3.87 (m, 4H, Hg,g'); 3.78-3.65 (m, 12H, 

Hh); 3.33-3.27 (m, 2H, Hi); 2.85-2.79 (m, 2H, Hj); 2.51-2.48 (m, 2H, Hk); 2.31 (s, 3H, Hl); 2.24-2.19 

(m, 2H, Hm); 1.90-1.87 (m, 2H, Hn); 1.58-1.52 (m, 4H, Ho,o*); 1.34-1.27 (m, 6H, Hp) ppm. 

13C-NMR [100.6 MHz, 25 °C, D2O] δ: 196.6, 196.1, 194.3, 148.8, 145.0, 132.9, 114.3, 112.4, 

107.2, 70.8, 70.7, 70.6, 69.7, 69.6, 69.4, 68.8, 38.5, 36.8, 34.8, 30.7, 29.5, 29.1, 28.8, 26.5, 25.8 

ppm. 

IR wavenumber/cm–1: 3322 (m), 3072 (w), 2927 (s), 2851 (m), 1639 (m), 1626 (s), 1513 (s), 

1428, 1354, 1309, 1229 (s), 1119 (s), 1087 (s), 950, 804 (m). 
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MALDI-TOF MS m/z %: 613.4 (23) [M+H]+, 635.5 (100) [M+Na]+, 651.5 (21) [M+K]+      

Elemental Analysis (C30H50N2O9S·2H2O):  calcd (%) C 55.52, H 8.36, N 4.32 S 4.94 

                                                                         found (%) C 55.23, H 7.88, N 4.71 S 5.13 

 

5.3.14 Deprotection of Ligand TEGAc under Basic Conditions 

 

 

Ligand TEGAc (38 mg, 0.104 mmol) and diisopropylethylamine (2.72 mL, 15.6 mmol) were 

dissolved in degassed methanol (2.8 mL). The solution was stirred under an argon atmosphere 

at 25°C for 5 days. The reaction was followed by 1H-NMR spectroscopy by taking a sample with 

a micro syringe (100 µL), transferring it to an NMR tube, evaporating the solvent under vacuum, 

and adding CDCl3. It was observed that deprotection is slow and not completed even after 5 d.  
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5.3.15 General Procedure of the Deprotection of the Ligands         
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          Figure 5.1 Structures of acetyl protected and deprotected ligands 

 

The protected ligands TEGAc, QAc, CsAc, PAc and CLAc (0.2 mmol) were dissolved in degassed 

methanol (2 mL) in separate vials, and the solutions were purged thoroughly with argon. 

Afterward, HCl in dry 1,4-dioxan (6 N, 2 mL) was added to each solution and the resulting 

mixtures were stirred at 25 °C under argon. The reactions were followed by 1H NMR 

spectroscopy, as described previously for the deprotection under basic conditions. Progressive 

disappearance of the methyl signals of the thioacetate groups was observed. After 4 h, each 

sample was evaporated under vacuum and the thiols thus obtained were kept under argon to 

prevent disulfide formation. The obtained free thiols were dissolved in degassed methanol 

under an argon atmosphere prior to the syntheses of the mixed monolayer protected gold 

nanoparticles.  
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5.4 Nanoparticle Syntheses 

5.1.1 Synthesis of NP TEG without Ligand-Exchange  

 

 

 

To a solution of HAuCl4.3H2O (24.9 mg, 0.075 mmol) in water (14 mL) was added a solution of 

TEG (20 mg, 0.06 mmol) in degassed methanol (7 mL) under a N2 atmosphere. Afterwards, a 

freshly prepared solution of NaBH4 (29.3 mg, 0.77 mol) in water (7 mL) was added dropwise 

within 1 min and the reaction mixture was stirred for 2 h under inert conditions at 25 °C. Then, 

the solvents were removed and the obtained nanoparticles were dissolved in 1 mL of 

dichloromethane. This solution of nanoparticles was added dropwise into cold ether (20 mL). 

The nanoparticles were collected and purified by dissolving them in methanol and 

centrifugation through a molecular weight-cutoff (Hydrosart membrane, 5K) tube 4 times. (The 

centrifugal tubes were rinsed with water several times prior to addition of the nanoparticle 

solutions to remove impurities and additives such as glycerine and sodium azide.49) The 

nanoparticle layer was collected and dried. The resulting nanoparticles were not completely 

water soluble but soluble in water/methanol 9:1 (v/v) mixture.  

Yield: 12 mg 
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5.4.2 Synthesis of Dioctylamine-protected Gold Nanoparticles (NP A) 116 

                                                                                                                                              

A solution of HAuCl4∙3 H2O (40 mg, 0.12 mmol) in water (15 mL) was mixed with a solution of 

tetraoctylammonium bromide (2.18 g, 4 mmol) in degassed toluene (100 mL). The yellow 

aqueous solution turned colorless and the organic layer became reddish-orange. Di-n-

octylamine (2.78 mL, 9.2 mmol) was added and the mixture was vigorously stirred for 40 min 

while the color disappeared. Afterwards, a solution of NaBH4 (37 mg, 0.97 mmol) in H2O (3 mL) 

was added within 20 s under vigorous stirring. The solution was stirred for another 3 h. Then, 

the aqueous layer was separated and the remaining resulting nanoparticle solution was kept 

under a nitrogen atmosphere for 24 h at 10 °C.  

 

5.4.2 Synthesis of Mixed-Monolayer Protected Gold Nanoparticles 116  

Deprotected ligands TEG, Q, P, CS, CL were dissolved in degassed methanol (2 mL) separately or 

as mixtures in the desired ratios (see Table 3.1), and added to the solution of NP A (40 mL) 

under an argon atmosphere in a closed vial. This reaction mixture was stirred for 2 h at 25 °C.  

Afterwards, water (2 mL) was added and the nanoparticles were transferred to the aqueous 

layer by stirring for 30 min. The aqueous layer was separated, the solvent was removed, and 

the nanoparticles were purified by dissolving them in methanol followed by filtration via 

centrifugation through a molecular weight cutoff membrane (Hydrosart membrane, 5K). This 

procedure of dissolving in methanol and filtration by centrifugation was repeated four times in 

order to obtain pure nanoparticles. (The centrifugal tubes were rinsed with water several times 

prior to addition of the nanoparticle solutions to remove impurities and additives such as 
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glycerine and sodium azide117) Afterwards, the layer that contained the nanoparticles was 

collected and dried and the purity of the particles was controlled by measring the 1H NMR 

spectra of a sample in D2O. The particles were dried under vacuum for two days. The yields 

denote the obtained amount of the dried samples (Table 5.1).  

Table 5.1 Yields of the nanoparticles 

 

 

5.4.3 Synthesis of Nanoparticle CL  

 

Deprotected ligand CL (0.2 mmol) was dissolved in degassed methanol (2 mL). This solution (0.4 

mL, 0.04 mmol) was added to the solution of NP A (40 mL) under an argon atmosphere in a 

closed vial. This reaction mixture was stirred for 2 h at 25 °C. The nanoparticles precipitated at 

the bottom of the vial and the supernatant toluene was removed. The nanoparticles were 

dissolved in methanol for purification by centrifugation through a molecular weight cutoff 

membrane. This procedure of dissolving in methanol followed by filtration via centrifugation 

was repeated five times. The resulting nanoparticles are soluble in methanol and 

water/methanol mixture, 1:1 (v/v) but not in water.  

Yield: 12 mg 
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5.4 General Procedure for Iodine Decomposition 118, 119 

To a sample of a functionalized nanoparticle (3 mg) in an NMR tube, a solution of iodine (25 

mg) in methanol-d4 (0.5 mL) followed by a stock solution of 2,4,6-trimethoxy-1,3,5-triazine (73 

mM, 0.1 mL) in methanol-d4 were added. The resulting mixture was sonicated for 30 min at 40 

°C to decompose the nanoparticles. Afterwards, the 1H NMR spectrum was recorded and the 

ratio of the integrals of characteristic signals from the individual ligands were determined by 

considering the respective number of absorbing protons. In general, at least two signals of each 

ligand were used to increase the reliability of the results. Specifically, the following signals were 

considered: 

Ligand Q: 3.09 ppm (9H), 3.34 ppm (2H)  

Ligand CS: 7.20 ppm (1H), 6.90-6.77 ppm (2H), 4.03 ppm (4H), 3.75 ppm (4H)  

Ligand P: 7.16-7.02 ppm (5H), 1.70 ppm (2H)  

Ligand CL: 7.29 ppm (1H), 6.89 ppm (1H), 6.83 ppm (1H), 3.80 ppm (4H), 3.55 ppm (12H). 

The integral values for each peak were used to calculate the relative ratios of the respective 

ligands in the mixed monolayer protected nanoparticles. They were also used to determine the 

exact amount of ligands and gold atoms in the nanoparticles giving an estimation of the 

nanoparticle compositions (see Table 3.3).  
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5.5 DOSY-NMR Spectroscopy and Titrations 

DOSY-NMR measurements were performed by using stock solutions of the nanoparticles in D2O 

(99.96%). These solutions had a total ligand concentration of 1.9±0.2 mM for all measurements. 

In Figure 5.2 the amounts of nanoparticles and the values of D2O to dissolve them are shown. In 

addition, the amounts of ligands in 0.3 mL of these solutions and the total ligand concentrations 

in the final solutions are specified.  

For the measurements compiled in Table 3.11 a peptide stock solution (12 mM, 3 µL) in D2O 

was added to a nanoparticle stock solution (0.3 mL) in an NMR tube. The overall volume of the 

mixture was made up to 0.5 mL with D2O, the sample was thoroughly shaken and the DOSY-

NMR spectrum recorded.  

For the titrations, nine samples were prepared by mixing a nanoparticle stock solution (0.3 mL) 

in NMR tubes with increasing amounts of a peptide stock solution (3 to 120 µL) in D2O. All 

samples were made up to 0.5 mL, shaken thoroughly and the DOSY-NMR spectra were 

recorded. All measurements were performed at 300 K. After recording the DOSY NMR spectrum 

of each sample, the diffusion coefficients of the peptides and nanoparticles were determined 

separately.  

The diffusion constants of the nanoparticles (Dbound) were determined by taking the average 

values of diffusion coefficients of nanoparticles of each measurement. The diffusion constant of 

the peptide (Dfree) was determined by recording a DOSY-NMR spectrum of the peptide in D2O in 

the absence of nanoparticles. Table 5.2 also contains the diffusion coefficients of the peptides 

determined in these measurements. 
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Table 5.2 Amounts of nanoparticles and solvents used in the titrations  
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Table 5.3 summarizes the change of Dobs with increasing amount of Gly-Phe observed in the 

DOSY-NMR measurements. 

 

Table 5.3 Results of DOSY-NMR titrations of NP Q, NP QP, NP QPCS and NP QPCS with Gly-Phe 
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In DOSY-NMR spectra, in which the individual peaks were resolved, mono-exponential fitting of 

the diffusion decay results was performed by using the TopSpin software to determine the 

diffusion coefficients (Figure 5.2).120 All peaks were taken into account and the diffusion 

coefficient of the nanoparticle was determined using the graph with the best fit.  

 

 

Figure 5.2 Screenshot of TopSpin showing the estimation of the diffusion coefficient of NP Q  

 

In spectra containing overlapping peaks multi-exponential fitting was used to resolve the 

diffusion coefficients. The decay of these signals is described by the Stejskal-Tanner equation 

(Equation 5.1), where Dobs/bound are the diffusion coefficients of the two species, S is the signal 

D2O 

NP  
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amplitude, δ is the gradient pulse width, γ is the gyromagnetic ratio, g is the gradient 

amplitude, and ∆′ is the diffusion time.121  

 

                   γ
 δ   Δ′ +                γ

 δ   Δ′                 Equation 5.1 

 

In this equation, Dobs is the diffusion coefficient of the dipeptide and Dbound that of the 

nanoparticle. The latter can be determined independently.121 To calculate Dobs, the overlapping 

peaks were processed using TopSpin.  

 

 

   

Figure 5.3 Screenshot of the relaxation window obtained from TopSpin and the report 

extracted from it  

 

 

Using the parameters obtained from the report of the relaxation window in Figure 5.3, a graph 

was plotted where x represents the D value that needs to be fitted biexponentially to resolve 

the individual diffusion coefficients (Figure 5.4). Dbound is known from individual measurements. 

Therefore, Dobs could be calculated by using the OriginLab software. There, Dbound was denoted 

as '1/t1' and Dobs as '1/t2' in the 'formula*', which is the biexponential formula used by the 

OriginLab software. 
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Figure 5.4 Example for the determination of the diffusion coefficients of Gly-Phe (1.2 mM) 

when binding to NP QPCS (c(ligtot)=1.87 mM) by the biexponential treatment using OriginLab  

 

 

5.6 Fluorescence Titration Experiments 

For the 'wavelength dependent' measurements, samples were exciting at 295 nm and emission 

was recorded between 250 and 500 nm. The details of these measurements are summarized in 

Table 5.4.  

 

formula* 

1/Dbound (t1) Dbound 
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Table 5.4 Conditions for 'wavelength dependent' fluorescent intensity measurements 

 

 

Afterwards, 'time dependent' measurements were performed where each sample was scanned 

for a certain amount of time, and the average value for the fluorescent intensities was 

measured. Each measurement was performed for 60 seconds with 0.2 seconds between each 

data point (Table 5.5). During this time the fluorescent intensities of the samples did not 

decrease significantly due to photo-bleaching.  

 

Table 5.5 Conditions for 'time dependent' fluorescent intensity measurements 

 

 

Fluorescent titrations were performed by using nanopartticle stock solutions with similar 

overall concentrations of surface-bound ligands (1.9±0.2 mM) and Gly-Trp stock solutions 
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(0.001 M) in HPLC grade water. The amounts of nanoparticles required for the stock solutions 

was calculated from the previously determined composition of the individual nanoparticles. The 

amounts of nanoparticles and the respective volumes of H2O to dissolve them are summarized 

in Table 5.6.  

 

Table 5.6 Preparation of nanoparticle stock solutions for the fluorescence titration experiments 

(*obtained from I2 decomposition) 

 

 

The peptide stock solution was prepared by dissolving Gly-Trp (1.31 mg) in of HPLC grade water 

(5.01 mL). For the measurements in aqueous NaCl, a stock solution of Gly-Trp with the same 

concentration (0.001 M) in 3 M aqueous NaCl was prepared.  

The titrations were performed by mixing 4.5 µL of the peptide stock solution with increasing 

amounts of the nanoparticle stock solutions (0-72 µL, Tables 5.7- 5.12) in a quartz cuvette and 

making up the total volume of each sample to 3 mL with HPLC grade water. The fluorescence 

intensities of the samples were measured at 360 nm and 25 oC after excitation at 295 nm by 

using the parameters specified in Table 5.5. Tables 5.7-5.12 summarize the results.  
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Table 5.7 Results of the fluorescence titration of NP Q with Gly-Trp

 

 

Table 5.8 Results of the for fluorescence titration of NP QP with Gly-Trp 
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Table 5.9 Results of the fluorescence titration of NP QCs with Gly-Trp 

 

 

Table 5.10 Results of the fluorescence titration of NP QPCs with Gly-Trp 
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Table 5.11 Results of the fluorescence titration of NP QCL with Gly-Trp 

  

 

Table 5.12 Results of the fluorescence titration of NP QPCL with Gly-Trp 
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7. Appendix  

Figure 7.11H-NMR spectrum of ligand QAC in D2O 

 

 Figure 7.21H-NMR spectrum of ligand CsAC in DMSO-d6 
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         Figure 7.3 1H-NMR spectrum of NP Q in D2O 

 

Figure 7.4 1H-NMR Spectrum of NP QP in D2O 
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Figure 7.5 1H-NMR Spectrum of NP QCS in D2O 

 

Figure 7.6 1H-NMR Spectrum of NP QPCS in D2O 
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Figure 7.7 1H-NMR Spectrum of NP QCL in D2O 

 

 Figure 7.8 1H-NMR Spectrum of NP QPCL in D2O 
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  Figure 7.9 1H-NMR Spectrum of NP CL in D2O 

 

Figure 7.10 1H-NMR Spectrum of NP QPCS-a in D2O 
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   Figure 7.11 UV-Vis spectrum of NP QCS in H2O 

 

    

   Figure 7.12 The UV-Vis spectrum of NP CL in H2O 
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7.1 1H-NMR Spectra of Nanoparticle Solutions After Iodine Decomposition  

 

Figure 7.13 1H-NMR Spectrum of NP Q in MeOD 

 

Figure 7.14 1H-NMR Spectrum of NP QP in MeOD 
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Figure 7.15 1H-NMR Spectrum of NP QCS in MeOD 

 

Figure 7.16 1H-NMR Spectrum of NP QPCS in MeOD 
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Figure 7.17 1H-NMR Spectrum of NP QCL in MeOD 

 

Figure 7.18 1H-NMR Spectrum of NP QPCL in MeOD 
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Figure 7.19 1H-NMR Spectrum of NP QPCS-a in MeOD 

 

 

 

 

 

 

 

 

 

 

 

 



7. Appendix 

123 
 

7.2 Results of the Iodine Decomposition Experiments  

 

 

Figure 7.20 Iodine decomposition of NP Q and gold/ligand ratio calculation 
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Figure 7.21 Iodine decomposition of NP QP and gold/ligand ratio calculation 
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Figure 7.22 Iodine decomposition of NP QCS and gold/ligand ratio calculation  
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Figure 7.23 Iodine decomposition of NP QPCS and gold/ligand ratio calculation 
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Figure 7.24 Iodine decomposition of NP QCL and gold/ligand ratio calculation  
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Figure 7.25 Iodine decomposition of NP QPCL and gold/ligand ratio calculation 
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Figure 7.26 2D DOSY-NMR map of NP QP 

 

 

  Figure 7.27 2D DOSY-NMR map of NP QCS 
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Figure 7.28 2D DOSY-NMR map of NP QPCS 

 

 

Figure 7.29 2D DOSY-NMR map of NP QCL 
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Figure 7.30 2D DOSY-NMR map of NP QPCL 

 

 

Figure 7.31 2D DOSY-NMR map of NP QP and Gly-Gly mixture 
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Figure 7.32 2D DOSY-NMR map of NP QP and Gly-Phe mixture 

   

Figure 7.33 2D DOSY-NMR map of NP QPCS and Gly-Phe mixture 
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Figure 7.34 2D DOSY-NMR map of NP QCL and Gly-Phe mixture 

 

 

Figure 7.35 2D DOSY-NMR map of NP QPCL and Gly-Gly mixture 
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Figure 7.36 2D DOSY-NMR map of NP QPCL and Gly-Phe mixture 
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Figure 7.37 Langmuir isotherm of the titration of Gly-Phe with NP Q  

 

  

Figure 7.36 Langmuir isotherm of the titration of Gly-Phe with NP QCS  
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Figure 7.37 Langmuir isotherm of the titration of Gly-Phe with NP QPCS  
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