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«La preoccupazione dell’uomo e del suo 

destino deve sempre costituire l’interesse 

principale di tutti gli sforzi tecnici; non 

dimenticatelo mai, in mezzo ai vostri 

diagrammi e alle vostre equazioni» 

 

A. Einstein, Come io vedo il mondo. 
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Abstract 

In the last years, gold nanoparticles (AuNPs) protected by an organic shell of ligands have received a 

large interest for applications in the biomedical field in particular for diagnosis, imaging and therapy. This 

class of nanomaterials is largely used because of the easy of synthesis with different core sizes and shapes 

and controlled dispersion. Moreover, NPs can be protected by a large variety of organic compounds, with 

different functionalities and to allow the linkage of drugs and biomolecules. The nature of the ligand is 

responsible of the solubility of the NPs and could be also tuned in order to have NPs soluble in water and 

in the biological environment. Additionally, at least gold is no toxic, biocompatible and could be easily 

released from the body. 

The present thesis is focused on three projects. The first one deals with the study of the morphology 

of gold nanoparticles coated by a mixture of hydrogenated and fluorinated ligands which solubility in 

water is favored by the presence of PEG chains. Few years ago, our research group has shown that 

mixtures of these hydrogenated and fluorinated ligands, forming the monolayer of gold nanoparticles, 

phase-segregate in separated domains because of the reciprocal immiscibility of the two chains. During 

this thesis, we wanted to investigate more deeply the organization of such monolayers and in particular, 

to understand the shape and the size of these domains. In collaboration with the group of Prof. S. Pricl 

and Prof. M. Fermeglia of the University of Trieste, in silico experiments have been performed in order to 

predict the size and the shape of these domains. Moreover, we have studied how the shape and the size 

of these domains is influenced by the ratio between the two thiols, the size of the core and the difference 

in length between the two ligands. The obtained results were supported by further ESR experiments 

performed by Prof. Lucarini of the University of Bologna. ESR experiments have allowed us to estimate 

the value of the affinity constants of the probe for the fluorinated and hydrogenated domains of the 

monolayer and to establish that mixed monolayers have chemical and physical properties that cannot be 

predicted by simply knowing the properties of homoligand monolayers. The results that have been 

reported in a recent publication on ACS Nano are presented in Chapter 3. 

The second project of this PhD thesis is based on the synthesis and characterization of water soluble 

gold nanoparticles coated by different ratios of charged hydrogenated ligands and commercially available 

fluorinated ligands. Some of these nanoparticles, with an average core diameter between 3 and 4 nm, 

have been used for preliminary investigations in vitro. In particular, cell membrane permeation and the 

cellular toxicity have been evaluated. These experiments have been performed in collaboration with the 

group of Prof. Stellacci in IFOM-IEO, Milan. Preliminary results are described in Chapter 4. 
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The last part of this PhD project is focused on the synthesis and characterization of NPs coated by 

mixtures of commercially available fluorinated and hydrogenated thiols. These NPs present the 

advantages over those described in Chapter 3 and Chapter 4 because they are suited for a direct 

“visualization” by STM experiments and may help us in understanding the rules governing the 

organization of mixtures of fluorinated and hydrogenated ligands on a curved surface. The choice to 

synthesize NPs without charged groups is dictated by the limitations of STM technique. In Chapter 5 

synthetic aspects and preliminary STM results would be presented. 
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Riassunto 

Nanoparticelle di oro ricoperte da un monostrato organico hanno ricevuto notevole interesse negli 

ultimi anni per applicazioni in campo biologico e in particolare per la diagnosi, per la veicolazione mirata 

di farmaci e l’imaging. Il motivo del grande successo di questa classe di nanomateriali risiede innanzitutto 

nella relativa facilità di sintesi in un ampio range di nanoparticelle di diversa forma e dimensione e con un 

ottimo controllo della dispersione. Inoltre, queste nanoparticelle possono essere funzionalizzazione 

usando un pool di strategie con una grande varietà di composti organici, e le proprietà del monostrato 

organico, come per esempio la solubilità, possono essere modulate per avere sistemi adatti all’ambiente 

biologico. Infine, l’oro è biocompatibile, non tossico a livello cellulare e facilmente eliminabile 

dall’organismo. 

Questa tesi di dottorato è focalizzata principalmente su tre progetti. Il primo progetto riguarda lo 

studio della morfologia di nanoparticelle di oro ricoperte da una miscela di leganti idrogenati e fluorurati 

la cui solubilità in acqua è garantita dalla presenza di catene ossoetileniche terminali. Il nostro gruppo di 

ricerca aveva precedentemente evidenziato mediante studi ESR che catene idrogenate e fluorurate, a 

causa della loro reciproca immiscibilità, danno luogo a segregazione di fase. Durante questa tesi di 

dottorato si è voluto approfondire questo aspetto, in particolare cercando di indagare quale sia la forma e 

la dimensione dei domini di leganti idrogenati e fluorurati che si vengono a formare. In collaborazione con 

il gruppo della prof. S. Pricl e del prof. M. Fermeglia dell’Università di Trieste, sono stati messi a punto 

esperimenti in silico allo scopo di predire l’organizzazione di monostrati misti su nanoparticelle di oro. Si è 

studiato come la forma e la dimensione di questi domini sia influenzata dal rapporto tra i due tioli, dalle 

dimensioni del core e infine dalla differenza di lunghezza tra leganti. I risultati ottenuti mediante queste 

simulazioni sono stati poi supportati da ulteriori esperimenti ESR che hanno permesso di stimare il valore 

della costante di affinità di un probe idrofobico per le porzioni fluorurate e idrogenate del monostrato e di 

dedurre che i monostrati misti hanno caratteristiche chimico-fisiche che non possono essere predette a 

priori conoscendo le proprietà dei monostrati omoleganti. Questi risultati sono stati riportati su una 

recente pubblicazione sulla rivista ACS Nano. 

Il secondo progetto riguarda la sintesi e caratterizzazione di nanoparticelle di oro ricoperte da 

miscele di leganti idrogenati e fluorurati in diversi rapporti e solubili in acqua grazie alla presenza di gruppi 

terminali carichi sui tioli idrogenati. Alcune di queste nanoparticelle, che hanno un diametro medio 

compreso tra 3 e 4 nm, sono state usate in vitro . In particolare, sono state analizzate la capacità di 

attraversare la membrana cellulare e il grado di tossicità su cellule HeLa. Questi esperimenti biologici sono 
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stati condotti mediante microscopia confocale a fluorescenza dalla Dott.ssa Sousa del IFOM-IEO di 

Milano. I risultati preliminari sono discussi nel Capitolo 4. 

La terza parte di questo lavoro si è focalizzata invece sulla sintesi di nanoparticelle di oro ricoperte da 

tioli idrogenati e fluorurati commerciali, che consentano di investigare con tecniche dirette la morfologia 

del monostrato. Le conoscenze che saranno acquisite da questi studi potranno essere di aiuto per la 

comprensione dell’organizzazione di monostrati misti di nanoparticelle riportate nel secondo progetto. Le 

problematiche legate alla sintesi e al controllo della dispersione del diametro del core e i risultati 

preliminari ottenuti con l’STM saranno descritti nel Capitolo 5.  
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Chapter 1: Introduction 

Gold nanoparticles (AuNPs) are an important class of nanometer-scale materials which dimensions 

bridges bulk materials and molecules and offer prospects of novel and even size-dependent, chemical, 

electronic and physical properties.1 Briefly, AuNPs can be described as supramolecular systems in which a 

gold core is passivated by organic ligands forming a self-assembled monolayer grafted on the curved 

surface. In recent years they have been used in many fields of science, from physics, to chemistry, to 

material science, to biology and medicine.2,3,4,5,6,7 This is primarily due to the simplicity of synthesis and to 

their unique properties. Chemical-physical properties strongly depend on the particle size, interparticle 

distance, nature of the protecting organic shell, and shape of the nanoparticles and consequently they 

can be modified by changing either the constituting materials of the monolayer or the core to shell ratio. 

The protecting shell of ligands has the role to avoid the nanoparticle aggregation, improve the solubility in 

many solvents and more generally to control and rules all the interactions with the outside environment. 

 

Figure 1.1: Schematic representation of a functionalized AuNPs. 

One of the most important aspect of gold nanoparticles that make them different from bulk 

materials is the percentage of the total number of atoms in the nanoparticle that are interfacial. For 

example, if the gold core is assumed to be spherical, a 1.3 nm diameter gold nanoparticle has 88 % of its 

atoms on the surface; a 2.0 nm particle has 58 % surface atoms and 5 nm particle has 23 % surface atoms. 

                                                                        
1 Schmid, G.; Chem. Rev. 1992, 92, 1709 -1727. 
2 Templeton, A. C.; Wuelfing, W. P.; Murray, R. W. Acc. Chem. Res. 2000, 33, 27 -36. 
3 Daniel, M. C.; Astruc, D. Chem. Rev. 2004, 104, 293 -346. 
4 Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesieds, G. M. Chem. Rev. 2005, 105, 1103 -1169. 
5 Sardar, R.; Funston, A. M.; Mulvaney, P.; Murray, R. W. Langmuir 2009, 25, 13840 -13851. 
6 Pengo, P.; Pasquato, L. The Supramolecular Chemistry of Organic –Inorganic Hybrid Materials, K. Rurack, R. 
Martinez –Manez Eds., John Wiley & Sons, 2010, ch. 4. 
7 Chaudhuri, R. G.; Paria, S. Chem. Rev. 2012, 112, 2373 -2433. 
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The external gold atoms that are coordinately high unsaturated are the sites of coordination of the 

organic ligands that could be thiols, amines or phosphines. 

In this introductive chapter, the principal methodologies for the synthesis and the characterization of 

gold nanoparticle with different functionalities are presented. A particular attention is devoted to the 

strategies employed to obtain water soluble nanoparticles and fluorinated ones. Moreover the 

methodologies so far reported to obtain mixed monolayer AuNPs with a specific morphology will be 

presented. Moreover, the main techniques employed to investigate the organization of mixtures of 

ligands on the gold core will be reviewed.  

1.1 Synthesis of spherical gold nanoparticles protected by organic ligands 

Monolayer protected AuNPs may be obtained by two principal ways: a) formation of an organic layer 

around preformed AuNPs or colloids and b) by reduction of gold salts in the presence of coating ligands 

such as thiols, amines and phosphines.  

The oldest method reported to synthesize AuNPs is the citrate reduction of HAuCl4 in water 

introduced by Turkevitch8 in 1951. This method leads to AuNPs of 20 nm of diameter. Frens9 in 1973 and 

Natan10 in 1995 modified the synthesis to obtain colloids with size between 16 and 147 nm by varying the 

reducing/stabilizing agent ratio (trisodium citrate to gold ratio). Nowadays, solutions of gold colloids of 

different diameters are commercially available. However, the surface of these NPs is protected only by 

weak electrostatic interactions by citrate and this makes them unwieldy: they have the tendency to 

aggregate and flocculate and the removal of the solvent leads to the complete loss of the ability to reform 

colloidal solutions. 

Table 1.1: Synthetic methods and capping agents for protection of AuNPs of varying core size. 

Core size (d) Synthetic methods Capping agents 

1.5 – 5 nm11 Biphasic reduction of HAuCl4 by sodium borohydride in the 
presence of thiol capping agents 

Alkanethiols  

3.5 – 10 nm23 Heat-induced size ripening method Alkanethiols 

10 – 150 nm8,9,10 Reduction of HAuCl4 with sodium citrate in water Citrate ions 

1.5 - 7 nm28 Polymeric stabilization PVP  

 

The first synthesis of gold nanoparticles protected by thiols was developed by Brust and Schiffrin in 

1994.11 Subsequently, a large number of NPs with different metal cores (Au, Ag, Cu)4 and different ligands 

                                                                        
8 Turkevich, J.; Stevenson, P.C.; Hillier, J. Discuss. Faraday Soc. 1951, 11, 55 -57. 
9 Frans, G. Nature Phys. Sci. 1973, 241, 20 -22. 
10 Grabar, K. C.; Freeman, R. G.; Hommer, M. B.; Natan, M. J. Anal. Chem. 1995, 67, 735 -743. 
11 Brust M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J. Chem. Soc., Chem. Commun.1994, 801 -802. 



Introduction 

 

 

3 

 

(thiols, disulfides, phosphines, amines)3 have been synthesized simply modifying the Brust and Schiffrin 

methodology. 

In this seminal work, NPs were obtained by transfer of AuCl- from an aqueous solution to toluene 

using tetraocylammonium bromide (TOAB) as phase transfer reagent. Subsequent addition of a solution 

of sodium borohydride (NaBH4) in the presence of dodecanethiol as capping ligand reduces the gold salt 

to Au(0). The mean size of the gold core and their dispersion can be modulated by the Au : alkylthiolate 

ratio the temperature and rate at which the reduction is conducted.12 Briefly large thiol : gold mole ratios 

give small NPs, and fast addition of the reducing agent and cooled solutions produced smaller and less 

dispersed particles. 

So obtained NPs are soluble in non-polar solvents. A peculiar property of these materials that 

distinguish them from colloids is that they behave like large organic compounds: they can be purified by 

precipitation, by repeated centrifugation, using size exclusion chromatography, by dialysis or by Soxlet 

extraction without any change in properties13 and finally they can be redissolved and characterized with 

the pol of techniques usually used for organic – inorganic compounds which will be described later.11,12 

The extraordinary stability of these systems is due to the strong bound between Au and S both having a 

soft character.  

The reaction proposed by Brust and Schiffrin has been studied extensively by many groups,12,14 but 

there remain significant questions regarding the detailed mechanism. The formation of a polymer and the 

concomitant reduction of Au(III) to Au(I) was suggested by Brust. (Scheme 1.1).11  

                                                                        
12 Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; Clark, M. R.; Londono, J. D.; Green, S. J.; 
Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Poter, M. D.; Evans, N. D.; Murray, R. W. Langmuir 1998, 14, 17 -30. 
13 Waters, C. A.; Mills, A. J.; Johnson, K. A.; Schiffrin, D. J. Chem. Commun. 2003, 540-541. 
14 Leff, D. V.; Ohara, P. C.; Heath, J. R.; Gelbart, W. M. J. Phys. Chem. 1995, 99, 7036-7041. 
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Scheme 1.1: Scheme for AuNPs synthesis by the Brust two-phases approach.5 

More recently, Lennox and Tong,15,16 separately revisited the Brust-Schiffrin synthesis. They excluded 

the formation of Au(I) thiolated polymers and they gain evidence to support Au(I) and Au(III) 

tetralkylammonium complexes as the relevant precursors of Au(0).  

Lennox demonstrated, through 1H-NMR experiments, that the reaction proceeds following the 

mechanism in Scheme 1.2.15 During the phase transfer step, formation of complexes of Au(III) and TOAB 

([NR4][AuX4]complexes) occurs; upon addition of thiol RSH, disulfide (RSSR) is generated and Au(III) is 

reduced to Au(I) with the formation of [NR4][AuX2] complexes. It was also demonstrated that 2 equiv. of 

thiol are sufficient for the complete reduction of Au(III) to Au(I) to occur. 

 

Scheme 1.2: Revised mechanism of the two-phase Brust-Schiffrin AuNPs synthesis.15 

Tong and coworkers16 performed Raman, NMR and surface plasmon resonance (SPR) spectroscopic 

studies to show no formation Au-S bond before NaBH4 addition confirming that the [Au(I)SR]n – like 

polymers (in which a Au-S bond is expected) are not the metal-ion precursors. In this work a synthetic 

route that provides for the formation of micelles is proposed. In other words, before the formation of Au-

                                                                        
15 Goulet, P. J. G.; Lennox, R. B. J. Am. Chem. Soc. 2010, 132, 9582 -9584. 
16 Li. Y.; Zaluzhna, O.; Xu, B.; Gao, Y.; Modest, J. M.; Tong, Y. J. J. Am. Chem. Soc. 2011, 133, 2092 -2095. 
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S bonds, metal nucleation centers are formed inside inverse micelles of TOAB in the organic solvent; 

metal ions are reduced by NaBH4 and at least ligands diffuse through the TOA shell and form Au-S bonds 

(Scheme 1.3). All these considerations suggest that the variation of the time before the thiol addition 

influences the organization of the micelles and consequently the size and dispersion of the cores. 

 

Scheme 1.3: Mechanism of the two-phase Brust-Schiffrin synthesis that provides for the formation of micelles.16 

As mentioned above, gold nanoparticles are useful for a broad range of applications but practical 

limitations are apparent when monodispersity is required, for example, for electrochemical quantized 

capacitance charging,17 single electron transistor assembly,18 and in advanced applications of thermal 

gradient optical imaging.19 In order to obtain monodisperse samples of NPs, different strategies have 

been proposed which can be divided into: 1) appropriated synthetic approaches; 2) post-synthetic 

treatments. Post-synthetic treatments like fractional crystallization,20 size-exclusion chromatography,21 

gel electrophoresis22 have been shown to be useful, but although the quality of the separation is 

excellent, these methods suffer from low yields. In other examples the size distribution is controlled by a 

process called digestive ripening, which consists in heating a colloidal suspension of NPs at or near the 

solvent boiling point in the presence of a surface active ligand. Maye23,24 reported for the first time an 

example of heat-treatment on alkylated NPs in solution and he described this process as shell desorption, 

core coalescence and shell re-encapsulation. This method gave NPs larger than precursor NPs with a 

                                                                        
17 Chen, S.; Ingram, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.; Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; 
Whetten, R. L. Science 1998, 280, 2098 -2101. 
18 Moriarty, P. Rep. Prog. Phys. 2001, 64, 297 -381. 
19 Boyer, D.; Tamarat, P.; Maali, A.; Lounis, B.; Orrit, M. Science 2002, 297, 1160 -1163. 
20 a) Whetten, R. L.; Khoury, J. T.; Alvarez, M. M.; Murthy, S.; Vezmar, I.; Wang, Z. L.; Stephens, P. W.; Clevelan, C. 
L.; Luedtke, W. D.; Landman, U. Adv. Mater. 1996, 8, 428 -433. b) Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; 
Shafigullin, M.; Vezmar, I.; Whetten, R. L. Chem. Phys. Lett. 1997, 266, 91 –98. 
21 a) Wilcoxon, J. P.; Martin, J. E.; Provencio, P. Langmuir 2000, 16, 9912 -9920. b) Tsunoyama, Y. N.; Tsukuda, T. 
J. Am. Chem. Soc. 2006, 128, 6036 -6036. 
22 Schaaff, T. G.; Knight, G.; Shafigullin,M. N.; Borkman, R. F.; Whetten, R. L. J. Phys. Chem. B 1998, 102, 10643 -
10646. 
23 Maye, M. M.; Zheng, W.; Leibowitz, F. L.; Ly, N. K.; Zhong, C.-J. Langmuir 2000, 16, 490 -497. 
24 Maye, M. M.; Zhong, C.-J. J. Mater. Chem. 2000, 10, 1895 -1901. 
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narrow distribution. The limitation of this technique is the choice of the solvent. Miyake25,26 proposed the 

heat-treatment in the solid state. Alkanethiol protected NPs of about 1.5 nm were evolved to 3.4 - 9.7 nm 

by heating to 150 - 250 °C in air in presence of tetraoctylammonium bromide (TOAB) which was used as a 

phase-transfer agent during the preparation of the nanoparticles. The particle growth was not observed if 

TOAB is removed before the heat-treatment process. Thermal processes were further investigated by 

Brust27 who observed that the original size of the nanoparticles subjected to heat-treatment influences 

the final size: 1.5 nm cubooctahedral NPs coalesce to produce large icosahedral NPs (25 - 35 nm) while 

3.5 nm icosahedral NPs produce 5.8 nm icosahedral NPs. 

Many efforts were spent in the last few years to find appropriated synthetic methodologies directly 

to obtain NPs with low size-dispersion. The Brust and Schiffrin synthesis has the disadvantage that a 

growth stage is absent for the cluster formation, and therefore the core size of the resulting material can 

be only slightly modified by adjusting the amount of gold salt : thiol ratio used. Carotenuto and coworkers 

proposed the synthesis of polymeric protected nanoparticles by alcoholic reduction of gold salt in 

presence of PVP (poly (N-vinylpyrrolidone)) as stabilizer. PVP avoid NPs sintering and make possible the 

isolation of clusters by co-precipitation. If PVP-NPs are dissolved in alcoholic alkyl-thiol solutions, the thiol 

molecules absorb on the metal surface and the polymer is displaced giving thiol-protected NPs. In this 

case a good control of size-dispersity is obtained also for large nanoparticles.28 Narrow size distributions 

were obtained by Brust29 by coting nanoparticles with a water soluble alkyl thioether end-functionalized 

poly(methacrylic acid) stabilizer. The good dispersity of NPs was rationalized by suggesting that the 

polymeric ligand forms a hydrophilic shell around the growing nuclei which is permeable to 

tetrachloraurate ions allowing both further growth and preventing the fusion of two or more particles. 

  

                                                                        
25 Teranishi, T.; Hasegawa, S.; Shimizu, T.; Miyake, M. Adv. Mater. 2001, 13, 1699 -1701. 
26 Shimizu, T.; Teranishi, T.; Hasegawa, S.; Miyake, M. J. Phys. Chem. B 2003, 107, 2719 -2724. 
27 Goubet, N.; Ding, Y.; Brust, M.; Wang, Z. L.; Pileni, M.-P. ACS Nano 2009, 3, 3622 -3628. 
28 Carotenuto, G.; Nicolais, L. J. Mater. Chem. 2003, 13, 1038 -1041. 
29 Hussain, I.; Graham, S.; Wang, Z.; Tan, B.; Sherrington, D. C.; Rannard, S. P.; Cooper, A. I.; Brust, M. J. Am. 
Chem. Soc. 2005, 127, 16398 -16399. 
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1.2 Characterization of monolayer protected AuNPs 

The excellent stability and handling properties of AuNPs allow their structural and compositional 

analysis. Different techniques can be used for the characterization of the metal core and the surrounding 

monolayer. 

 Core size and shape 

High Resolution Transmission Electron Microscopy (HRTEM) is a potent tool for the investigation of 

size and shape of alkanethiolated protected AuNPs clusters. Figure 1.2. TEM images give information 

about the average core diameter and the sample dispersion but also the shape of NPs. The examination 

of higher resolution photograms of dodecanethiolated AuNPs have revealed that the typical shape of the 

core is either cubooctahedral or icosahedral.11  

 

Figure 1.2: TEM spectrum of a sample of NP-C12. 

TEM analysis of a fractionally crystalized samples and theoretical calculations30 determined that a 

more likely shape of the Au core is a truncated octahedron and analyzing structures from 50 and 500 gold 

atoms forming the core a special subset of five truncated octahedron clusters was emerged to have the 

greatest relative stability: Au79, Au140, Au225, Au314 and Au459; the numbers of Au atoms forming these 

structures are considered “magic numbers”. 

The core dimension can be determined also using scanning tunneling microscopy (STM), atomic force 

microscopy (AFM),31 small-angle X-ray scattering (SAXS),2 laser desorption/ionization mass spectrometry 

(LDI-MS),2 and X-ray diffraction.12 

The oxidation state of gold in the nanoparticles is determined by X-ray photoelectron spectroscopy 

(XPS). For dodecanethiolated NPs of 2.0 – 2.5 nm, Brust11 has calculated that the binding energies of the 

                                                                        
30 Whetten, R. L.; Khoury, J. T.; Alvarez, M. M.; Murthy, S.; Vezmar, I.; Wang, Z. L.; Stephen, P. W.; Cleveland, C. L.; 
Luedtke, W. D.; Landman, U. Advanced Materials 1996, 8, 428 -433. 
31 Lee, I.; Chan, K. Y.; Phillips, D. L. Ultramicroscopy 1998, 75, 69 -76. 
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doublet for Au 4f 7/2 (83.8 eV) and Au 4f 5/2 (87.5 eV) are characteristics of Au(0) and that it is absent a 

band at 84.9 eV typical of Au(I) (Figure 1.3). This is a very interesting result considering that a large 

amount of gold atoms are on the surface (30 %) and that they are linked to thiols and it suggests that Au 

atoms on the surface have a metallic character.12,32 

 

Figure 1.3: XPS spectrum of NPs-C12 showing the Au 4f 7/2 and Au 4f 5/2 doublet with binding energies of 83.8 87.5 eV 
respectively. These are typical values for Au(0).11 

Optical properties of gold clusters are very interesting and they depend strongly on the core-size of 

the nanoparticles.12 The dependence of gold cluster color on diameter size was first theorized by Mie in 

1908.33 Small nanoparticles of diameters smaller than 3 nm show a monotonic decay of the absorbance 

from 200 nm into the visible, while larger nanoparticles present the surface plasmon band at about 520 

nm due to the excitation of surface plasmons.34,35 In particular the plasmon band arise from interband 

transitions between the highly polarizable Au 5d10 band and the unoccupied states of the conduction 

band that is appreciable only for cluster larger than 3 nm. 

 Features of the protective monolayer 

The protective monolayer is mainly studied by 1H and 13C-NMR techniques wherever the NP size 

enable it, i. e. diameter core lower then 5 nm. These spectra characteristically present broad signals 

relative to those of free alkanethiols.36 The spectral broadening is more accentuated for nuclei signals 

near the gold core due to different factors.12 1) Methylenes near the gold surface are the most densely 

packed and for this reason they have fast spin relaxation from dipolar interactions, on the other side 

methylenes far from the gold core have a larger freedom and spin relaxation times similar to those of free 

thiols. 2) The binding sites of thiols on the gold cluster are different: edges, vertex or terraces. This may 

                                                                        
32 Abis, L.; Armelao, L.; Belli Dell’Amico, D.; Calderazzo, F. Garbassi, F.; Merigo, A. Quadrelli, E. A. J. Chem. Soc., 
Dalton Trans. 2001, 2704 -2709. 
33 Mie, G. Ann. Phys. 1908, 25, 377. 
34 Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; Shafigullin, M. N.; Vezmar, I.; Whetten, R. L.; J. Phys. Chem. B 1997, 
101, 3706 -3712. 
35 Bohren, C. F.; Huffman, D. R.; Adsorption and scattering of Light by Small Particles; Wiley, New York, 1983. 
36 Badia, A.; Gao, W.; Singh, S.; Demers, L.; Cuccia, L.; Reven, L. Langmuir 1996, 12, 1262 -1269. 
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be responsible of a distribution of chemical shifts and of the broadening of the 1H and 13C resonance of α- 

and β—CH2 groups. 3) The spin – spin relaxation time (T2) depends on the mobility of the molecules in 

solution; methylenes linked to a surface have a lower mobility and consequently higher relaxation times 

that decrease with the distance of the methylenes from the gold surface. Moreover Au has a quadrupole 

moment. For all these reasons α- and β—CH2 groups are broadened on the baseline. Analyzing 1H-NMR 

spectra of dodecanethiolated nanoparticles with different core diameter it was observed that linewidths 

(νFWHM) increase with gold core size.12,37 In conclusion, the analysis of NMR spectra of gold nanoparticles 

may give information about the dimension of the core.  

Moreover, 1H-NMR spectra of protected NPs give indications on the structure of the organic 

monolayer and it was reported to be an interesting method to map the position of organic molecules 

bound into the monolayer thanks to the pseudo-contact shifts induced by a lanthanide ion complexed to 

the ligands forming the monolayer.38 It has been also demonstrated how a paramagnetic lanthanide ion 

can act as a probe for the direct determination of the local organization of small NPs coated by organic 

monolayers, provided that proper binding sites are present on the particle surface.39 In Section 1.6.2 the 

use of NMR techniques to gain information on the organization of mixed monolayers will be discussed in 

more detail. 

Additionally, analysis of NMR spectra is currently used to gain information on the ratio between 

ligands of different nature forming the protecting monolayer. Because of broad signals, this measure is 

very often carried out on decomposed NPs. Another important information which can be achieved from 

NMR spectra is the cleanness of the NPs sample. Indeed, the presence of sharp signals in NPs NMR 

spectra is a clear evidence of the presence of impurities or free thiols or disulfides. 

Vibrational spectroscopy is another method used to investigate the presence of specific thiols11 into 

the monolayer and the alkyl chain orientation.12 C-H stretching vibrations of solid-state MPNPs are typical 

of a trans chains orientation. Trans orientation is mostly evident for NPs with a gold core larger than 4 nm 

because large terraces-like regions are present respect to edges and vertex that on the contrary are sites 

with high percentage of disorder. Monolayer ordering in solid-state MPNP samples is also associated with 

the interdigitation of chains of a nanoparticles with chains of neighboring.40,41 In contrast, monolayer of 

dissolved alkanethiolated NPs show C-H stretching diagnostics of disorder similar that of free liquid 

alkanes. 

                                                                        
37 Terrill, R. H.; Postlethwaite, T. A.; Chen, C.; Poon, C. -D.; Terzis, A.; Chen, A.; Hutchison, J. E.; Clark, M. R.; 
Wignall, G.; Londono, J. D.; Superfine, R.; Falvo, M.; Johnson Jr., C. S.; Samulski, E. T.; Murray, R. W. J. Am. Chem. 
Soc. 1995, 117, 12537 -12548. 
38 Guarino, G.; Rastrelli, F.; Mancin, F. Chem. Commun. 2012, 48, 1523 -1525. 
39 Guarino, G.; Rastrelli, F.; Scrimin, P.; Mancin, F. J. Am. Chem. Soc. 2012, 134, 7200 -7203. 
40 Badia, A.; Cuccia, L.; Demers, L.; Morin, F.; Lennox, R. B. J. Am. Chem. Soc. 1997, 119, 2682 -2692. 
41 Hostetler, M. J.; Stokes, J. J.;  Murray, R. W.; Langmuir 1996, 12, 3604 -3612. 
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Termogravimetric analysis (TGA) is a destructive technique that consists on the thermal 

decomposition of the nanoparticles that leads to desorption and volatilization of the organic monolayer 

living a residue of gold. The loss of mass in percentage is correlated to the fraction of organic material 

respect to the gold core. TGA and TEM data together allow to determine the average composition of the 

monolayer. 

Molecular-dynamic simulations can also provide insight about the structure of the organic 

monolayer. Zerbetto42 has simulated nanoparticles formed by 309 gold atoms and protected by 80 

hexanethiolates (Au309(SC6H13)80) and he has shown that one third of the thiols present a s-cis 

conformation and that, as soon as the thiolate chains tilt to maximize their mutual interactions, ligands 

located in the proximity of the edges of the faces of Au309, stay apart from others. This kind of behavior 

has been described by the so-called “hair-ball theorem” (Figure 1.4). For this reason, these ligands being 

more accessible, are more reactive than others and so these are the sites in which the place exchange 

reaction take place faster and in which the nanoparticle could be “decorated” with more facility. 

 

Figure 1.4: Schematic representation of the molecular-dynamics simulations. The red thiolate represents that least 
crowded (left) and the most linearly extended (right) thiolate.42 

Recently ESR spectroscopy and STM were emerged as interesting techniques to obtain information 

about the properties of the monolayer. They will be extensively described in Section 1.6.2. 

 X-ray 

A precise picture of AuNPs in the solid state has been obtained by X-rays diffraction analysis of small 

gold clusters. Only few examples of X-ray structures are reported in literature. Kornberg in 2007 obtained 

the first X-ray structure of a 1.4 nm gold nanoparticle protected by 4-mercapto-benzoic acid ligands (p-

MBA).43 The formation of a crystal in this case is favored by the rigidity of the aromatic thiol and by the 

presence of carboxylic moieties that, through intermolecular hydrogen bonds, stabilize the crystalline 

structure (Figure 1.5). 

                                                                        
42 Rapino, S.; Zerbetto, F. Small 2007, 3, 386 -388. 
43 Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A.; Kornberg. R. D. Science 2007, 318, 430- 433. 
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Figure 1.5: X-ray crystal structure determination of the Au102(p-MBA)44 nanoparticle.43 

These NPs are formed by 102 gold atoms and are protected by 44 p-MBA ligands. The gold core may 

be described as a 49-atom with four atoms on the central axis, two 20-atom caps of C5 symmetry on 

opposite poles and a 13-atoms band with no apparent symmetry on the equator arranged in a Mark 

decahedral geometry (Figure 1.6). The geometry of the equatorial band impart chirality to the cluster. 

 

Figure 1.6: Marks decahedron. 

 

Figure 1.7: a) Au102(p-MBA)44 nanocluster; b) the RS-Auad-SR motif and c) the extended RS-Auad-SR-Auad-SR motif.44 

Two types of Au-SR interactions are present in the structure. In the first type, a gold atom in the 

outermost external shell (adatoms) binds two sulfur atoms (RS-Au-RS) giving rise to the so called 

“staple”motif; in the second one, two gold atoms in the next shell bind a sulfur forming a bridge (Au-SR-

                                                                        
44 Pensa, E.; Cortés, E.; Corthey, G.; Carro, P.; Vericat, C.; Fonticelli, M. H.; Benitez, G.; Rubert, A. A.; Salvarezza, R. 
C. Accounts of Chemical Research 2012, 45, 1183 -1192. 
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Au). Considering as surface the portion of gold atoms interacting with sulfur, the coverage by p-MPA 

(thiol : gold ratio) is 70 %, which is higher than the value estimated for Au (111) surfaces (33 %).45 

The organic monolayer is stabilized not only by Au-S bonding but also by interactions between p-

MBA molecules pertaining to the same NP. These interactions are of three types: 1) π-π stacking between 

two close and parallel phenyl rings, 2) phenyl rings interacting at right angles (T-stacking) and 3) sulfur 

interacting with a phenyl ring. 

More recently other groups reported the structure determination of small gold clusters. Murray46 

and Jin,47 separately, reported the crystal structure of the thiolate protected gold nanoparticle 

[TOA+][Au25(SCH2CH2Ph)18
-] where TOA+ = N(C8H17)4

+. The gold core is made by three different types of 

gold atoms: a central gold atom whose coordination number is 12, 12 gold atoms that form the vertices of 

an icosahedron around the central atom whose coordination number is 6 and 12 gold atoms stellated on 

12 of the 20 faces of the Au13 icosahedron. The bonding between the thiolate ligands and gold atoms is of 

two types: 6 sulfur atoms are connected to one stellated gold atoms and 12 sulfur atoms are connected 

to one stellated atom and to a vertex gold atom on the Au13 icosahedron (Figure 1.8). The bridging mode 

of the thiolated ligand is related to that observed for Au102(p-MBA)44 clusters, however in this case the 

bridging – SR ligand form an extended “staple” motif where three sulfur and two gold atoms are arranged 

in a -S-Au-S-Au-S pattern.  

 

Figure 1.8: Breakdown of X-ray crystal structure of [TOA+][Au25(SCH2CH2Ph)18
-]. a) Arrangement of the Au13 core with 12 

atoms on the vertices of an icosahedron and one in the center. b) Depiction of gold and sulfur atoms, showing six 
orthogonal (Au2(SCH2CH2Ph)3

-) “staples” surrounding the Au13 core. c) [TOA+][Au25(SCH2CH2Ph)18
-] structure with the 

ligands and TOA+ cation (depicted in blue) (Legend: Gold = yellow; Sulfur = orange; Carbon = gray; Hydrogen = off-
white).46 

The structure of small general clusters Au25(SR)18 has been also predicted with density functional 

theory (DFT) obtaining structures that reflect those observed experimentally for the cluster 

Au25(SCH2CH2Ph)18.48 

                                                                        
45 Wan, L -J.; Terashima, M.; Noda, H.; Osawa, M. J. Phys. Chem. B 2000, 104, 3563 -3569. 
46 Heaven, M. W.; Dass, A.; White, P. S.; Kennedy, M. H.; Murray, R. W. J. Am. Chem. Soc. 2008, 130, 3754 -3755. 
47 Zhu, M; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. J. Am. Chem. Soc. 2008, 130, 5883 -5885. 
48 Akola, J.; Walter, M.; Whetten, R. L.; Hakkinen, H.; Gronbeck, H. J. Am. Chem. Soc. 2008, 130, 3756 -3757. 
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The number of crystal structures of gold nanoparticles is limited to these examples and consequently 

a generalization for clusters of different size can’t be done. However, whereas the S-Au interactions may 

be extended also to cluster of different dimensions, the interaction between thiolates and the packing 

arrangement is expected to change with the diameter of the core and the type of chain. 

1.3 Methods for the functionalization of AuNPs 

One of the advantages to use MPNPs is the possibility to easily introduce into the monolayer a large 

number of functionalities in order to use them for specific applications. There are three strategies for 

tailoring the composition of the monolayer and the functional groups exposed at the monolayer-solvent 

interface. They are: a) synthesis of the NPs in the presence of -functionalized thiols, b) ligand exchange 

reaction to substitute a ligand of the monolayer with an -functionalized thiol, and c) modification of the 

functional thiols by covalent reactions, mainly from the pool of the click chemistry (Scheme 1.4). 

 
Scheme 1.4: Strategies for the synthesis of functionalized AuNPs: a) direct synthesis, b) place exchange reaction and c) 
post-synthetic modification.  
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 Direct synthesis 

This is the most common and fast approach to obtain -functionalized NPs. The only limitation is that 

the functional groups must be compatible with the high reductive and basic environment used for the 

synthesis of nanoparticles. Alkanethiols with polar head groups like for example tiopronin, coenzyme A 

and thiolated derivatives of PEG are stable in presence of sodium borohydride and therefore can be used 

to protect the nanoparticles during their formation. 

 Ligand exchange method 

The displacement of ligands forming the monolayer by others free in solution is another strategy for 

modifying the organic surface of nanoparticles after their formation.49 This methods is particularly useful 

if the desired ligand is not compatible with the highly reductive environment required for forming 

nanoparticles, or if the desired ligand is expensive, or it is not commercially available and cannot be used 

in excess in direct synthesis. The scheme below show stoichiometry of the exchange of thiolate RS 

bounded to the nanoparticles with a different R’S ligand: 

 

x (R’SH) + (RS)mMPNP  x (RSH) + (R’S)x(RS)m-xMPNP 

 

where x and m are the numbers of the entering ligands and of the existing ligands respectively.  

Poly – hetero--functionalized alkanethiol protected gold nanoparticles could be obtain by place 

exchange reaction via either simultaneous or stepwise exchange.51 

Mechanistic studies of place exchange reactions have been performed by several groups.50-33 The results 

of their experiments show that ligand exchange is an associative mechanism in which the incoming ligand 

penetrates the monolayer in order to undergo place-exchange and the displaced ligand exits from the 

monolayer as a thiol. The rate and the equilibrium stoichiometry of that reaction depends on a) the molar 

ratio of R’SH and RS units, b) their relative steric bulkiness and c) the relative length of RS and R’SH 

chains.51,52 Murray and coworkers show also that same sites of the gold core are significantly easy to 

exchange (like vertex, edge defect sites), others are difficult to exchange (like the interior terraces sites) 

because of the differing electron densities53 and steric accessibility.54 For this reason the rate of exchange 

on NPs is initially rapid because first thiols on the edges and vertex are exchanged and then the rate of 

reaction slows dramatically because thiols on the terraces begin to be exchanged. The rate of this 

                                                                        
49 Hostetler, M. J.; Green, S. J.; Stokes, J. J.; Murray, R. W. J. Am. Chem. Soc. 1996, 118, 4212 -4213. 
50 Hostetler, M. J.; Templeton, A. C.; Murray, R. W. Langmuir 1999, 15, 3782 -3789. 
51 Ingram, R. S.; Hostetler, M. J.; Murray, R. W. J. Am. Chem. Soc. 1997, 119, 9175 -9178. 
52 Donkers, R. L.; Song, Y.; Murray, R. W. Langmuir 2004, 20, 4703 -4707. 
53 Hakkinen, H.; Barnett, R.N.; Landman, U.; Phys. Rev. Lett. 1999, 82, 3264 -3267. 
54 Luedtke, W. D.; Landman, U. J. Phys. Chem. B 1998, 102, 6566 -6572. 
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reaction is largely influenced by the chain length of the thiolated ligands: the exchange is observed to 

occur more rapidly onto clusters protected by shorter ligands. It was also demonstrated that disulfides 

and oxidized sulfur species are not able to undergo place exchange reaction.51 

 Post-synthetic modifications of ω-functional groups 

Functional groups on the outermost of the MPNP sphere can undergo many synthetic 

transformations. These post-synthetic modifications requires reactions proceeding under mild conditions, 

compatible with the structure and the integrity of self-assembled monolayer and quantitative. The most 

common reactions used for post synthetic modifications are SN2,55 amidations,56,57 esterifications,56 Diels-

Alder cycloadditions and 1,3-dipolarcycloadditions.58,59 Post-synthetic modifications may be very useful 

for many kind of functionalization in order to prevent undesired products formation. This approach can 

be the best choice with respect to place-exchange procedure in same cases. As an example, the insertion 

of a small peptide required the preparation of a thiol peptide which involve protection of the thiol prior to 

the coupling reaction, then purification of the product and finally deprotection. On the contrary, the post-

synthetic coupling consists on the formation of amide bound on ω-functionalized alkanethiols already 

present into the monolayer without the need of protecting/deprotecting reactions. Moreover, the 

unreacted materials and reagents are simply removed by filtration. 

Figure 1.9: Examples of post-synthetic modifications: a) reaction of p-mercaptophenol with propionic anhydride; b) SN2 
reaction of ω-bromoalkanethiolate NPs with primary alkylamines; c)amide and ester coupling reactions; d) Diels-Alder 
cycloadditions and e) maleimide-thiol linkage of a peptide sequence to maleimide functionalized NPs. 

                                                                        
55 Templeton, A. C.; Hostetler, M. J.; Kraft, C. T.; Murray, R. W. J. Am. Chem. Soc. 1998, 120, 1906 -1911. 
56 Templeton, A. C.; Hostetler, M. J.; Warmoth, E. K.; Chen, S.; Hartshorn, C. M.; Krishnamurthy, Forbes, M. D. E.; 
Murray, R. W. J. Am. Chem. Soc. 1998, 120, 4845 -4849. 
57 Templeton, A. C.; Cliffel, D. E.; Murray, R. W. J. Am. Chem. Soc. 1999, 121, 7081 -7089. 
58 Sommer, W. J.; Weck, M. Langmuir 2007, 23, 11991 -11995. 
59 Meldal, M.; Tornøe, C. W. Chem. Rev. 2008, 108, 2952 -3015. 
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In 1995 Schiffrin reported the esterification of p-mercaptophenol-protected NPs using propionic 

anhydride (Figure 1.9a).60 Murray and co-workers studied the SN2 reactivity of ω-bromoalkanethiolate-

functionalized MPNPs with primary amines and they observed that there is a correlation between the 

steric bulk of the incoming nucleophile and both the rate of reaction and the percentage of conversion 

(Figure 1.9b).55 Amide and ester coupling reactions have been largely used to achieve a variety of 

polyfunctionalized NPs starting from a small subset of ω -functionalized materials with the carboxylic or 

hydroxyl moieties (Figure 1.9c).56 The same group synthesize NPs protected by tiopronin and performed 

amide-forming coupling reactions on these nanoparticles with two fluorescent amines.57 However, click 

chemistry (Figure1.9d), a set of reactions that often result in a quantitative yield under vary mild reaction 

conditions, has been recognized as an important tool in gold nanoparticle functionalization. In particular 

copper-catalyzed 1,3 dipolar cycloaddition, that combines an alkyne and an azide to form a triazole ring,61 

was used by Fleming in 200662 for the functionalization of nanoparticles with thiols bearing azides. Weck63 

attached a library of substituted alkynes onto gold nanoparticles with quantitative conversions in few 

minutes by using microwave reactors. The same methodology was also used to graft alkyne modified DNA 

duplex on azide functionalized AuNPs obtaining a chain-like assembly of NPs on the DNA template.64 

Moreover, acetylene-functionalized lipase was bind to the surface of 14 nm AuNPs retaining the 

enzymatic activity of the complex.65 

Finally, another interesting post-synthetic modification exploits the fact that maleimide reaction with 

sulphydryl groups is highly efficient and provide a stable linkage. For example, maleimide functionalized 

nanoparticles of Mattoussi66 has been functionalized with a peptide sequence containing a terminal 

cysteine (Figure 1.9e).   

                                                                        
60 Brust, M.; Fink, J.; Bethell, D.; Schiffrin, D. J.; Kiely, C. J. Chem. Soc., Chem. Comm. 1995, 1655 -1656. 
61 a) Demko, Z. P.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2113 -2116. b) Tornøe, C. W.; Christensen, C.; 
Meldal, M. J. Org. Chem. 2002, 67, 3057 -3064. c) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V. Sharpless, K. B. 
Angew. Chem. Int. Ed. 2002, 41, 2596 -2599. 
62 Fleming, D. A. Thode, C. J.; Williams, M. E. Chem. Mater. 2006, 18, 2327 -2334.  
63 Sommer, W. J., Weak, M. Langmuir 2007, 23, 11991 -11995. 
64 Fischler, M.; Sologubenko, A.; Mayer, J.; Clever, G.; Burley, G.; Gierlich, J.; Carell, T.; Simon, U. Chem. Commun. 
2008, 169 -171. 
65 Brennan, J. L.; Hatzakis, N. S.; Tshikhudo, T. R.; Dirvianskyte, N.; Razumas, V.; Patkar, S.; Vind, J.; Svendsen, A.; 
Nolte, R. J. M.; Rowan, A. E.; Brust, M. Bioconjugate Chem. 2006, 17, 1373 -1375. 
66 Oh, E.; Susumu, K.; Blanco-Canosa, J. B.; Medintz, I. L.; Dawson, P. E.; Mattoussi, H. Small, 2010, 6, 1273 -1278. 
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1.4 Functionalized water soluble gold nanoparticles. 

A particular promising area in which NPs can be applied is life science field but most biological and 

biomedical applications require the solubility in water of these nanomaterials and no aggregation of the 

clusters that may drive to electrostatic interaction whenever charged proteins are present. For these 

reasons many groups are searching for synthesis of nanoparticles coated by thiols with a large range 

functional end groups in order to impart solubility in water to these nano-objects and to avoid non-

specific interactions with the biological environment. Currently the most common strategies to achieve 

water-soluble particles is to coat nanoparticles with: a) thiols ending with an oligo or poly(ethylene glycol) 

moiety, b) alkyl thiols with polar end groups or zwitterionic groups and c) biomolecules such as peptides, 

glycosides, DNA sequences, containing a thiols group or linked to a short alkyl thiol (Figure 1.10). 

In 1995 Brust and coworkers presented the synthesis of AuNPs protected by a bifunctional thiol 

ligand: p-mercaptophenol 1. The choice for this thiol, different from alkyl ones, compels the use of slightly 

different synthetic conditions than previously synthesis methodology reported by Brust for alkylthiols.11 

With p-mercaptophenol, the synthesis was carried out in methanol. Such functionalized nanoparticles 

were obtained with diameters of 5 nm and were soluble in polar solvents like ethanol, ethyl acetate and 

in alkaline aqueous solutions.60 

First example of AuNPs coated by -methoxy--mercapto-poly(ethylene glycol) 2 (PEG-SH, MW 

5000) was reported by Murray in 1998.67 The PEG chain induces solubility in water and its bulkiness is 

responsible for an high chemical and thermal stability of the nanoparticles but shuts off place exchange 

reaction with other thiols. Just one year later, the same authors synthetized water soluble nanoparticles 

protected by monolayers of tiopronin 3 and coenzyme A 4.68 In the two cases the solubility in water is due 

to the presence of groups like –COOH and –NH2 but the particles are still susceptible to electrostatic 

aggregation following changes in pH or ionic strength of the medium.  

                                                                        
67 Wuelfing, W. P.; Gross, S. M.; Miles, D. T.; Murray, R. W. J. Am. Chem. Soc. 1998, 120, 12696 -12697. 
68 Templeton, A. C.; Chen, S.; Gross, S. M.; Murray, R.W. Langmuir 1999, 15, 66 -76. 
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Figure 1.10: Selected examples of ligands proposed for water soluble AuNPs. 

Another interesting system is that proposed by Foos in 2002,69 who used a short ethylene oxide chain 

thiol CH3(OCH2CH2)nSH 5 (where n = 2, 3, and 4) as capping ligand. However the synthesis of these 

monolayers is quite cumbersome because it requires repeated exchange reactions from alkyl AuNPs as 

starting material. This work inspired Brust synthesis of NPs coated by an amphiphilic thiol composed of an 

alkyl chain and a short ethylene oxide chain 6.70 These nanoparticles combines the stability of common 

alkyl thiol-capped NPs with the excellent water solubility of PEG. They could be further functionalized by 

place exchange reaction, they don’t aggregate even under extreme pH and ionic strength conditions or in 

presence of proteins. NPs of two different size ranges have been prepared. Nanoparticles of 2 – 4 nm 

were prepared following the single phase method60 and nanoparticles of 5 - 8 nm were synthetized using 

the two-phase synthesis.11 Unfortunately, in this case the presence of the alcoholic function as ending 

group seems to be responsible of undesired reactions. Our research group overcame that problem 

designing the amphiphilic thiol named HS-C8TEG 7 71 that is characterized by an hydrocarbon chain close 

to the gold surface that provide a tightly packed protective shield to the gold surface and triethylene-

glycol-monomethyl ether chain that impart solubility in water and in other polar solvents. Nanoparticles 

were synthesized in homogeneous phase water/methanol with a good yield and with core diameters of 

different sizes from 1.5 to 4.2 nm. The absence of reactive groups in the monolayer that avoid side 

reactions and the presence of a PEG moiety that prevents nonspecific binding with biological molecules,72 

make these nanoparticles interesting starting materials for many biological applications.  

From the large number of example of charged nanoparticles the one proposed by Stellacci and 

coworkers73 seems to be vary amazing. He designed a monolayer composed by a mixture of hydrophobic 

                                                                        
69 Foos, E. E.; Snow, A. W.; Twigg, M. E.; Ancona, M. G. Chem. Mater. 2002, 14, 2401 -2408. 
70 Kanaras, A. G.; Kamounah, F. S.; Schaumburg, K.; Kiely, C. J.; Brust, M. Chem. Commun. 2002, 2294 -2295. 
71 Pengo, P.; Polizzi, S.; Battagliarin, M.; Pasquato, L.; Scrimin, P. J. Mater. Chem. 2003, 13, 2471 -2478. 
72 Zheng, M.; Davidson, F.;Huang, X. J. Am. Chem. Soc. 2003, 125, 7790 -7791. 
73 Uzun, O.; Hu, Y.; Verma, A.; Chen, S.; Centrone, A.; Stellacci, F. Chem. Commun. 2008, 196 -198. 
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and hydrophilic thiols (octanethiol and sodium 11-mercaptoundecane 8 respectively) and he demonstrate 

that solubility in water can be achieved even when the hydrophobic content is as high as 66 %. As a 

matter of fact, these thiols phase segregate forming ribbon-like domains of alternating composition in 

which the shorter hydrophobic ligands are shielded by the longer hydrophilic ones. The peculiar 

organization of this monolayer is also responsible of internalization into the cells. These aspects will be 

discussed more in detail in Section 1.6.2. 

1.5 AuNPs protected by (per)fluorinated ligands 

The chemistry of fluorine, which is the most electronegative element, differs substantially from that 

of other halogens. The carbon-fluorine bond is the strongest bond known involving carbon (466 kJ/mol), 

and, as a consequence, fluoride ion is a poor living group. Another important property of fluorocarbons 

(F-chains) is the weakness of the intermolecular attractive forces that depends on the low polarizability 

and high ionization potential of carbon-fluorine bond. Consequences of this last property are the low 

boiling point (for example perfluorohexane at 57 °C and hexane at 69°C), the small refractive index and 

the weak surface tension compared to their hydrocarbon counterparts (H-chains). Other characteristics 

that make F-chians different from H-chians are their bulkiness (cross section of about 28 Å2 versus 18 Å2 

for H-chians), the helical conformation (rather than the planar zig-zag structure of H-chians) and their 

stiffness. 

Countless examples of nanoparticles protected by hydrogenated functionalized thiols are present in 

literature. To the contrary, only few examples of gold nanoparticles passivated by perfluorinated 

alkylthiols or arylthiols exist. First Kimizuka74 and collaborators in 2001 reported the synthesis of AuNPs 

stabilized by 1H, 1H, 2H, 2H-perfluorodecanethiol 9 and 1H, 1H, 2H, 2H-perfluoroctanethiol 10 (named F8 

and F6 respectively) (Figure 1.11) with average diameters of 2.4 - 2.6 nm. More recently, Murray75 

described the synthesis of two samples of very small nanoparticles protected by fluorous thiolate 

monolayers. Nanoparticles protected by 1H, 1H, 2H, 2H-perfluorodecanethiol (44 – 75 core atoms) have 

been synthesized following the two-phase approach proposed by Brust, while nanoparticles protected by 

pentafluorobenzenethiol 11 have been synthesized by place exchange reaction starting from small 

Au55(PPh3)12Cl6 nanoparticles. In 2009 Whitten reported about the anomalous vapor sensor response of 

film of nanoparticles protected by 1H, 1H, 2H, 2H-perfluorodecanethiol of 2.5 nm diameter.76 

                                                                        
74 Yonekawa, T.; Onoue, S.; Kimizuka, N. Langmuir 2001, 17, 2291 -2293. 
75 Dass, A.; Guo, R.; Tracy, J. B.; Balasubramanian, R.; Douglas, A. D.; Murray, R. W. Langmuir 2008, 24, 310 -315. 
76 Im, J.; Chandekar, Whitten, J. E. Langmuir 2009, 25, 4288 -4292. 
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Figure 1.11: Perflurinated thiols used by Kimizuka and Murry to protect AuNPs. 

A strong limitation of these systems is that these perfluorinated nanoparticles are soluble only in 

fluorinated solvents. A large interested was devoted to fluorinated amphiphiles that are characterized by 

a hydrophilic portion that contrasts with the high hydrophobicity of the perfluorcarbon region and that 

makes these surfactants soluble in polar solvents. Due to the exceptional chemical and biological 

inertness of perflurocarbons and their capacity to store a large amount of gases (O2) these compounds 

have become attractive for biomedical uses.77 This inspired the possibility to create nanomaterials 

protected by perfluorinated amphiphils soluble in water.  

In 2008 our research group designed and synthesized nanoparticles protected by an amphiphilic thiol 

(HS-F8PEG, 12)78 characterized by an external hydrophilic portion formed by a PEG550 and an internal 

hydrophobic perfluorocarbon region (Figure 1.12). Thanks to the polyethylene glycol chain, nanoparticles 

coated by this thiol are soluble in water and in many polar organic solvents. Moreover, the presence of a 

highly hydrophobic region hidden by a hydrophilic pegylated shell opens the way to the use of these 

nanoparticles as vehicles of small hydrophobic molecules through polar environments. 

Figure 1.12: Examples of fluorinated ligands used for the synthesis of water soluble AuNPs. 

Amphiphilic thiols 13 composed by three parts: oligo (ethylene glycol), fluorinated tetraethylene 

glycol and an 11-carbon alkyl chain with a thiol terminus have been used to protect AuNPs of 5, 10 and 20 

nm. Interestingly these nanoparticles produce sub-100 nm NP vesicles in tetrahydrofuran solution 

without the use of a template.79  

                                                                        
77 a) Krafft, M. P.; Riess, J.G. J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 1185 -1198. b) Shutt, E. G.; Klein, D. H.; 
Mattrey, R. M.; Riess, J. G.; Angew. Chem., Int. Ed. 2003, 42, 3218 -3235. c) Riess, J.G. Tetrahedron, 2002, 58, 
4113 -4131. d) Kaplánek, R.; Paleta, O.; Ferjentsiková, I.; Kodíĉek, M. Journal of Fluorine Chemistry 2009, 130, 308 
-316. e) Ortial, S.; Durand, G.; Poeggeler, B.; Polidori, A.; Pappolla, M. A.; Bӧker, J.; Hardeland, R.; Pucci, B. J. Med. 
Chem. 2006, 49, 2812 -2820. f) Dupuy, N.; Parant, S.; Fontaty, S.; Duval, R. E.; Gérardin, C. Journal of fluorine 
chemistry 2012, 135, 330 -338. g) Hnak, G.; Ozkaya, F.; Medine, E. I.; Kozgus, O.; Sakatya, S.; Bekis, R.; Unak, P.; 
Timur, S. Colloidal and Surface B: Biointerfaces 2012, 90, 217 -226. h) Wilson, R. L.; Frisz, J. F.; Hanafin, W. P.; 
Carpenter, K. J.; Hutcheon, I. D.; Weber, P. K.; Kraft, M. L. Bioconjugate Chem. 2012, 23, 450 -460. 
78 a) Gentilini, C.; Boccalon, M.; Pasquato, L. Eur. J. Org. Chem. 2008, 3308 -3313. b) Gentilini, C. Evangelista, F.; 
Rudolf, P.; Franchi, P.; Lucarini, M.; Pasquato, L. J. Am. Chem. Soc. 2008, 130, 15678 -15682. 
79 Niikura, K.; Iyo, N.; Higuchi, T.; Nishio, T.; Jinnai, H.; Fujitani, N.; Ijiro, K. J. Am. Chem. Soc. 2012, 134, 7632 -
7635. 
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Since F-chains are considerably more hydrophobic than H-chains (they do not solubilize in water), 

amphiphilic fluorocarbons have the tendency to form stable Langmuir monolayers. Moreover, fluorinated 

compounds are lipophobic (they do not mix with hydrocarbon) and the combination of hydrophobicity 

and lipophobicity causes perfluorinated compounds to segregate rather than to mixing with other 

surfactants forming well organized films, bilayers, vesicles and micelles (Figure 1.13).80 

 

Figure 1.13: Examples of fluorous nano-phases involving F-amphiphils: a) in micelle, b) in a reverse micelle, c) in a 
Langmuir film of a complete F-surfactants and d) in a Langmuir film of F-/H-alkyl diblocks. 

For the first time the formation of micelles of perfluorinated and hydrogenated compounds was 

described by Mukerjee in 1976.81 Later Ringsdorf82 and Kunitake83 reported about segregation of 

hydrocarbon and fluorocarbon amphiphilic compounds. In particular Ringsdorf proved phase-segregation 

using DSC experiments. The DSC curve of liposomes formed by a 1:1 mixture of fluorinated and 

hydrogenated lipids shows two transitions which are identical with the transitions found independently 

for the two homoligand liposomes. Since this technique doesn’t enable to distinguish between the 

formation of two different populations of liposomes from the formation of liposomes with phase-

separated membranes, phase-segregation was further confirmed using freeze-fracture electron 

microscopy. The freeze-fracture electron micrograph shows two distinct areas: a smooth surface area 

typical of fluorocarbon lipids surrounded by the typical ripple structure of hydrogenated lipids.  

Carlfors and Stilbs84 investigated a system formed by sodium dodecanoate and sodium 

perfluoroctanoate surfactants mixtures using the Fourier-Gradient Spin-Echo (NMR-PGSE) technique and 

interpreted the observed diffusion coefficient trends by assuming the presences of two coexisting micelle 

types, one rich in hydrogenated surfactant and the other rich in fluorinated surfactant. However, latter on 

the existence of the presence of mixed micelles or of mixtures of two types of micelles has been 

questioned. Trying to understand if having a solution of hydrogenated and fluorinated surfactants, one 

                                                                        
80 a) Barriet, D. Randall, L. Current Opinion in Colloid and Interface Science 2003, 8, 236 -242. b) Krafft, M. P.; 
Goldmann, M. Current Opinion in Colloid and Interface Science 2003, 8, 243 -250. c) Peyre, V. Current Opinion in 
Colloid and Interface Science 2009, 14, 305 -314. 
81 Murkerjee, P.; Yang, A. Y. S. J. Phys. Chem. 1976, 80, 1388 -1390. 
82 Elbert, R.; Folda, T.; Ringdorf, H. J. Am. Chem. Soc. 1984, 106, 7687 -7692. 
83 Kunitake, T.; Tawaki, S.; Nakashima, N. Bull. Chem. Soc. Jpn. 1983, 56, 3235 -3242. 
84 Carlfors, J.; Stilbs, P. J. Phys. Chem. 1984, 88, 4410 -4414. 
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obtains a mixture of two populations of micelles each containing only one of the two surfactants, or 

mixed micelles containing both surfactants. Small Angle Neutron Scattering (SANS) and 1H and 19F-NMR 

measurements have been employed to prove that mixtures of F-/H- surfactants form mixed micelles 

rather than two populations of micelles each one composed of only one type of surfactant. A limitation 

on the use of SANS is that neutrons can only distinguish among large regions characterized by sufficiently 

different scattering densities, however this technique gives information on the structure of micelles that 

seems to be mixed micelles and on the mean distribution of the two components in the system.85 The 

analysis of chemical shifts drift in 1H and 19F-NMR spectra of micelles formed by only one surfactants of 

mixtures of them, allow to conclude that above the critical micelle concentration, fluorinated chains begin 

to aggregate forming islands among hydrocarbon chains domains.86 Kumar and collaborators studied the 

behavior of mixtures of hydrogenate and fluorinated phospholipids forming bilayers. DSC (differential 

scanning calorimetry) and AFM experiments demonstrate that phase-segregation occurs, in particular 

AFM images showed the formation of 50 nm stripes interspersed between ~1 μm sized domains.87 The 

possibility to obtain interesting structures by simply mixing together H- and F-ligands have suggested the 

application of mixtures of F-/H- compounds in supramolecular aggregates for applications in the biological 

field, material science and electronics. 

1.6 Morphology of mixed monolayers 

Mixtures of thiols forming mixed monolayers gold nanoparticles can assume different spatial 

arrangements on the gold surface. Surface organization could be harnessed to tune physical properties 

and chemical functionalities for nondestructive membrane transport, to control assembly and improve 

water solubility.88 Chemical and physical properties of gold nanoparticles are dictated for a large part by 

the protecting monolayer, therefore for many applications it is essential to understand not only the 

relative amounts of the ligands present on the surface but also how they are arranged on the surface, for 

example, if they are random distributed or organized in domains. In the latter case, different topologies 

are possible: separation of the ligands into two distinct hemispheres (Janus NPs) or patches as in the 

leopard skin or forming alternating stripes. To govern the topological organization of the ligands on NPs is 

becoming an emerging goal in nanoscience because it may lead to materials with unprecedented 

properties. In the following two sections most common strategies employed to control the morphology of 

                                                                        
85 a) Caponetti, E.; Martino, D. C.; Floriano, M. A.; Triolo, R. Langmuir 1993, 9, 1193 -1200. b) Pedone, L.; Martino, 
D. C.; Caponetti, E.; Floriano, M. A.; Triolo, R. J. Chem. Phys. B 1997, 101, 9525 -9531. 
86 Amato, M. E.; Caponetti, E.; Martino, D. C.; Pedone, L. J. Phys. Chem. B. 2003, 107, 10048 -10056. 
87 Yoder, N. C.; Kalsani, V.; Schuy, S.; Vogel, R.; Janshoff, A.; Kumar, K. J. Am. Chem. Soc. 2007, 129, 9037 -9043. 
88 Gentilini, C.; Pasquato, L. J. Mater. Chem. 2010, 20, 1403 -1412. 
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mixed monolayers will be presented with same examples, and methodologies so far employed to 

investigate the morphology of mixed monolayers will be described. 

 Strategies to control the morphology of mixed monolayers. 

The control of the topological organization of ligands on gold nanoparticles could be achieved by 

using different strategies. In this section more common methodologies would be briefly described and 

same examples will be reported. 

Self-organization of the monolayer. This strategy can occurs when the ligands are coded to self-

organize. Self –assembling of ligands on the surface is much more appealing than other methods known 

to control the organization of mixed monolayers because it is synthetically less demanding and the 

resulting nanoparticles are generally vary stable. The first extraordinary example of this was reported by 

Stellacci and coworkers in 2004.89 They showed that a mixture of OT (octanethiol) and MPA 

(mercaptopropionic acid) in a 2 : 1 molar ratio self-organize forming stripes over a gold surface (Figure 

1.14 and Figure 1.15). 

 

Figure 1.14: AuNP 14 coated by octanethiol (OT) and mercaptopropionic acid (MPA). 

 

Figure 1.15: a) STM height image of AuNPs, on Au foil, coated with 2:1 molar fraction of octanethiol and 
mercaptopropionic acid showing ribbon-like stripes, due to the phase separation of the two ligands. b) enlarged image 
of the NP outlined with the dotted square of figure 1.15a and c) schematic drawing to help the reader visualize 3D 
arrangement (mercaptopropionic acid in red and octanethiol in yellow).90 

The width of these domains is about 5 Å. The driving force for this kind of organization seems to be 

the different tail or the different length of the thiols forming the protecting monolayer. Evidences of this 

organization was offered by scanning tunneling microscopy images.90 This unprecedented small size of 

                                                                        
89 Jackson, A. M.; Myerson, J. W.; Stellacci, F. Nat. Mater. 2004, 3, 330 -336. 
90 Jackson, A. M.; Hu, Y.; Silvia, P. J.; Stellacci, F. J. Am.Chem. Soc. 2006, 128, 11135 -11149. 
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the domains leads to unexpected properties of nanoparticles such as no-linear solubility properties91 and 

high resistance towards nonspecific protein absorption.89 The organization of the thiols was investigated 

and predicted also by atomistic and mesoscale simulations.92 These studies show that the formation of 

stripes is entropic in origin because interfaces, at which long or bulky surfactant tails are adjacent to 

shorter or less bulky ones, provide additional conformational entropy. When the gain in entropy is 

sufficient, microphase-separated stripe-like patterns form. On the contrary, when the entropic gain is not 

balancing the enthalpy loss, bulk phase-separated Janus particles are predicted to form (Figure 1.16). 

These theoretical studies confirmed also that stripes formation is a function of substrate curvature: 

stripes are observed only in curved surface with NPs having from 2.5 to 8 nm (Figure 1.17). 

 

Figure 1.16: Schematic 2D representation of shared free volume (conical shaded area) available to surfactant tails 
when they are surrounded by other surfactants on curved surface, for equal length and unequal length surfactants 
respectively.92a 

 

Figure 1.17: a)-d) Equilibrium structures obtained by mesoscale simulations of self-assembly of binary mixture of 
surfactants of length ratio 4 : 7 on surfaces with varying radii until infinite.92a 

Moreover, the topological organization of OT and MPA leads to the formation of polar singularities 

and the ligands at the polar positions exchange with a rate constant of two order of magnitude faster 

than those in the bulk monolayer, allowing the introduction of two functional groups at the poles of the 

nanoparticle.93 Chains of nanoparticles have been obtained by exchanging the thiolates at the poles with 

11-mercaptoundecanoic acid. Subsequent activation of the acid group with N-hydroxysuccinimide and 

coupling with 1,6-diaminohexane give rise to the formation of a polymeric chain of NPs (Figure 1.18). 

                                                                        
91 Centrone, A.; Penzo, E.; Sharma, M.; Myerson, J. W.; Jackson, A. M.; Marzari, N.; Stellacci, F. Proc. Natl. Acad. 
Sci. U.S.A. 2008, 105, 9886 -9891. 
92 a) Singh, C.; Ghorai, P. K.; Horsch, M. A.; Jackson, A. M. Larson, R. G.; Stellacci, F.; Glotzer, S. C. Phys. Rev. Lett. 
2007, 99, 226106. b)Singh C.; Jackson, A. M.; Stellacci, F.; Glotzer, S. C. J. Am. Chem. Soc. 2009, 131, 16377 -
16379. c) Ghorai, P. K.; Glotzer, S. C. J. Phys. Chem. C 2010, 114, 19182 -19187. 
93 a) DeVries, G. A.; Brunnbauer, M.; Hu, Y.; Jackson, A. M.; Long, B.; Neltner, B. T.; Uzun, O.; Wunsch, B. H.; 
Stellacci, F. Science 2007, 315, 358 -361. b) DeVries, G. A.; Talley, F. R.; Carney, R. P.; Stellacci, F. Adv. Mater. 
2008, 20, 4243 -4247. 
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Figure 1.18: Schematic depiction of the chain formation reaction (on the left) and TEM image of NPs chains (in the 
right). Scale bars 200 nm.93a 

NPs 15 coated by OT and 11-mercaptosulfonic acid (MUS, 8) (Figure 1.19) in different ratios have 

been synthesized and observed to form stripes (previously mentioned in Section 1.4). NPs protected by 

OT : MUS 1 : 2 due to their excellent water solubility properties, have been tested on cells and they are 

observed to pass cell membrane without lipid bilayer disruption and with energy independent 

mechanisms. On the contrary, nanoparticles with the same moieties but with a random distribution are 

mostly entrapped in endosomes.94 The mechanism of cell internalization of such nanoparticles is still 

under investigation but opens the way to the fabrication of mixed monolayers that could be recognized 

by cells and prevent cell toxicity and apoptosis. 

 

Figure 1.19: AuNPs 15 coated by octanethiol (OT) and 11-mercaptosulfonic acid (MUS). 

 

Chemically assisted organization of the monolayer. This strategy employs electrostatic interactions, 

external templates end weak interactions to obtain monolayers with the desired organization of the 

ligands. Hydrogen bonds formation was used, for example, by Rudolf to anchor small gold clusters with 

thymine groups on their surface (Au55-MOT), on a 2D mixed SAM formed by n-heptanethiols and DTOT 

molecules. The immobilization of gold nanoparticles on the surface is due to the formation of three 

                                                                        
94 Verma, A.; Uzun, O.; Hu, Y.; Han, H.-S.; Watson, N.; Chen, S.; Irvine, D. J.; Stellacci, F. Nat. Mater. 2008, 7, 588 -
595. 
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hydrogen bonds between MOT and DTOT moieties (Figure 1.20).95 The exposed NP surface could be 

further modified. 

 

Figure 1.20: Au55 clusters functionalized with MOT molecules are immobilized by molecular recognition onto a self-
assembled monolayer composed of n-heptanethiol and DTOT molecules.95 

Nanoparticles coated by a mixture of octanethiol, pyrene thiol and 1,6-diamidopyridine thiol has 

been synthesized by Rotello.96 The addition of flavin to a solution of such nanoparticles is responsible of 

NMR chemical shift drift of flavin signals. These shifts are indicative of an enhanced aromatic stacking 

provided by the complexation of flavin to the 1,6-diaminopyridine and subsequent shift of pyrene thiolate 

toward this complex. In this case flavin plays as external template that drive a specific organization of the 

monolayer (Figure 1.21). 

 

Figure 1.21: Schematic illustration of reorganization of the monolayer upon flavin addition driven by π-stacking.96 

Another interesting strategy to functionalize NPs only on one side is that proposed, for example, by 

Sandar.97 Colloids are anchored to a solid functionalized SiO2 surface and exposed to a solution of 11-

mercapto-1-undecanol. In this way colloids are functionalized only on the free surface. Nanoparticles are 

removed from the solid surface by sonication in presence to a solution of 16-mercaptohexadecanoic acid 

to end up with nanoparticles functionalized on one side only (Figure 1.22). 

                                                                        
95 van den Brom, C. R.; Arfaoui, I.; Cren, T.; Hessen, B.; Palstra, T.T.M.; de Hosson, J. T. M.; Rudolf, P. Adv. Funct. 
Mater. 2007, 17, 2045 -2052 
96 Boal, A.K.; Rotello, V. M. J. Am. Chem. Soc. 2000, 122, 734 -735. 
97 Sandar, R.; Heap, T. B.; Shumaker-Parry, J. S. J. Am. Chem. Soc. 2007, 129, 5356 -5357. 
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Figure 1.22: Asymmetric functionalization of AuNPs using a solid phase approach.97 

Organization of the monolayer at the interface. The Langmuir monolayer technique is known to be 

useful for the preparation of Janus nanoparticles formed by hydrophilic thiols on one hemisphere and 

hydrophobic ones in the other. For example, Chen98 proposed a method in which hydrophobic 

alkanethiolate NPs are dispersed over the water surface at low surface pressure. When mechanical 

compression is made on the system, NPs form a compact monolayer on the water surface and because of 

ligand intercalation between adjacent nanoparticles their mobility is prevented. A new ligand is then 

injected into the water subphase and ligand-exchange reaction occurs on the side of the nanoparticle 

exposed to the aqueous layer and consequently Janus nanoparticles are formed (Figure 1.23). 

 

Figure 1.23: Schematic preparation of Janus NPs based on the Langmuir technique.98  

                                                                        
98 Pradhan, S.; Xu, L. –P.; Chen, S. Adv. Funct. Mater. 2007, 17, 2385 -2392. 
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 Methodologies for the determination of the topology of mixed-monolayer protected 

NPs 

Gold nanoparticles are easy to handle materials that are easily characterized by techniques 

commonly used to characterize organic compounds. For this reason, a large number of techniques has 

been used to investigate how two or more ligands organize over the solid surface of AuNPs. However, 

some of them have the major limitation to give only “indirect” evidences of a specific kind of thiols 

organization. Actually only few examples are reported for the “direct” visualization of the monolayer 

morphology. Here the principal direct and indirect methodologies reported in literature will be described. 

Direct methods 

Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) are the unique techniques 

that give an image of the organic monolayer that protects nanoparticles. This become particular 

interesting when the monolayer is formed by mixtures of thiols because these techniques can contribute 

significantly to the understanding of the ligand shell structure. Moreover, they have the advantage of 

providing single-particle data as opposed to the average data that spectroscopic techniques produce. 

In order to perform STM experiments of AuNPs, these have to be very clean and deposited on a flat 

surface so that they are not free to move during imaging. For example, dithiols have been used as linkers 

to immobilize nanoparticles on a gold foil but other strategies may be employed. STM was used by 

Stellacci to prove the formation of stripe-like domains on nanoparticles formed by a variety of binary 

mixtures of thiols. He synthesized and analyzed a large number of nanoparticle samples with a different 

ratio of ligands and different sizes and studied the effect on the morphology of the monolayer. As an 

example, STM images of nanoparticles protected by MPA and n-alkanethiols of different lengths 1 : 2 

molar ratio, STM images show the formation of stripes for all the samples analyzed and the spacing 

between the ripples is constant. When the ratio between thiols is constant and the gold core size is 

changed, he found that the peak to peak distance decreases as the diameter increases. This behavior is 

dictated by the curvature of the particles that imposes the inclination angle of one thiol respect the 

neighbor. Varying the ligand ratio and keeping constant the size, he observed a variation of the spacing 

between ripples. This observation give information on the packing of ligands in the monolayer suggesting 

that the most probable equilibrium conformation for the ligand shell structure is a combination of the 

crystallographic model99 with all of the ligands in one hemisphere assuming a similar tilt angle, and the 

continuous model37 with some splay implicit in the curvature of the core. Mixtures of thiols different 

previous ones give in any case to the observation of stripes.89,90 

                                                                        
99 Landman, U.; Luedtke, W. D. Faraday Discussion 2004, 125, 1 -22. 
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Figure 1.24: STM images of NPs a) Dodecanethiol/mercaptopropionic acid (2 :1 molar ratio) showing ripples, b) 
octanethiol/mercaptopropionic acid (10 : 1) showing packed, phase –separated domains but not ripples. c) and d) 
schematic drawings of a) and b) respectively.89 

AFM is a similar technique, that was used by Stellacci not only to prove the existence of strip-

patterns, but combined with the measure of contact angle formed by a macroscopic liquid droplets with 

the surface in inert atmosphere, showed how solvent molecules organize at the interphase and interact 

with the stripped structure of the nanoparticle. As in the case of STM, AFM gives a direct visualization of 

the ligands stripped organization on the curved surface of a nanoparticle.100 The figure below show that 

while in mixed monolayers ligands phase-segregate into stripped domains (see the white arrows), in 

homoligand nanoparticles no clear ordering is visible (Figure 1.25). 

                                                                        
100 Kuna, J. J.; Voïtchovsky, K.; Singh, C.; Jiang, H.; Mwenifumbo, S.; Ghorai, P. K.; Stevens, M. M.; Glotzer, S. C.; 
Stellacci, F. Nat. Mater. 2009, 8, 837 -842. 
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Figure 1.25: AFM topographic image and phase image of a) flat mixed monolayer, b) mixed monolayer nanoparticles 
and c) homoligand nanoparticles.100 

Indirect methods 

In the research group of Prof. Pasquato in which I have worked for this PhD theses, mixed 

monolayers formed by F-ligands (HS-F8PEG, 12) and H-ligands (HS-C8TEG, 7) have been synthesized and 

the properties of the protecting monolayers have been investigated by electron spin resonance (ESR) 

spectroscopy experiments. In the past, ESR spectroscopy was used to obtain useful information on the 

interaction of nitroxides with protected gold nanoparticles56 and to investigate the mechanism of the 

place-exchange reaction of thiols on the protecting monolayer.101 Indeed ESR has many advantages like 

the sensitivity of the method, the possibility to obtain kinetic information in the submicrosecond time 

range, the ability to measure tumbling rates on the nanosecond timescale and finally the possibility to 

apply it to both heterogeneous and solid samples. Since gold nanoparticles are ESR silent due to the 

absence of paramagnetic molecules, in order to get an ESR signal it is necessary to add a paramagnetic 

material to the sample (spin probe) that has to be a stable radical. The most used classes of spin probes 

are nitroxide compounds containing a paramagnetic unit N-O (Figure 1.26). 

 

Figure 1.26: Resonance structure of the p-substituted benzyl hydroxyalkyl nitroxide radical probe 16. 

                                                                        
101 Ionita, P, Caragheorghopol, A.; Gilbert, B.; Chechik, V. J. Am. Chem. Soc. 2002, 124, 9048 -9049. 
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Typical ESR spectra of nitroxide radicals are characterized by the hyperfine interaction between the 

unpaired electron with the 14N nucleus (I = 1) (ɑ(N) and ɑ(2Hβ) hyperfine constants) and by the g-factor 

shifts due to spin-orbit coupling. Hyperfine splitting constants are known to be very sensitive to the 

polarity of the environment: grater polarity and/or the hydrogen bonding capability of the medium, the 

more higher are the hyperfine constants.102 When a p-substituted benzyl hydroxyalkyl nitroxide radical 

probe is in presence of homoligand water soluble monolayer protected by the H-ligand HS-C8TEG (NP-

C8TEG, 17) (Scheme 1.5) the ESR spectrum is characterized by the presence of two set of signals due to 

the radical located in the monolayer in equilibrium with the free nitroxide in water (Figure 1.27).103  

 

Figure 1.27: ESR spectra of the probe 16 recorded (a) in water and (b) in presence of NP-C8TEG 0.3mM and (c) 
computer simulation of the latter one. 

The hyperfine constants of the signals pertaining to the probe in the monolayer are lower from that 

of signals of the probe in water, suggesting that the radical probe is located in the less polar environment 

of the monolayer. By measuring the concentration ratio between the nitroxide solubilized into the 

monolayer and the free species by ESR, the constant affinity of the probe for the organic monolayer (KH) 

could be estimated and comparing of these constants obtained for nanoparticles having different sizes it 

was observed that the solubilization of the probe into the monolayer increases as the nanoparticle 

diameter decreases and consequently with the increase of the packaging of the monolayer. Indeed, the 

hydrophobic probe requires a smaller energetic cost to enter in small NPs monolayers because of the 

large conformational freedom of the ligands than in bigger nanoparticles.104 This result is in agreement 

with the packing arrangement suggested by Stellacci.90 

                                                                        
102 Lucarini, M.; Pasquato, L. Nanoscale 2010, 2, 668 -676. 
103 Lucarini, M.; Franchi, P.; Pedulli, G. F.; Pengo, P.; Scrimin, P.; Pasquato, L. J. Am. Chem. Soc. 2004, 126 -9326 -
9329. 
104 Lucarini, M.; Franchi, P.; Pedulli, G. F.; Gentilini, C.; Polizzi, S.; Pengo, P.; Scrimin, P.; Pasquato, L. J. Am. Chem. 
Soc. 2005, 127, 16384 -16385. 
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Scheme 1.5: Complexation equilibrium of the radical probe 14 in the monolayer of NP-C8TEG 15. 

The ESR spectrum of the nitroxide probe located in the monolayer of nanoparticles formed by F-

ligands HS-F8PEG (NP-F8PEG, 18) is characterized by nitrogen and hydrogen splitting constants 

significantly smaller than those measured for NP-C8TEG 17.78b This is compatible with the lower polarity 

of the environment experienced by the probe when dissolved in the HS-F8PEG monolayer. Moreover, the 

constant affinity (KF) of the probe for the fluorinated monolayer is twice higher than that measured for 

HS-C8TEG hydrogenated monolayers. Considering the ease of inserting other thiolates in the monolayer 

by place exchange reaction and the strong hydrophobicity of the perfluorinated regions, these 

nanoparticles may become appealing examples of multicompartment nanomaterials with the capacity to 

store highly hydrophobic compounds in the perfluorinated regions of the monolayer and transfer them 

through hydrophilic environments (Figure 1.28).  

 

Figure 1.28: Cartoon of NPs-C8TEG/F8PEG 19 with two different organic compounds inside the monolayer. 

The very different spectroscopic parameters of the probe in homoligand fluorinated and 

hydrogenated monolayers suggested the possibility to discriminate between regions of different polarity 

in monolayers formed by mixtures of H- and F-ligands using ESR experiments.105 Mixed monolayer formed 

by different ratios of HS-C8TEG 7 and HS-F8PEG 12 (NPs-C8TEG/F8PEG 19) has been synthesized in our 

laboratory and analyzed with ESR. When the molar fraction of H-ligands in the monolayer is less than 

                                                                        
105 Gentilini, C.; Franchi, P.; Mileo, E.; Polizzi, S.; Lucarini, M.; Pasquato, L. Angew. Chem. Int. Ed. 2009, 48, 3060 -
3064. 
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0.71, ESR parameters are independent of the monolayer composition and equivalent to the value found in 

pure fluorinated NPs. The equivalence of spectroscopic parameters strongly suggests exposure of the 

probe mainly in islands having polarity similar to that of homogenous phase of fluorinated ligands and 

means that phase-segregation occurs. In presence of a larger amounts of H-ligands (molar fractions larger 

then 0.71), ESR parameters decrease indicating that the probe experiences a monolayer containing also 

hydrogenated ligands (Figure 1.29). 

 
Figure 1.29: Dependence of ΔG (in gauss) as function of monolayer composition. 

The reasons of such phase-segregation are due to the extreme hydrophobicity and lipophobicity of 

the fluorinated chains forming the monolayer that, in order to minimize the contact surface with the 

hydrogenated counterparts, organize forming patches as observed also in micelles, liposomes and 

Langmuir monolayers.80 

Other examples of methodologies used to investigate the morphology and the properties of mixed 

monolayers are present in literature. 

Janus nanoparticles, that are AuNPs whose ligands are organized into two different regions, are of 

significant interest because they are anticipated to behave as nanoscale analogues to conventional 

amphiphilic surfactants molecules.106 Chen and collaborators107 developed a new synthetic strategy to 

obtain Janus nanoparticles which monolayer is formed by hexanethiol and 2-(2-mercaptoethoxy)ethanol 

by using the Langmuir-Blodgett technique. Investigations of the ligand topology has been examined by 

nuclear Overhauser enhancement spectroscopy (NOESY). This is a two-dimensional NMR technique where 

cross peaks arise from dipole-dipole interactions between nuclear spin proximity (typically < 0.4 nm) and 

consequently it is useful to estimate the packing of ligands on the particles surface. The spectrum of 

ligands random distributed on the NP surface show the presence of two cross peaks between the 

methyl/methylene protons of the hexanethiolate ligands and the methylene protons of 2-(2-

                                                                        
106 a) Van Herrikhuyzen, J.; Portale, G.; Gielen, J. C.; Christianen, P. C. M.; Sommerdijk, N. A. J. M.; Meskers, S. C. 
J.; Schenning, A. P. H. J. Chem. Comm. 2008, 6, 697 -699. b) Zhang, Z.; Glotzer, S. C. Nano Lett. 2004, 4, 1407 -
1413. 
107 Pradhan S.; Brown, L. E.; Konopelski, J. P.; Chen, S. J. Nanopart. Res. 2009, 11, 1895 -1903. 
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mercaptoethoxy)ethanol ligands whereas these cross peaks were absent in Janus nanoparticles. The 

absence of these cross peaks in Janus nanoparticles clearly indicates that the hexanethiolate ligands are 

situated far away from 2-(2-mercaptoethoxy)ethanol ligand because of the segregated distribution of 

these two ligands on two different hemispheres of the nanoparticle surface. Thus NOESY experiments 

appear to be useful to obtain information about the spatial organization of ligands on the monolayer. 

Another NMR technique was recently revealed to be interesting to investigate the organization of 

mixtures of ligands coating the surface of AuNPs. This technique, developed by Mancin and 

collaborators39 is based on the paramagnetic relaxation enhancement (PRE) caused by Ga3+ ions. When 

Ga3+ ions are put in presence of AuNPs, PRE effect is responsible of the broadening or even the complete 

disappearance of NPs signals in the NMR spectra. (Figure 1.30). It was observed that this broadening 

effect depends on the organization of mixtures of ligands into the monolayer. For example, they studied 

mixed monolayers formed by a 1 : 1 or 3 : 1 mixture of thiols HS-C8TEG 7 and decanethiol (NPs 20). Only 

thiol HS-C8TEG 7 is able to coordinate a Ga3+ ion. NMR spectra of these nanoparticles recorded in 

presence of increasing amounts of Ga3+ showed the disappearance of NMR signals of HS-C8TEG 7 and 

only a lowering of 50 % of the intensity of the signal of decanethiol, suggesting that the last one is only 

partially affected by the presence of the lanthanide ion. This is in agreement with thiols organized forming 

large patches or Janus NPs in which HS-C8TEG 7 stay together and interact with decanethiols only at the 

interfaces. Conversely, NMR spectra of NPs formed by a 1 : 1 mixture of dodecanethiol and 

phosphorylcholine thiol (NPs 21) in which only the latter is able to coordinate Ga3+, the disappearing of 

the signals pertaining to all the two thiols is observed, suggesting that all decanethiols are in proximity of 

Ga3+ so to be affected by the PRE effect. This result suggests a random organization, formation of stripes 

or very small patches. 
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Figure 1.30: 1) 1H-NMR spectra of NPs 20 coated with a mixture of HS-C8TEG 7 and decanethiol recorded upon addition 
of increasing amounts of Ga3+ (A) and schematic representation of Ga3+ ion (red) bound to HS-C8TEG. HS-C8TEG are 
grouped in patches and as a consequence only their signals are cancelled while decanthiol is only marginally affected 
(B). 2) 1H-NMR spectra of NPs 21 coated with a mixture of phosphorylcholine thiol and dodecanethiol recorded upon 
addition of increasing amounts of Ga3+ (A) and schematic representation of Ga3+ ion (red) bound to phosphorylcholine 
thiols. Thiols are randomly organized and as a consequence also dodecanethiols are affected by the presence of Ga3+ 
and also their signals are cancelled (B).39  

Stellacci108has described the possibility to determine the ligand shell morphology of gold 

nanoparticles coated by a binary mixtures of aromatic and aliphatic ligands, performing simply 1D and 2D-

NMR experiments. In fact, it was shown that, if ligands have a random organization, there is a linear 

dependence of the aromatic signals position over the particle composition and clear cross-peaks are 

observed in the NOESY spectra. If ligands organize forming Janus NPs the aromatics signals chemical shift 

versus the composition of the monolayer have a hyperbolic trend and no cross-peaks are present in the 

NOESY spectra. Finally, if ligands form patches or stripes there is a sigmoidal dependence of the chemical 

shift of aromatic peaks and composition of the monolayer and in NOESY spectra cross peaks are present 

                                                                        
108 Liu, X.; Yu, M.; Kim, H., Mameli, M.; Stellacci, F. Nature Commun. 2012, 3, 1 -9. 
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(Figure 1.31). Moreover, in 1H-NMR spectra of stripped NPs sharp signals are observed and it was 

demonstrated that they pertain to the ligands at the poles. 

 

 

Figure 1.31: Idealized NMR plots for NPs coated with binary mixtures of ligands. a -c Chemical shift of NMR as a 
function of ligand composition for randomly mixed, Janus and patchy (striped) NPs, respectively. d –f NOESY of 
randomly mixed, Janus and patchy (striped) NPs, respectively.108 

Sanchez and collaborators109 synthesized Janus-type functionalized gold NPs by two moieties that 

phase separate because of differences in their physicochemical properties (aromaticity, hydrogen-

bonding ability, etc.). These nanoparticles have been obtained starting from gold clusters protected by 

phosphinines, some of these phosphinines are exchange with different amount of an entering thiol as 

shown in Figure 1.32: 

  

Figure 1.32: Synthesis by partial substitution of phosphinine-thiol (T = 2, 3, 4) -stabilized NPs, and potential 
configurations of the final system.109 

                                                                        
109 Vilain, C.; Goettmann, F.; Moores, A.; Le Floch, P.; Sanchez, C. J. Mater. Chem. 2007, 17, 3509 -3514.  
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Figure 1.33: UV-Vis spectra of 1NP, (1/3) NP0.5, (1/3)NP1 and 3NP (3 = dodecanethiol).109 

The so obtained nanoparticles were studied with UV-Visible spectra. The position of the SPB provides 

valuable information not only on the dielectric constant of the medium surrounding the NP but also on 

the electron density inside the NP, indeed, the position of the SPB of the partially substituted NPs are blue 

shifted more than the fully substituted one (Figure 1.33). This blue shift for partially substituted 

nanoparticles was associated to the bipolar ligand repartition on the gold surface. Indeed the TEM images 

of these nanoparticles show a vesicle-like organization of the nanoparticles that can be explained 

assuming a as Janus organization of the ligands. The amphiphilic character to these NPs is another 

evidence in support of the bipolar ligand organization. 

MALDI has been used to investigate the organization of mixtures of ligands on solid surface.110 If 

gold-thiolate complexes are desorbed as discrete portions from the monolayer, nanophase separation in 

the monolayer can be reflected in the mass of desorbed gold-thiolate ions observed: the presence and 

abundance of homoleptic and heteroleptic gold-thiolate complex ions reveals the existence and degree of 

nanophase separation in the monolayer of parent NPs (Figure 1.34). 

 

Figure 1.34: Typical workflow for MALDI experiments on mixed-ligand Au-NPs. Mixed-ligand Au-NPs with unknown 
levels of nanophase separation are analyzed by MALDI-IM-MS. The MALDI process leads to the fragmentation of 
protecting gold-thiolate complexes from the AuNP surface. The gold-thiolate ions undergo gas-phase separation from 
organic ions. The Au4L4 ion species are extracted from the data by software, and their abundances are compared to 
theoretical model based on the binomial distribution. Deviations indicate nanophase separation in the AuNP 
monolayer.110 

In a recent work, Bell111 has prepared silver colloids protected by a binary mixture of pentanethiol 

and sodium mercaptopropanesulfonate thiol in different ratios and used a positive charged SERS-active 

                                                                        
110 Harkness, K. M.; Balinski, A.; McLean, J. A.; Cliffel, D. E. Angew. Chem. Int. Ed. 2011, 50, 10554 -10559. 
111 Stewart, A.; Zheng, S.; McCourt, M. R.; Bell, S. E. J. ACS Nano 2012, 6, 3718 -3726. 
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porphyrin molecule to probe the ligand organization of the surface of these 3D-monolayers. The 

porphyrin is expected to be attracted by the anionic mercaptopropanesulfonate thiol but not the 

uncharged pentanethiol. For this reason if the monolayer is organized forming Janus nanoparticles the 

probe complexes only half surface, if domains are smaller than in Janus nanoparticles the number of 

porphyrin-binding sites is higher and it reach a maximum when the ligands are random distributed (Figure 

1.35). Since the percentage of surface covered by the porphyrin is directly proportional to the SERS signal, 

from these spectra one can obtain information about ligand organization. 

 

Figure 1.35: Cartoon representation showing how different ligand domain sizes would affect the amount of porphyrin 
(Zn TMPyP) probe absorbed on a surface formed by equal amounts of the two ligands. (i) The domains are much larger 
than the probe molecule, while in (ii) the domains are an intermediate size, and in (iii) the domains are small clusters of 
molecules.111 

Lévy112 has exploited a technique generally used in structural biology to determine the proximity of 

two biomolecules. This methodology is based on chemical cross-linking between functional peptides 

(containing two reactive groups that can be chemically cross-linked together or with a reactive group on 

another functional peptide) embedded in a mixed self-assembled monolayers of peptides over a gold 

nanoparticle. The chemical cross-link acts as probe of the proximity of functional groups on the 

nanoparticle surface. If a functional peptide is isolated from others, it will form an intramolecular cross-

link, while if there is another functional peptide in close proximity, intermolecular cross-linking occurs. 

This technique combined with molecular dynamic simulations revealed the organization of thiolated 

peptides in gold nanoparticles monolayers. In this specific case of these nanoparticles ligands segregation 

was observed. 

Finally Prins113 and collaborators proposed a method in which the distribution of the thiols on mixed 

monolayers is determined from spectrophotometric titration using a fluorescent probe 25. They observed 

that ATP, ADP and AMP strongly bind to AuNPs 22 protected by thiols with TACN·ZnII handgroup 23 and 

moreover they interact simultaneously with more than one TACN·ZnII handgroups. This means that ATP 

                                                                        
112 Duchesne, L.; Wells, G.; Fernig, D. G.; Harris, S. A.; Lévy, R. ChemBioChem 2008, 9, 2127 -2134. 
113 Bonomi, R.; Cazzolaro, A.; Prins, L. J. Chem. Commun. 2011, 47, 445 -447.  



Introduction 

 

 

39 

 

could serve as a probe to assess the surface morphology of mixed monolayers since the constant affinity 

is correlated to the distribution of TACN·ZnII handgroups into the gold surface. Therefore exploiting the 

quenching of fluorescence when ATPF (2-aminopurine riboside-5’-O-triphosphate, fluorescent analog of 

ATP, 25) is bound to the AuNPs and the fact that the probe interact simultaneously with multiple 

positively charged groups they were able to estimate how many neighboring cationic groups are present 

into the monolayer (Figure 1.36) 

 

 
 
Figure 1.36: a) Schematic representation of mixed-monolayers NPs with different ratio between ligands and the 
fluorescent probe interacting with positive charges; b) AuNPs 22 used by Prins; c) ATPF (2-aminopurine riboside-5’-O-
triphosphate) 25.113 

a) 
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Chapter 2: Aim of the project 

This PhD thesis is part of a project started few years ago in the research group of prof. Pasquato 

which deals with the control of mixed-monolayers wrapped around AuNPs exploiting the spontaneous 

phase-segregation of fluorinated and hydrogenated ligands (H-ligands and F-ligands). In particular, the 

possibility to use these NPs for biomedical applications is becoming an intriguing aim of this research 

group. 

This PhD project has been focused on two aspects: 

- The study of how mixtures H- and F-ligands organize on the surface of the gold nanoparticle 

- The evaluation of the uptake and cytotoxicity of homoligand and heteroligand fluorinated and 

hydrogenated nanoparticles in living cells. 

Recently, our research group has designed and synthesized NPs coated by mixtures of hydrogenated 

and fluorinated ligands ending with a polyethylene chain to impart solubility in water to the NPs (HS-

C8TEG and HS-F8PEG respectively). The morphology of these mixed-monolayer gold nanoparticles has 

been investigated by ESR spectroscopy. This technique has revealed that, because of the immiscibility 

properties, H-ligands and F-ligands phase-segregate forming separated domains. However, this 

methodology gives only indirect evidences of phase-segregation. AFM and STM that are so far the 

techniques able to give a “direct visualization” of the morphology of the protective monolayer. However, 

both techniques can’t be apply to our NPs because of the presence of PEG chains that prevent the 

visualization of the inner part of the monolayer. Indeed, the first object of this PhD project is to go deeply 

into the understanding of the organization of mixed monolayers formed by H- and F-ligands using in silico 

simulations. These experiments will be carried out in collaboration with the group of Prof. Pricl and Prof. 

Fermeglia of the University of Trieste. In particular, to understand the shape and the size of the domains 

of hydrogenated and fluorinated ligands and to study the role of the size of the gold core, the ratio of the 

two ligands and the difference in length of the latters in the monolayer organization. Moreover, 

additional ESR experiments will be carried out to highlight the different homoligand and heteroligand 

monolayers. 

Besides, to use STM to study the morphology of mixed monolayer formed by H- and F-ligands, simple 

NPs bearing commercially available thiols like dodecanethiol and 1H,1H,2H,2H-perfluorodecanethiol 

would be designed. A part of this PhD thesis has been focused on the synthesis and characterization of 

these NPs protected by different ratios of H- and F-thiols commercially available. Preliminary STM results 

would be presented. 
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The second object of this PhD thesis is to begin a study of the role of the monolayer organization for 

the internalization with biological membranes. As first approach, the uptake by living cells of water 

soluble nanoparticles formed by hydrogenated and fluorinated ligands will be studied together with NPs 

toxicity. To this aim, we have decided to synthesize nanoparticles having different coatings like 

homoligand NPs-C8TEG and NPs-F8PEG, heteroligand NPs-C8TEG/F8PEG and heteroligand H-/F-NPs 

soluble in water without PEG chains. A strategy that could be used to obtain the last NPs is to use ligands 

bearing charged moieties. Consequently, firstly we have to synthesize charged hydrogenated thiolates 

and we will use them together with commercially available F-ligands for the synthesis of NPs. A particular 

attention should be devoted on the study of the morphology of mixed monolayers because recent 

literature works have revealed that, for example, mixed monolayers with strip-like organization are 

internalized in cells with energy independent mechanisms, while NPs with a random organization are 

entrapped in endosomes. For this reason, we would like to end up with NPs with a ratio between ligands 

and core size dimensions adequate to obtain stripes or patches NPs.  

The evaluation of the uptake of NPs in living cells would be done in collaboration with the group of 

prof. Stellacci and Dr. Sousa of IFOM-IEO in Milan. The NPs would be visualized in vitro with confocal 

fluorescent microscopy and to this aim, nanoparticles have to be further functionalized with fluorescent 

dye to visualize them in the cellular environment. Preliminary results of cell permeation and toxicity 

would be described. 
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Chapter 3: Self-organization of mixtures of fluorinated and 
hydrogenated amphiphilic ligands on the surface of gold 
nanoparticles 

Recently our research group has designed and synthesized water soluble gold nanoparticles coated 

by mixtures of hydrogenated and fluorinated thiols both ending with a pegylated chain (Figure 3.1).1, 2 

 
Figure 3.1 Structures of H-ligands 7, F-ligands 12, of a NP formed by a mixture of these two ligands 19 and of the 
radical probe 16 used to investigate the properties of the mixed-monolayers. 

H-ligands 7 and F-ligands 12 represents an extreme example of completely immiscible compounds 

and since no other examples of monolayers formed by mixtures of H- and F-ligands exist in literature, the 

investigation on how these ligands organize on the gold surface is very intriguing. The presence of the PEG 

chain, that has been introduced to impart solubility in water to the NPs, prevents the use of techniques 

commonly used to have a “direct” visualization of the morphology of mixed monolayers like STM and 

AFM described in Section 1.6.2. In fact, a principal limitation in the use of these techniques is the length of 

thiolated chains (limited to 14-16 carbon atoms or shorter) and the high disorder of PEG chains that 

prevents from displaying the inner part of the monolayer. At now only ESR investigations3 have given us 

preliminary information about the organization of H-ligands and F-ligands anchored on the gold core of 

the nanoparticles. In this case, the study of the partition equilibrium of a nitroxide radical probe 16, 

sensible to the polarity of the environment, between the water and the monolayer has suggested that 

                                                                        
1 Gentilini, C. Evangelista, F.; Rudolf, P.; Franchi, P.; Lucarini, M.; Pasquato, L. J. Am. Chem. Soc. 2008, 130, 15678 
-15682. 
2 Pengo, P.; Polizzi, S.; Battagliarin, M.; Pasquato, L.; Scrimin, P. J. Mater. Chem. 2003, 13, 2471 -2478. 
3 Gentilini, C.; Franchi, P.; Mileo, E.; Polizzi, S.; Lucarini, M.; Pasquato, L. Angew. Chem. Int. Ed. 2009, 48, 3060 -
3064. 
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phase-segregation of F-ligands and H-ligands forming domains occurs (Section 1.6.2). However, we have 

not information about the size and the shape of these domains yet and many questions remain open.  

In the past, Glotzer and Stellacci4 reproduced mixed monolayers formed by hydrogenated ligands 

with different length and different tails using atomistic and mesoscale simulations. Those experiments 

have explained that the origin of experimental observed strip-like patterns is the gain in entropy when a 

long or bulky thiol is surrounded by shorter or less bulky ones. Moreover, these theoretical experiments 

on nanoparticles of different sizes have demonstrated that stripes formation depends also on the 

curvature of the gold surface. As a matter of fact, keeping the length of the two ligands constant and 

changing the diameter of the core, it was shown that for high radii of curvature (small NPs) bulk phase 

separation was formed because in small NPs the thiols have an high conformational entropy and the gain 

in entropy by creating additional interfaces is not significant. For larger diameters of the core above 2.5 

nm the thiols assemble forming striped domains. 

In the light of these experiments, we have decided to go deep into the morphology of the 

monolayers formed by mixture of H- and F-ligands by employing in silico simulations carried out in 

collaboration with prof. S. Pricl and Prof. M. Fermeglia (Molecular Simulation Engineering Laboratories –

MOSE- of the University of Trieste). The results we have reached have been supported by new ESR 

experiments done in collaboration with Prof. M. Lucarini (Department of Organic Chemistry, University of 

Bologna) and have been object of a recent publication.5 

  

                                                                        
4 a) Singh, C.; Ghorai, P. K.; Horsch, M. A.; Jackson, A. M. Larson, R. G.; Stellacci, F.; Glotzer, S. C. Phys. Rev. Lett. 
2007, 99, 226106. b)Singh C.; Jackson, A. M.; Stellacci, F.; Glotzer, S. C. J. Am. Chem. Soc. 2009, 131, 16377 -
16379. c) Ghorai, P. K.; Glotzer, S. C. J. Phys. Chem. C 2010, 114, 19182 -19187. 
5 Posocco, P.; Gentilini, C.; Bidoggia, S.; Pace, A.; Franchi, P.; Lucarini, M.; Fermeglia, M.; Pricl, S.; Pasquato, L. ACS 
Nano 2012, 6, 7243 -7253. 
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3.1 Multiscale molecular simulations 

The prediction of the morphology of our mixed monolayer gold nanoparticles has been performed 

employing an innovative approach based on the multiscale molecular modeling (M3) procedure 

developed by Dr. Paola Posocco in the group of Prof. S. Pricl and Prof. M. Fermeglia of MOSE of the 

University of Trieste. Briefly, according to the ad hoc developed ansatz, fully atomistic molecular dynamics 

(MD) simulations in the explicit presence of water as solvent have been performed to retrieve 

fundamental structural and energetical information at the molecular level. The data gathered by MD 

simulations were then mapped into the corresponding information required to run coarse–grained 

simulations at a mesoscopic level using dissipative particle dynamics (DPD) and to ultimately predict the 

morphology of the micro-phase segregation of all systems considered in this work. 

 

Validation of the method. 

The validity and reliability of the M3 approach has been confirmed by modelling a well-known 

literature system consisting on the AuNPs 15 coated by a 2:1 molar mixture of 

mercaptoundecanesulfonate 8 (MUS) and octanethiol (OT) respectively and with a gold core average 

diameter of 4.5 nm.6 STM imagines of these nanoparticles show that these NPs have a striated pattern, 

suggesting the formation of rippled domains with a spacing of 1.0 ± 0.2 nm. Figure 3.2 b show the rippled 

morphology of the monolayer as obtained with M3 approach, which is in agreement with experimental 

STM results. Moreover, the width of the ripples determined with our simulations is comparable with that 

estimated from STM imagine (0.8 - 0.9 nm and 1.0 ± 0.2 nm respectively). 

 

Figure 3.2: a) Schematic representation of AuNPs 15 formed by octanethiol (OT) and mercaptoundecanesulfonate 
(MUS). b) Rippled morphology predicted using a multiscale approach in the case of nanoparticles coated by a binary 
mixture 2 : 1 MUS and OT respectively. Color legend: brown = gold core, light grey = OT, dark grey = MUS, turquoise = 
some water molecules.  

                                                                        
6 Uzun, O.; Hu, Y.; Verma, A.; Chen, S.; Centrone, A.; Stellacci, F. Chem. Commun. 2008, 196 -198. 
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Simulation of H- /F-nanoparticles 

Five samples of nanoparticles coated with mixtures of thiols 7 and 12 in different ratios have been 

studied with in silico simulations together with homoligand H- and F-NPs. These are the same 

nanoparticles that were previously investigated with ESR experiments.3 Table 3.1 shows the 

characteristics of these different samples of nanoparticles. The molar fraction of the H-ligand (χH) forming 

the monolayer has been determined by integration of 1H-NMR signals pertaining to the thiolated 7 and 

12. The average core diameter has been calculated from TEM measurements of a large number of NPs 

and finally the average composition of the NPs was estimated combining TEM and TGA data. All the mixed 

monolayers have been prepared by direct synthesis unless sample 26a that has been prepared by place 

exchange reaction on fluorinated NPs. The two samples having a molar fraction of H-ligand equal to 0.5 

have a different core diameter. 

Table 3.1: Characteristics of gold NPs coated with mixtures of thiols of 7 and 12. 

Sample χH
 Core diameter (nm) NPs composition 

18 0 2.5 ± 0.8 Au590F80 

26a 0.5 2.2 ± 0.4 Au400H54F54 

26b 0.5 1.6 ± 0.2 Au150H33F33 

27 0.71 2.5 ± 0.4 Au540H108F43 

28 0.80 1.9 ± 0.2 Au230H66F16 

29 0.95 1.9 ± 0.3 Au240H68F3 

17 1 1.5 ± 0.3 Au102H50 
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Figure 3.3: Ligand organization on the surface of gold NPs at different molar fraction of the two ligands. The hydrophilic 
pegylated component of the ligands is shown explicitly only for samples 17 and 18, while for all the other samples only 
F- and H-moieties of the ligands are depicted to highlight the monolayer morphology organization. Color legend: brown 
= gold core, light grey = OT, dark grey = MUS, turquoise = some water molecules. 
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The simulations have revealed that the arrangement of the ligands is dictated by the composition of 

the monolayer and the size of the gold core. In nanoparticles 26a in which the composition is 1 : 1 

between the two ligands, phase segregation occurs forming stripped domains extending along the entire 

diameter of the nanoparticle and the width of such stripes ranges between 0.6 and 0.7 nm (Figure 3.3). 

Increasing the molar fraction of hydrogenated ligands respect to the fluorinated ones until χH = 0.71, the 

coexistence of strip- and patch-like domains is observed (NPs 27). For larger amounts of H-ligands (χH = 

0.80 and 0.95 molar fractions), the number of F-chains is too low to form stripes, however the few 

fluorinated chains present into the monolayer aggregate forming small island to minimize the interaction 

with H-ligands (NPs 28 and NPs 29). 

Samples 26a and 26b have the same composition of the monolayer but a different size of the core. 

While in larger nanoparticles (2.2 nm) the ligands organize forming stripes, in smaller ones (1.6 nm) a 

complete segregation forming Janus nanoparticles is observed. This result suggests that also the 

curvature of the nanoparticle influences the morphology of the monolayer confirming the observation 

formerly made by Glotzer and Stellacci4 on their nanoparticles. 

 

Studies on the organic shell thickness. 

The simulations have also provided information regarding the thickness of the monolayer in aqueous 

medium. Generally the oxoethylene chain has the tendency to tangle forming a coil. The fully stretch 

length measured for thiol 12 is 5.46 nm and for thiol 7 is 2.28 nm. These lengths are well higher than that 

measured in homoligand nanoparticles 17 and 18 in which F-ligands are in average approximately 2.82 

nm (± 0.11 nm) and H-ligands 1.40 nm (± 0.10 nm) confirming that in homoligand nanoparticles the 

oxoethylene chains are tangled. Interestingly in mixed monolayers 26a H-ligands extend in the aqueous 

medium up to about 1.59 nm (± 0.12 nm) while F-ligands reach 2.60 nm (± 0.10 nm). These data could be 

explain imagining that small ligand chains stretch out toward the longer ones and the latter, in turn bend 

over the smaller counterpart (Figure 3.4). 

 

Figure 3.4: Radial distribution functions (RDFs) for the SAM components of system 26a. (a) Overall RDF for H- (red) and 
F- (blue) chains. (b) Overall (red), alkyl (yellow), and PEG moieties (orange) of the RDF for the H-chains. (c) Overall 
(blue), fluorinated (light blue), and PEG moieties (turquoise) of the RDF for the F-chains.  
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Parametric simulations 

A further set of simulations on nanoparticles having the same composition and size as sample 26a 

but a different length of H- and F- ligands have been performed to go in deep into the phase-segregation 

driving force. In particular, the influence of differences in length of the PEG chain and of the 

hydrogenated and perfluorinated portion has been evaluated. Table 3.2 summarizes all the sample 

examined while Figure 3.5 shows the DPD snapshots. 

Table 3.2: Mesoscale composition of the H-ligands and F-ligands employed. All NPs have an average diameter 2.2 nm. 
The relative composition of the ligand mixture is 1 : 1 and a total number of 108 ligands was assigned to each NP. 
Hydrogenated beads are represented by the letter C, fluorinated beads by the letter F and pegylated beads by the 
letter P. 

NP H-ligand composition F-ligand composition 

a S1 C3 S1 F3 

b S1 C3 S1 F4 

c S1 C3 P10 S1 F3 P10 

d S1 C3 P10 S1 F4 P10 

e S1 C3 P2 S1 F3 P10 

f S1 C3 P2 S1 F4 P10 

 

 

Figure 3.5: Ligand organization on the surface of gold NPs at different ligand composition accordingly with Table 3.2. 
For each system, when it presents, the hydrophilic PEG chain of the ligands is shown explicitly in the right panel, while 
in the left panel images only the F and H moieties of the ligands are depicted to highlight the monolayer morphological 
organization. Color legend: brown = gold core, light grey = OT, dark grey = MUS, turquoise = some water molecules. 



Results and discussion: Part 1 

 

 

49 
 

In nanoparticles a ligands have the same length of hydrogenated and perflurorinated chains and no 

PEG moieties are present, the monolayer results to have a complete phase segregation of the ligands 

forming a Janus pattern. This is in complete agreement with what observed by Glozer4 in her simulations 

and it is due to the fact that the gain in entropy in forming stripes does not compensate sufficiently the 

energy consumption of creating more H- and F- ligand interfaces. On the contrary, system b is formed by 

chains of different length and a strip-like organization of the ligands is obtained.  

System c is protected by ligands with the same length of the alkyl chains and same length of the PEG 

moiety and in this case, Janus nanoparticles are formed. In fact, as you can see in Figure 3.5 the PEG 

moieties organize in a rather uniform external shell, protecting the inner hydrophobic shell from the 

environment and consequently the hydrophobic components of the ligands can phase separate in a Janus 

pattern. Keeping the PEG length constant and using hydrophobic components of a different length, the 

ligands organize forming stripes (sample d). Otherwise, in the system characterized by an equal length of 

the hydrophobic component but different PEG length (sample e) the equilibrium morphology evolves to 

stripes. This is because longer chains have an higher conformational mobility and consequently an higher 

entropic gain that fully compensates the loss in enthalpy for the formation of the stripes. In conclusion, it 

is clear that the total length of the H- and F-ligands triggers the shape of the domains.  
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3.2 ESR experiments 

ESR studies, previously performed by the group of prof. Pasquato on monolayer formed by mixtures 

of thiolated 7 and 12 in different molar ratios (details in Table 3.1), have highlighted that the field 

separation (ΔG) between the low-field lines due to the radical 16 partitioned in water (kept as reference) 

and in the monolayer, decreases from 2.05 G when the sample contains only F-NPs to 1.40 G in the 

presence of H-NPs.3 When the molar fraction of H-ligands forming the monolayer is less than 0.71 the 

value of ΔG is nearly independent from the monolayer composition and equal to the value found for pure 

fluorinated monolayers. This behaviour suggests that the probe experiences only F-ligands confirming the 

high constant affinity of the probe for perfluorinated phases (179 M-1) respect to hydrogenated ones (87 

M-1). In the presence of larger amounts of H-ligands (χH > 0.71), the field separation between the lines of 

the radical probe partitioned in water and in the monolayer starts to decrease indicating that the probe 

begins to experience an environment richer in H-ligands. These experiments have revealed that ΔG is very 

sensible to the composition of the monolayer to the point that it is able to distinguish between a situation 

where only three F-ligands are in the monolayer (ΔG = 1.54) and one in which there is none (ΔG = 1.40) 

(Figure 3.6). 

 

Figure 3.6: Dependence of ΔG (in gauss) as a function of monolayer composition for NPs formed by mixed monolayers. 

Considering the large contribution provided by multiscale molecular simulations in the 

comprehension of ligands organization in mixed monolayers, we have also decided to go deeper in 

understanding ESR experiments performing theoretical simulations of ESR spectra and further ESR 

experiments. To this aim homoligand and heteroligand nanoparticles formed by thiols 7 and 12 have been 

synthesized and characterized.  
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3.2.1 Synthesis of NPs-C8TEG, NPs-F8PEG and NPs-F8PEG/C8TEG 

3.2.1.1 Synthesis of HS-C8TEG  

The procedure of synthesis of thiols HS-C8TEG 7 was firstly reported by Pasquato and Scrimin in 

2003.2 This thiol is formed by an hydrogenated chain near the thiolated moiety to provide a tightly packed 

shell and a polyoxoethylene chain to impart solubility in water and in polar solvents. The two chains are 

linked together by an amide bond. The scheme of synthesis is reported in Scheme 3.1. 

 
Scheme 3.1: Synthesis of thiol HS-C8TEG 7. a) TsCl, TEA, DCM, 0°C to r.t., 18h, 82%; b) NaN3, MeOH/H2O 1/2, 75°C, 18h, 
95%; c) Triphenylphosphine, THF, 18h, r.t., quant.; d) KSAc, DMF, 0°C to r.t., 5h, 92%.; e)SOCl2, DCM, r.t., 3h, quant.; f) 
diisopropylethylamine, DCM, r.t., 18h, 75%.; g) MeONa, MeOH, r.t., 1h and then DOWEX DR 20-30, quant. 

The strategy of synthesis is based on a convergent synthesis. On one side the hydroxyl group of the 

commercial triethylen glycol monomethyl ether 30 has been transformed in the good leaving group 

tosylate. The reaction has been performed in dry DCM, under argon atmosphere and the yield was 82%. 

The tosylate 31 has been converted into azide 32 through nucleophile substitution reaction in presence of 

sodium azide in a mixture 1: 2 MeOH /H2O, by refluxing at 75°C with a 95% yield. Finally, compound 32 

has been reduced with triphenilphoshine, in THF and water, to obtain the corresponding ammonium 

chloride 33 in a quantitative yield. The only complexity of this route is the purification of product 33 from 

phosphinoxides that required many cycles of washes. On the other side the commercial 8-bromooctanoic 

acid 34 has been converted into the tioacetate by nucleophylic substitution of bromine with potassium 
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thioacetate in dry DMF under argon atmosphere. Compound 35 has been obtained with 92 % yield. The 

carboxylic group has been then transformed in the corresponding chloride 36 by reaction with thionyl 

chloride in DCM with a quantitative yield. The coupling between S-Acetyl-8-thiooctanoyl chloride 36 and 

the ammonium chloride 33 has been performed in presence of triethylamine in DCM with 75 % yield. 

Subsequent removal of the thiol protecting group, that is a quantitative reaction performed using sodium 

methoxide in dry methanol under argon atmosphere, has gaven the desired product 7 in 58% overall 

yield. 

3.2.1.2 Synthesis of NPs-C8TEG 

NPs-C8TEG 17 has been prepared following the procedure proposed by Pasquato and Scrimin2 that 

consists of one phase synthesis in a mixture of methanol and water 1 : 1. The authors have synthesized 

nanoparticles with diameters that range from 1.5 to 4.2 nm by tuning the Au/RSH molar ratio. Their 

experiments suggest that when large Au/RSH are used slow addition of the reducing agent is required to 

avoid the formation of insoluble aggregates. However, TEM images show that increasing the time of 

NaBH4 addition and the Au/RSH molar ratio, the size distribution of the sample became broader. 

In order to obtain nanoparticles with an average diameter between 3 and 3.5 nm, we have decided 

to use a 3/2 Au/RSH molar ratio and a slow addition of the reducing agent. 

 
Scheme 3.2: Synthesis of NPs-C8TEG 17. 

Briefly, to a water solution of tetrachloroauric acid (2 mg/mL) a methanol solution of the thiol 7 (1 

mg/mL) has been added. A freshly prepared solution of the reducing agent in water (4.4 mg/mL) has been 

added with a rate of about 4.2 mL/min at 0°C. Despite the slow addition of the reducing agent a large 

amount of black aggregates has been observed in the reaction mixture. The obtained nanoparticles has 

been purified from unbound ligands with repeated washes with ethyl ether, in which nanoparticles are 

insoluble while the free thiol is completely soluble and finally with gel permeation chromatography on 

SephadexTM LH-20.  

The nanoparticles has been characterized by 1H-NMR, UV-Vis spectra, TEM analysis and TGA. 

The 1H-NMR spectra of NPs-C8TEG 17 and of thiol 7 are reported in Figure 3.7. The NPs spectrum 

shows very broad signals suggesting that nanoparticles are formed and the signal pertaining to the 

methylene group in α position respect to the thiolate is absent confirming that all the ligands are bound 

to the gold core.  
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Figure 3.7: 1H-NMR (500 MHz, CD3OD) spectra of a) HS-C8TEG 7 and b) NPs-C8TEG 17. 

In the UV-Vis absorption spectrum of the NPs, Figure 3.8, a broad surface plasmon band at about 520 

nm suggests that the gold core is around 2.8 - 3 nm. The average core diameter of the nanoparticles has 

been determined from TEM analysis. Averaging the diameters of 265 nanoparticles we have obtained an 

average value of 2.7 nm with a standard deviation of 0.8 nm has been obtained. A careful observation of 

TEM images and of the histogram suggests the formation of two populations of nanoparticles: a larger 

one with an average diameter around 2.3 nm and a smaller with larger diameters around 3.6 - 3.8 nm. 

Probably this is related to the rate of addition of NaBH4, as previously observed by Pasquato and Scrimin.2 

In fact they observed that if the reducing addition is too fast, small nanoparticles are formed. Part of 

these nanoparticles, because of the relatively high surface area, sequester all the available thiol in 

solution and consequently the remaining gold NPs keep growing forming larger NPs or black unprotected 

gold clusters. Consequently, this problem could be avoided in the future with a more controlled addition 

of sodium borohydride. 

 

Figure 3.8: UV-Vis spectrum (MeOH, c = 0.1 mg/mL). 
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Figure 3.9: a) TEM image and b) size histogram of NPs-C8TEG 17. 

In order to determine the average composition of NPs-C8TEG we have carried out a 

thermogravimetric analysis (Figure 3.10) that gives information about the percentage of organic material 

over the total weight of the analyzed sample. In this case the percentage of thiolates into the monolayer 

is about 25.3%. Considering that NPs having a diameter of 2.8 nm have been demonstrated to be 

composed by 807 gold atoms and 170 thiolates7 and in the specific case of thiol HS-C8TEG the calculated 

organic percentage is 24.8%, we have estimated for our nanoparticles of 2.7 nm an average composition 

of Au760(S-C8TEG)170. 

 

Figure 3.10: TGA of NPs-C8TEG 17. 

3.2.1.3 Synthesis of HS-F8PEG 

The thiol HS-F8PEG 12 is an amphiphilic fluorinated thiol. It is formed by a fluorocarbon region close 

to the sulfur atom made by eight CF2 units and a poly(oxyethylene) portion of molecular weight 550. The 

                                                                        
7 Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; Clark, M. R.; Londono, J. D.; Green, S. J.; 
Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Poter, M. D.; Evans, N. D.; Murray, R. W. Langmuir 1998, 14, 17 -30. 
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highly lipophobic and hydrophobic fluorinated portion of the thiol forms a compact shell around the gold 

core while the pegilated chain impart solubility in polar solvents. The synthesis of this thiol was firstly 

reported by Prof. Pasquato in 20088 and the scheme of synthesis described is the following: 

 

Scheme 3.3: Synthesis of thiol HS-F8PEG 12: a) TsCl, TEA, DCM, 0°C to r.t., 18h, 97%; b) 40, KOH, dioxane, reflux, 18 h, 
conversion 67 %, yield 59%; c) TfCl, TEA, DCM, 0°C to r.t., 18h, quant.; d) KSAc, DMF, r.t., 4h, 80%; e) AcCl, MeOH/DCM, 
0°C to r.t.; other two additions of AcCl over 10h, 87%. 

The synthesis consists of 5 steps. The hydroxyl group of the commercial available monomethyl PEG550  

38 has been transformed in the corresponding p-toluenesulfonate 39 by reaction of 38 with 4-

tosylchloride and triethylamine in DCM with a 97% yield. The nucleophilic substitution on the commercial 

available diol 40 with the tosyl chloride 39 under strong basic conditions and under reflux in dry dioxane 

has gaven a mixture of products of mono- and bis- substitution. The mono-substituted product 41 was 

isolated by column chromatography with 59 % yield. The –OH group of  41 has been converted into the 

good leaving group triflate using trifilic chloride and triethylene in DCM under argon atmosphere. This 

compound has been obtained in quantitative yield and used without purification. Nucleophilic 

substitution on triflate with potassium thioacetate in DMF, protected from light, gave compound 42 with 

80% yield after purification with column chromatography. The thiol protecting group was removed with 

HCl generated in situ from AcCl and MeOH in dichloromethane to give thiol 12. Because of the 

lipophobicity of the fluorinated chain, despite the attention paid during the synthesis, these compounds 

                                                                        
8 Gentilini, C.; Boccalon, M.; Pasquato, L. Eur. J. Org. Chem. 2008, 3308 -3313. 
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entrapped large amounts of grease and has been purified with column chromatography giving the pure 

product with 87% yield. The overall yield of the synthesis has been 40%. 

3.2.1.4 Synthesis of NPs-F8PEG 

Nanoparticles 18 have been synthesized following an homogeneous phase synthesis similar to that 

used for NPs-C8TEG and reported by prof. Pasquato.1 The low nucleophilicity of the sulfur atom due to 

the withdrawing effect of the fluorinated chain in α-position forces us to use the thiolated 43 instead of 

the thiol. Moreover the low solubility of fluorinated chains in common organic solvents leads us to add 

the reducing agent at room temperature instead of 0°C as done for NPs-C8TEG. 

 
Scheme 3.4: Synthesis of NPs-F8PEG 18. 

The first experiment carried out in order to obtain nanoparticles with diameters around 3 – 3.2 nm 

has led to the formation of large amounts of insoluble aggregates. For this reason, we have decided to 

add the reducing agent slowly in order to improve the yield. We have explored different Au/RSH molar 

ratios: by using Au : RSH 1 : 2 we have obtained nanoparticles of 2.4 nm (NPs 18a) and increasing the 

Au/RSH molar ratio to 2 : 1 nanoparticles with a core diameter of 3.0 nm (NPs 18b) have been obtained. 

Briefly thiolate 43 has been prepared by adding a freshly prepared solution of sodium methoxide to a 

methanol solution of thiol 12 under strong argon stream and using deoxygenated and dry solvents. The 

thiolate methanol solution (6.6 mg/mL) has been added to a water solution of HAuCl4 (2 mg/mL) through 

a double-tipped needle and the NaBH4 in water (15.2 mg/mL) has been added dropwise in 15 minutes. 

The nanoparticles so obtained has been purified with repeated washing cycles using diethyl ether and gel 

permeation chromatography on SephadexTM LH-20. Nanoparticles of 2.4 nm have a brown color, while 

nanoparticles of 3 nm diameter have reddish highlights: the color of the nanoparticles always gives a first 

suggestion for of the gold core sizes. The purified nanoparticles have been characterized by 1H-NMR, UV-

Vis spectra, TEM analysis and TGA. 

 

Characterization of NPs-F8PEG of 2.4 nm. 

1H-NMR spectrum of NPs-F8PEG of 2.4 nm shows typical broad signals and the absence of the signal 

pertaining to the methylene group in α position respect to the sulfur atom confirming that unbound thiols 

have been completely removed during purification. 
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Figure 3.11: 1H-NMR (500 MHz, CDCl3) spectrum a) of HS-F8PEG 12 and b) of NPs-F8PEG 18a. 

 

Figure 3.12: UV-Vis spectrum (MeOH, c = 0.1 mg/mL) of NPs-F8PEG of 2.4 nm 18a. 

The UV-Vis absorption spectrum shows a monotonic decay suggesting that nanoparticles have a gold 

core smaller that 2.8 nm. This is further confirmed by TEM analysis from which we have measured an 

average core diameter of 2.4 nm with a standard deviation of 0.7 nm. The organic content of the 

nanoparticles determined by TGA analysis has been found to be 48%. Combining TEM and TGA data, an 

average composition of Au589(S-F8PEG)100 was calculated. In making this calculation, we have assumed, as 

suggested by the literature,9 that the van der Waals diameter of fluorocarbon chains is about 1.5 times 

the diameter of hydrocarbon chains. 

                                                                        
9 Barriet, D.; Lee, T. R. Curr. Opin. Colloid. Interface Sci. 2003, 8, 236 -242. 



Results and discussion: Part 1 

 

 

58 
 

 

Figure 3.13: a) TEM image and b) size histogram of NPs-F8PEG 18a of 2.4 nm. 

 

Figure 3.14: TGA of NPs-F8PEG 18a of 2.4 nm. 

Characterization of NPs-F8PEG of 3.0 nm. 

Nanoparticles of 3 nm present a 1H-NMR spectrum with broader signals respect to smaller 

nanoparticles of 2.4 nm. This is in agreement with the fact that spin- spin relaxation T2 increases with the 

core size.7  
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Figure 3.15: a) 1H-NMR (500 MHz, CDCl3) spectrum of HS-F8PEG 12 and b) 1H-NMR (500 MHz, CD3OD) spectrum of NPs-
F8PEG 18b. 

The UV-Vis absorbance spectrum shows a weak surface plasmon band at 520 nm indicating that 

nanoparticles are around 3 nm diameter. This have been confirmed by transmission electron microscopy 

imagines. The average diameter measured on 392 nanoparticles is of about 3 nm with a standard 

deviation of 0.6 nm. 

 

Figure 3.16: UV-Vis spectrum (MeOH, c = 0.1 mg/mL) of 3 nm. 
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Figure 3.17: a) TEM image and b) size histogram of NPs-F8PEG of 3 nm. 

 

Figure 3.18: TGA of NPs-F8PEG of 3 nm. 

Termogravimetric analysis has shown that the organic content of the nanoparticle is about 39 %. The 

combination of TEM and TGA data have led us to estimate an average composition of Au976(S-F8PEG)120. 

3.2.1.5 Synthesis of NPs-F8PEG/C8TEG 2/1 by place exchange reaction 

Mixed monolayers formed by thiols HS-C8TEG and HS-F8PEG in a ratio of 2 : 1 (NPs 19) have been 

obtained by place–exchange reaction following the procedure previously reported by Prof. Pasquato for 

nanoparticles formed by the same mixture of thiols but in a different ratio.1 

 
Scheme 3.5: Synthesis of NPs-F8PEG/C8TEG 19. 
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The ligand exchange reaction has been performed on NPs-F8PEG 18b. Briefly, a solution of thiol HS-

C8TEG 7 in methanol has been added to a solution of NPs 18b in the same solvent and then the mixture 

has been left for 3 days in a thermostatic bath set at 28 °C. During this time thiol 7 partially replace the 

thiolates of NPs 18b up to reach the equilibrium. In particular in order to obtain NPs with a 2 : 1 HS-C8TEG 

/ HS-F8PEG molar ratio, a ratio between existing and entering thiol of 1 : 1.7 has been used. The obtained 

nanoparticles has been repeatedly washed with diethyl ether and further purified by gel permeation 

chromatography on SephadexTM LH-20. After purification NPs 19 has been characterized with 1H-NMR 

spectroscopy in order to assess the purity and the presence of the new thiols into the monolayer. The 

Figure 3.19 shows the 1H-NMR spectrum of the NPs and, by comparison, 1H-NMR spectra of thiols 7 and 

12. The presence of typical signals of thiol 7 and 12 and the absence of the methylene groups in α-

position to the sulfur atom suggested the presence of a mixed-monolayer. 

 

Figure 3.19: a)1H-NMR (500 MHz, CDCl3) spectrum of HS-F8PEG 12 and b) 1H-NMR (500 MHz, CD3OD) spectrum of HS-
C8TEG 7 and c) 1H-NMR (500 MHz, CD3OD) spectrum of NPs-F8PEG/C8TEG 19. 

The composition of the monolayer has been determined by integration of a signal at 2.20 ppm 

pertaining to thiol 7 and one at 4.15 ppm pertaining to thiol 12 in NPs spectrum. The estimated average 

composition is Au976(S-F8PEG)66(S-C8TEG)97.  
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3.2.2 ESR calculated data 

Since the field separation ΔG between the low-field lines due to the probe located into the 

monolayer and the probe in water is a complex parameter that depends both on the composition of the 

organic shell and the affinity constants of the probe for H- and F-domains, we have tried to calculate this 

value for mixed-monolayers. We have used the approximation that the structures of homoligand islands 

in mixed monolayers are more or less the same as those in the pure phase of homoligand nanoparticles. 

Simulating the low field lines of the ESR spectrum of the probe 16 at different molar fractions of the 

probe located in the H-ligand domains of the monolayer (XH) (Figure 3.20) and plotting ΔG obtained from 

these spectra versus XH we obtain the graph reported in Figure 3.21 that demonstrates a linear behavior 

of ΔG respect to XH. 

 

Figure 3.20: Theoretical simulation of ESR low field lines as function of the molar fraction of the radical probes located 
in the NP monolayer, surrounded by H-chins, XH. The dotted line correspond to the center of the line due to the free 
species in water which resonates always at the same field (field reference arbitrarily fix equal to 0 G). 

 

Figure 3.21: Theoretical field separation ΔG as a function of the molar function of the probes located in the NP 
monolayer, surrounded by H-chains, XH. ΔG was calculated form the theoretical simulated ESR spectra reported in 
Figure 3.20. 



Results and discussion: Part 1 

 

 

63 
 

Considered the good linearity of the points of this graph we can write the following equation 1: 

 

∆G = 1.40 XH + 2.05 XF = 1.40 XH + 2.05 (1- XH)                   eq. 1 

 

in which 1.40 and 2.05 are ΔG parameters respectively for homoligand hydrogenated NPs (H-NPs) and 

homoligand fluorinated NPs (F-NPs) obtained from previously ESR experiments1 and XH is the molar 

fraction of the probe located in the H-ligand domains of the monolayer and could be determined from 

equation 2. 

XH= 

KH [H-ligand]
KF[F-ligand]

1+
KH[H-ligand]
KF [F-ligand]

                   eq. 2 

In equation 2, KH and KF are the affinity constant of the probe for homoligand H-NPs (104 M-1) and for 

homoligand F-NPs (176 M-1) respectively and reported in previously works.1, 10 

The ΔG values obtained from these equations and relative experimental ones are reported in Table 

3.3. 

Table 3.3: ESR parameters (ΔG) for heteroligand mixed monolayers obtained from ESR experiments and from 
theroretical calculations using eqs. 1 and 2. 

Sample χH ΔG theoretical ΔG experimental 

18 0 2.05 2.05 

26 0.5 1.82 2.05 

27 0.71 1.69 2.05 

28 0.80 1.60 1.92 

29 0.95 1.45 1.54 

17 1 1.40 1.40 

 

The graph in Figure 3.22 shows the ΔGtheoretical dependence on the monolayer composition (green) 

compared with the experimental data. It is evident that the experimental data deviate significantly from 

the theoretical model predicted by equations 1 and 2. Since this model has been built assuming that the 

affinity constants for the separated domains in mixed monolayers is the same of the affinity constant for 

the pure phase in homoligand NPs, we can conclude that the ESR parameters for heteroligand NPs cannot 

be predicted by the knowledge of the parameters shown by individual homoligand NPs. Mixed 

monolayers seems to be more complex systems. 

 

                                                                        
10 Lucarini, M.; Franchi, P.; Pedulli, G. F.; Gentilini, C.; Polizzi, S.; Pengo, P.; Scrimin, P.; Pasquato, L. J. Am. Chem. 
Soc. 2005, 127, 16384 -16385. 
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Figure 3.22: Dependence of ΔG (in gauss) as a function of monolayer composition. Black curve: NPs containing mixed 
monolayers; green curve: theoretical behavior calculated by using eqs. 1 and 2 with KF = 176 M-1 and KH = 104 M-1. 

3.2.3 Determination of the affinity constants KF and KH for mixed H-/F-NPs 

Since the mixed monolayers cannot be described by knowing the affinity constants of corresponding 

homoligand nanoparticles we wanted to determine the real affinities of the probe for the separate 

domains in the heteroligand monolayers. To do that, we have recorded ESR spectra of the radical probe 

16 in presence of different concentrations of each mixed monolayer of Table 3.1. Plotting the ratio of the 

concentration of the probe into the monolayer and of the probe in water as a function of the total 

concentration of thiolates 7 and 12 for each sample of nanoparticles, we obtain with good approximation 

straight lines. Since in heteroligand monolayers the radical probe can be partitioned simultaneously in H- 

and F-domains, the slope of the straight lines provides an overall affinity constant Kmix. The straight lines 

could be described by equation 3 and Kmix is defined as in equation 4. 

[16]monolayer

[16]water
= Kmix{[F-ligand]+[H-ligand]}               eq. 3 

 

Kmix= KFχF+KHχH          eq. 4 
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Figure 3.23: Plot of the ratio between the concentration of the probe 16 partitioned in the mixed monolayers and that 
of the free species as a function of thiols concentration. 

When the molar fraction of hydrogenated ligands into the monolayer (χH) is 0.5 and 0.71, ΔG 

determined by previous ESR experiments is equal to 2.05 indicating that the probe located into the 

monolayer is completely partitioned in the fluorinated phased and consequently, XH (that is the molar 

fraction of probe located into H-domains of the monolayer) is approximately negligible and consequently 

XF ≈ 1. Under these conditions, we can assume that the affinity for the hydrogenated portion of the 

monolayer is negligible and therefore eq. 4 became: 

 

Kmix= KFχF           eq. 5 

 

and knowing Kmix (obtained from the graph in Figure 3.23) and using χF equal to 0.5 and 0.29 for samples 

26 and 27 respectively, we have obtained for KF the values shown in Table 3.4. 

The KF values are significantly higher than that obtained for homoligand NPs 16 and this number 

increases with the amount of H-ligands into the monolayer. Keeping in mind simulation results, we can 

explain this behavior considering the phase-segregation and PEG shell organization that are such that the 

probe experiences an energetically favored permeation to reach the lipophobic phase in a mixed-

monolayer with respect to the homoligand F-NPs. 

By considering the uncertain associated with ESR measure of ΔG (± 0.05 G), we can fix an upper limit 

of 10 M-1 for KH of samples 26 and 27. However, the constant affinity for hydrogenated portions of the 

monolayer is significantly smaller than that measured for homoligand H-NPs 17 because the probe is 

completely located in F-domains. Indeed, accordingly with simulation results, the probe in order to reach 

the H-domains of the monolayer has to search for a suitable spot on the surface among PEG chains of F-

ligands. 
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When the amount of H-ligands is larger (χH > 0.71), the field separation ΔG start to decrease, 

indicating that the probe is located simultaneously in H- and F-domains. In these cases, the molar fraction 

of the probe into the monolayer and the probe in water can be obtained from equation 1, putting inside 

the value of ΔG obtain from ESR experiments. Using these values and solving simultaneously equation 2 

and 4, KH and KF hve been obtained. The value of KF further increases reaching high values if compared to 

the value measured in presence of homoligand nanoparticles and suggesting that with the increase of the 

number of short H-ligands the probe reach with more facility F-domains. 

Table 3.4: Equilibrium constants (T = 298 K) and ESR parameters in the presence of heteroligand mixed monolayers. 

Sample χH Kmix (M-1) ΔG (G) KH/KF KF (M-1) KH (M-1) 

18 0 176 2.05 - 176 - 

26 0.5 100±7.7 2.05 <0.04 200 <10 

27 0.71 100±8.1 2.05 <0.04 345 <10 

28 0.80 189±20 1.92 0.06 756 45 

29 0.95 120±11 1.54 0.18 540 97 

17 1 104 1.40 - - 104 

3.2.4 ESR experiments on mixtures of homoligand nanoparticles H-NPs and F-NPs 

In order to compare the properties of mixed monolayers with that of mixtures of homoligand 

nanoparticles we have recorded ESR experiments on solution containing mixtures of homoligand H-NPs 

and F-NPs in different ratios. The ratios between H-NPs and F-NPs are such that the ratio between the F-

ligands and H-ligands is equal to the ratio of ligands in samples 26 - 29 of heteroligand nanoparticles. 

Assuming that each homoligand NP maintain its own properties we have expected to observe the same 

ΔG obtained with equation 1. The results are shown in Table 3.5 and Figure 3.24. 

Table 3.5: ESR parameters in the presence of homoligand NP mixtures. a The concentration refers to ligands bound to 
NPs (no free ligands present in solution). bDetermined by ESR. In parentheses the theoretical value calculated by using 
eq. 5 with KF = 176 M-1 and KH = 104 M-1. c Experimental value determined by ESR and in parenthesis the theoretical 
value calculated by using eqs. 1 and 2 and KF = 176 M-1 and KH = 104 M-1. 

[F-ligand]a [H-ligand]a χH [16]monolayer/[16]water
b ΔGc 

56 0 0 9.9 (9.8) 2.05 (2.05) 

28 28 0.5 8.1 (7.8) 1.90 (1.82) 

16 40 0.71 7.4 (7.1) 1.84 (1.69) 

11 44 0.80 6.7 (6.5) 1.68 (1.60) 

2.7 53 0.95 6.0 (6.1) 1.50 (1.45) 

0 56 1 6.0 (6.0) 1.45 (1.40) 
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Figure 3.24: Dependence of ΔG (in gauss) as a function of monolayer composition. Black curve: NPs containing mixed 
monolayers; green curve: theoretical behavior calculated by using eqs. 1 and 2 with KF = 176 M-1 and KH = 104 M-1; red 
curve: mixtures of homoligand NPs. 

The values of ΔG obtained from these ESR experiments (red curve) are higher than those obtained 

with equation 1 (green curve) and tend to approach the experimental value obtained for mixed 

monolayers (black curve). On the contrary, if we try to estimate the ratio between the concentration of 

the probe located into the monolayer and the probe in water for homoligand NPs using equation 6, in 

which KF and KH are respectively 176 M-1 and 104 M-1
, we obtain values that are similar to that obtain 

experimentally. 

[16]monolayer

[16]water

= KF[F-ligand]+ KH[H-ligand]                eq. 6 

However, these experiments have further shown that monolayers formed by mixtures of thiols 7 and 

12 are complex systems that cannot be described by knowing the properties of corresponding 

homoligand nanoparticles and moreover that samples of NPs 26 – 29 are coated by mixed-monolayers 

and not mixtures of H-/F-homoligand nanoparticles. 
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Chapter 4: Gold nanoparticles protected by mixtures of charged H- 
and F-ligands: synthesis and interaction with cells 

In the last years, gold nanoparticles have received large interest for applications in biomedicine as 

diagnostic tools, for therapy and to transport and deliver drugs. For this kind of applications, NPs have to 

be soluble and stable in the biological environment. For this reason a large number of NPs soluble in 

water has been reported. In many examples, nanoparticles are protected by thiols terminating with oligo 

or polyethylene glycol moieties which have the characteristic to form an inert shell, resistant to no- 

specific absorption of biomolecules and cells; there are also examples of nanoparticles protected by alkyl 

thiols ending with charged groups (carboxylic, ammonium, sulfonate or zwiterionic groups); and 

moreover, nanoparticles coated by thiols formed by biomolecules like peptides, glycosides and DNA 

sequences. However, for many applications beside solubility in the biological environment, also a facile 

uptake by living cells is required. Ideally, the carrier should to carry the drug to a specific cell 

compartment only or a contrast agent should image a diseased cell selectively. For this reason, the 

interaction of nanoparticles with cells has become a critical point and the design of nanoparticles able to 

cross cell membranes is an interesting challenge. 

Recently, Stellacci and coworkers have demonstrated that striped nanoparticles coated by 11-

mercaptoundecansulfonic acid (MUS, 8) and octanethiol (OT) are able to penetrate cell membranes 

without porating them, by contrary, particles coated solely with MUS 8 with no structure on their ligand 

shells penetrate the cell via endocytotic process. 

ESR results, described in Chapter 3, obtained for our mixed monolayer gold nanoparticles coated by 

mixtures of hydrogenated and fluorinated ligands, suggest the possibility to use these NPs as 

multicompartment curriers of drugs with different hydrophobic characteristics. In addition, the results 

obtained with multiscale molecular simulations, have demonstrated that mixtures of hydrogenated and 

fluorinated ligands, in specific ratios, organize forming stripe-like patterns or patches, suggesting that 

these NPs may be able to be sophisticate carriers. With the idea to have NPs that may easily enter into 

cells, we have decided to design new samples of AuNPs formed by hydrogenated and fluorinated thiols 

and soluble in water thanks to the presence of charged moieties instead of pegylated ones. We also 

proposed to investigate how these new nanoparticles and pegylated ones (previously designed in our 

laboratory and which synthesis was presented in Section 3.2.1) interact with cells. 

This chapter is organized in two sections: Section 4.1 presents the synthesis and the characterization 

of water soluble gold nanoparticles protected by mixtures of charged alkyl thiols and fluorinated thiols. 

Section 4.2 describes the functionalization of the nanoparticles with two different fluorescent dyes and 
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cell permeation studies. The last ones were carried out in the group of Prof. Francesco Stellacci (IFOM-

IEO, Milan). 

4.1 Synthesis of water soluble nanoparticles 

Although homoligand nanoparticles formed by charged alkylated thiols or homoligand fluorinated 

nanoparticles have been described in literature, no examples of mixed monolayers formed by alkylthiols 

bearing a charged moiety and fluorinated thiols have been reported. 

The cartoon in Figure 4.1 shows a schematic representation of nanoparticles we have designed. 

 

Figure 4.1: Schematic representation of NPs coated by hydrogenated ligands (grey) ending with charged moieties (red) 
and florinated ligands (violet). 

The charged thiols may contain carboxylic, sulfonate and ammonic groups to impart solubility in 

water to the NPs. The length of the alkyl chain has to be such to end up with NPs soluble in water and 

consequently sufficiently longer than F-thiols to mask the latter to the solvent. Fluorinated thiols 

commercially available has to be shorter than H-ligands but long enough to form stable monolayers.  
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4.1.1 Synthesis of NPs-C12SO3Na/F6 

4.1.1.1 Synthesis of NPs-MUS/F8 

In a first preliminary study for the synthesis of nanoparticles formed by a fluorinated thiol and a H-

thiol bearing the sulfonic moiety, we decided to use two commercially available thiols, 11-

mercaptoundecanesulfonic acid (MUS, 8) commercialized by Prochimia and 1H,1H,2H,2H-

perfluorodecanethiol (F8, 9) sold by Aldrich.  

 

Figure 4.2: Thiol MUS 8 and F8 9. 

Thiol 8 is soluble in a hot solution of ethanol while thiol 9 solubilizes in most common alcoholic 

solvents. The solubility properties of these two ligands suggest to perform the synthesis of the 

nanoparticles in ethanol solution following the approach generally used by Stellacci to obtain 

nanoparticles of about 4.5 nm.1 We begin using a mixture of thiols in the same ratio as desired in the 

monolayer. Indeed, in order to have a final ratio MU : F8 of 2 : 1 we performed the synthesis using the 

same ratio between thiols. 

 

Scheme 4.1: Synthesis of NPs-MUS/F8 44. 

Briefly to an 1 equiv. of gold salt in deoxygenated ethanol, 1 equiv. of thiol mixture (MUS : F8 = 2 : 1) 

in ethanol was added under vigorous stirring and under argon atmosphere. Then, a freshly prepared 

solution of sodium borohydride in ethanol was added dropwise in 50 minutes. The nanoparticles so 

obtained have the tendency to precipitate from the reaction mixture. The solution was left to stir for 3h 

and then placed in at -20°C overnight to favor the complete precipitation of the nanoparticles. NPs were 

purified by repeatedly washes with ethanol, methanol and acetone to remove unbound ligands. NPs were 

characterized by 1H-NMR, UV-Vis and TEM analysis. The 1H-NMR spectrum of the NPs and, by comparison, 

the 1H-NMR spectra of the two thiols are reported in Figure 4.3. The 1H-NMR spectrum of NPs shows the 

                                                                        
1 Uzun, O.; Hu, Y.; Verma, A.; Chen, S.; Centrone, A.; Stellacci, F. Chem. Commun. 2008, 196 -198. 
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signals of the MUS ligand but of course not the proton signals of F8 ligands. Likely this is due to the fact 

that protons of the methylene in α and β position to the sulfur atom, as expected are so broad that 

disappear hidden in the background noise of the spectrum. The absence of the methylene in α to the 

sulfur atom of MUS and of sharp signals is indicative of clean NPs. 

 

Figure 4.3: a)1H-NMR (400 MHz, D2O) spectrum of MUS 8, b) 1H-NMR (500 MHz, CD3OD) spectrum of F8 9 and c) 1H-
NMR (500 MHz, D2O) spectrum of NPs-MUS/F8 44. 

The UV-Vis spectrum of 44 shows a surface plasmon band at 545 nm, suggesting that NPs are larger 

than 3 nm in diameter. This was confirmed by HR-TEM analysis that allowed the determination of the 

average size of the AuNPs which is of 3.6 nm with a standard deviation of 0.9 nm.  

 

Figure 4.4: UV-Vis spectrum (H2O/MeOH 2/1, c = 0.1 mg/mL). 
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Figure 4.5: a) TEM image and b) size histogram of NPs-MUS/F8 44. 

Considering that the signals of the fluorinated thiol are absent into the 1H-NMR spectrum of NPs, the 

ratio between MUS and F8 has been determined on the 1H-NMR spectrum of a sample of decomposed 

NPs. The decomposition of the NPs was made by addiction of few drops of a methanol solution of iodine 

(50 mg/mL) to a solution of nanoparticles. 1H-NMR spectrum of decomposed nanoparticles presents both 

the signals of 8 and 9 and from the integrals of signals at 3.03 ppm, 2.78 ppm and 1.80 ppm, we have 

estimated a MUS : F8 molar ratio of 2 : 1.1. The effective ratio of thiols entered into the monolayer is 

comparable with the ratio used for the synthesis (Figure 4.6). 

 

Figure 4.6: a) 1H-NMR (400 MHz, D2O) spectrum of MUS 8, b) 1H-NMR (500 MHz, CD3OD) spectrum of F8 9 and c) 1H-
NMR (500 MHz, CD3OD) spectrum of decomposed NPs-MUS/F8 44. 
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Despite the abundance of MUS ligands into the monolayer, NPs do not present a good solubility in 

water and have the tendency to precipitate even at low concentrations. The solubility improves heating 

the solution of nanoparticles, however, when the solution cools down the NPs precipitate. This behavior 

make our NPs not suitable for our purposes. For this reason, we have decided to use a longer sulfonated 

thiol, like 12-mercaptododecansulfonic acid 45, in order to have the charged moiety more exposed to the 

solvent and to better avoid interaction between F8 and the solvent. Thiol 45 is not commercially available. 

4.1.1.2 Synthesis of HS-C12-SO3Na 

Firstly, for the synthesis of 12-mercaptododecansulfonic acid 45 (MDDS) we have decided to follow 

the strategy previously reported for 10-mercaptodecanesulfonic acid and reported in Scheme 4.2: 

 

Scheme 4.2: First strategy for the synthesis of thiol HS-C12-SO3Na 45: a) Na2SO3, EtOH / H2O 2.5 /1, reflux, 4 h, 2.3 %; b) 
thiourea, EtOH / H2O 1 /1, reflux, 2 h, 21.3 %; c) NaOH, H2O, reflux, Ar, 3 h, and then H2SO4 until pH=7, 75.4 %. 

This strategy is based on the commercially available 1,12-dibromododecane 46. The very slow 

addition of a solution of sodium sulfite in water to an excess ethanol/water solution of 46 under reflux 

lead to the product of nucleophilic substitution. However, the yield of the reaction was very low. One of 

the main problems is the formation of a mixture of undesired products like the bis-sulfonate compound 

(NaO3S(CH2)12SO3Na, the main product) and the mono-hydroxy mono sulfonate product 

(HO(CH2)12SO3Na). All attempts to improve the yield of bis-sulfonate product by addition of excess of 46 

gave a decrease in the amount of bis-substituted in the products mixture, but the Br(CH2)12SO3Na : 

HO(CH2)12SO3Na ratio was nearly identical and their separation was very difficult. Since chloride is less 

reactive than bromide, in order to avoid hydrolysis, we have decided to use 1,12-dichlorododecane 

instead of compound 46. In this case, no traces of alcohol product were observed in the 1H-NMR spectra 

but the yield respect to the bis-substituted product was still very low. Despite the low yield of the 

reaction, we have decided to go on with the second step that consists on the nucleophilic substitution on 

the remaining halogen atom by addition of thiourea on an ethanol/water solution of 47. The product 48 

was isolated after precipitation with 21.3 % yield. The subsequent basic hydrolysis of thiouronium group 

have given the corresponding thiol 45 with 74.5 % yield after crystallization. Unfortunately, the low yield 
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of the first step and the hard purification from the several undesired products formed during the first step 

have forced us to change this strategy. 

Next we have decided to firstly convert 1,12-dibromododecane into the corresponding mono-

thioacetate and then to the perform the substitution of bromide with the sulfonate group as in Scheme 

4.3. 

 

Scheme 4.3: Second strategy for the synthesis of thiol HS-C12-SO3Na 45: a) KSAc, DMF, 0 °C to r.t., Ar, 5 h, 83 %; b) 
Na2SO3, EtOH / H2O 2.5 /1, reflux, 72 h; c) HCl 10 %, H2O, reflux, Ar, 2 h. 

The first step of the reaction was performed following a slightly modified procedure reported in 

literature.2 Briefly, to a solution of 46 in anhydrous THF, 0.45 equiv. of potassium thioacetate were added 

and the reaction mixture was heated to reflux and left to stir under argon atmosphere protected from the 

light for 1 day. The reaction gave three products: unreacted 1,12-dibromododecane, mono- and bis-

substituted products that where well separated by column chromatography. The conversion of the 

reaction was about 81 % and the yield of mono-substituted product 49 was 73%. The second step consists 

on the nucleophilic substitution of bromide with sodium sulfite that was performed by addition of a hot 

water solution of sodium sulfite to a refluxing ethanol solution of 49. The reaction was monitored by TLC 

and after 72 h no complete disappear of the reagent was observed suggesting that reaction was not 

complete; moreover a large number of secondary products was observed. The reagent wasn’t completely 

converted even with a further addition of sodium sulfite. The reaction mixture was repeatedly washed 

with hexane but TLC of the obtained crude showed the presence of a mixture of compounds. Also 1H-

NMR spectrum shows more signals than those expected. The complete disappearance of the typical 

thioacetate signal at 2.32 ppm and the presence of a signal at 2.69 that is typical of the methylene in α to 

a disulfide suggested the removal of the thioacetate protection and the oxidation of the thiol to disulfide. 

The mechanism involved and the complete characterization of the products is not clear yet. Synthesis of 

gold nanoparticles using disulfides instead of thiols are reported in literature,3 however the high 

percentage of undesired products in the synthesis above described led us to choose a different synthetic 

route. 

                                                                        
2 Kamper, S.; Porter-Peden, L.; Blankespoor, R.; Sinniah, K., Zhou, D.; Abell, C.; Rayment, T. Langmuir 2007, 23, 
12561 -12565. 
3 Porter, L. A.; Ji, D.; Westcott, S. L.; Graupe, M.; Czernuszewicz, R. S.; Halas, N. J.; Le, T. R. Langmuir, 1998, 14, 
7378 -7386. 
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Since undesired reactions seems to occur on the thioacetate functionality, we have decided to use a 

different thiol protecting group like trityl. The new scheme of synthesis is reported in Scheme 4.4 in which 

after the introduction of the thioacetate, this is deprotected to obtain the corresponding thiol 50. At this 

point, the thiolated functionality is protected with trityl group. The subsequent nucleophilic substitution 

of bromide with sodium sulfite should provide compound 52 that after deprotection leads to the desired 

thiol 45. 

 

Scheme 4.4: Third strategy for the synthesis of thiol HS-C12-SO3Na 45: a) KSAc, DMF, 0 °C to r.t., Ar, 5 h, 83 %; b) AcCl, 
MeOH, 0 °C to r.t., Ar, 6 h, 9 3%; c) Ph3CBr, THF, r.t., 24 h, 95 %.; d) Na2SO3, THF/EtOH/H2= 1/2/2, 85 °C, 50 W, 25 min, 
92 %; e) TFA, triisopropyl silane, DCM, r.t., Ar, 6 h, quant. 

 

The first step was done following the same conditions described above. Thioacetate group was 

removed under acidic conditions adding concentrated HCl to a methanol solution of 49 under argon 

atmosphere. However, this simple reaction gives also the substitution of bromide with chloride. 

Considering that chloride is less reactive than bromide, this becomes a problem for the successive 

synthetic step. This secondary reaction was avoided preparing HCl in situ by adding acetylchloride to a 

methanol solution of 49 under argon atmosphere and 12-bromododecanethiol was obtained with 93 % 

yield. The thiolated group was protected with trityl by reaction of 50 with trityl bromide in dry THF under 

argon atmosphere. Compound 51 was obtained after purification by column chromatography in 95 % 

yield. The subsequent nucleophilic substitution with sodium sulfide was firstly performed by adding a hot 

water solution of sodium sulfite to a refluxing ethanol solution of 51. The reaction was monitored by TLC 

and after 88 h an intense spot of the reagent was still present. The addition of a further excess of sodium 

sulfite did not pushed the reaction to completeness. To improve the yield of this step and reduce the 
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reaction time we have decided to replace the conventional heating method with microwave irradiation.4 

Indeed, adding sodium sulfite to a solution of 51 in THF/EtOH/H2O 1 : 2 : 2 and keeping the reaction 

mixture for 25 minutes at 85°C, under microwave irradiation (50 W) the desired product was obtained 

with 92 % yield after purification. The subsequent removal of the thiol protecting group was a 

quantitative reaction performed adding trifluoroacetic acid and triisopropil silane to a solution of 52 in 

DCM under argon atmosphere. The overall yield of the synthesis is of 59 %. 

4.1.1.3 Synthesis of NPs-MDDS/F8 

Nanoparticles protected by a mixture of MDDS 45 and F8 9 were synthesized using the same 

approach described for the synthesis of NPs 44. In particular, the HAuCl4 : thiol molar ratio was 1 : 1 and 

the MDDS : F8 ratio used was 2 : 1. 

 

Scheme 4.5: Scheme for the synthesis of NPs-MDDS/F8 53.  

Also in this case, after the addition of sodium borohydride reddish nanoparticles precipitate from the 

reaction medium. After purification, NPs have been characterized with 1H-NMR, UV-Vis and TEM analysis. 

1H-NMR spectrum of the nanoparticles shows sharper signals respect the previous sample, but the 

absence of the methylene signals in α to the sulfur atom is indicative that all the ligands are bound to the 

gold surface. 

                                                                        
4 Alapafuja, S. O.; Nikas, S. P.; Shukla, V. G.; Papanastasiou, I. Tetrahedron Letters 2009, 50, 7028 -7031 
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Figure 4.7: a)1H-NMR (400 MHz, D2O) spectrum of MDDS 45, b) 1H-NMR (500 MHz, CD3OD) spectrum of F8 9 and c) 1H-
NMR (500 MHz, D2O) spectrum of NPs-MDDS/F8 53. 

UV-Vis spectrum of NPs 53 shows a broad SPB at about 500 nm. Comparing this UV-Vis spectrum 

with that of NPs 44, it can be observed that, using the same NPs concentration the SPB, in this case is less 

intense suggesting that these NPs should have a smaller diameter than NPs 44. This observation was 

confirmed by TEM analysis. The average core diameter obtained from TEM imagines is 3.3 nm ± 0.5 nm. 

 

Figure 4.8: UV-Vis spectrum (H2O, c = 0.1 mg/mL). 
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Figure 4.9: a) TEM image and b) size histogram of NPs-MDDS/F8 53. 

The ratio between MDDS and F8 was determined from 1H-NMR spectrum of decomposed 

nanoparticles. From the integrals of signals at 3.04 ppm, 2.78 ppm and 1.80 ppm, we have estimated a 

MUS : F8 molar ratio of 2 : 0.8. This value is similar to the value previously obtained for NPs 44. 

Despite the increased length of the sulfonated thiol, also these nanoparticles present a low solubility 

in water. A further path that could be considered to improve the solubility in water of these systems, is to 

act on the length of the perfluorinated thiol using instead of F8, a shorter commercially available 

fluorinated thiol like 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanethiol (F6, 10) (Figure 4.10) so that the 

hydrophobic fluorinated portion is further masked to the solvent.  

 

Figure 4.10: Thiol 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanethiol (F6, 10).  
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4.1.1.4 Synthesis of NPs-MDDS/F6 

Synthesis of NPs-MDDS/F6 5/1 

 

For the synthesis of NPs 54 with a mixed monolayer composed of MDDS 45 and F6 10, we used the 

same procedure described for NPs 44 and 53.  

 
Scheme 4.6: Scheme for the synthesis of NPs-MDDS/F6 54. 

Briefly, to 3 equiv. of gold salt in deoxygenated ethanol, 2 equiv. of thiols were added. The ratio 

between MDDS and F6 was 2 : 1.3. The amount of F6 used for this synthesis is slightly higher than that 

used for the previous one in the attempt to obtain a final ratio between thiols closer to 2 : 1. The solution 

of the reducing agent was added dropwise, the color of the solution changed from pale yellow to reddish 

and a precipitate was observed when stopping the stirring. The purification of these nanoparticles was 

not easy because even after several cycles of washes with ethanol, methanol and acetone nanoparticles 

remain contaminated with free MDDS. Also, the attempt of purification by dialysis was not sufficient to 

have a clean sample of nanoparticles. Since MDDS has a good solubility in hot solutions of ethanol we 

have made several washes with 40 °C ethanol solution. These NPs present a peculiar solubility behavior: 

when they are well dry and we try to solubilize them in water, NPs are detached from the walls of the vial 

as flakes that have the tendency to float on the water/air interface. These flakes could be dissolved only 

with few drops of acetone. After the removal of acetone under argon flow, NPs remain in solution and 

show a high stability. Since the nanoparticles have this behavior and it is better not to dry them 

completely, sometimes NMR spectra presents traces of solvents like methanol, ethanol and acetone. The 

1H-NMR spectrum of the nanoparticles is reported in Figure 4.11 together with the spectra of the two 

ligands. NPs 54 presents typical broad signals and the absence of signals of thiol F6 and of the methylene 

in α to the sulfur atom of MDDS is indicative that no unbound ligands are present.  
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Figure 4.11: a)1H-NMR (500 MHz, CD3OD) spectrum of MDDS 45, b) 1H-NMR (500 MHz, CD3OD) spectrum of F6 10 and 
c) 1H-NMR (500 MHz, D2O) spectrum of NPs-MDDS/F6 54. 

UV-Vis spectrum shows a slight SPB suggesting that these nanoparticles have a gold core diameter 

around 3 nm. The average core diameter was obtained from the measure of the diameter of several NPs 

in TEM imagines and it is 3.1 nm ± 0.8 nm. 

 

Figure 4.12: UV-Vis spectrum (H2O, c = 0.1 mg/mL). 
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Figure 4.13: a) TEM image and b) size histogram of NPs-MDDS/F6 5/1 

The TGA analysis of the sample reveled a 19.5 % of organic material with respect to the total weight 

of the NPs.  

 

Figure 4.14: TGA of NPs-MDDS/F6 5/1 54. 

The ratio between MDDS and F6 in the monolayer of NPs 54 has been determined by integration of 

1H-NMR signals of a sample of decomposed NPs. The integrals of the signal at 3.04, 2.80-2.55 ppm and 

1.85-1.60 ppm give a ratio MDDS : F6 of 5 : 1. Despite the use of a MDDS : F6 molar ratio similar to that 

used for the synthesis of nanoparticles 53, the amount of fluorinated thiols into the monolayer of NPs 54 

is 2 times lower. This is not surprising if we consider that for this synthesis we have used a shorter 

fluorinated thiol and because of the difference in length between the two ligands, the shorter one enters 

into the monolayer with more difficulty. In order to obtain nanoparticles with a ratio MDDS : F6 of 2 : 1 or 

1 : 1 to have the formation of domains like stripes, we have to increase the amount of fluorinated thiol 

used for the synthesis. 
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Consequently, from the combination of TEM, TGA data and the ratio of the ligands and considering 

that the fluorinated chains have a diameter 1:36 times greater than those hydrogenated, we could 

estimate and average composition of Au1150(MDDS)145(F6)29.  

 

Synthesis of NPs-MDDS/F6 2.5/1 55 and 1.5/1 56 

We decided to synthesize nanoparticles starting from HAuCl4 : thiol of 3 : 2 molar ratio and three 

different MDDS : F6 molar ratios. NPs 55 were prepared using MDDS : F6 equal to 1.3 : 1, NPs 56 were 

prepared using MDDS : F6 equal to 1.1 : 1 and NPs 57 with MDDS : F6 equal to 1 : 2. The synthesis and the 

purification of the nanoparticles were done as for NPs 54. For samples 55 and 56 the dispersion in water 

is favored by addition of few drops of acetone and after the removal of it the nanoparticles remain in 

solution as previously observed for NPs 54. NPs synthesized in presence of MDDS : F6 equal to 1 : 2 were 

soluble only in hexafluorotoluene suggesting that the amount of fluorinated ligand entered into the 

monolayer is so high to provoke the solubility of the nanoparticles only in perfluorinated solvents. 

Nanoparticles 55 and 56 were completely characterized with 1H-NMR, UV-Vis, TEM and TGA analysis 

and 1H-NMR spectra of decomposed nanoparticles in order to evaluate the ratio between MDDS and F6 

into the monolayer. The combination of the data obtained from these analysis has allowed the 

determination of the average composition of the monolayer as shown in Table 4.1 together with sample 

54 for comparison. 

 

Figure 4.15: a)1H-NMR (500 MHz, CD3OD) spectrum of MDDS 45, b) 1H-NMR (500 MHz, CD3OD) spectrum of F6 10, c) 
1H-NMR (500 MHz, D2O) spectrum of NPs-MDDS/F6 2.5/1 55 and d) 1H-NMR (500 MHz, D2O) spectrum of NPs-MDDS/F6 
1.5/1 56. 
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Figure 4.16: a) TEM image and b) size histogram of NPs-MDDS/F6 2.5/1 55. 

 

Figure 4.17: a) TEM image and b) size histogram of NPs-MDDS/F6 1.5/1 56. 

 

Figure 4.18: TGA of NPs-MDDS/F6 2.5/1 55 on the left and of NPs-MDDS/F6 1.5/1 56 on the right. 
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Table 4.1: NPs characterization. 

Sample MDDS : F6 for the synthesis 
MDDS : F6 into the NPs 

monolayer 
Diameter (nm) TGA Composition 

54 1 : 0.65 5 : 1 3.3 ± 0.5 19.5 % Au1150(MDDS)145(F6)29 

55 1 :  0.77 2.5 : 1 3.2 ± 0.7 21. 4 % Au1289(MDDS)150(F6)60 

56 1 : 1.3 1.5 : 1 3.4 ± 0.7 16.0 % Au1415(MDDS)129(F6)87 

 

4.1.2 Synthesis of NPs-C11COOH/F6 

4.1.2.1 Synthesis of HS-C11COOH 

Thiol 58 was obtained in two steps as reported in Scheme 4.7 starting from the commercially 

available 12-bromododecanoic acid 59 with an overall yield of 83 %. 

 

Scheme 4.7: Scheme for the synthesis of thiol HS-C11COOH 58: a) KSAc, DMF, 0 °C to r.t., 5 h, 83 %; b) MeONa, MeOH, 
r.t., 1 h and then DOWEX DR 20-30, quant. 

The first step was carried out using the same reaction conditions used for the synthesis of compound 

35 in the synthesis of thiol HS-C8TEG. Briefly, to a solution of compound 59 in dry N,N-

dimethylformammide, potassium thioacetate was added under argon atmosphere and left to stir at room 

temperature for 5 h protected from the light. Compound 60 was obtained with 83% yield after several 

washes to remove the excess of potassium thioacetate. The thiol protecting group was removed under 

basic conditions with NaOMe and thiol 58 was obtain in quantitative yield. 

4.1.2.2 Synthesis of NPs-C11COOH/F6 

The attempts to obtain nanoparticles protected by a mixture of MDDS 45 and a perfluorinated thiol 

10 have revealed that in order to have NPs soluble in water it is better to use a fluorinated thiol that could 

be masked by the hydrophilic one. Taking into account this consideration, we have decide to use thiol F6 

also for the synthesis of nanoparticles presenting in the surface of the monolayer the carboxylic moiety. 

Since both 12-mercaptododecanoic acid 58 and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanethiol 10 
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are soluble in ethanol, the synthesis of these NPs was performed in ethanol using the one-phase direct 

synthesis.  

 
Scheme 4. 8: Scheme for the synthesis of NPs-C11COOH/F6 61 and 62. 

We have synthesized two samples of nanoparticles having HS-C11COOH : F6 molar ratio equal to 5 : 1 

(NPs 61) and 1.5 : 1 (NPs 62) using a ratio of HS-C11COOH : F6 equal to 1 : 0.65 and 1 : 1.3 respectively. 

Briefly, 2 equiv. of thiols (in the desired ratio) were added to 3 equiv. of gold salt in deoxygenated 

ethanol. The sodium borohydride in ethanol was added dropwise, and the color of the solution changed 

from pale yellow to brown. Nanoparticles were completely dispersed in the reaction medium and no 

aggregates were formed. Solubility tests of these nanoparticles showed that they are soluble not only in 

water but also in any alcoholic solvent suggesting that the carboxylic moieties are protonated. Since 

nanoparticles are soluble in methanol they were purified by size-exclusion chromatography on 

SephadexTM LH-20 from unbound ligands. Purified nanoparticles were fully characterized by 1H-NMR, UV-

Vis, TEM and TGA analysis. The 1H-NMR spectra of NPs 61 and 62 are reported in Figure 4.19 with the 

spectra of thiols 58 and 10 for comparison. As described for the other samples containing the fluorinated 

thiol F6, the 1H-NMR spectrum show only the signals pertaining to the hydrogenated thiol 58. To asses the 

presence of F6 10 into the monolayer, nanoparticles 61 and 62 were decomposed with a iodine solution 

in methanol and 1H-NMR spectrum of decomposed nanoparticles was recorded. The ratio between HS-

C11COOH and F6, obtained from the integration of signals at 2.91 ppm for F6 and 2.69 ppm for HS-

C11COOH, is 5 : 1 and 1.5 : 1 respectively for NPs 61 and 62. 
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Figure 4.19: a)1H-NMR (500 MHz, CDCl3) spectrum of HS-C11COOH 58, b) 1H-NMR (500 MHz, CD3OD) spectrum of F6 
10, 1H-NMR (500 MHz, CD3OD) spectrum of NPs-C11COOH/F6 5/1 61 and d) 1H-NMR (500 MHz, CD3OD) spectrum of 
NPs-C11COOH/F6 1.5/1 62. 

The UV-Vis spectrum of NPs 61 shows a surface plasmon band at 520 nm, suggesting that NPs have a 

diameter around 3 nm whereas the UV-Vis spectrum of NPs 62 shows only a slight shoulder at 520 nm 

indicating that these NPs are smaller than NPs 61. 

 

Figure 4.20: UV-Vis spectrum (H2O, c = 0.1 mg/mL) of a) NPs-C11COOH/F6 5 /1 61 and b) NPs-C11COOH/F6 1.5/1 62. 

This was confirmed by HR-TEM analysis that allowed the determination of the average core size of 

the NPs. NPs 61 have an average core diameter of 3 nm ± 0.5 nm, while NPs 62 show a smaller average 

diameter of the gold core of 2.5 nm ± 0.3 nm. The difference in the dimensions could be due to a slight 

difference in the rate of addition of the reducing agent. In fact, a faster addition of NaBH4 generally lead 

to smaller and less dispersed nanoparticles (Figure 4.21 and Figure 4.22). Moreover, the dispersion of 

these two samples of nanoparticles is lower than that obtained for sulfonated nanoparticles. 



Results and discussion: Part 2 

 

 

87 
 

 

Figure 4.21: a) TEM image and b) size histogram of NPs-C11COOH/F6 5/1 61. 

 

Figure 4.22: a) TEM image and b) size histogram of NPs-C11COOH/F6 1.5/1 62. 

The TGA of sample 61 revealed a 20 % of organic material with respect to the total weight. The 

combination of TEM, TGA and ratio of the two ligands have allowed to determinate an average 

composition for these NPs. NPs-C11COOH/F6 5/1 61 have an average composition of Au976(S-

C11COOH)98(F6)65. The TGA of sample 62 has given percentage of organic material higher than that 

expected and consequently, in order to exclude an error, the analysis has to be repeated. 

 

Figure 4.23:TGA of a) NPs-C11COOH/F6 5/1 61. 
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4.1.3 Synthesis of NPs-C12-N(CH3)3Cl/F6 

4.1.3.1 Synthesis of HS-C12-N(CH3)3Cl 

Thiol HS-C12-N(CH3)3Cl 63 was prepared according to the Scheme 4.9: 

 

Scheme 4.9: Scheme for the synthesis of thiol HS-C12N(CH3)3Cl 63: a) KSAc, THF, reflux., 24 h, 59 %; b) TEA, THF, r.t., 6 
days, 98 %; c)HCl 6M, EtOH, 78 °C, 3 h, 98 %. 

The first step of synthesis in Scheme 4.9 is analogue to the first step of the synthesis of thiol 45.2 

Briefly, to a solution of commercially available 12-bromododecane 46 in dry THF, 0.45 equiv. of potassium 

thioacetate were added and the reaction mixture was heated to reflux and left to stir under argon 

atmosphere protected from the light for 1 day. The conversion of the reaction was about 81 % and the 

yield of mono-substituted product 49 was 73%. The second step consists on the nucleophilic substitution 

of bromide with trimethylamine in dry THF.5 The reaction is slow and take place in 6 day. During this time 

the progress of the reaction was monitorated by TLC analysis. At complete conversion, the product 64 

was obtained in 98% yield without purification. The successive removal of the thiol protecting group 

under acidic conditions, in deoxygenated ethanol at 78 °C for 3 h lead to thiol 63 in 98 % yield. The overall 

yield of the reaction is 57 %.  

4.1.3.2 Synthesis of NPs-C12-N(CH3)3Cl/F6 

The solubility in ethanol of thiols 63 and 10 also in this case allow to synthesize nanoparticles using a 

one phase direct synthesis approach in ethanol. Schema 4.10 

 
Scheme 4.10: Scheme for the synthesis of NPs-C12-N(CH3)3Cl/F6 65 and 66. 

                                                                        
5 Shishino, Y.; Yonezawa, T.; Kawai, K.; Nishihara, H. Chem. Comm. 2010, 46, 7211 -7213. 
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NPs having HS-C12-N(CH3)3Cl : F6 molar ratio equal to 5 : 1 (NPs 65) and 1.3 : 1 (NPs 66) were 

synthesized in presence of HS-C12-N(CH3)3Cl : F6 molar ratio of 1 : 0.65 and 1 : 1.3 respectively. 

3 equiv. of gold salt were dissolved in deoxygenated ethanol and 2 equiv. of thiols mixture (in the 

desired amount) were added. A solution of sodium borohydride in ethanol was added dropwise in 15 

minutes, and the color of the solution changed from pale yellow to brown. These nanoparticles show a 

better solubility in alcoholic solvents than in water and this behavior makes very difficult the purification. 

We firstly tried to purify NPs putting them in refrigerator overnight to favor precipitation and then we 

washed the precipitates with cold methanol but nanoparticles were too soluble. Successively, NPs were 

dissolved in water and dialyzed but 1H-NMR spectra show the presence of a large amount of unbound 

ligands. We tried also purification with size exclusion chromatography under different conditions. Using 

Sephadex G-75 and sodium chloride solution (150 mM) as eluent as suggested by Lennox6 NPs remain 

blocked in column and using Sephadex LH-20 in methanol NPs were output from column very slowly. 

Finally, we tried to precipitate NPs with DCM and washed them repeatedly with the same solvent as done 

also by Rotello for its NPs functionalized with tetraalkylammonium ligands7 and with this strategy, clean 

nanoparticles were obtained.  

NPs 65 and 66 were fully characterized by 1H-NMR, UV-Vis, TEM and TGA analysis. The 1H-NMR 

spectra of NPs 65 and 66 are reported in Figure 4.24 with the spectra of thiols 63 and 10 for comparison. 

Unfortunately, these spectra shows the presence of solvents. This is due to the fact that these 

nanoparticles, as observed also for sulfonated ones, couldn’t be completely dry because the complete 

removal of the solvent causes a difficult nanoparticles detachment from the walls of the vial. The 

presence of thiol 63 is clear from the NMR spectrum of NPs 65 and 66. To assess the presence of thiol F6, 

NPs were decomposed and a new 1H-NMR spectrum was recorded. The ratio between HS-C12-N(CH3)3Cl 

and F6 obtained from the integration of signals at 2.98 ppm for F6 and 2.69 ppm for HS-C12-N(CH3)3Cl, is 

5 : 1 and 1.3 : 1 respectively for NPs 65 and 66. 

                                                                        
6 Rucareanu, S.; Gandubert, V. J.; Lennox, R. B. Chem. Mater. 2006, 18, 4677 -4680. 
7 McIntosh, C. M.; Esposito, E. A.; Boal, A. K.; Simard, J. M.; Martin, C. T.; Rotello, V. M. J. Am. Chem. Soc. 2001, 
123, 7626 -7629.  
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Figure 4.24: a)1H-NMR (500 MHz, CD3OD) spectrum of HS-C12-N(CH3)3Cl 63, b) 1H-NMR (500 MHz, CD3OD) spectrum of 
F6 10, c) 1H-NMR (500 MHz, CD2OD) spectrum of NPs-C12-N(CH3)3Cl /F6 5/1 65 and d) 1H-NMR (500 MHz, D2O) 
spectrum of NPs-C12-N(CH3)3Cl /F6 1.3/1 66. 

The UV-Vis spectra of NPs 65 and 66 show an intense surface plasmon band at about 520 nm 

indicating that nanoparticles are far more larger than 3 nm despite the Au : thiol molar ratio used for the 

synthesis and the reduction was carried out as for the other charged nanoparticles reported above.  

 

Figure 4.25: UV-Vis spectrum (H2O, c = 0.1 mg/mL) of a) NPs- C12-N(CH3)3Cl /F6 5/1 65 and b) NPs- C12N(CH3)3Cl /F6 
1.3/1 66. 

As suggested from UV-Vis spectra, TEM analysis has demonstrated that NPs 65 have an average core 

diameter of 3.9 nm and sizes distribution of 0.9 nm while NPs 66 have an average size of the gold core of 

4.0 nm ± 0.9 nm.  
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Figure 4.26: a) TEM image and b) size histogram of NPs-C12-N(CH3)3Cl/F6, 5/1, 65. 

 

Figure 4.27: a) TEM image and b) size histogram of NPs-C12-N(CH3)3Cl/F6, 1.3/1,  66. 

Termogravimetric analysis performed on NPs 65 indicates that the organic content is about 19%. This 

percentage is in good agreement with TEM data and the composition of the monolayer we can propose is 

Au2406(S-C12-N(CH3)3Cl)256(F6)51. The organic content for NPs 66 is about 16 % that suggests an average 

composition of Au2406(S-C12-N(CH3)3Cl)170(F6)114. 

 

Figure 4. 28: TGA of a) NPs-C12-N(CH3)3Cl/F6 5/1 65 and b) NPs-C12-N(CH3)3Cl/F6 5/1 66.  
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4.2 Preliminary experiments of cell permeation 

To evaluate the uptake of nanoparticles by living cells it is required a methodology that enable to 

monitor these particles in the biological environment. One method commonly use is to encode NPs with 

fluorescent dyes so that labeled nanoparticles could be seen with a fluorescent confocal microscopy. 

It is well known that gold NPs are quenchers of fluorescence. As a matter of fact, many papers in 

literature showed that gold can quench, in part or totally, the fluorescence of the dye.8 These works have 

revealed that the quenching effect could be dictated by the size of the NP, by the distance between the 

cromophore and the gold core, by the orientation of the molecular dipole with respect to the dye-

nanoparticle axis and by the overlap of the molecule’s emission with the nanoparticle absorption 

spectrum.9 In particular, experiments performed on nanoparticles having different diameters but the 

same fluorophore – gold core distance have pointed out that the quenching observed with large 

nanoparticles is more efficient than that operated by small ones.10 Moreover, experiments carried out on 

nanoparticles having the same size but different distance between the fluorescent dye and the gold core, 

have highlight that the quencher efficiency decrease with the distance from gold atoms. An elegant work 

has demonstrated this behavior on nanoparticles of 13 nm and protected with the method of layer by 

layer deposition. In this way the external shell could be protected by a different number of layers formed 

by oppositely charged polyelectrolytes and finally by a fluorescently labeled polymer corona layer.11 

However, it was demonstrated that when the dye is released from the surface of the nanomaterial, it 

regains fluorescence.12 

A long thiol bearing a fluorescent moiety was designed and synthesized in our laboratory by Dr. M. 

Boccalon (Figure 4.29).  

 

Figure 4.29: Thiol HS-FITC 67. 

                                                                        
8 a ) Dulkeith, E.; Morteani, A. C.; Niedereichholz, T.; Klar, T. A.; Feldmann, J.; Levi, S. A.; van Veggel, F. C. J. M.; 
Reinhoudt, D. N.; Moller, M.; Gittins, D. I. Phys. Rev. Lett. 2002, 89, 203002. b) Sapsford, K. E.; Berti, L.; Medintz, 
I.L. Angew. Chem. Int. Ed. 2006, 45, 4562 -4588. 
9 Daniel, M. –C.; Astruc, D. Chem. Rev. 2004, 104, 293 -346. 
10 Cheng, P. P. H.; Silvester, D.; Wang, G.; Kalyuzhny, G.; Douglas, A.; Murray, R. W. J. Phys. Chem. B 2006, 110, 
4637 -4644.  
11 Schneider, G.; Decher, G.; Nerambourg, N.; Praho, R.; Wertz, M. H. V.; Blanchard-Desce, M. Nano Letters 2006, 
530 -536.  
12 Hong, R.; Han, G.; Fernàndez, J. M.; Kim, B.-J.; Forbes, N. S.; Rotello, V. M. J. Am. Chem. Soc. 2006, 128, 1078 -
1079. 
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A large number of fluorescent dyes are commercially available and may present different 

functionalities for the conjugation to a variety of organic compounds. One of the most known fluorescent 

dye that was largely used to functionalize NPs is fluorescein isothiocyanate. The reasons are the high 

quantum yields, the solubility, the pH sensitivity and the ease of bioconjugation. Indeed thanks to the 

isothiocyanate group the fluorescent moiety could be easily linked to thilated chains ending with an 

ammine group forming a thiourea linkage. The large use in biological applications and the low cost have 

led us to use this fluorescent dye for our preliminary experiments. 

Thiol HS-FITC 67 was designed with a chain longer than that of the ligands forming the monolayers 

(having at least 12 carbon atoms) in order to have the fluorescent moiety far from the gold core to limit 

the quenching of fluorescence.  

4.2.1 NPs functionalization with HS-FITC 

The fluorescent dye 67 was introduced into the monolayer of nanoparticles 17, 18, 19 and 55 to 

obtain NPs 68, 69, 70 and 71 respectively. 

 

 

Figure 4.30: Nanoparticle functionalized with HS-FITC. 
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The introduction of the dye into the nanoparticles was done by place exchange reaction following a 

procedure previously reported by Stellacci and coworkers.13  

 

Figure 4.31: Fluorescent dye place exchange reaction. 

Briefly to a solution of 10 mg of nanoparticles in 2 mL of deoxygenated water (or methanol 

depending on the nature of nanoparticles), 150 µL of a 11 mM solution of HS-FITC 67 in methanol were 

added. The mixture was left in a thermostatic bath at 28 °C for 4 day. This procedure was applied on NPs 

17, 18, 19 and 55. These four samples of nanoparticles as a different behavior during and after the 

exchange process. NPs-F8PEG 18 and NPs-MDDS/F6 55 were completely dissolved in the reaction medium 

and only a slight change of the color was observed. This may be due to the presence of the dye that has 

an intense yellow color. Since these samples were completely soluble in water, they could be dialyzed in 

order to remove the unbound ligands. For NPs-C8TEG 17 and NPs-C8TEG/SF8PEG 19 during the exchange 

reaction we observed their tendency to adhere to the glass walls of the reaction flask and moreover they 

precipitated as colored aggregates. Precipitates backed into solution only after sonication but NPs on the 

walls could be removed only with difficulties. In order to prevent adhesion to the dialysis tube, NPs 17 

and 19 were purified by size exclusion chromatography with Sephadex LH-20 in methanol. After 

purification the solubility was improved. 

We may argue that the strange solubility behavior of NPs, after the introduction of HS-FITC, could be 

due to π-stacking interaction between fluorescein moieties inter-nanoparticle, previously observed also 

by Débarre,14 which are responsible for the formation of insoluble aggregates. We suppose, also, that the 

formation of π-stacking interactions is influenced by the nature of the protecting monolayer. As a matter 

of fact nanoparticles 69, maintained a good solubility in water. This may be due to the presence of a long 

and disordered pegylated chain that shield the fluorescein moieties each other. Also nanoparticles 71 

were well solubilized in water after the exchange with HS-FITC. In this case we suppose that the presence 

                                                                        
13 Verma, A.; Uzun, O.; Hu, Y.; Han, H. –S.; Watson, N.; Chen, S.; Irvine, D. J.; Stellacci, F. Nat. Mater. 2008, 7, 588 -
595. 
14 Loumaigne, M.; Praho, R.; Nutarelli, D.; Werts, M. H. V.; Débarre, A. Phys. Chem. Chem. Phys. 2010, 12, 11004 -
11014. 
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of negatively charged ligands contribute to stave off NPs and prevent π-stacking interaction inter-

nanoparticle. The other two samples, NPs 68 and NPs 70, that are protected by shorter pegylated chains 

are less soluble in water likely because fluorescein moieties interact more freely. Nevertheless, we 

observed that solubility was improved after purification suggesting that also free FITC ligands contribute 

to the formation of agglomerates. 

4.2.2 Determination of the amount of FITC chains per nanoparticle 

The method previously described in this thesis to evaluate the composition of the monolayer by 1H-

NMR of decomposed nanoparticles couldn’t be used to estimate the number of FITC thiolates per 

nanoparticle because we expected that the number of entering ligands is too low to be detected by 1H- 

NMR. Therefore, the number of fluorescent dye per nanoparticles was estimated from UV-Vis spectra 

recorded after decomposition of the nanoparticles with a KCN solution. 

We have built a calibration curve for the free HS-FITC recording the UV-Vis spectra of 67 at different 

concentrations in methanol. The slope of the calibration curve gives the value of the molar extinction 

coefficient (ε). 

 

Figure 4.32: UV-Vis spectra of HS-FITC at different concentrations (on the left). HS-FITC calibration curve (on the right). 

The value of ε, extrapolated from this curve, is 19˙154 M-1cm-1 that is 4 times smaller than that 

reported for fluorescein alone (77˙000 M-1cm-1).15 Comparing the shape of UV-Vis absorbance of HS-FITC 

with the spectra of fluorescein at different pH, we supposed that in our ligand fluorescein is in the di-

anionic form.16 

                                                                        
15 http://products.invitrogen.com/ivgn/product/F1907 
16 Sjöback, R.; Nygren, J.; Kubista, M. Spectrochimica Acta Part A 1995, 51, L7 -L21 
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The addition of 10 drops of KCN water solution (0.015M) to a solution of dye-functionalized NPs in 

water (0.27 mg/mL) provoked the decomposition of the metallic core. Following the UV-Vis absorption 

spectra at different time intervals, we could appreciate the gradual disappearance of the gold surface 

plasmon absorption (Figure 4.33c) and the increase of the intensity of the absorption band (Figure 4.33). 

 

Figure 4.33: UV-Vis spectra before and after decomposition of NPs 68, 69, 70 and 71 

From the maximum absorbance at 499 nm of complete decomposed NPs, and using the Lambert-

Beer law, we have calculated the concentration of fluorescent dye in the sample. In the specific case of 

NPs-MDDS/F6/FITC 71 the absorbance at 499 nm is 0.218. Consequently the concentration of fluorescein 

ligands is:  

CHS-FITC = 
A

εb
 = 2.18 × 10-6 M 

where ε is 19˙154 M-1cm-1. The number of moles of HS-FITC in the sample was calculated as: 

nHS-FITC = CHS-FITC × V = 1.64 × 10-9 mol 

and the number of HS-FITC per nanoparticles was calculated as the ratio between the moles of HS-FITC 

and the total moles of NPs in the sample: 

nHS-FITC

nNPs
 = 16 
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In the same way, we have estimated the number of fluorescein ligands for all the other sample of 

nanoparticles and they are reported in Table 4.2. 

Table 4.2: Characterization of FITC-NPs. 

Sample A499 HS-FITC per NP Composition 

NPs-F8PEG 69 0.694 37 Au976(S-F8PEG)83(S-FITC)37 

NPs-C8TEG 68 0.300 14 Au760(S-C8TEG)156(S-FITC)14 

NPs-C8TEG/F8PEG 70 0.343 14 Au976(S-C8TEG/S-F8PEG)149(S-FITC)14
 

NPs-MDDS/F6 71 0.218 16 Au1289(MDDS/F6)194(S-FITC)16
 

 

The number of FITC ligands per nanoparticles is very high especially for nanoparticles 68. A high 

number of dye respect the total number of ligands per nanoparticles could modify the surface properties 

of the monolayer like the solubility and in the case of mixed monolayers its morphology. Indeed, the 

changed solubility properties of 69 and 70 after the introduction of HS-FITC that we had associated to the 

formation of π-stacking interaction, could be further confirmed by the high number of chains per NP. 

4.2.3 Preliminary fluorescence experiments 

Preliminary fluorescence experiments has been also performed in order to evaluate if FITC 

functionalized nanoparticles can be visualized in cells with fluorescent confocal microscope. The 

fluorescent spectra of FITC functionalized NPs (about 0.27 mg/mL) in methanol (except for NPs 71 that 

are soluble only in water) were recorded exciting both at 460 nm (absorbance maximum of FITC-NPs) and 

499 nm (absorbance maximum of HS-FITC). After that, 10 drops of KCN solution (0.011 M) were added in 

order to decompose nanoparticles and release the fluorescent dye in solution, and a series of 

fluorescence spectra were recorded at increasing time intervals. (Figure 4.34). The decomposition of the 

nanoparticles causes a dramatically increase of the fluorescence beyond the detection limit, confirming 

that these gold NPs are good quenchers of fluorescence. Figure 4.35 shows the comparison between 

fluorescence spectra of NPs 68, 69, 70 and 71. 
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Figure 4.34: Increase of fluorescence emission in the 
time after addition of KCN of NPs 69. 

 

Figure 4.35: Comparison between FITC-NPs 
fluorescent emission. 

The sample of NPs that has the highest fluorescence is that of NPs-MDDS/F6/FITC 71 while sample 68 

show the lowest fluorescent emission. Considering that NPs 69, 70 and 71 have a similar amount of dye 

per nanoparticle and also the size of the gold core is more or less the same, we assume that the 

difference in fluorescence emission depends on the different quenching contribute of the monolayer. In 

particular, for NPs-C8TEG/FITC 68 we think that the low fluorescence may be due to the fact that, since 

ligands forming the monolayer are shorter than others, the flexible FITC chain can fold and move closer to 

gold. The quenching may be also due to the proximity of NPs provoked by fluorescein π-stacking 

interaction inter-NPs. Although to a lesser extent, also NPs-C8TEG/F8PEG/FITC 70 are affected by the 

possibility of FITC ligand to fold toward the gold surface. On the other side, the highest fluorescence 

measured for NPs 55 may be explain considering the repulsive effect of charged ligands, that keep the 

nanoparticles away each other minimizing the aggregation of NPs and also the quenching. This is in 

agreement with the good solubility of this sample. Surprisingly NPs-F8PEG/FITC 68 that have the highest 

number of dyes per nanoparticle are well dispersed in methanol and show an intermediate fluorescence 

intensity. The data we have collected with the different NP samples allow us only to make same 

hypothesis to explain the different fluorescent emission spectra and solubility properties of these 

nanoparticles.  

The effect of dilution has been also investigated and it was observed that diluting a solution of all the 

samples of nanoparticles, the fluorescent emission increases supporting the hypothesis that fluorescence 

is in part quenched by stacking interactions of FITC moieties inter-NPs. (Figure 4.36).  
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Figure 4.36: Fluorescent emission spectra of NPs-F8PEG 69 with HS-FITC 67 before (black) and after dilution with ten 
drops of methanol (red). 

Further experiments should be made to understand fluorescence spectra behavior, however, that 

falls outside the scope of this thesis that instead is to assess the cellular uptake of our nanoparticles.  

4.2.4 Solubility tests and fluorescence of FITC-NPs in buffered PBS solution 

To perform cellular uptake experiments, NPs would be dissolved in buffered PBS solutions (pH 7.4), 

for this reason, preliminary solubility tests have been performed to evaluate the stability of the samples in 

this medium. These experiments have revealed that only NPs-MDDS/F6/FITC 71 are completely soluble 

and stable in PBS for several days. NPs-C8TEG/FITC 68 solubilize in PBS but after same hours they 

precipitate while, NPs-F8PEG/FITC 69 and NPs-C8TEG/F8PEG/FITC 70 precipitate immediately. 

Unfortunately, this behavior could affect the result of the experiments on cells. However, on NPs 71 and 

68, that are well soluble, we have recorded also fluorescence spectra before and after decomposition 

with KCN. These experiments were performed using the same conditions previously described for samples 

in methanol (and water in the case of NPs 71). The concentrations used are quite similar to that generally 

used for cellular experiments (0.2 mg/mL). Comparing NPs 71 in water and PBS we observed that the 

fluorescence emission is quite similar. Surprisingly, the rate of decomposition of the sample in PBS is 

much lower than that observed in water and after 19 days not all NPs are decomposed and a further 

addition of KCN is required to complete the decomposition. Although the number of FITC per 

nanoparticles obtained from the analysis of UV-Vis spectra of decomposed nanoparticles is the same than 

that previously obtained from the experiments in water, the fluorescent emission of the nanoparticles 

after decomposition is in this case lower, suggesting the existence of a quencher in solution. It is possible 
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that chlorine anions present in the solution of the PBS buffer are responsible of the quench of 

fluorescence. This is only a hypothesis supported by the presence of various literature publications.17 

 

Figure 4.37: Fluorescence spectra of NPs-MDDS/F6/FITC 71 before and after decomposition Comparison between 
fluorescence emission when NPs are dissolved in water and PBS. 

4.2.5 Cell permeation experiments of nanoparticles functionalized with HS-FITC 

Experiments with cells have been performed despite samples 68, 69 and 70 don’t show a good 

solubility in PBS. 

The experiments were performed by Dr. F. Sousa of IFOM-IEO, Milan. The cellular line choose for this 

kind of experiments is HeLa cells that is the most commonly used human cell line. These cells were 

previously plated at 3 x 10 5 cells/mL in DMEM (serum free, containing glucose) and allowed to grow 

overnight. After that, they were incubated with labeled NPs at different concentrations (0.05, 0.2 and 0.4 

mg/mL) for 4 h at 37 oC and imaged live by confocal microscopy. For all samples, cellular uptake is clear 

from confocal imagines. Experiments carried out with NPs-MDDS/F6/FITC 71 and NPs-F8PEG/FITC 69, 

apparently show that the cells are viable after incubation for all the concentrations tested and only for 

the higher concentration (0.4 mg/mL) the cells seems to start to be in stress.  

                                                                        
17 Calafut, T. M.; Diz, J. A. Anal. Biochem. 1995, 230, 1 -7. 
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NPs-C8TEG/FITC 68 and NPs-C8TEG/F8PEG/FITC 70 that were quite insoluble in PBS entered into the 

cell but showing an high cytotoxicity and provoking apoptosis at all the concentration tested. The uptake 

observed for all the samples wasn’t expected. As a matter of fact the only NPs that we expect to pass cell 

membrane were NPs-MDDS/F6/FITC 71, while for the other pegylated samples we expected to observed 

a very low or no uptake. Considering the low solubility of these samples in water, likely due to inter-

nanoparticle π-stacking interactions between FITC moieties, the most probable explanation of the cellular 

uptake observed is the well-known EPR effect accordingly to which, large nanoparticles or agglomerates 

of them are internalized more easily. 

Despite the solubility problems, to further explore the mechanism by which NPs-MDDS/F6/FITC 71, 

that are the most interesting sample for our purpose, enter the cells, internalization experiments at 4 °C 

have been performed. At this temperature, endocytic and pinocytic uptake are completely blocked.  

The imagines clearly show that at 37 °C nanoparticles are inside the cells and well dispersed into the 

cytosol while at 4 °C NPs are at the periphery of the cells suggesting that the uptake is blocked and NPs 

aren’t able to reach the cytosol. This means that our NPs-MDDS/F6/FITC 71 are mainly uptake by 

endocytosis. 

NPs-F8PEG/FITC NPs-F8PEG/C8TEG/FITC NPs-MDDS/F6/FITC NPs-C8TEG/FITC 

0.1 mg/mL 

0.4 mg/mL 

0.2 mg/mL 

Figure 4.38: Confocal fluorescent microscopy imagines of NPs 68 - 71 incubated at 37 °C and at different 
concentrations. 
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Figure 4.39: Confocal fluorescent microscopy imagines of NPs-MDDS/F6/FITC 71 incubated at 37 °C and 4 °C. 
 

4.2.6 Functionalization of nanoparticles with HS-BODIPY 

In order to improve the solubility of the nanoparticles in organic solvents and in buffered PBS 

solution after the introduction of a fluorescent ligand and to prevent π-stacking interactions, we have 

decided to change the FITC dye with another fluorescent dye commonly used like BODIPY. BODIPY is more 

expensive than fluorescein but it is largely used due to its high quantum yield. BODIPY functionalized by a 

succinimide group was purchased by Invitrogen and coupled with 11-aminoundecane-1-thiol that was 

synthesized in our lab by Dr. Mariangela Boccalon to obtain HS-BODIPY (72) (Figure 4.40). 

 

Figure 4.40: Thiol HS-BODIPY 72. 

The thiol was then introduced not only in nanoparticles 17, 18, 19 and 55 but also in NPs-C12-

N(CH3)3Cl/F6 66. Indeed we are also interested to compare the effect of a cationic moiety into the 

internalization since previously works have suggest that cationic nanoparticles enter the cells by 

formation of halls with consequent cell apoptosis.18 

                                                                        
18 Leroueil, P. R.; Berry, S. A.; Duthie, K.; Han, G.; Rotello, V.; McNerny, D. Q.; Baker, J. R.; Orr, B. G.; Banaszak 
Holl, M. M. Nano Lett. 2008, 8, 420 -424. 
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Figure 4.41: Nanoparticle functionalized with HS-BODIPY. 

The thiolated dye was introduced by place exchange reaction as previously described for the 

preparation of FITC-NPs. Briefly, to a solution of 10 mg of nanoparticles in 5 mL of deoxygenated water 

(or methanol depending on the type of nanoparticles), 150 µL of a 1.94 mM solution of HS-BODIPY in 

H2O/DMF (4: 1) was added. The mixture was left in a thermostatic bath at 28 °C for 4 day. NPs 73, 74 and 

75 were purified from unbound ligands with size-exclusion chromatography using Sephadex LH-20 in 

methanol, while NPs 76 and 77 that are only soluble in water were purified by dialysis.  

The number of fluorescent dye per nanoparticle was determined from UV-Vis absorption at 665 nm 

after decomposition of the nanoparticles with KCN solution. Firstly, we have estimated the extinction 

coefficient of our thiolated dye by construction of a calibration curve starting from a stock solution of 1.94 

mM of HS-BODIPY in H2O/DMF 4 : 1 mixture and diluting it to 0.055, 0.0275 and 0.011 mM. The extinction 

coefficient obtained from the calibration curve was 9660 cm-1M-1 (Figure 4.42). This value is ten times 

smaller than the extinction coefficient of commercialized BODIPY fragment. The number of florescent dye 

per nanoparticle, calculated using Lambert-Beer low and using the value of the absorbance of BODIPY at 

665 nm for each sample of NPs, is reported in Table 4.3.  



Results and discussion: Part 2 

 

 

104 
 

 

Figure 4.42: UV-Vis spectra of HS-BODIPY at different concentrations (on the left). HS-BODIPY calibration curve (on the 
right). 

 

Table 4.3: Characterization of BODIPY-NPs. 

Sample A499 HS-BODIPY per NP Composition 

NPs-F8PEG 74 0.039 6 Au976(S-F8PEG)114(S-BODIPY)6 

NPs-C8TEG 73 0.017 2 Au760(S-C8TEG)168(S-BODIPY)2 

NPs-C8TEG/F8PEG 75 0.018 9 Au976(S-C8TEG/S-F8PEG)154(S-BODIPY)9 

NPs-MDDS/F6 77 0.011 6 Au1289(MDDS/F6)194(S-BODIPY)6 

NPs-C12-N(CH3)3Cl/F6 76 0.027 5 Au2406(S-C12N(CH3)3Cl/F6)279(S-BODIPY)5 

 

The number of fluorescent dye in these samples is lower than that in FITC-NPs, but despite the 

quenching effect due to the gold core, the fluorescent emission is sufficient to detect nanoparticles with 

fluorescent confocal microscope (Figure 4.43). Furthermore, we have to consider that it is well known 

that in the cell environment, thiols could exchange with glutathione and release the fluorescent dye with 

a consequent increase of fluorescence.12  

 

Figure 4.43: Fluorescence spectra of NPs 76 and 77 before and after decomposition. 
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4.2.7 Cell permeation experiments of nanoparticles functionalized with HS-BODIPY 

For this new batch of samples, the nucleus of HeLa cells was stained with Hoechst 33342 dye that is a 

cell permeable nucleic acid stain that appear in blu color in the following imagines, while labeled 

nanoparticles appear as red points. 

For all the nanoparticles tested, the uptake is clear from the presence of reddish spots inside the 

cells. In particular, nanoparticles NPs-C8TEG/BODIPY 73 show a very high intense fluorescence signal in 

the cytosol suggesting an high uptake compared to the others. On the other side NPs-MDDS/F6/BODIPY 

77 seems to enter the cell in lower amount respect the others NPs, cells were in stress and an high degree 

of aggregation was observed. Also in the case of NPs-C8TEG/F8PEG 75 a high NPs aggregation was 

observed NPs-C12-N(CH3)3Cl/F6/BODIPY 76 showed a very low solubility in PBS buffer solution and as a 

consequence a very high number of clusters is observed also in vitro. 

Experiments performed at 4 °C, in order to evaluate the mechanism of uptake, show that at this 

temperature all nanoparticles, except for NPs-C12-N(CH3)3Cl/F6/BODIPY 76 and NPs-C8TEG/F8PEG 75, 

remain at the periphery of the cells. On the contrary for NPs-C12N(CH3)3Cl/F6/BODIPY 76 and NPs-

C8TEG/F8PEG 75 numerous red spots are observed inside the cell suggesting that the uptake occurs also 

with mechanisms different then endocytosis. However, considering the formation of aggregates any 

conclusion could be done about the mechanism of uptake for NPs 75, 76 and 77. Moreover, we currently 

have no information about the morphology of these mixed-monolayers and since solubility behavior and 

cellular uptake are largely influenced by the ligands organization, experiments aimed to know how ligands 

are organized into the nanoparticle are required to go deeply into the understand of cell-NP interaction. 
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In order to evaluate cell viability and morphological changes on HeLa cells after incubation with NPs, 

flow cytometry (FACS) analysis were performed on cells incubated for 3.5 hours with different 

concentrations of NPs. In these experiments the fluorescent DNA-binding propidium iodide (PI) was used 

to stain cell membrane integrity, as a matter of fact, PI is an exclusion dye used as an indicator of an intact 

cell membrane. Live cells with intact membranes are distinguished by their ability to exclude PI, while 

dead or damage cell do not. 

In the graphs below the meaning of the abbreviations is the following: 

 PI-/ BODIPY+ :LR percentage of viable cells with NPs  

 PI-/ BODIPY- :LL percentage of viable cells without NPs  

 PI+/ BODIPY+ :UR percentage of dead cells with NPs 

 PI+/ BODIPY- :UL percentage of dead cells without NPs 

The first row of each slide are the controls, while the other two are duplicates of the same sample. 

Figure 4.44: Confocal fluorescent imagines of NPs incubated with HeLa cells at 37 °C and 4 °C. 

NPs-F8PEG 74 NPs-C8TEG 73 NPs-MDDS/F6 77 NPs-C12-N(CH3)3Cl/F6 76 

37 °C 

4 °C 

NPs-F8PEG/C8TEG 75 
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Figure 4.45: Flow cytometry results for NPs-C8TEG with HS-BODIPY 73. 

 

Figure 4.46: Flow cytometry results for NPs-F8PEG with HS-BODIPY 74. 
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Figure 4.47: Flow cytometry results for NPs-C8TEG/F8PEG with HS-BODIPY 75. 

 

Figure 4.48:Flow cytometry results for NPs-MDDS/F6 with HS-BODIPY 77. 
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Figure 4.49: Flow cytometry results for NPs-C12-N(CH3)3Cl/F6 with HS-BODIPY 76. 

In the case of NPs-C8TEG/BODIPY 73 more then 90 % of the cells are labeled with nanoparticles and 

bellow 10% of the cells are dead which is very similar to the controls. These nanoparticles showed no 

cytotoxicity for all concentrations tested. NPs-F8PEG/BODIPY 74 give similar results for the 0.05 mg/mL 

and 0.1 mg/mL but increasing the concentration till 0.2 mg/mL there is an increase of cell dead indicating 

that above this concentration these NPs are cytotoxic. NPs-MDDS/F6/BODIPY 77 show limited cytotoxicity 

for the lowest concentration. However, for higher concentrations the nanoparticles are cytotoxic. Despite 

the high degree of aggregation even before the incubation with cells, also NPs-C12-N(CH3)3Cl/F6/BODIPY 

76 were tested. Surprisingly, the percentage of viable cells after uptake of the nanoparticles is 

comparable to the control cells. This means that there is no toxicity to the cells for the tested 

concentrations and moreover suggested that these cationic nanoparticles don’t enter the cell by 

formation of pores. This is in contrast with the behavior reported in literature for dendrimers or polymers 

ending with ammonium groups.18 

All these results are summarized in the graph below compared with NPs-MUS/OT 15 of Stellacci that 

were previously observed to enter the cell with energy independent mechanisms. The comparison with 

these nanoparticles clearly evidence that NPs-C8TEG/BODIPY 73, NPs-F8PEG 74 and NPs-F8PEG/C8TEG 75 

give similar results, while NPs-C12-N(CH3)3Cl/F6 76 have a lower cytotoxicity. Also, for the correct 

interpretation of these results, it is necessary to know something more about the organization of the 
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monolayer, in particular if ligands in mixed monolayer are organized forming stripes, Janus nanoparticles 

or have a random distribution. 

 

Figure 4.50: Cytotoxicity histogram. The percentage of cell dead after incubation with NPs is highlighted in red. 

Recently Dr. Paola Andreozzi of the group of prof. Stellacci, proposed a control experiment for 

quickly detecting free dye molecules in a sample of dye-functionalized nanoparticles. As a matter of fact, 

despite the purification stadium, we have no evidence that the free dye has been truly removed. Since 

the presence of free dye can affect the outcome of cell experiments is necessary to know if NPs are 

contaminated with free dye or not.19 

The method proposed by them uses red blood cells (RBCs) to test the presence of free dye. Indeed 

these cells don’t have phagocytosis receptors on their surface and therefore cannot employ endocytosis 

to uptake proteins or foreign materials. On the contrary, it is known that small molecules, such as 

fluorescent dyes have the ability to partition into the erythrocyte membrane. Since only free dye can 

penetrate in an efficiently and detectable way RBCs, they shown that incubating fluorescent nanoparticles 

with erythrocytes, the presence of a fluorescent signal inside these cells is a clear indicator of free dye 

presence in the sample of dye functionalized NPs.  

All samples of BODIPY-NPs tested on cells were examined with this method. In particular NPs were 

incubated at 37°C with a RBC stock solution and monitored with confocal laser scanning microscopy 

(CLSM) from time 0 to 60 minutes. For all the samples no free HS-BODIPY has been detected. (Figure 

4.50). This outcome is very important because confirms that the fluorescence observed inside HeLa cell is 

exclusively due to the fluorescent-NPs and not to free HS-BODIPY. 

                                                                        
19 Andreozzi,. P.; Martinelli C.; Carney, R. P.; Carney, T. M.; Stellacci, F. Mol. Pharmaceutics 2013, 10, 875 -882. 
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Figure 4.51: CLSM imagines of fluorescent labeled NPs incubated with RBCs. The red signal in the imagine recorded at 
time 60 min. is due to autofluorescence of RBCs as a matter of fact is quite similar to the control. 
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Chapter 5: Mixed-monolayer gold nanoparticles composed of 
alkylated H- and F-ligands for the study of their morphology 

In Chapter 4 we have discussed the synthesis of nanoparticles protected by mixed-monolayer formed 

by hydrogenated and fluorinated ligands for applications in the biomedical field. The solubility properties 

of these nanoparticles and their interactions with cells could be in part explained knowing how ligands 

forming the mixed monolayer organize around the gold core. In Chapter 3 we have presented multiscale 

molecular simulations as a possible approach to estimate the organization of F-and H- ligands ending with 

a PEG moiety. Also ESR spectroscopy is a very useful technique to give a large number of information 

about the properties of mixed monolayers. However, these approaches give only indirect evidences about 

mixed monolayer morphology. STM is one of the most interesting techniques to have direct visualization 

about how mixed monolayer composed of thiolates of different length self-organize on the gold surface. 

Unfortunately, limitations to the employment of this technique is the length of the ligands, that has to be 

shorter than 14 -16 carbon atoms, and the absence of charged groups or PEG chains on the surface of the 

AuNPs.  

To avoid these restrictions and to go deeply into the understanding of the morphology of F-/H-

ligands in AuNPs, we have decide to focus our attention to samples of NPs protected by mixtures of 

hydrogenated alkyl and fluorinated alkyl thiols. As first approach we selected the commercially available 

dodecanethiol (C12) 78 and 1H,1H,2H,2H-fluorooctane thiol (F6) 10. Figure 5.1. 

 

Figure 5.1: NPs formed by C12 and F6 and for comparison NPs-MDDS/F6. 

These ligands have similar length of ligands forming for example NP-MDDS/F6 with the only 

difference that they don’t present charged moieties, for this reason they will not be soluble in acqueous 

solvents but in organic solvents. We believe that NPs-C12/F6 may be considered a good prototype for the 

organization of the NPs described in Chapter 4. 

In this chapter the synthesis of these nanoparticles, the problems we have found and preliminary 

STM experiments will be presented and discussed.  
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5.1 Direct synthesis of NPs-C12/F6 

Mixed monolayers gold nanoparticles can be synthesized both by direct synthesis or by place 

exchange reaction on preformed homoligand NPs. Generally, the choice between the two synthetic 

strategies is dictated by the solubility properties of the two ligands and of the nanoparticles. In this case 

both two methods may be used. As first approach, we decided to follow the direct synthesis because 

nanoparticles are obtained straightforward with only one step of synthesis and one purification process. 

Thiols 78 and 10 are both soluble in organic solvents and corresponding NPs are expected to be 

soluble in no polar solvents. For this reason, we decide to prepare nanoparticles using the two-phase 

procedure reported by Brust and Schiffrin (Scheme 5.1). 

 

Scheme 5.1: Synthesis of NPs-C12/F6 79. 

This synthesis is generally carried out in H2O/toluene mixture, but in this case, to favor the solubility 

of the two thiols in organic solvent, we decided to change toluene with DCM. 

Briefly, tetrachloroaurate salt is transferred from aqueous solution to DCM using 

tetraoctylammonium bromide as phase-transfer agent. The changed color of the organic phase from 

uncolored to orange indicates that the gold salt has been transferred from water to DCM. To this solution, 

a mixture of the two thiols was added. Subsequent, addition of a solution of sodium borohydride in water 

reduces the gold salt to Au(0) with the consequent formation of reddish gold nanoparticles. In order to 

obtain nanoparticles of about 3.2 nm we used a 3 : 1 Au: thiol molar ratio and a fast addition of NaBH4 at 

room temperature as suggested by Murray.1 Considering that previously experiments carried out for the 

synthesis of charged nanoparticles have demonstrated that the shorter fluorinated thiol enter with more 

difficulty into the monolayer and in order to have a final C12 : F6 molar ratio of 2 : 1, we used a 1 : 2 molar 

ratio of C12 : F6. 

The synthesis gave rise to NPs well soluble in DCM. The purification was done through repeated 

washing with acetone and ethanol in which thiols and TOAB are soluble while nanoparticles should be 

insoluble. Unfortunately, at every cycle of washes a large amount of NPs solubilize in such solvents. Only a 

small amount of insoluble nanoparticles was recovered. These purified NPs resulted soluble only in 

                                                                        
1 Hostetler, M. J.; Wingate, J. E.; Zhong, C. –J.; Harris, J. E.; Vachet, R. W.; Clark, M. R.; Londono, J. D.; Green, S. J.; 
Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. W. Langmuir 1998, 14, 17 -30. 
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trifluorotoluene as happens also with homoligand fluorinated nanoparticles.2 In order to assess the 

composition of the monolayer, NPs were decomposed with an iodine solution in trifluorotoluene and 1H-

NMR spectra of decomposed nanoparticles was recorded. From the integrals of protons at 2.88 ppm for 

F6 and 2.67 ppm for C12, the ratio between thiols 10 and 78 was determined to be 1.7 : 1. Moreover, 

from this spectrum we observed that, despite the numerous washes, TOAB is still present. The very low 

solubility of the sample in DCM could be thus explained with the large amount of F6 respect to C12. 

Surprising, we observed that these NPs present solubility in acetone and ethanol during their purification 

and in DCM during the synthesis. A similar solubility behavior was previously observed for Ag NPs coated 

by thiols F8 9.3 In that case, this aspect was explained assuming the introduction of free F8 ligands into 

the monolayer with the thiol moiety oriented toward the solvent with a consequent improvement of the 

solubility in common organic solvents. 

The purification difficulties reported above for the purification led us to explore the synthesis of NPs 

by place exchange reaction, so that we first synthesize NPs-C12 and purify them form TOAB and unbound 

dodecanethiol and after place exchange reaction we have to purify NPs from unbound thiols only. It 

should be stress that to study NPs with STM an high degree of purity is required. 

5.2 Synthesis of NPs-C12/F6 by place exchange reaction 

The strategy for the synthesis of NPs with mixed-monolayers by place exchange reaction require the 

synthesis of nanoparticles coated by dodecanethiols and after purification from TOAB and unbound 

ligands, these nanoparticles would be exchanged with the fluorinated thiol. The decision to perform the 

exchange on dodecanthiolated nanoparticles (NPs-C12) and not on homoligand fluorinated nanoparticles 

(NPs-F6) is dictated from solubility considerations. In fact NPs-F6 are soluble only in perfluorinated 

solvents and consequently they result difficult to handle.  

                                                                        
2 Dass, A.; Guo, R.; Tracy, J. B.; Balasubramanian, R.; Douglas, A. D.; Murray, R. W. Langmuir 2008, 24, 310 -315. 
3 Yonezawa, T.; Onoue, S.; Kimizuka, N. Adv. Mater. 2001, 13, 140 -142. 
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5.2.1  Synthesis of NPs-C12 

The synthesis of dodecanethiolated nanoparticles has been done following the two-phase approach 

proposed by Brust as for the synthesis of mixed C12/F6 monolayers previously described. Scheme 5.2. 

 

Scheme 5.2: Synthesis of NPs-C12 80. 

To a solution of gold salt in mQ water (3 equiv.), a solution of 7.5 equiv. of tetraoctylamonium 

bromide in toluene is added under vigorous stirring. The organic phase become orange while the aqueous 

phase fades indicating that gold salt was completely transferred to the organic phase. A solution of 

dodecanethiol in toluene (1 equiv.) is successively added to the organic phase and stirred for 10 minutes. 

Then, the slow addition of a solution of sodium borohydride in water lead to the formation of brown 

particles well dispersed in the reaction medium. Au : thiol molar ratio and rate of addition of NaBH4 were 

choose in order to obtain nanoparticles of about 3.2 nm diameter.1 After purification through repeated 

washing cycles with ethanol and acetone to remove TOAB and free thiols, NPs were fully characterized by 

UV-Vis, 1H-NMR, TEM and TG analysis. 

1H-NMR spectrum of NPs-C12 shows the broad signals pertaining to dodecanethiol bound to the gold 

surface, indicating that NPs are well purified from unbound ligands. 

Figure 5.2: a) 1H-NMR (CDCl3, 500 MHz) of NPs-C12 80; b) 1H-NMR (CDCl3, 270 MHz) HS-C12 78. 

a) 

b) 
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Figure 5.3: UV-Vis spectrum (DCM, c = 0.1 mg/mL) of NPs-C12 80. 

From UV-Vis spectrum of NPs-C12 it is possible to appreciate a slight surface plasmon band 

suggesting that the core diameter is about 3 - 3.2 nm. This was confirmed by HR-TEM analysis. The 

average core diameter measured on 394 nanoparticles is of 3.2 nm with a standard deviation of 0.71 nm. 

 

Figure 5.4: a) TEM image and b) size histogram of NPs-C12 80. 

The organic content obtained from TG analysis is 12.5 %. The combination of TEM and TGA data 

suggests that the average composition for these nanoparticles is Au1400(S-C12)200. 
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Figure 5.5: TGA of NPs-C12 80. 

5.2.2 Synthesis of NPs-C12/F6 by place exchange reaction 

NPs-C12 were functionalized with thiol F6 by place exchange reaction. Briefly, to a solution of NPs-

C12 in DCM, a solution of thiol F6 in DCM was added and the mixture was left to stir for 3 days at 40°C. It 

was observed that, although both NPs and F6 are well dispersed in DCM, the stirring of the solution is 

very important to favor the homogeneous exchange of thiols. 

 

Scheme 5.3: Synthesis of NPs-C12/F6 81, 82 and 83. 

The exchange was carried out on three samples of NPs-C12 using different amounts of F6 ligand 

respect to HS-C12 present into the monolayer in order to obtain NPs with different compositions of the 

monolayer. In particular, we selected the following ratios between existing thiol and entering thiol: 3 : 1, 2 

: 1 and 1 : 1. 
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During the reaction, all the three samples of nanoparticles were completely dissolved in DCM. After 

the exchange process, nanoparticles were purified through different cycles of washes with ethanol and 

acetone in order to remove unbound thiols. 1H-NMR spectra were recorded in order to ensure that NPs 

were well purified. As previously observed for mixed nanoparticles coated by alkylated charged thiols and 

F6, 1H-NMR show only the signal pertaining to HS-C12. The signals of tiol F6 are so broad to be hid into 

the noise of the spectra. To estimate the ratio between HS-C12 and F6 into the monolayer, NPs have been 

decomposed with an iodine solution in DCM. Figure 5.6. 

Table 5.1 summarize the composition of the three samples. Increasing the amount of F6 used for the 

synthesis respect the C12 present into the monolayer the number of fluorinated chains (F-chains) into the 

monolayer increases. However, the C12 : F6 chains ratio into the NPs doesn’t reflects the ratio used for 

the synthesis and seems that F-chains enter with more difficult into the monolayer. This is in agreement 

with that observed by Murray studying the exchange process using entering thiols having different steric 

hindrance and different length: bulkier and shorter thiols enter with more difficult into the monolayer.4  

                                                                        
4 a) Ingram, R. S.; Hostetler, M. J.; Murray, R. W. J. Am. Chem. Soc. 1997, 119, 9175 -9178. b) Donkers, R. L.; Song, 
Y.; Murray, R. W. Langmuir 2004, 20, 4703 -4707. 

b) 

a) 

c) 

d) 

Figure 5.6: a) 1H-NMR (CDCl3, 500 MHz) of decomposed NPs-C12/F6 1.3/1 81; b) 1H-NMR (CDCl3, 270 MHz) HS-C12 78; 
c) 1H-NMR (CD3OD, 500 MHz) of HS-F6 10; d) 1H-NMR (CDCl3, 500 MHz) of NPs-C12/F6 1.3/1 81 
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Table 5.1: Features of NPs coated with mixtures of C12 and F6 in different ratios. 

Sample 
C12 : F6 molar ratio used for 

the synthesis 

C12 : F6 molar ratio into 

the monolayer 

Average composition of the 

monolayer 

81 1 / 1 1.3 / 1 Au1400(C12)98(F6)75 

82 2 / 1 2.5 / 1 Au1400(C12)129(F6)52 

83 3 / 1 4 / 1 Au1400(C12)149(F6)37 

 

These results could be graphically represented as in Figure 5.7. The graph indicates that there is a 

good correlation between C12 : F6 used for the synthesis and the ratio obtain into the monolayer. This 

means that, for nanoparticles having the same diameter, we can estimate from the graph the amount of 

F6 needed in order to obtain the desired composition of the mixed monolayer. 

 

Figure 5.7: Graph that show the correlation between the C12 / F6 molar ratio used for the synthesis of the NPs and the 
molar ratio measured into the monolayer. 

Interestingly when these NPs are completely dried and we try to solubilize them in DCM or toluene 

they detach from the walls of the vial like scales that remain at air/solvent interfaces. Only a brief 

sonication breaks the scales and help nanoparticles to dissolve into the solvent medium. This behavior 

was previously observed with mixed monolayers formed by alkylated charged thiols and F6. Therefore, 

we think this may be related to the presence of the high lipophilic chains (F6) but a clear explanation 

could be obtained only knowing the organization of the monolayer.  
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5.2.3 Preliminary STM experiments 

NPs-C12/F6 81, 82 and 83 were sent to Dr. Qui in the group of prof. Stellacci in Lousanne for 

preliminary STM experiments aimed to study the morphology of mixed H-/F- monolayers.  

They performed preliminary experiments on NPs 81 to find the conditions to anchor NPs to a surface. 

They started preparing a film of NPs by drop-casting the particles solution on a Au(111) surface modified 

with hexadecane-1,16-dithiol. The deposition was followed by a gentle annealing for improving adhesion. 

Although NPs are anchored to the surface, they move on during STM scan and imagines obtained have 

resolution not sufficient to observe the monolayer organization. Therefore, they try to prepare a sample 

using Langmuir-Blodgett deposition technique. In this way, the nanoparticles form a monolayer and tend 

to arrange in a closed-pack configuration. This technique is generally used to reduce the mobility of NPs 

on the surface when it is scanned with STM tip. With this method they obtained same improvement on 

STM images (Figure 5.8). These imagines suggested that larger sized NPs have Janus structures while 

smaller ones show nanostripes. However, they cannot make multiple scannings that are necessary to 

have higher resolution imagines. 

l  

Figure 5.8: STM imagines of NPs-C12/F6. 
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In the light of these preliminary results, we thought that it would be better to optimize the synthesis 

to obtain nanoparticles with a lower dispersion. Indeed, only with monodispersed samples we would be 

able to rationalized the STM results. For this reason, waiting for the imagines of the other samples, we 

decided to explore other procedures to improve the diameter dispersion of the samples. 

5.3 Synthesis of NPs-C12 of 1.5 nm and heat-treatment 

Many strategies are reported in literature to control the size and dispersion of gold nanoparticles 

protected by alkanethiols. Among them, Miyake and coworkers reported the size and shape manipulation 

of alkanethiol protected nanoparticles by heat treatment. With this process, small nanoparticles of 1.5 nm 

are grown till 3.4 nm with a very small dispersion by heating the sample up to 150 °C, with a slow rate (2 

°C/min) up to 150 °C. During this process, molten TOAB serves as solvent and it is essential for a uniform 

growth of the nanoparticles.5 

The synthesis of 1.5 nm NPs-C12 84 is done as described in Section 5.2.1 using a Au : dodecanethiol 

molar ratio of 1 : 1. After the synthesis, NPs were carefully dried to remove any trace of water and 

toluene and heat-treated without purification. The crude solid was heated up to 150 °C at a heating rate 

of 2°C/min, and finally it was maintained at this temperature for 30 min. After this process, NPs have 

visibly changed the color from brown to reddish. The purification was performed by dissolving NPs in 

toluene and precipitating them with methanol. The precipitated solid was repeatedly washed with 

methanol though several centrifugal cycles. 

These NPs-C12 were characterized with 1H-NMR, UV-Vis and TEM analysis. 1H-NMR spectra show 

typical broad signals of NPs and the absence of the methylene signals in α-position to sulfur is indicative 

of the absence of free ligands. 

                                                                        
5 Teranishi, T.; Hasegawa, S.; Shimizu, T.; Miyake, M. Adv. Mater. 2001, 13, 1699 -1701. 
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Figure 5.9: a) 1H.NMR (CDCl3, 500 MHz) of NPs-C12 78 and b) 1H.NMR (CDCl3, 270 MHz) of HS-C12 84 

 

UV-Vis spectra before and after heat-treatment are reported in Figure 5.10. Before the heating 

process, the spectrum show a monotonic decay typical of NPs smaller than 3 nm. After the growing 

process the spectrum show an accentuate surface plasmon band at 520 nm clearly indicating that 

nanoparticles are grown.  

 

 

Figure 5.10: UV-Vis spectrum (DCM, c=0.1 mg/mL) of NPs-C12 84 before (black) and after (red) heat-treatment. 

Transmission electron microscopy experiments performed on the small NPs-C12 show the presence 

of small nanoparticles of about 1.5 nm. Unfortunately, they are too small to manually measure the 

diameters and determine the average core diameter. Figure 5.11. 
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Figure 5.11: TEM image of NPs-C12 84 a) before heat-treatment and b) after heat-treatment. 

After heat-treatment, TEM images show the presence of very large clusters. The largest ones have 

diameters of about 100 nm. Unfortunately, these experiments were performed about one month after 

the synthesis of the nanoparticles and during this time a visible change in color and solubility of the 

nanoparticles was also observed, suggesting a tendency toward aggregation. We explained this behavior 

assuming that after heat-treatment, the gold surface is not perfectly protected by thiols and consequently 

NPs are unstable and aggregate. To avoid this problem, we decided to put the NPs after heat-treatment in 

presence of a solution of free thiol to allow the complete protection of the gold surface. Briefly, after 

heat-treatment, NPs were put in presence of a dodencanethiol solution in toluene and left to stir 

overnight. TEM images of NPs after this cure show the formation of NPs of about 3.2 nm and with low 

dispersion (Figure 5.12). Moreover, monitoring a solution of these NPs for ten days by UV-Vis spectra we 

did not observed changes of their absorbance. 

 

Figure 5.12: TEM imagine of NPs-C12 treated with a solution of C12 after heating process. 

The successive step will be the exchange reaction of NPs-C12 with different amounts of F6 in order to 

obtain mixed-monolayers of monodispersed AuNPs. 
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Chapter 6: General conclusions 

This thesis is focused on the design, synthesis, characterization and study of gold nanoparticles 

protected by mixed-monolayers formed by hydrogenated and fluorinated thiols. The main objects are a) 

the investigation of the organization of the ligands in mixed-monolayers protecting the gold core and b) 

the evaluation of the monolayer morphology on NP-cell interaction and cytotoxicity. The understanding 

of the morphology of mixed-monolayer gold nanoparticles has revealed of fundamental importance in the 

prospective to use AuNPs for biomedical applications, since it was demonstrated that different ligands 

arrangements around the gold core, forming for example random, Janus, patched or stripped NPs, lead to 

different NP-cell interaction and the uptake by cells occurs with different mechanisms. 

In the first part of this thesis the organization of mixed monolayers formed by amphiphilic 

hydrogenated and fluorinated ligands (HS-C8TEG and HS-F8PEG previously designed and synthesized in 

our lab) on the surface of small (1.6 -2.5 nm) gold NPs has been investigated with in silico simulations and 

ESR studies. In collaboration with the group of Prof. Pricl and Prof. Fermeglia of the University of Trieste 

an innovative multiscale molecular approach has been developed and used to simulate gold nanoparticles 

protected by different molar ratios of HS-C8TEG and HS-F8PEG. These simulations has shown that H-and 

F-ligands, because of the reciprocal immiscibility, phase-segregate forming domains for all the molar 

fraction considered, confirming that previously suggested by ESR experiments. The size and shape of 

these domains depends on the ratio between the two types of thiols and on the size of the gold core. 

Moreover, it was observed that the organization of the mixed-monolayer is triggered by the reciprocal 

length of the two thiols as a consequence of the optimum balance between enthalpic and entropic force. 

These results have been supported by additional ESR experiments in collaboration with the group of Prof. 

Lucarini of the University of Bologna, which have allow to calculate the constant affinity of a nitroxide 

radical probe for the perfluorinated domains in mixed monolayers. The affinity for fluorinated regions 

increases with the decrease of the amount of F-ligands into the monolayer. A peculiar folding of the PEG 

moieties has been inferred as the explanation of such increased constant affinity as the size of fluorinated 

domains decreases. Moreover, ESR data have demonstrated that mixed-monolayers have chemical and 

physical properties that cannot be described by knowing the properties of parent homoligand 

hydrogenated and fluorinated NPs. These results demonstrated that H- and F-ligands are a good 

combination of ligands to control the organization of mixed monolayers and have been reported in a 

recent publication on ACS Nano. Additionally, these results open the way toward the possibility to use H-

/F- mixed-monolayers to create materials with unprecedented properties like multicompartment 

nanomaterials for the transport and release of hydrophobic drugs.  
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The second project of this thesis was focused on the design and synthesis of water soluble mixed-

monolayer gold nanoparticles protected by commercially available fluorinated thiols and charged 

hydrogenated ones and on the evaluation of their interaction with cells. 

Firstly, three charged thiols characterized by a chain of twelve carbon atoms and ending with a 

sulfonate or a carboxyl or a ammonium group have been synthesized and characterized. Many efforts 

have been spent toward the optimization of the synthesis of the thiol with the sulfonate group to reduce 

the impurities and to improve the yield. Secondly, the synthesis of NPs protected by mixtures of these 

charged thiols and fluorinated ligands in different ratios has been set up and optimized.  

Some of these charged NPs, together with NPs protected by amphiphilic fluorinated and 

hydrogenated ligands, marked with a fluorescent dye, have been used to test their ability to pass the 

membrane of HeLa cells. The biological in vitro experiments have been carried out by Dr. Sousa of IFOM-

IEO in Milan by using confocal fluorescent microscopy to visualize NPs inside the cells. Preliminary 

experiments with NPs marked with BODIPY have shown that: 

- all the nanoparticles are uptake by HeLa cells; 

- at 4°C, at which endocytosis is blocked, NPs-C12-N(CH3)3Cl/F6 and NPs-C8TEG/F8PEG enter the 

cells, suggesting that these nanoparticles are uptake with a mechanism different from vesicle 

encapsulation; 

- NPs-C12-N(CH3)3Cl/F6 shows the lowest cytotoxicity while NPs-MDDS/F6 provoke the highest 

percentage of dead cells at the highest concentration tested. 

Since some of the samples of NPs tested on cells showed an high degree of aggregation after the 

incubation in the biological medium, in the future further attempts in order to improve the solubility in 

the cell environment have to be done. Moreover, considering that the morphology of mixed monolayers 

influence both the solubility properties and the NP-cell interaction, investigations on the organization of 

these mixed-monolayers have to be carried out. To go deeply into the understanding of the morphology 

of these mixed hydrogenated and fluorinated monolayers, we have designed gold nanoparticles 

protected by commercially available H-and F-ligands suitable to be visualized with STM and consequently 

without charged groups. Different synthetic strategies have been pursued in the attempt to obtain NPs 

protected by mixed-monolayers. Place exchange strategy has been proved to be the best one to obtain 

NPs-C12/F6 with different thiols molar ratio. Preliminary STM experiments have been carried out by the 

group of Prof. Stellacci in Lousanne and have shown difficulties in anchor NPs to a gold surface, and 

moreover, it has been observed that in same sample of NPs, ligands assume different organizations 

depending on the size of the gold core. Consequently, to have more clear information about the mixed-

monolayer morphology, the preparation of monodispersed NPs is required. Many efforts have been spent 

to obtain NPs-C12 with a high control over the core size dimensions. Heat-treatment has been revealed a 
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good choice to obtain NPs of 3.2 nm with a low diameter dispersion. The next step will be the 

introduction of different loading of the fluorinated thiol into the monolayer of these NPs by place 

exchange reaction and the characterization of the obtain NPs with STM experiments. Other techniques, as 

NMR, will be also used in order to prove the organization of these 3D mixed monolayers. Moreover, 

multiscale molecular simulations will be carried out to rationalize the experimental data. 
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Chapter 7: Experimental Part 

7.1 Materials and general methods 

General. All commercially available reagents and solvents were purchased from Aldrich and Fluka 

and used as received with the exception of acetyl chloride that was distillated before the use. 6-(((4,4-

Difluoro-5-(2-pyrrolyl)-4-bora-3a,4a-diaza-s-indacene-3-yl)styryloxy)acetyl)-aminohexanoic acid, 

succinimidyl ester (BODIPY 650/665-X, SE) was purchased from Life Technologies.  

The chlorinated solvents (CH2Cl2, CHCl3 and CDCl3) were treated with K2CO3 for at least 24 h before to 

be used for gold nanoparticles. Column chromatography were carried out with Merck silica gel 60 (230  

400 mesh). Gel permeation chromatography were carried out using Sephadex LH-20 or G-75 (GE 

Healthcare). All glasswares used for preparation of gold nanoparticles were thoroughly washed with 

acqua regia (3 parts HCl and 1 part HNO3), rinsed extensively with distilled water, and then oven dried. 

HAuCl4 used for the synthesis of gold nanoparticles is strongly hygroscopic and was weighed in a glove-

bag under argon atmosphere. PBS buffer solution pH 7.4 was prepared adding 8 g NaCl, 0.2 g KCl, 1.44 g 

Na2HPO4, 0.24 g KH2PO4 in 800 mL of mQ water, the pH was adjusted to 7.4 with HCl and then mQ water 

was added to 1 liter. 

Nuclear Magnetic Resonance (NMR): 1H-NMR and 13C-NMR spectra were recorded on a Varian 500 

MHz spectrometer (operating at 500 MHz for proton and at 125 MHz for carbon), Joel GX 400 MHz 

spectrometer (operating at 400 MHz for proton and at 100 MHz for carbon), Joel GX-270 MHz 

spectrometer (operating at 270 MHz for proton and at 67.8 MHz for carbon) at 298 K using CDCl3, D2O, 

CD3OD, CD3COCD3, DMSO-d6. 1H-NMR and 13C-NMR are referenced to the residual signals in the 

deuterated solvent. Coupling constants are given in Hz and the multiplicity is described as s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), br (broad signal). 

Infrared spectra (IR) were recorded on a Thermo Nicolet Avator 320 FT-IR using NaCl caplets. 

Fluorescence spectra were recorded on a Varian Cary Eclipse. 

Mass spectroscopy measurements (MS): Electrospray Ionization (ESI) measurements were 

performed on a Perkin Elmer APII at 5600 eV by Dr. Fabio Hollan. 

Melting Point (m.p.) were misured on a Buchi SMP-20. 

UV-visible Spectroscopy (UV-vis): UV-visible spectra were collected on a Shimadzu UV-1800. 

Thermogravimetric Analysis (TGA) were performed on a TGA Q500 TA instruments using a heating 

rate of 10°C/min up to 1000°C by Dr. Michela Cok in group of Prof. Maurizio Prato. 
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Trasmission Electron Microscopy (TEM): TEM images were obtained with Joel 3010 high resolution 

electron microscope (1.7 nm point-to-point) operating at 300 keV using a Gatan slow-scan CCD camera 

(mod. 794). TEM samples of protected gold nanoparticles were prepared by placing a single drop of 0.5 

mg/mL isopropanol dispersion onto a 200-mesh copper grid coated with an amorphous carbon film. Only 

for NPs-MDDS/F6 1.5/1 a 200 mesh grid lacey carbon film coated was used. The grid was dried in air for 

24 h. Depending on the Au core size, magnifications between 250000 and 600000 were used for counting 

purposes. Diameters were measured manually using Gatan software Digital Micrograph (ver. 3.4.1). The 

imagines were recorded by Prof. Stefano Polizzi and Dr. Patrizia Canton. 
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7.2 Experimental procedures 

2-[2-(2-Methoxyethoxy)ethoxy]-1-ethyl-para-toluenesulfonate1 (31) 

 

To a solution of 4-toluenesulfonyl chloride (3.12 g, 16.3 x 10-3 mol) in dry dichloromethane (3.1 mL) a 

solution of triethylene glycol monomethyl ether (2.68 g, 15.8 x 10-3 mol) and 3.1 mL of triethylamine were 

added dropwise at 0 °C, under argon atmosphere, in a 100 mL round bottom flask; a white precipitate 

was observed. The mixture was left to stir at room temperature for 18 h and then it was poured into 

water. The solution was extracted with dichloromethane (3 x 15 mL). The organic layer was washed with 

HCl 6 M (15 mL), NaHCO3 5% (15 mL), water (20 mL) and then dried over anhydrous Na2SO4. The solvent 

was removed under reduced pressure to yield 4.14 g of compound 31 as a colorless viscous oil. Yield: 

82%.  

1H-NMR (270 MHz, CDCl3) δ: 2.44 (s, 3H, CH3Ph), 3.37 (s, 3H, CH3O), 3.52 -3.61 (m, 8H, (CH2O)4), 3.68 

(t, 2H, J = 4.83, CH2O), 4.16 (t, 2H, J = 4.82 Hz, CH2O), 7.33 (d, J = 7.97 Hz, 2H, Ar), 7.80 (d, J = 8.20 Hz, 2H, 

Ar). 13C-NMR (67.8 MHz, CDCl3) δ: 21.69 (CH3Ph), 59.16 (CH3O), 68.79 (CH2O), 69.36 (CH2O), 70.70 (CH2O), 

70.87 (CH2O), 72.02 (CH2O), 128.24 (C-Ar), 130.66 (C-Ar), 133.09 (C-Ar), 144.98 (C-Ar). MS-ESI (CH3OH) 

m/z: 341.2 [M + Na]+. 

2-[2-(2-Methoxyethoxy)ethoxy]ethyl azide1(32) 

 

To a solution of 2-[2-(2-methoxyethoxy)ethoxy]-1-ethyl-para-toluenesulfonate 31 (4.14 g, 13 x 10-3 

mol) in a 2/1 water/methanol mixture in a 100 mL round-bottom flask, sodium azide (10.14 g, 156 x 10-3 

mol) was added. The reaction mixture was heated under stirring at 75 °C for 18 h, then it was cooled 

down at room temperature and diluted with water (15 mL). The aqueous phase was extracted with 

dichloromethane (4 x 15 mL) and dried over anhydrous Na2SO4. The solvent was removed under reduced 

pressure giving 1.61 g of compound 32 as a colorless oil. Yield: 95%. 

1H-NMR (400 MHz, CDCl3) δ: 3.38 (m, 5H, CH3O+CH2N), 3.56 (m, 2H, CH2O), 3.65 -3.72 (m, 8H, 

(CH2O)4). MS-ESI (CH3OH) m/z: 341.2 [M + Na]+. 

  

                                                                        
1 Pengo, P.; Polizzi, S.; Battaglia, M.; Pasquato, L.; Scrimin, P. J. Mater. Chem. 2003, 13, 2471-2478. 



Experimental Part 

 

 

130 
 

2-[2-(2-Methoxyethoxy)ethoxy]ethyl ammonium chloride1 (33) 

 

To a solution of 2-[2-(2-methoxyethoxy)ethoxy]ethyl azide 32 (2.33 g, 12.3 x 10-3 mol) in 

tetrahydrofuran (14 mL) in a 100 mL round-bottom flask triphenylphosphine (6.46 g, 24.6 x 10-3 mol) and 

water (0.67 mL) were added. The formation of bubbles of N2 was observed. The reaction mixture was left 

to stir at room temperature for 18 h, then 150 mL of HCl 5% were added; a white precipitate was 

observed (phosphinoxide). The aqueous phase was treated with diethyl ether (6 x 15 mL) to remove any 

trace of phosphinoxide; the aqueous layer was dried at reduced pressure forming the azeotrope with 

toluene giving 2.45 g of compound 33 as a pale yellow oil in quantitative yield.  

1H-NMR (400 MHz, CDCl3) δ: 3.23 (br, 2H, CH2N), 3.42 (s, 3H, OCH3), 3.60- 3.90 (m, 10H, (OCH2)4), 

8.22 (br, 3H, NH3+). MS-ESI (CH3OH) m/z: 164.1 [M + Na]+. 

S-Acetyl-8-thiooctanoic acid1 (35) 

 

To a solution of 12-bromoctanoic acid (2.00 g, 8.96 x 10-3 mol) in dry DMF (5 mL) potassium 

thioacetate (2.00 g, 1.79 x 10-4 mol) was added at 0°C, under argon atmosphere. The mixture was left to 

stir 5 h at room temperature, in darkness, then it was diluted with water and diethyl ether. The two 

phases were separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The 

recombined organic layers were washed with water (6 x 20 mL) and brine (20 mL) and it was dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and 1.79 g of compound 35 as 

yellow solid was obtained. Yield: 92 %. 

1H-NMR (400 MHz, CDCl3) δ: 1.30 (m, 6H, CH2), 1.54 (m, 4H, CH2CH2S and CH2CH2CO), 2.29 (s, 3H, 

CH3), 2.30 (t, 2H, J = 7.3 Hz, CH2CO), 2.81 (t, 2H, J =7.3 Hz, CH2S). 13C-NMR (68 MHz, CDCl3) δ: 196.13, 

180.19, 33.98, 30.61, 29.36, 29.00, 28.79, 28.63, 28.46, 24.48.  
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S-Acetyl-8-thiooctanoyl chloride1 (36) 

 

To a solution of S-Acetyl-8-thiooctanoic acid 35 (1.50 g, 6.87 x 10-3 mol) in 30 mL of dry 

dichloromentane, thionyl chloride (0.56 mL, 7.69 x 10-3 mol) was added. The reaction mixture was stirred 

at room temperature under argon for 3 h. The solvent was removed under reduced pressure; the residue 

was coevaporated with dry toluene (5 mL). The acetyl chloride 36 was obtained in quantitative yield. 

1H-NMR (400 MHz, CDCl3) δ: 1.20 –1.45 (m, 6H, CH2), 1.46 -1.85 (m, 4H, CH2CH2S and CH2CH2CO), 

2.32 (s, 3H, CH3), 2.76 –2.94 (m, 4H, CH2CO and CH2S). 

7- ({2-[2-(2-Methoxyethoxy) ethoxy]ethyl}carbamoyl)heptyl ethanethioate1 (37) 

 

To a solution of the amine 33 (500 mg, 3.1 x 10-3 mol) in 12 mL of dry dichloromethane, a solution of 

36 (1.09 g, 4.6 x 10-3 mol) in 10 mL of dry dichloromethane and 1.62 mL (9.3 x 10-3 mol) of dry 

diisopropylethylamine were added. The mixture was stirred at room temperature in argon atmosphere 

for 18 h. The mixture was extracted with 1 M HCl (2 x 10 mL), the organic layers were collected and dried 

over anhydrous Na2SO4. After solvent removal the crude product was purified by flash chromatography; 

eluent: ethyl acetate / petroleum ether 2 : 1. 0.845 g of product 37 were obtained as a clear oil. Yield: 

75%. 

1H-NMR (400 MHz, CDCl3) δ: 1.20 –1.45 (m, 6H, CH2), 1.45 –1.70 (m, 4H, CH2CH2S and CH2CH2CO), 

2.18 (t, 2H, J = 8.0 Hz, CH2CO), 2.32 (s, 3H, CH3), 2.89 (t, 2H, J = 7.2 Hz, CH2S), 3.39 (s, 3H, OCH3), 3.44 (m, 

2H, CH2N), 3.53 –3.67 (m, 10H, CH2O), 6.00 (br, 1H, NH). 13C-NMR (68 MHz, CDCl3) δ: 195.94, 173.07, 

71.85, 70.40, 70.36, 70.03, 69.85, 58.93, 39.01, 36.50, 30.55, 29.35, 29.02, 28.98, 28.73, 28.53, 25.54. MS-

ESI (CH3OH) m/z: 385 [M + Na+]. 
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N-1-{2-[2-(2-Methoxyethoxy)ethoxy]ethyl}-8-sulfanyloctanamide9 (7) 

 

In 2 mL of dry deoxygenated methanol, 20 mg (5.5 x10-5 mol) of 37 was added. To the mixture, 274 

µL of 0.5 M sodium methoxide in methanol was added. The reaction mixture was stirred for 1 h in argon 

atmosphere at room temperature. DOWEX DR-2030 was then added and the mixture was stirred until the 

pH was brought to 5. The resin was filtered off and the solvent removed under reduced pressure. The 

thiol 7 was obtained as a pale yellow oil in quantitative yield.  

1H-NMR (500 MHz, CDCl3) δ: 1.28 -1.40 (m,6H, CH2), 1.55 -1.75 (m, 4H, CH2), 2.19 (t, 2H, J =7.23, 

CH2CO), 2.52 (m, 2H, CH2S), 3.40 (s, 3H, OCH3), 3.47 (m, 2H, CH2N), 3.57 -3.68 (m, 10H, (OCH2)4), 6.09 (br, 

1H, NH). 

Synthesis of NPs-C8TEG1 (17) 

 

HAuCl4∙3H2O (66.5 mg, 1.68 x 10-4 mol, 1 equiv.) and 30 mL of deoxygenated mQ water were 

introduced into a 250 mL round-bottom flask. A solution of HS-C8TEG 7 (36 mg, 1.13 x 10-4 mol, 0.66 

equiv.), in deoxygenated dry methanol (10 mL) was added. The solution turned from yellow to orange, 

yellow and then pale pink. The mixture was left to stir for 30 min and then cooled at 0°C and kept at that 

temperature for 30 minutes. NaBH4 (71 mg, 1.88 x 10-3 mol, 11.2 equiv.), in 16 mL of deoxygenated mQ 

water was added in 4 minutes at 0°C; the reaction mixture turned immediately reddish. It was stirred at 

0°C for 30 minutes and then at room temperature for 3 hours. The solvent was removed under reduced 

pressure without heating above 35°C. The residue was dissolved in dichloromethane and transferred in 

two centrifuge tubes, where it was dried under mild argon flow. The nanoparticles were purified by 

centrifugation (10 min., 4000 rpm, 20 °C) with diethyl ether (5 x 25 mL) followed by decanting of the 

supernatant solution. The nanoparticles were further purified by gel permeation chromatography 

(SephadexTM LH-20, methanol). 29 mg of nanoparticles as a reddish solid were obtained.  

Solubility properties: Good solubility in water, methanol and DCM. UV-Vis (CH3OH): weak surface 

plasmon band at 502 nm. 1H-NMR (CD3OD, 400 MHz) δ: 1.33 (br, CH2), 1.65 (br, CH2), 2.18 (br, CH2CO), 

3.39 (br, CH3O), 3.55 (br, CH2O), 3.64 (br, CH2O). TEM: Xm = 2.69 nm;  = 0.80 nm; n = 265. TG Analysis: 

25.3%. Average composition: Au760(S-C8TEG)170. 
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Methoxy-PEG550 4-methylbenzenesulfonate2(39) 

n = 12 -13 

To a solution of 4-toluenesulfonyl chloride (1.08 g, 5.67 x 10-3 mol) in dry dichloromethane (2.6 mL), a 

solution of methoxy-PEG550 (3.00 g, 5.45 x 10-3 mol) and triethylamine (1.5 mL, 1.09 x 10-2 mol) in dry 

dichloromethane (1 mL) was added dropwise at 0°C under argon atmosphere in 100 mL round bottom 

flask; a white precipitate was observed. The mixture was left to stir at room temperature for 18 h and 

then poured into water. The solution was extracted with dichloromethane (3 x 15 mL); the organic layer 

was washed with HCl 6 M (15 mL), NaHCO3 5% (15 mL), water (20 mL) and then dried over anhydrous 

Na2SO4. The solvent was removed under reduced pressure to yield 3.71 g of compound 39 as a pale 

yellow oil. Yield 97%. 

1H-NMR (500 MHz, CDCl3) δ: 2.45 (s, 3H, CH3Ph), 3.38 (s, 3H, CH3O), 3.58-3.71 (m, 50H, (CH2O)n), 4.16 

(t, J = 4.87, 2H, CH2O), 7.34 (d, J = 8.04, 2H, Ar), 7.80 (d, J = 8.25, 2H, Ar). MS-ESI (CH3OH) m/z: 517.4, 

561.4, 605.5, 649.5, 693.5, 737.5, 781.5, 825.6, 869.6, 913.6 [M + Na]+. 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-ol2 (41)  

n = 12 -13 

To a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-1,10-diol (0.95 g, 2.05 x 10-3 mol) in dry 

dioxane (5 mL) a solution of methoxy-PEG550 4-methylbenzenesulfonate 39 (1.59 g, 2.26 x 10-3 mol) in dry 

dioxane (1 mL) and KOH powder (0.14 g, 2.48 x 10-3 mol) were added under argon atmosphere in a 100 

mL round bottom flask. The mixture was heated at reflux for 16 h and then cooled down; it was diluted 

with ethylacetate (15 mL) and water (15 ml); the two phases were separated and the aqueous phase was 

extracted with ethyl acetate (3 x 20 mL). The organic layers were washed with water (20 mL) ad brine (20 

mL) and dried over Na2SO4. After solvent removal, the crude product was purified by flash 

chromatography (ethyl acetate / petroleum ether, 1 : 1 to ethyl acetate / methanol, 1 : 1) to yield 0.85 g 

of compound 41 as a clear oil. Conversion = 67.1 %, Yield = 58.6%. 

1H-NMR (500 MHz, CDCl3) δ: 3.38 (s, 3H, OCH3), 3.53 -3.78 (m, 44H, (CH2O)n), 4.05 (m, 4H, OCH2CF2). 

MS-ESI (CH3OH) m/z: 763.4, 807.4, 851.5, 895.5, 939.5, 983.5, 1027.5, 1071.6 [M + Na]+. 

                                                                        
2 Gentilini, C.; Boccalon, M.; Pasquato, L. Eur. J. Org. Chem. 2008, 3308-3313. 
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(S)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550) thioacetate2 (42) 

n = 12 -13 

To a solution of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-ol 41 

(1.10 g, 1.07 x 10-3 mol) (previously coevaporated with dry toluene in order to remove any traces of 

water) in dry dichloromethane (8.3 mL) trifluoromethanesulfonyl chloride (340 μL, 3.21 x 10-3 mol) was 

added dropwise under argon atmosphere; the mixture was then cooled to 0°C, and a solution of 

triethylamine (730 μL, 8.56 x 10-3 mol) in dichloromethane (3 mL) was added dropwise. A pale yellow 

precipitate was observed. The mixture was stirred at room temperature for 18 h. Another portion of 

trifluoromethanesulfonyl chloride (120 μL, 1.07 x 10-3 mol) and triethylamine (750 μL, 5.35 x 10-3 mol) was 

added at 0°C. After 2 h the precipitate was filtered off under argon atmosphere and the solvent was 

removed under reduced pressure under argon atmosphere. The residue was redissolved in N,N’-

dimethylformamide (8.3 mL) under argon atmosphere, potassium thioacetate (244 mg, 2.14 x 10-3 mol) 

was added to the solution and the mixture was protected from light and stirred ad room temperature for 

4 h. Then, ethyl acetate (30 mL) and water (30 mL) were added, and the phases were separated. The 

aqueous phase was extracted with ethyl acetate (3 x 30 mL); the organic layer was washed with water (8 x 

30 mL), brine (30 mL) and dried over anhydrous Na2SO4. After solvent removal, the crude product was 

purified by flash chromatography (chloroform to chloroform : methanol 96 : 4) to yield 0.93 g of 

compound 42 as a brown oil. Yield: 80%.  

1H-NMR (500 MHz, CDCl3) δ: 2.44 (s, 3H, CH3C=O), 3.38 (s, 3H, OCH3), 3.50 -3.78 (m, 44H, (CH2O)n + 

CF2CH2S), 4.04 (t, JH-F = 14.25 Hz, 2H, CF2CH2O). MS-ESI (CH3OH) m/z: 865.5, 909.5, 953.5, 997.5, 1041.5, 

1085.5 [M + Na]+. 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-thiol2 (12) 

n = 12 -13 

To a solution of (S)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550) thioacetate 

42 (468 mg, 0.43 x 10-3 mol) in deoxygenated dry dichloromethane (28 mL) and methanol (16 mL) acetyl 

chloride (10.6 mL, 0.149 mol) was added dropwise at 0°C, under argon atmosphere. The mixture was 

stirred at room temperature for 12 h. Another two portions of acetyl chloride (each) was added over 10 h, 

and the mixture was left to stir for other 12 h. Then, dichloromethane (50 mL) and water (50 mL) were 

added; the phases were separated, and the aqueous phase was extracted with dichloromethane (3 x 25 
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mL). The organic layer was washed with water (2 x 30 mL) and dried over anhydrous Na2SO4. The solvent 

was removed under reduced pressure and the crude product was purified by flash chromatography 

(chloroform to chloroform : methanol 97 : 3) to yield 0.371 g of compound 12 as a yellow oil. Yield: 86.6%. 

1H-NMR (500 MHz, CDCl3) δ: 1.75 (t, J = 8.9 Hz, 1H, SH), 3.15 (ddt, JH-F = 16.8 Hz, JH-H = 8.9 Hz, 2H, 

CH2S), 3.38 (s, 3H, OCH3), 3.50-3.78 (m, 42H, (CH2O)n), 4.04 (t, JH-F = 14.25 Hz, 2H, CH2CF2).13C-NMR (125 

MHz, CDCl3) δ: 25.81 (t, JC-F=25.65 Hz, CF2CH2S); 59.12 (CH3O); 68.41 (t, JC-F=25.22 Hz, CF2CH2O), 70.67 

(CH2O), 70.71-72.42 (CH2O), 109.05, 111.25, 113.69, 115.82, 118.05 (m, CF2). 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-thiolate3 (43) 

n = 12 -13 

Thiol HS-F8-PEG 12 (79.1 mg, 7.6 x 10-5 mol) was dissolved in 1.2 mL of dry and deoxygenated 

methanol, under argon atmosphere. To the mixture, 0.446 mL (2.23 x 10-4 mol, 3 equiv.) of 0.5 M sodium 

methoxide in methanol was added. The solution was stirred for an hour before use for the synthesis of 

the nanoparticles. Before the use the solution is diluted with dry and deoxygenated methanol till 6.6 

mg/mL. 

Synthesis of 2.4 nm NPs-F8PEG3 (18a) 

 

HAuCl4∙3H2O (19.0 mg, 4.89 x 10-5, 1 equiv.), was dissolved in 9.5 mL of deoxygenated mQ water, 

under argon atmosphere and poured into a 50 mL round bottom flask. A solution of 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-thiolate 43 (0.102, 9.78 x 10-

5, 2 equiv.) in dry and deoxygenated methanol (15 mL) was added to the mixture through a double-tipped 

needle under an argon atmosphere. The solution was stirred at room temperature for 1 hour. Then NaBH4 

powder (21 mg, 5.58 x 10-4 mol, 11.4 equiv.) dissolved in 5.1 mL (4.1 mg/mL) of deoxygenated mQ water 

was added dropwise in 5 minutes. The solution color turned brown suggesting the formation of protected 

nanoparticles. Also the formation of a little amount of aggregates was observed. The mixture was left 

stirring for 3 h, and then the solvent was removed under reduced pressure. The residue was transferred 

                                                                        
3 Gentilini, C.; Evangelista, F.; Rudolf, P.; Lucarini, M.; Pasquato, L. J. Am. Chem. Soc. 2008, 130, 15678 -15682. 
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into a centrifuge tube, dispersed in diethyl ether, and repeatedly washed (4 x 15 mL) by centrifugation at 

4000 rpm to remove unbound thiols. The precipitated was recovered as a dark brown solid. (18 mg). 

Solubility properties: Good solubility in water, methanol and DCM. UV-Vis (CH3OH): monotonic 

decay from 200 nm. 1H-NMR (CD3OD, 400 MHz) δ: 3.38 (br, CH3O), 3.48-3.77 (br, CH2O), 4.10 (br, 

CF2CH2O). TEM: Xm = 2.39 nm;  = 0.71 nm; n = 201. TG Analysis: 48.4%. Average composition: Au589(S-

F8PEG)100. 

Synthesis of 3 nm NPs-F8PEG3 (18b) 

 

HAuCl4∙3H2O (75 mg, 1.90 x 10-4, 1 equiv.), was dissolved in 38 mL of deoxygenated mQ water, under 

argon atmosphere and poured into a 100 mL round bottom flask. A solution of 

2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluoro-10-(methoxy-PEG550)decan-1-thiolate 43 (0.10 g, 9.59 x 10-5, 

0.5 equiv.) in dry and deoxygenated methanol (15 mL) was added to the mixture through a double-tipped 

needle under an argon atmosphere. The solution was stirred at room temperature for 1 hour. Then NaBH4 

powder (83 mg, 2.19 x 10-3mol, 11.4 equiv.) dissolved in 5.5 mL (15.2 mg/mL) of deoxygenated mQ water 

was added dropwise in 15 minutes. The solution color turned reddish suggesting the formation of 

protected nanoparticles. Also the formation of a little amount of aggregates was observed. The mixture 

was left stirring for 3 h, and then the solvent was removed under reduced pressure. The residue was 

transferred into a centrifuge tube, dispersed in diethyl ether, and repeatedly washed (4 x 15 mL) by 

centrifugation at 4000 rpm to remove unbound thiols. The precipitated was recovered as a dark brown 

solid. (42 mg). 

Solubility properties: Good solubility in water, methanol and DCM. UV-Vis (CH3OH): weak surface 

plasmon band at 514 nm. 1H-NMR (CD3OD, 400 MHz) δ: 3.38 (br, CH3O), 3.48 -3.77 (br, CH2O), 4.10 (br, 

CF2CH2O). TEM: Xm = 2.96 nm;  = 0.60 nm; n = 392. TG Analysis: 39 %. Average composition: Au976(S-

F8PEG)120.  

b 
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Synthesis of NPs-F8PEG/C8TEG by place exchange reaction3 (19) 

 

NPs-F8PEG (48 mg) 18b were dissolved in 2 mL of deoxygenated methanol under an argon 

atmosphere. A solution of 9.8 mg (3.1 x 10-5 mol) of HS-C8TEG 7 in 1 mL of methanol was added, and the 

mixture was kept at 28 °C for 3 days. The solvent was removed under reduced pressure, nanoparticles 

were repeatedly washed with diethyl ether and centrifuged at 4000 rpm. The NPs were dissolved in 

methanol and permeated on SephadexTM LH-20 using methanol as eluent. 44 mg of nanoparticles were 

obtained as a brown solid. The average composition, estimated through 1H-NMR, is Au976(S-F8PEG)66(S-

C8TEG)97. 

Solubility properties: Good solubility in water, methanol and DCM. UV-Vis (CH3OH): weak surface 

plasmon band at 514 nm. 1H-NMR (CD3OD, 400 MHz) δ: 1.34 (br, CH2), 1.65 (br, CH2), 2.22 (br, CH2CO), 

3.39 (br, CH3O), 3.50 -3.70 (br, CH2O), 4.11 (CF2CH2O). Average composition: Au976(S-F8PEG)66(S-C8TEG)97. 

12- Bromododecanesulfonic acid sodium salt4 (47) 

 

To a round bottom flask a mixture of 7.19 mg of 1,12-dibromododecane (0.030 mol), 16.7 mL of 

absolute ethanol and 7.4 mL of deionized water were added and refluxed. To this boiling mixture, a 

solution of 0.30 g (3.39 x 10-3 mol) of anhydrous sodium sulfite in 7.4 mL of deionized water was gradually 

added through the separating funnel for 4 h. The solution was then refluxed at 90°C for 4 h more. The 

flask was cooled at room temperature, followed by cooling at 0°C. The contents were decanted from the 

excess solid dibromododecane. The upper aqueous phase was extracted with petroleum ether (3 x 20 mL) 

in order to eliminate the residual dibromododecane. The obtained aqueous solution was evaporated to 

dryness, yielding to 622 mg of white solid (mixture of NaBr, Br(CH2)12SO3Na, HO(CH2)12SO3Na, 

NaO3S(CH2)12SO3Na). The conversion was estimated of 10.7 % from 1H-NMR spectra. The ratio between 

the mono and bi-substituted products is 1 to 3.6 respectively. 

                                                                        
4 a) Parera, E.; Comelles, F.; Barnadas, R.; Suades, J. Langmuir 2010, 26(2), 743-751. b) Fiurasek, P.; Reven, L. 

Langmuir 2007, 23, 2857-2866. c) Turyan, I.; Mandler, D.; J. Am. Chem. Soc. 1998, 120, 10733-10742. d) Lin, J.-C.; 
Chuang, W.-H. J. Biomed. Mater. Res. 2000, 51, 413-423. 
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1H-NMR (500 MHz, D2O) δ: 1.31 (m, 12H, CH2), 1.43 (m, 4H, CH2), 1.56 (m, 2H, BrCH2CH2), 1.74 (m, 

2H, CH2CH2SO3Na), 2.92 (t, 2H, CH2SO3Na), 3.61 (t, 2H, J=6.69, BrCH2). 

12- Chlorododecanesulfonic acid sodium salt4 (47) 

 

To a round bottom flask a mixture of 12 mg of 1,12-dichlorododecane (0.050 mol), 28.4 mL of 

absolute ethanol and 12.4 mL of deionized water were added and refluxed under mechanical stirring (500 

rpm). To this boiling mixture, a solution of 0.706 g (5.60 x 10-3 mol) of anhydrous sodium sulfite in 12.4 mL 

of deionized water was gradually added (50 µl/min) for 4 h. The solution was then refluxed at 90°C for 4 h 

more. The flask was cooled at room temperature, followed by cooling at 0°C. The contents were decanted 

from the excess solid dichlorododecane. The upper aqueous phase was extracted with chloroform (3 x 20 

mL) in order to eliminate the residual dichlorododecane. The obtained aqueous solution was 

concentrated and the solid was recrystallized yielding to 117 mg of white compound. Yield: 7%. 

1H-NMR (500 MHz, D2O) δ: 1.31 (m, 12H, CH2), 1.43 (m, 4H, CH2), 1.65 -1.85 (m, 4H, ClCH2CH2 and 

CH2CH2SO3Na), 2.92 (t, 2H, CH2SO3Na), 3.65 (t, 2H, J = 6.70, ClCH2). 

12-S-thiouronium dodecanesulfonate4c (48) 

 

The 12 -chlorododecanesulfonic acid sodium salt 47 (0.117 g, 3.81 x 10-4 mol) was dissolved in 

absolute ethanol (0.47 mL) and water (0.47 mL). 29 mg of thiourea (3.81 x 10-4 mol) were added to the 

solution and the mixture was stirred and refluxed for 2 h. Then the solution was cooled at room 

temperature. The cold-precipitated white solid was isolated by suction filtration and twice washed with 

water. 27 mg of a white solid were obtained. Yield: 21.3 % 

1H-NMR (500 MHz, DMSO) δ: 1.23 (m, 16H, CH2), 1.51 (m, 4H, SCH2CH2(CH2)8CH2CH2SO3Na), 2.36 (t, 

2H, CH2SO3Na), 3.12 (t, 2H, SCH2), 8.81 (m, 4H, NH2). 

Mercaptododecanesulfonate acid 4c(45) 

 

NaOH (10%, 1g of NaOH in 10 mL of water) was added to 75 mg (2.16 x 10-4 mol) of 12-S-thiouronium 

dodecanesulfonate 48 and the mixture was stirred and refluxed for 3 h under an argon stream. The 
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solution was left to cool to room temperature over night without stirring. To the stirred solution 

containing white crystals, diluted H2SO4 (0.7 mL of concentrated H2SO4 to 5 mL of water) was added drop 

wise until pH=7 was obtained. The clear solution was cooled on ice. A snow precipitate was quickly 

transferred and collected by suction filtration. Yield: 75.4%. 

1H-NMR (500 MHz, CD3OD) δ: 1.32 (m, 16H, CH2), 1.67 (m, 2H, HSCH2CH2), 1.78 (m, 2H, CH2CH2SO3H), 2.68 

(t, 2H, HSCH2), 2.78 (m, 2H, CH2SO3H). 

12-(Thioacetoxy)-1-bromododecane5 (49) 

 

To a round bottom flask was added 6.86 g (2.09 x 10-2 mol) of 1,12-dibromododecane, 32 mL of 

anhydrous THF, and 1.09 g (9.50 x 10-3 mol) of potassium thioacetate. The resulting solution was heated 

to reflux with stirring for 24 h under Ar. After cooling to room temperature, the KBr was removed by 

vacuum filtration. The solvent in the filtrated was removed under reduced pressure in a rotary evaporator 

giving a yellow oil. The crude product was purified by flash chromatography (hexane / dichlorometane, 95 

: 5 to hexane / dichloromethane, 60 : 40). 1.8 g (59%) of the desired product as a white solid were 

obtained. 

Pf.: 39-41 °C. IR (Nujol): ṽ = 2921, 2852, 1686, 1469, 1134. 1H-NMR (500 MHz, CDCl3) δ: 1.25- 1.47 

(m, 16H, CH2), 1.56 (quintet, 2H, J =7.4, CH2CH2S), 1.86 (quintet, 2H, J =7.2, CH2CH2Br), 2.33 (s, 3H, COCH3), 

2.87 (t, 2H, J = 7.4, CH2SAc), 3.52 (t, 2H, J = 6.9 Hz, CH2Br). 1H-NMR (400 MHz, DMSO) δ: 1.25- 1.47 (m, 

16H, CH2), 1.56 (m, 2H, CH2CH2S), 1.78 (m, 2H, CH2CH2Br), 2.31 (s, 3H, COCH3), 2.81 (t, 2H, J = 7.3, CH2SAc), 

3.41 (t, 2H, J = 6.7 Hz, CH2Br). 13C-NMR (125 MHz, CDCl3) δ: 28.15 (CH3C=O), 28.75 (CH2CH2CH2Br), 28.80 

(CH2CH2CH2CH2Br), 29.09 (CH2CH2CH2S), 29.15 (CH2CH2S), 29.40 (CH2CH2CH2CH2S), 29.49 (CH2), 30.64 

(CH2S), 32.83 (CH2Br), 34.04 (CH2CH2Br), 196.04 (C=O). MS-ESI (CH3OH) m/z: 345 [M+Na]+, 347[M+Na+2]+. 

12-Bromo- dodecanethiol6 (50) 

 

A solution of dry HCl in methanol was prepared by the addition of acetyl chloride (504 μL, 7.11 x 10-3 

mol) to methanol (5.0 mL) at 0°C under Ar atmosphere. 12-(thioacetoxy)-1-bromododecane 49 was added 

                                                                        
5 Kamper, S.; Porter-Peden, L.; Blankespoor, R.; Sinniah, K., Zhou, D.; Abell, C.; Rayment, T. Langmuir 2007, 23 
(25), 12561. 
6 Yokokawa, S.; Tamada, K.; Ito, E.; Hara, M. J.Phys. Chem. 2003, 107, 3544-3551. 
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and the solution was stirred at room temperature for 6 h. The reaction mixture was poured into water 

and extracted with ether for three times. A combined organic layer was washed with water, dried over 

anhydrous sodium sulfate, and evaporated to dryness to afford the free thiol as a pale yellow oil. Yield: 

93%. 

1H-NMR (500 MHz, CDCl3) δ: 1.25 - 1.44 (m, 16H, CH2), 1.60 (quintet, 2H, J =7.3, CH2CH2S), 1.85 

(quintet, 2H, J =7.2, CH2CH2Br), 2.52 (dt, 2H, J = 7.4, CH2S), 3.42 (t, 2H, J = 6.9 Hz, CH2Br). 13C-NMR (67.5 

MHz, CDCl3): δ = 24.71 (CH2SH), 26.93 (CH2CH2CH2SH), 28.43 (CH2CH2CH2SH), 28.94 (CH2CH2CH2CH2Br), 

29.12 (CH2CH2CH2CH2SH), 29.54 (CH2), 32.71 (CH2Br), 34.11 (CH2CH2Br), 45.29 (CH2CH2SH). 

12-Bromo-1-(S-trityl)-mercaptododecane7 (51) 

 

To a solution of 12-bromo-dodecanethiol 50 (0.30 g, 1.10 x 10-3 mol) in dry THF (3 mL) under argon 

was added trityl bromide (0.52 g, 1.60 x 10-3 mol). The reaction mixture was allowed to stir at room 

temperature for 24 h and reduced in vacuo to yellow oil. Purification by silica gel chromatography (eluent 

10 :90 CH2Cl2 : hexane) provided 12-bromo-1-(S-trityl)-mercaptododecane as a clear solid. Yield: 95% 

Pf.: 83-85 °C. 1H-NMR (400 MHz, CDCl3) δ: 1.20- 1.54 (m, 18H, CH2 and CH2CH2S), 1.85 (m, 2H, 

CH2CH2Br), 2.13 (t, 2H, J = 7.3 Hz, CH2SCPh3), 3.41 (t, 2H, J = 6.9 Hz, CH2Br), 7.09-7.35 (m, 9H, Ar), 7.40 (m, 

6H, HmetaAr). 13C-NMR (67.5 MHz, CDCl3) δ: 28.32, 28.73, 28.91, 29.15, 29.32, 29.53, 29.56, 29.63, 32.98, 

66.48, 122.3, 126.63, 127.93, 129.75, 130.56, 145.21. MS-ESI (CH3OH) m/z: 545 [M+Na]+, 547[M+Na+2]+. 

Sodium-12- (S-trityl)-mercaptododecanesulfonate8 (52) 

 

A mixture of 12-bromo-1-(S-trityl)-mercaptododecane 51 (250 mg, 4.79 x 10-4 mol) and Na2SO3 (157 

mg, 1.24 x 10-3 mol) in THF/EtOH/H2O (1:2:2 mixture, 5mL) was heated for 25 minutes at 85°C, under 

                                                                        
7 Houseman, B.-T.; Mrksich, M. J. Org. Chem. 1998, 63, 7552-7555 
8 Alapafuja, S. O.; Nikas, S. P.; Shukla, V. G.; Papanastasiou, I. Tetrahedron Letters 2009, 50, 7028 -7031. 
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microwave irradiation (50 W). TLC analysis shows the presence of reagent and other two compounds. The 

solvent was completely removed under reduced pressure and the white product was washed 5 times with 

diethyl ether and filtered on gouch funnel. The compound is a mixture of desired product and salts. The 

mixture was suspended in boiling ethanol and filtered in hot condition in order to removed undissolved 

salts (NaBr and Na2SO3). The filtrate was dried in vacuo and 52 as a white compound was obtained. Yield: 

92 %  

1H-NMR (500 MHz, DMSO) δ: 1.05-1.29 (m, 16H, CH2), 1.53 (m, 2H, CH2CH2SO3Na), 2.06 (t, 2H, J = 

7.31 Hz, CH2SCPh3), 2.36 (m, 2H, CH2SO3Na), 7.21 -7.25 (m, 9H, Ar), 7.30 (m, 6H, HmetaAr). 13C-NMR (67.5 

MHz, CDCl3) δ: 25.18, 27.97, 28.28, 28.40, 28.49, 28.78, 28.97, 31.23, 51.60, 66.01, 126.65, 127.99, 

129.11, 144.60. MS-ESI (CH3OH) m/z: 523 [M]-. 

Sodium-12-mercapto-dodecanesulfonate9 (45) 

 

Sodium-12-(S-trityl)-mercaptododecansulfonate 52 (220 mg, 4.02 x 10-4 mol) was dissolved in 5 mL of 

DCM and TFA was added (1.08 mL, 8.40 x 10-3 mol). The color of the solution was turned into yellow 

immediately. Subsequently, triisopropyl silane (76 mg, 4.83 x 10-4 mol) was added to the reaction mixture. 

The reaction mixture was stirred for 6 h under Ar-atmosphere at room temperature. The solvent was 

removed in vacuo and methanol was added and evaporated three times to remove residual acid. The 

residue was washed three times with diethyl ether. The white precipitate was filtered. Quantitative yield. 

1H-NMR (500 MHz, DMSO) δ: 1.20 -1.40 (m, 16H, CH2), 1.49 -1.55 (m, 4H, CH2CH2SH and 

CH2CH2SO3Na), 2.21 (t, 1H, J = 7.7, SH), 2.37 (m, 2H,CH2SO3Na), 2.46 (dd, 2H, J = 14.6, CH2SH). 1H-NMR 

(500 MHz, CD3OD) δ: 1.25 -1.50 (m, 16H, CH2), 1.53 -1.65 (m, 2H, CH2CH2SH), 1.70 -1.83 (m, 2H, 

CH2CH2SO3Na), 2.48 (m, 2H, CH2SH), 2.78 (m, 2H,CH2SO3Na), MS-ESI (CH3OH) m/z: 281 [M]-. 

Synthesis of NPs-MUS/F6 = 2/1.1 (44) 

 

                                                                        
9 De, Mrinmoy, Rana, S.; Akpinar, H.; Miranda, O. R.; Arvizo, R. R.; Bunz, U. H. F.; Rotello, V. M. Nature Chemistry 
2009, 1, 461 -465. 
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66 mg (1.68 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(37 mL) and 0.168 x 10-4 mol (1 equiv.) of the thiols mixture (1H,1H,2H,2H-perluorodecanethiol : MUS = 1 

: 2) were added while stirring the reaction mixture. Then a solution 0.05 M of NaBH4 in deoxygenated 

ethanol (1.95 x 10-3 mol, 11.6 equiv.) was added dropwise for 50 minutes. The solution becomes brown-

reddish and nanoparticles precipitates when you stop the stirring. The mixture was stirred for 3 h and the 

reaction vessel was then placed in a refrigerator overnight, nanoparticles precipitated and the solvent 

was removed. Precipitated nanoparticles were washed with ethanol, methanol and acetone and dried 

under vacuum. Nanoparticles as a red solid were obtained. The final ratio between MUS : F8 (determined 

from 1H-NMR spectrum of decomposed nanoparticles) was 2 : 1.1. 

Solubility properties: Low solubility in water. Not soluble in ethanol, methanol and acetone. UV-Vis 

(water) λmax (nm): Weak surface plasmon band at 545 nm. 1H-NMR (500 MHz, D2O): δ = 1.2 –1.70 (br, 

CH2), 1.77 (br, CH2CH2SH and CH2CH2SO3Na), 2.90 (br, CH2SO3Na). TEM: Xm =3.6 nm;  = 0.9 nm; n = 162. 

Synthesis of NPs-MDDS/F8 = 2/0.8 (53) 

 

74 mg (1.88 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(41 mL) and 1.88 x 10-4 mol (1 equiv.) of the thiols mixture (1H,1H,2H,2H-perluorodecanethiol : MDDS 45 

= 1 : 2) were added while stirring the reaction mixture. Then a solution 0.05 M of NaBH4 in deoxygenated 

ethanol (2.18 x 10-3 mol, 11.6 equiv.) was added dropwise for 60 minutes. The solution becomes brown-

reddish and nanoparticles precipitates when you stop the stirring. The mixture was stirred for 3 h and the 

reaction vessel was then placed in a refrigerator overnight, nanoparticles precipitated and the solvent 

was removed. Precipitated nanoparticles were washed with ethanol, methanol and acetone and dried 

under vacuum. Nanoparticles as a red solid were obtained. The final ratio between MDDS : F8 

(determined from 1H-NMR spectrum of decomposed nanoparticles) was 2 : 0.8. 

Solubility properties: Low solubility in water. Not soluble in ethanol, methanol and acetone. UV-Vis 

(water) λmax (nm): Weak surface plasmon band at 520 nm. 1H-NMR (500 MHz, D2O): δ = 1.2 –1.60 (br, 

CH2), 1.75 (br, CH2CH2SH and CH2CH2SO3Na), 2.92 (br, CH2SO3Na). TEM: Xm =3.6 nm;  = 0.9 nm; n = 162.  
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Synthesis of NPs-MDDS/F6 = 5/1 (54) 

 

88.8 mg (2.29 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(50 mL) and 1.52 x 10-4 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : MDDS 45 = 0.65 : 1) were added while stirring the reaction mixture. Then a solution 0.113 M 

of NaBH4 in deoxygenated ethanol (2.59 x 10-3 mol, 11.3 equiv.) was added dropwise for 15 minutes. The 

solution becomes brown-reddish and nanoparticles precipitates when you stop the stirring. The mixture 

was stirred for 3 h and the reaction vessel was then placed in a refrigerator overnight, nanoparticles 

precipitated and the solvent was removed. Precipitated nanoparticles were washed with ethanol, 

methanol and acetone and dried under vacuum. To completely remove unbound ligands, particles were 

dialysed using 5 inch segments of cellulose ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis 

membrane MWCO: 3500 Da) that were placed in 1L beakers of MilliQ water and stirred slowly. The 

beakers were recharged with fresh water ca. every 8 h over the course of 72 h. The nanoparticles solution 

was collected from the dialysis tube, and the solvent was removed under vacuum at < 45°C. Nanoparticles 

as a red solid were obtained. The final ratio between MDDS : F6 (determined from 1H-NMR spectrum of 

decomposed nanoparticles) was 5 : 1. 

Solubility properties: Good solubility in water. Not soluble in ethanol, methanol and acetone. When 

water is removed NPs adhere very strongly to the glass walls of the round bottom flask and they return to 

dissolve in water only adding few drops of acetone. UV-Vis (water) λmax (nm): Weak surface plasmon band 

at 508 nm. 1H-NMR (500 MHz, D2O): δ = 0.9 –1.60 (br, CH2), 1.77 (br, CH2CH2SH and CH2CH2SO3Na), 2.88 

(br, CH2SO3Na). TEM: Xm =3.1 nm;  = 0.8 nm; n = 134. TG Analysis: 19.5 %. Average composition: 

Au1150(MDDS)145(F6)29. 

Synthesis of NPs-MDDS/F6 = 2.5/1 (55) 

 

100 mg (2.54 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(56 mL) and 1.69 x 10-4 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-
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octanethiol : MDDS 45 = 0.77 : 1) were added while stirring the reaction mixture, then a solution 0.113 M 

of NaBH4 in deoxygenated ethanol (2.87 x 10-3 mol, 11.3 equiv.) was added dropwise in 17 minutes. The 

solution becomes brown-reddish and nanoparticles precipitates when you stop the stirring. The mixture 

was stirred for 3 h and the reaction vessel was then placed in a refrigerator overnight, nanoparticles 

precipitated and the solvent was removed. Precipitated nanoparticles were washed with ethanol, 

methanol and acetone and dried under vacuum. Particles were dialysed using 5 inch segments of cellulose 

ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis membrane MWCO: 3500 Da) that were 

placed in 1L beakers of MilliQ water and stirred slowly. The beakers were recharged with fresh water ca. 

every 8 h over the course of 72 h. The nanoparticles solution was collected from the dialysis tube, and the 

solvent was removed under vacuum at < 45°C. To completely remove unbound ligands nanoparticles 

were washed several times with an hot ethanol solution. Nanoparticles as a red solid were obtained. The 

final ratio between MDDS : F6 (determined from 1H-NMR spectrum of decomposed nanoparticles) was 

2.5 : 1. 

Solubility properties: Good solubility in water. Not soluble in ethanol, methanol and acetone. When 

water is removed NPs adhere very strongly to the glass walls of the round bottom flask and they return to 

dissolve in water only adding few drops of acetone. UV-Vis (water) λmax (nm): Weak surface plasmon band 

at 508 nm. 1H-NMR (500 MHz, D2O): δ = 0.9 – 1.60 (br, CH2), 1.77 (br, CH2CH2SH and CH2CH2SO3Na), 2.88 

(br, CH2SO3Na). TEM:  Xm = 3.2 nm;  = 0.7 nm; n = 253. TG Analysis: 21%. Average composition: 

Au1289(MDDS)150(F6)60. 

Synthesis of NPs-MDDS/F6 = 1.5 / 1 (56) 

 

97.3 mg (2.47 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(55 mL) and 1.65 x 10-4 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : MDDS 45 = 1 : 1.1) were added while stirring the reaction mixture. Then a solution 0.113 M 

of NaBH4 in deoxygenated ethanol (2.80 x 10-3 mol, 11.3 equiv.) was added dropwise for 12 minutes. The 

solution becomes reddish and nanoparticles precipitates when you stop the stirring. The mixture was 

stirred for 3 h and the reaction vessel was then placed in a refrigerator overnight, nanoparticles 

precipitated and the solvent was removed. Precipitated nanoparticles were washed with ethanol, 

methanol and acetone and dried under vacuum. Particles were dialysed using 5 inch segments of cellulose 

ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis membrane MWCO: 3500 Da) that were 
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placed in 1L beakers of MilliQ water and stirred slowly. The beakers were recharged with fresh water ca. 

every 8 h over the course of 72 h. The nanoparticles solution was collected from the dialysis tube, and the 

solvent was removed under vacuum at < 45°C. To completely remove unbound ligands nanoparticles 

were washed several times with an hot ethanol solution. Nanoparticles as a red solid were obtained. The 

final ratio between MDDS : F6 (determined from 1H-NMR spectrum of decomposed nanoparticles) was 

1.5 : 1. 

Solubility properties: Good solubility in water. Not soluble in ethanol, methanol and acetone. When 

water is removed NPs adhere very strongly to the glass walls of the round bottom flask and they return to 

dissolve in water only adding few drops of acetone. UV-Vis (water) λmax (nm): Weak surface plasmon band 

at 510 nm. 1H-NMR (500 MHz, D2O): δ = 0.9 – 1.60 (br, CH2), 1.77 (br, CH2CH2SH and CH2CH2SO3Na), 2.88 

(br, CH2SO3Na). TEM:  Xm = 3.4 nm;  = 0.7 nm; n = 209. TG Analysis: 16%. Average composition: 

Au1415(MDDS)129(F6)87. 

S-Acetyl-12-thiododecanoic acid (60) 

 

To a solution of 12-bromo-dodecanoic acid (1.00 g, 3.60 x 10-3 mol) in dry DMF (6 mL) potassium 

thioacetate (0.82 g, 7.15 x 10-3 mol) was added at 0°C, under argon atmosphere. The mixture was left to 

stir 5 h at room temperature, in darkness, then it was diluted with water and diethyl ether. The two 

phases were separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The 

recombined organic layers were washed with water (6 x 20 mL) and brine (20 mL) and it was dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and 0.816 g of compound as yellow 

solid was obtained. Yield: 83 % 

1H-NMR (500 MHz, CDCl3) δ: 1.25 -1.47 (m, 14H, CH2), 1.57 (m, 2H, CH2CH2COOH), 1.65 (m, 2H, 

CH2CH2SAc), 2.33 (s, 3H, COCH3), 2.36 (t, 2H, J = 7.5, CH2COOH), 2.87 (t, 2H, J = 7.4 Hz, CH2SAc). 

12-Mercaptododecanoic acid (58) 

 

S-Acetyl-12-dodecanoic acid 60 (60 mg, 2.19 x 10-4 mol) was dissolved in 3.4 mL of deoxygenated 

methanol under argon atmosphere; then 0.5 M sodium methoxide (1.33 mL) was added. The reaction 

mixture was left to stir 1 h at room temperature; DOWEX DR-2030 was then added and the mixture was 
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stirred until pH 5. The resin was filtered off and the solvent was removed under reduced pressure to give 

the thiol as pale yellow solid in quantitative yield. 

1H-NMR (500 MHz, CDCl3) δ: 1.28 -1.40 (m, 14H, CH2), 1.63 (m, 4H, CH2CH2SH and CH2CH2COOH), 

2.36 (t, 2H, J = 7.5, CH2COOH), 2.53 (pseudo q, 2H, CH2SH). 

Synthesis of NPs-C11COOH/F6 = 5/1 (61) 

 

80 mg (0.20 x 10-3 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(44 mL) and 0.14 x 10-3 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : HS-C11-COOH 58 = 0.65 : 1) were added while stirring the reaction mixture. Then a solution 

0.113 M of NaBH4 in deoxygenated ethanol (2.3 x 10-3 mol, 11.3 equiv.) was added dropwise for 15 

minutes. The mixture was stirred for 3 h and the reaction vessel was then placed in a refrigerator 

overnight, nanoparticles precipitated and the solvent was removed. Precipitated nanoparticles were 

washed with ethanol and acetone and dried under vacuum. Particles were dialysed using 5 inch segments 

of cellulose ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis membrane MWCO: 3500 Da) 

that were placed in 1L beakers of MilliQ water and stirred slowly. The bekers were recharged with fresh 

water ca. every 8 h over the course of 72 h. The nanoparticles solution was collected from the dialysis 

tube, and the solvent was removed under vacuum at < 45°C. To completely remove unbound ligands NPs 

were also particles were dissolved in methanol and permeated on SephadexTM LH-20 using methanol as 

eluent. Nanoparticles as a red solid were obtained. The final ratio between HS-C11COOH : F6 (determined 

from 1H-NMR spectrum of decomposed nanoparticles) was 5 : 1. 

Solubility properties: Good solubility in ethanol, methanol and acetone. When the solvent is 

removed NPs adhere very strongly to the glass walls of the round bottom flask and they return to dissolve 

in water only adding few drops of acetone. UV-Vis (water) λmax (nm): Weak surface plasmon band at 500 

nm. 1H-NMR (500 MHz, D2O): δ = 1.10 -1.50 (br, CH2), 1.60 (br, CH2CH2SH and CH2CH2COOH), 2.85 (br, 

CH2COOH) ppm. TEM: Xm = 3.01 nm;  = 0.52 nm; n = 234. TG Analysis: 20 %. Average composition: 

Au976(S-C11COOH)232(F6)28.  
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Synthesis of NPs-C11COOH/F6 1.5/1 (62) 

 

81.8 mg (2.08 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

(45 mL) and 1.38 x 10-4 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : HS-C11-COOH 58 = 1.3 : 1) were added while stirring the reaction mixture, then a solution 

0.113 M of NaBH4 in deoxygenated ethanol (2.35 x 10-3 mol, 11.3 equiv.) was added dropwise for 11 

minutes. The solution becomes brown-reddish. The mixture was stirred for 3 h and then NPs were 

precipitated by addition of hexane. Precipitated nanoparticles were repeatedly washed with hexane and 

finally to completely remove unbound ligands, particles were dissolved in methanol and permeated on 

SephadexTM LH-20 using methanol as eluent. Nanoparticles as a red solid were obtained. The final ratio 

between HS-C11COOH : F6 (determined from 1H-NMR spectrum of decomposed nanoparticles) was 1.5 : 

1. 

Solubility properties: Good solubility in ethanol, methanol and acetone. UV-Vis (water) λmax (nm): 

Weak surface plasmon band at 508 nm. 1H-NMR (500 MHz, CD3OD): δ = 0.9 –1.50 (br, CH2), 1.60 (br, 

CH2CH2SH and CH2CH2COOH), 2.25 (br, CH2COOH). TEM: Xm = 2.5 nm;  = 0.3 nm; n = 204. 

12-thioacetyl-1-trimethylammonium-dodecane10 (64) 

 

A solution of 12-(thioacetoxy)-1-bromododecane 49 (0.50 g, 1.55 x 10-3 mol) and trimethylamine 

(0.92 g, 1.55 x 10-2 mol) in dry THF (17 mL) was stirred in a sealed flask for 6 days. The reaction was 

followed by TLC and 1H-NMR. The colorless solution was dried under reduced pressure and white solid 

was obtained. Yield: 98%. 

1H-NMR (500 MHz, CD3OD) δ: 1.25 -1.47 (m, 16H, CH2), 1.56 (m, 2H, CH2CH2SAc), 1.80 (m, 2H, 

CH2CH2N(CH3)3), 2.30 (s, 3H, SCOCH3), 2.86 (t, 2H, J = 7.3, CH2SAc), 3.15 (s, 9H, N(CH3)3), 3.35 (m, 2H, 

CH2N(CH3)3). 13C-NMR (67.5 MHz, CD3OD) δ: 23.9, 27.3, 29.7, 29.8, 30.1, 30.2, 30.4, 30.5, 30.6, 30.7, 53.5, 

67.6, 194.8. MS-ESI (CH3OH) m/z: 302 [M]+. 

                                                                        
10 Shishino, Y.; Yonezawa, T.; Kawai, K.; Nishihara, H. Chem. Comm. 2010, 46,7211-7213. 
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12-trimethylammonium dodecylthiol11 (65)  

 

12-thioacetyl-1-trimethylammonium-dodecane 64 (200 mg, 5.23 x 10-3 mol) was dissolved in EtOH (2 

mL). HCl 6M (2 mL) was added and the reaction was performed under argon at 78°C for 3 h. After solvent 

evaporation 0.145 g of product were obtained as a white solid. Yield: 98%. 

1H-NMR (500 MHz, CD3OD) δ: 1.25 -1.47 (m, 16H, CH2), 1.60 (m, 2H, CH2CH2SH), 1.80 (m, 2H, 

CH2CH2N(CH3)3), 2.50 (t, 2H, J =7.1, CH2SH), 3.15 (s, 9H,N(CH3)3), 3.35 (m, 2H, CH2N(CH3)3). 13C-NMR (67.5 

MHz, CD3OD) δ: 23.9, 27.4, 29.8, 29.8, 30.2, 30.2, 30.5, 30.5, 30.6, 30.8, 53.5, 67.9. MS-ESI (CH3OH) m/z: 

260 [M]+. 

Synthesis of NPs-C12-N(CH3)3Cl/F6 = 5/1 (65) 

 

80 mg (2.03 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

and 1.35 x 10-4 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : HS-C12N(CH3)3Cl = 0.65 : 1) were added while stirring the reaction mixture, then a solution 

0.113 M of NaBH4 in deoxygenated ethanol (2.3 x 10-3 mol, 11.3 equiv.) was added dropwise for 15 

minutes. The solution becomes brown and nanoparticles precipitates when you stop the stirring. The 

mixture was stirred for 3 h and the reaction vessel was then placed in a refrigerator overnight, 

nanoparticles precipitated and the solvent was removed. Precipitated nanoparticles were repeatedly 

washed with DCM to remove unbound ligands. The final ratio between HS-C12N(CH3)3Cl : F6 (determined 

from 1H-NMR spectrum of decomposed nanoparticles) is 5: 1. 

Solubility properties: soluble in methanol, ethanol, low solubility in water. UV-Vis (water) λmax (nm): 

surface plasmon band at 525 nm. 1H-NMR (500 MHz, CD3OD): δ = 3.33 (br, CH2N(CH3)3), 3.17 (br, N(CH3)3), 

1.78 (br, CH2CH2N(CH3)3), 1.60-0.9 (br, CH2). TEM: Xm = 3.9 nm;  = 0.9 nm; n = 583. TG Analysis: 19%. 

Average composition: Au2406(S-C12-N(CH3)3Cl)256(F6)51.   

                                                                        
11 Bonomi, R.; Cozzolaro, A.; Prins, L. J. Chem. Comm. 2011, 47, 445-447. 
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Synthesis of NPs-C12N(CH3)3Cl/F6 = 1.3/1 (66) 

 

98 mg (0.249 x 10-3 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in deoxygenated ethanol 

and 0.166 x 10-3 mol (0.66 equiv.) of the thiols mixture (3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-

octanethiol : HS-C12-N(CH3)3Cl = 1.3 : 1) were added while stirring the reaction mixture, then a solution 

0.113 M of NaBH4 in deoxygenated ethanol (2.82 x 10-3 mol, 11.3 equiv.) was added dropwise for 15 

minutes. The solution becomes brown and nanoparticles precipitates when you stop the stirring. The 

mixture was stirred for 3 h and the reaction vessel was then placed in a refrigerator overnight, 

nanoparticles precipitated and the solvent was removed. Repeated washes with DCM has been done and 

46 mg of pure nanoparticles as a reddish solid have been obtained. The final ratio between HS-

C12N(CH3)3Cl : F6 (determined from 1H-NMR spectrum of decomposed nanoparticles) was 1.3 : 1. 

Solubility properties: soluble in methanol, ethanol, low solubility in water. UV-Vis (water) λmax (nm): 

surface plasmon band at 525 nm. 1H-NMR (500 MHz, CD3OD): δ = 3.33 (br, CH2N(CH3)3), 3.17 (br, N(CH3)3), 

1.78 (br, CH2CH2N(CH3)3), 1.60-0.9 (br, CH2). TEM: Xm = 4.0 nm;  = 0.9 nm; n = 362. TG Analysis: 16%. 

Average composition: Au2406(S-C12-N(CH3)3Cl)170(F6)114. 

Synthesis of NPs-C8TEG functionalized with HS-FITC by ligand exchange reaction (68) 

 

NPs-C8TEG (10 mg) 17 were dissolved in 2 mL of deoxygenated water under an argon atmosphere. 

150 µL of a solution 11mM of HS-FITC 67 in methanol was added, and the mixture was kept at 28 °C for 4 

days. The solvent was removed under reduced pressure at < 45°C. To completely remove unbound 

ligands, particles were purified by size exclusion chromatography using Sephadex LH-20 in methanol as 

eluent. 
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Synthesis of NPs-F8PEG functionalized with HS-FITC by ligand exchange reaction (69) 

 

NPs-F8PEG (11.8 mg) 18b were dissolved in 2 mL of deoxygenated methanol under an argon 

atmosphere. 174 µL of a solution 11mM of HS-FITC 67 in methanol were added, and the mixture was kept 

at 28 °C for 4 days. The solvent was removed under reduced pressure at < 45°C. To completely remove 

unbound ligands, particles were dissolved in MilliQ water and dialysed using 5 inch segments of cellulose 

ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis membrane MWCO: 3500 Da) that were 

placed in 1L beakers of MilliQ water and stirred slowly. The bekers were recharged with fresh water ca. 

every 8 h over the course of 72 h. The nanoparticles solution was collected from the dialysis tube, and the 

solvent was removed under vacuum at < 45°C. 

Synthesis of NPs-C8TEG functionalized with HS-FITC by ligand exchange reaction (70) 

 

NPs-C8TEG/F8PEG (10 mg) 19 were dissolved in 2 mL of deoxygenated water under an argon 

atmosphere. 150 µL of a solution 11mM of HS-FITC 67 in methanol were added, and the mixture was kept 

at 28 °C for 4 days. The solvent was removed under reduced pressure at < 45°C. To completely remove 

unbound ligands, particles were purified by size exclusion chromatography using Sephadex LH-20 in 

methanol as eluent. 
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Synthesis of NPs-MDDS/F6 functionalized with HS-FITC by ligand exchange reaction (71) 

 

NPs-MDDS/F6 (2.5 : 1) (10 mg) 55 were dissolved in 2 mL of deoxygenated water under an argon 

atmosphere. 150 µL of a solution 11mM of HS-FITC 67 in methanol were added, and the mixture was kept 

at 28 °C for 4 days. To completely remove unbound ligands, particles were dissolved in MilliQ water and 

dialysed using 5 inch segments of cellulose ester dialysis membrane (Spectrum Lab, Spectra/Por® Dialysis 

membrane MWCO: 3500 Da)  that were placed in 1L beakers of MilliQ water and stirred slowly. The 

bekers were recharged with fresh water ca. every 8 h over the course of 72 h. The nanoparticles solution 

was collected from the dialysis tube and used without removing the water to prevent aggregation of 

nanoparticles. 

Synthesis of NPs-C8TEG functionalized with HS-BODIPY by ligand exchange reaction (73) 

 

NPs-C8TEG (10 mg) 17 were dissolved in 5 mL of deoxygenated methanol under an argon 

atmosphere. 150 µL of a solution 1.94 mM of HS-BODIPY 72 in DMF/H2O were added, and the mixture 

was kept at 25 °C for 4 days. The solvent was removed under reduced pressure at < 45°C. To completely 

remove unbound ligands, particles were purified by size exclusion chromatography using Sephadex LH-20 

in methanol as eluent. 
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Synthesis of NPs-F8PEG functionalized with HS-BODIPY by ligand exchange reaction (74) 

 

NPs-F8PEG (10 mg) 18b were dissolved in 5 mL of deoxygenated methanol under an argon 

atmosphere. 150 µL of a solution 1.94 mM of HS-BODIPY 72 in DMF/H2O were added, and the mixture 

was kept at 25 °C for 4 days. The solvent was removed under reduced pressure at < 45°C. To completely 

remove unbound ligands, particles were purified by size exclusion chromatography using Sephadex LH-20 

in methanol as eluent. 

Synthesis of NPs-C8TEG/F8PEG functionalized with HS-BODIPY by ligand exchange reaction (75) 

 

NPs-C8TEG/F8PEG (8.5 mg) 19 were dissolved in 4.2 mL of deoxygenated methanol under an argon 

atmosphere. 128 µL of a solution 1.94 mM of HS-BODIPY 72 in DMF/H2O were added, and the mixture 

was kept at 25 °C for 4 days. The solvent was removed under reduced pressure at < 45°C. To completely 

remove unbound ligands, particles were purified by size exclusion chromatography using Sephadex LH-20 

in methanol as eluent.  
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Synthesis of NPs-C12-N(CH3)3Cl/F6 functionalized with HS-BODIPY by ligand exchange reaction (76) 

 

NPs- C12-N(CH3)3Cl/F6 (10 mg) 66 were dissolved in 5 mL of deoxygenated mQ water under an argon 

atmosphere. 150 µL of a solution 1.94 mM of HS-BODIPY 72 in DMF/H2O were added, and the mixture 

was kept at 25 °C for 4 days. To completely remove unbound ligands, particles were dissolved in MilliQ 

water and dialysed using 5 inch segments of cellulose ester dialysis membrane (Spectrum Lab, 

Spectra/Por® Dialysis membrane MWCO: 3500 Da) that were placed in 1L beakers of MilliQ water and 

stirred slowly. The bekers were recharged with fresh water ca. every 8 h over the course of 72 h. The 

nanoparticles solution was collected from the dialysis tube and used without removing the water to 

prevent aggregation of nanoparticles. 

Synthesis of NPs-MDDS/F6 functionalized with HS-BODIPY by ligand exchange reaction (77) 

 

MMPCs-MDDS/F6 (11.4 mg) 56 were dissolved in 5 mL of deoxygenated mQ water under an argon 

atmosphere. 150 µL of a solution 1.94 mM of HS-BODIPY 72 in DMF/H2O were added, and the mixture 

was kept at 25 °C for 4 days. To completely remove unbound ligands, particles were dissolved in MilliQ 

water and dialysed using 5 inch segments of cellulose ester dialysis membrane (Spectrum Lab, 

Spectra/Por® Dialysis membrane MWCO: 3500 Da)  that were placed in 1L beakers of MilliQ water and 
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stirred slowly. The bekers were recharged with fresh water ca. every 8 h over the course of 72 h. The 

nanoparticles solution was collected from the dialysis tube and used without removing the water to 

prevent aggregation of nanoparticles. 

Synthesis of 3.2 nm NPs-C12 (80) 

 

106 mg (0.27 x 10-3 mol, 3 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in mQ water (8.1 mL) into 

a 100 mL round-bottom flask and a solution of 546 mg of tetraoctylammonium bromide (0.67 x 10-3 mol, 

7.5 equiv.) in toluene (18.6 mL) was added. The two phase mixture was stirred vigorously until all 

tetrachloroaurate had transferred into the organic layer to give a deep orange solution while the aqueous 

phase became colorless (15 minutes). The phases were separated and 21.4 µL (8.94 x 10-5 mol, 1 equiv.) 

of dodecanthiol were added to the organic layer and the resulting solution was stirred for 10 minutes at 

room temperature. A solution of NaBH4 (101 mg, 2.68 x 10-3 mol, 30 equiv.) in 6.3 mL of water was added 

in 10 seconds. The reaction mixture becomes dark and was vigorously stirred for 3 hours. The organic 

phase was collected, and the solvent was removed under reduced pressure without heating above 35°C. 

The residue was dissolved in dichloromethane and transferred in two centrifuge tubes, where it was dried 

under mild argon flow. The nanoparticles were purified by centrifugation (10 minutes, 4000 rpm, 20 °C) 

with ethanol (7 x 25 mL) and acetone (7 x 25 mL) followed by decanting of the supernatant solution. The 

solvent was removed under argon flow and 57 mg of nanoparticles were obtained as a reddish solid. 

Solubility properties: soluble in dichlorometane, chloroform and toluene. UV-Vis (DCM) λmax (nm): 

surface plasmon band at 520 nm. 1H-NMR (500 MHz, CDCl3): δ = 0.90 (br, CH3), 1.27 (br, (CH2)9). TEM: Xm 

= 3.2 nm;  = 0.7 nm; n = 394. TG Analysis: 12.5%. Average composition: Au1400(C12)200. 

Synthesis of NPs-C12/F6 = 1/1 by place exchange reaction (81) 

 

NPs-C12 (10 mg) 80 were dissolved in 5 mL of deoxygenated dichloromethane under an argon 

atmosphere. A solution of 3.1 mg (8.1 x 10-6 mol) of HS-F6 in 0.3 mL of methanol was added, and the 
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mixture was kept under stirring at 40 °C for 3 days. The solvent was removed under reduced pressure, 

and the AuNPs were repeatedly washed with ethanol (7 x 20 mL) and acetone (7 x 20 mL) and centrifuged 

at 4000 rpm. 6 mg of nanoparticles were obtained as a reddish solid. The final ratio between C12 : F6 

(determined from 1H-NMR of decomposed NPs) was 1.3/1. 

Solubility properties: soluble in dichlorometane, chloroform and toluene. 1H-NMR (500 MHz, CDCl3): 

δ = 0.90 (br, CH3), 1.27 (br, (CH2)9). 

Synthesis of NPs-C12/F6 = 2.5/1 by place exchange reaction (82) 

 

NPs-C12 (20 mg) 80 were dissolved in 10 mL of deoxygenated dichloromethane under an argon 

atmosphere. A solution of 3.1 mg (8.1 x 10-6 mol) of HS-F6 in 0.3 mL of methanol was added, and the 

mixture was kept under stirring at 40 °C for 3 days. The solvent was removed under reduced pressure, 

and the NPs were repeatedly washed with ethanol (7 x 20 mL) and acetone (7 x 20 mL) and centrifuged at 

4000 rpm. 14 mg of nanoparticles were obtained as a reddish solid. The final ratio between C12 : F6 

(determined from 1H-NMR of decomposed NPs) was 2.5 : 1. 

Solubility properties: soluble in dichlorometane, chloroform and toluene. 1H-NMR (500 MHz, CDCl3): 

δ = 0.90 (br, CH3), 1.27 (br, (CH2)9).  

Synthesis of NPs-C12/F6 = 4/1 by place exchange reaction (83) 

 

NPs-C12 (20 mg) 10 were dissolved in 10 mL of deoxygenated dichloromethane under an argon 

atmosphere. A solution of 2.2 mg (5.4 x 10-6 mol) of HS-F6 in 0.2 mL of methanol was added, and the 

mixture was kept under stirring at 40 °C for 3 days. The solvent was removed under reduced pressure, 

and the AuNPs were repeatedly washed with ethanol (7 x 20 mL) and acetone (7 x 20 mL) and centrifuged 

at 4000 rpm. 12 mg of nanoparticles were obtained as a reddish solid. The final ratio between C12 : F6 

(determined from 1H-NMR of decomposed NPs) was 4 : 1. 
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Solubility properties: soluble in dichlorometane, chloroform and toluene. 1H-NMR (500 MHz, CDCl3): 

δ = 0.90 (br, CH3), 1.27 (br, (CH2)9).  

Synthesis of 1.5 nm NPs-C12 (84) and heat-induced size evolution12 

 

103 mg (2.62 x 10-4 mol, 1 equiv.) of gold salt (HAuCl4∙3H2O) were dissolved in mQ water (25.4 mL) 

into a 100 mL round-bottom flask and a solution of 289 mg of tetraoctylammonium bromide (5.28 x 10-4 

mol, 2 equiv.) in toluene (68 mL) was added. The two phase mixture was stirred vigorously until all 

tetrachloroaurate had transferred into the organic layer to give a deep orange solution while the aqueous 

phase became colorless (10 minutes). The phases were separated and 53 mg (2.62 x 10-4 mol, 1 equiv.) of 

dodecanthiol were added to the organic layer and the resulting solution was stirred for 10 minutes. A 

solution of NaBH4 (99 mg, 2.62 x 10-3 mol, 10 equiv.) in 25.4 mL of water was added in 10 seconds. The 

reaction mixture becomes brown and was vigorously stirred for 12 hours. The organic phase was 

collected, and the solvent was removed in a rotatory evaporator at 40°C and for 5 h at the mechanical 

vacuum pump.The crude solid obtained was heat-treated at 150°C at the heating rate of 2 °C/min and 

held for 30 min. at this temperature. The heat-treated product was dissolved in a little amount of toluene 

and precipitated with methanol. The supernatant solution was removed and NPs were washed several 

times with methanol to remove TOABr and unbound ligands. The solvent was removed under argon flow 

and 51 mg of nanoparticles were obtained as a reddish solid. 

Solubility properties: soluble in dichlorometane, chloroform and toluene. UV-Vis before heat 

treatment (DCM) λmax (nm): monotonic decay from 200 nm. UV-Vis after heat-treatement (DCM) λmax 

(nm): surface plasmon band at 520 nm. 1H-NMR (500 MHz, CDCl3): δ = 0.90 (br, CH3), 1.27 (br, (CH2)9). 

TEM before heat-treatment: Xm ≈ 1.5 nm. 

General procedure for nanoparticle decomposition with I2 

Nanoparticle decomposition was performed by using 50mg/mL iodine in methanol stock solution (or 

other solvent in which nanoparticles are soluble). 2 mg of nanoparticle were dissolved in 0.2 mL of 

methanol. Then Iodine stock solution was added into the nanoparticle solution until decomposing all the 

                                                                        
12 Teranishi, T.; Hasegawa, S.; Shimizu, T.; Miyake, M. Adv. Mater. 2001, 13, 1699 -1671 
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particles, this was further confirmed with the absence of plasmon peak with UV-Vis spectroscopy. Then 

the solvent was removed under vacuum and the NMR analysis was performed. 

General procedure for fluorescence and absorbance experiments on FITC- NPs. 

For fluorescence and absorbance experiments with nanoparticles 68 – 71, two methanol (or water in 

the case of NPs 71) solutions (0.27 mg/mL) were prepared and transferred into two fluorescence 

cuvettes. The first one was named reference and the second one sample. UV-Vis and fluorescence spectra 

of the two solutions were recorded. Then, 10 drops of a KCN water solution (0.015 M) were added in the 

sample to decompose nanoparticles. In the reference 10 drops of methanol were added to have a final 

concentration equal to the sample. NPs solutions were followed over the time recording UV-Vis and 

fluorescence spectra. 

General procedure for fluorescence and absorbance experiments on BODIPY- NPs. 

For fluorescence and absorbance experiments with nanoparticles 73 – 77, two PBS solutions (0.27 

mg/mL) were prepared and put into fluorescence cuvettes. The first one was named reference and the 

second one sample. UV-Vis and fluorescence spectra of the two solutions were recorded. Then, 20 µL of a 

KCN water solution (0.15 M) were added in the sample to decompose nanoparticles. In the reference 20 

µL of PBS were added to have a final concentration equal to the sample. NPs solutions were followed over 

the time recording UV-Vis and fluorescence spectra. 
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