
POUR L'OBTENTION DU GRADE DE DOCTEUR ÈS SCIENCES

acceptée sur proposition du jury:

Dr L. Weber, président du jury
Prof. F. Stellacci, directeur de thèse

Prof. A. Fink, rapporteuse
Prof. F. Mancin, rapporteur
Prof. K. Severin, rapporteur

Investigation of Key Parameters Affecting Ion-Capturing 
Abilitiesof Mixed-Ligand Protected Gold Nanoparticles

THÈSE NO 8105 (2017)

ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE

PRÉSENTÉE LE 18 DÉCEMBRE 2017
À LA FACULTÉ DES SCIENCES ET TECHNIQUES DE L'INGÉNIEUR

LABORATOIRE DES NANOMATÉNAUX SUPRAMOLÉCULAIRES ET INTERFACES - CHAIRE CONSTELLIUM
PROGRAMME DOCTORAL EN SCIENCE ET GÉNIE DES MATÉRIAUX 

Suisse
2017

PAR

Elif ERTEM BEKDEMIR





i 

 
 

 
 
 

Learning never exhausts the mind 
  

- LLeonarda da Vinci 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

To my beloved family, 
 
Dualariyla hayatta hep dimdik ayakta kalmami saglayan guzel annem, Lâle’ye 
Davranislari ve ögretileriyle onurlu bir hayatin yolunu gosteren babam, Nejdet’e 
Yasadigimiz her seyi mutluluga donusturen, ellerimi hic birakmayan sevgili esim, 
Ahmet’e 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ii 

AACKNOWLEGMENTS 

Throughout the past five years of research at SUNMIL group, I had the overwhelming 

support of my advisor, my colleagues, and my relatives. Now, it is time to thank all of 

them since the results shown in this thesis would not exist without the guidance and 

encouragement from them.  

First of all, I would like to express my sincere thanks to my supervisor, Prof. Francesco 

Stellacci, who gave me a chance to pursue my scientific enthusiasm in his laboratory. He 

tried to teach me how to become a good scientist by showing the proper ways of 

designing, and organizing the experiments to be able to reach a conclusion. His style of 

looking at things from completely different point of views made me amazed every time. 

He has been always kind and understanding, providing us a relaxed working 

environment. 

I have been worked with brilliant people during my incredible journey at EPFL. Special 

thanks go to: Dr. Eun Seon Cho, who was the former PhD student initiating the project 

presented in this thesis. She also helped me to conduct the experiments presented in 

Chapter 5 of this thesis. I would like to state my sincere gratitude to Ahmet Bekdemir for 

his scientific advices and performing fractionation experiments as well as Zhi Luo who 

helped me with the MALDI-TOF experiments. A special mention goes to Prof. Paola 

Posocco for performing molecular simulations of our gold nanoparticles. I am grateful to 

Dr. Matej Janecek, who helped me to grammatically re-structure this thesis. In addition, 

he has been offering his valuable help all the time, showing his great curiosity and interest 

in scientific dialogue.  

I have been also involved in different kinds of projects, whose results were not presented 

in this thesis due to mismatch of the research topics. However, I would like to thank here 

both my internal and external collobarators, whom I worked with within those 

interesting projects. A big thanks goes to Prof. Anna Roig, Dr. Nerea Murillo-Cremaes, 

Dr. Randy Patrick Carney, Dr. Anna Laromaine, Dr. Emma-Rose Janecek, Dr. Sergio 

Allegri, Dr. Qun Ren, and Dr. Beatrice Gutt for their excellent contributions and 



iii 

guidance to obtain fruitful results from our projects. I have been very lucky to be part of 

these dynamic research teams.  

 

I would like to express my appreciation to Dr. Quy Ong Khac, Dr. Paulo Jacob Silva, 

and Dr. Marta Diezcastellnou for sharing their valuable experiences with me, and giving 

me useful advises.  

To the people of SUNMIL group, I have really prized our scientific discussions as much 

as the non-scientific ones. I was very lucky to be surrounded by brilliant people like you. 

We have a very friendly working environment, in which we have always been supported 

each other by all means. I really need to thank you all for the great time we spent 
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AABSTRACT 

Over the past decades, there has been a dramatic change in the types and amounts of 

metal ions in the biosphere, since we have introduced huge amount of metal waste into 

our environment in the course of industrialization of our society. Most of the metal 

cations persist in ecological systems and in the food chain, exposing top-level predators. 

Therefore, there is a huge need to develop sensitive, cost-effective, portable, and rapid 

sensing systems for continuous monitoring of the metal ions in various aquatic 

environments. 

The introduction of gold nanoparticles to the field of metal ion sensing has offered 

extensive opportunities to the design of miniaturized sensors with improved selectivity, 

limit of detection, signal-to-noise ratio, and response time. The ability to tune 

nanoparticles’ properties by simple chemical modifications of their core or ligand shell 

was one of the key for their early successes in this field. In particular, the surface of gold 

nanoparticles (AuNPs) can be decorated with a wide range of organic ligands, which 

enables their selective interaction with a specific metal ion. A previous study from our 

group demonstrated that mixed-ligand coated gold nanoparticles in specific size and 

ligand compositions ranges were able to capture metal cations selectively.  

The ultimate goal at this thesis was to develop an understanding of such mixed-ligand 

coated nanoparticles’ binding to metal cations. To achieve this goal, the ion binding 

capability of mixed-ligand coated AuNPs were systematically studied for nanoparticles of 

different ligand shell composition, and core size of the nanoparticles. Our results revealed 

that the selectivity and the binding ability of the studied particles to the cation of interest 

(here Cd+2) is strongly influenced by the parameter studies. We also found that the 

molecular conformation of the ligands for the particles in dry state has an unexpected and 

significant effect on the binding. In order to summarize the results obtained, a phase 

diagram was constructed. Understanding the concept behind the selectivity of our 

AuNPs in terms of ligand-shell conformation, which highly depends on the ligand 

composition and the size of AuNPs will enable researchers to develop selective sensors for 

detection of various metal ions. 

Keywords: gold nanoparticles, mixed-ligand, metal ions, binding, sensors, phase diagram 
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RRÉSUMÉ 

Au cours des dernières décennies, il y a eu un changement radical dans les types et les 

quantités d'ions métalliques dans la biosphère, car nous avons introduit une énorme 

quantité de déchets métalliques dans notre environnement au cours de l'industrialisation 

de notre société. La plupart des cations métalliques persistent dans les systèmes 

écologiques et dans la chaîne alimentaire, en exposant les prédateurs de haut niveau. Par 

conséquent, il est grandement nécessaire de développer des systèmes sensibles, rentables, 

portables et rapides pour la surveillance continue des ions métalliques dans divers milieux 

aquatiques. 

 

L'introduction de nanoparticules d'or dans le domaine de la détection des ions 

métalliques a offert des possibilités étendues à la conception de capteurs miniaturisés avec 

meilleure sélectivité, limite de détection, rapport signal sur bruit et temps de réponse. La 

capacité de modifier les propriétés des nanoparticules par des modifications chimiques 

simples de leur cœur ou de leur coquille de ligands a été l'une des clés de leurs premiers 

succès dans ce domaine. En particulier, la surface des nanoparticules d'or (AuNP) peut 

être décorée avec une large gamme de ligands organiques, ce qui permet leur interaction 

sélective avec un ion métallique spécifique. Une étude précèdent de notre groupe a 

démontré que les nanoparticules d'or revêtues de ligands mixtes, dans des gammes 

spécifiques de taille et de composition des ligands, peuvent capter sélectivement les 

cations métalliques. 

 

Le but ultime de cette thèse était de développer une compréhension de la liaison de ces 

nanoparticules revêtues de ligands mixtes aux cations métalliques. Pour atteindre cet 

objectif, la capacité de liaison aux ions des AuNP revêtues de ligands mixtes a été 

systématiquement étudiée pour des nanoparticules avec une différente composition de la 

coquille et une différente taille des cœurs. Nos résultats ont révélé que la sélectivité et la 

capacité de liaison des particules étudiées au cation d'intérêt (ici Cd+2) sont fortement 

influencées par les paramètres étudiés. Nous avons également constaté que la 

conformation moléculaire des ligands pour les particules à l'état sec a un effet inattendu 

et significatif sur la liaison. Afin de résumer les résultats obtenus, un diagramme de phase 
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a été construit. Comprendre le concept de la sélectivité de nos AuNP en termes de la 

conformation de la coquille, qui dépend fortement de la composition des ligands et de la 

taille des AuNPs, permettra aux chercheurs de développer des capteurs sélectifs pour la 

détection de divers ions métalliques. 

 

MMots-clés: nanoparticules d'or, ligands mixtes, ions métalliques, liaisons, capteurs, 

diagramme de phase 
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CCHAPTER 1 

 

Introduction-1 

 

We are reminded of our metal-rich environment each time we taste our salty tears, or 

instinctively lift a cut finger to our mouths recognizing the metallic taste of our blood. 

Natural evolution has integrated many metal ions into critical biological functions in our 

body. While some of metal ions are simply toxic like, cadmium, others like, copper and 

zinc, are both essential and toxic. The toxicity effect of essential metal ions cannot be 

grasped well without the statement of Paracelsus, the father of the toxicology, as 

“Everything is poisonous, and nothing is not; only the dose ensures that something is not 

poisonous.” Therefore, the concentration of metal ions that we are exposed to 

throughout our daily life is important for the sake of our healthy body functioning. On 

the other hand, metals are vital for humans not only physiologically, but also 

economically, as they play crucial roles in the improvement of civilizations. Over the past 

decades, there has been a dramatic increase in the types and amounts of existing metal 

ions in the biosphere since we have introduced huge amount of metal waste into our 

environment in the course of industrialization. Thus, there is a huge requirement to 

develop sensitive, cost-effective, portable, and rapid sensing systems for monitoring of 

these metal ions in various aquatic environments. 

 

The introduction of nanostructured materials such as noble metal nanoparticles to the 

field of metal ions sensing has offered extensive opportunities to the design of 

miniaturized sensors with enhanced sensitivity and selectivity. Among various 

nanomaterials, gold nanoparticles (AuNPs) represent an excellent scaffold for the 

fabrication of metal ion-sensors due to their ease of synthesis, modification, stabilization, 

and distinctive physical and optical properties. Previous study of our group1 revealed that 

mixed-ligand coated AuNPs of specific size and ligand composition can be of great utility 

by creating new recognition processes, and thus being able to capture metal cations 

selectively and sensitively.   
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The present study is a continuation of our previous work. The ion-binding capabilities of 

AuNPs are investigated by shining light on the role of ligand composition, size of the 

NPs and the resulting conformation of self-assembled monolayers (SAMs). 

 

The significance of the study conducted in this thesis cannot be appreciated without 

knowing the background information presented in CChapter 1 and 2. Firstly, Chapter 1 

introduces to the reader the role and the importance of metal ions in our body. Secondly, 

it provides background to understanding of the toxicity of these ions. The advantages and 

disadvantages of conventional techniques used to determine the metal ion concentrations 

in aquatic medium are outlined. A comprehensive literature review of the current state-

of-the-art of AuNP based metal ion sensing systems is presented.  
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11.1 Metal Ions in Biology  

 

1.1.1 General Chemistry of Metal Ions in Aqueous Solutions 

 

The ionization energies of all elements are positive, which means that the formation of 

cations in gaseous form is not an energetically favorable process.2  

 

M (g)             M+ (g) + e- 

 

M (g)             M2+ (g) + 2e-    etc. 

 

First ionization energies of the elements range from 90 kcal mol-1 for Cesium, up to 567 

kcal mol-1 for Helium. Metals are elements with lower ionization energies so that they are 

more likely to form positive ions.2,3 When a metal is transferred into a solution, solvation 

of the metal ion (M+n) can offset the unfavourability of the gas phase ionization process to 

a greater or lesser extent. From toxicological or biological viewpoint, the environment of 

a metal cation in aqueous solution is important3, and can be roughly divided into several 

layers as depicted in Fig.1.1.2 

 

 

 

 

 

 

 

 
Figure 1.1: The metal ion environment in water. The black sphere is metal cation; A) primary water; B) 

secondary water; C) disordered water; D) bulk water. This model only applies fully in very dilute solutions 

(lower than 0.1 M for a 1:1 electrolyte).   

M

M
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FFig.1.1.A represents the first hydration shell of the metal cation. This contains water 

molecules directly interacting or bonding with the cation.2 The secondary hydration shell 

is shown in Fig.1.1.B. In this shell, the cation has an influence on the order of water 

molecules. Electron-withdrawing effect of the cation on tightly bound water molecules in 

first solvation shell encourages them to make hydrogen bonding with secondary water of 

hydration.2,3 The volume of secondary solvation shell is highly affected by the charge and 

the size of the metal ion, being large for small ions of high charge and small or negligible 

for large ions of low charge.2 

 

Fig.1.1.C depicts a disordered zone, separating the ordered region of Fig.1.1.A and 

Fig.1.1.B from differently ordered region of Fig.1.1.D. The extent of this zone can vary 

depending on the charge density of the metal ion.2  
 

Bulk water can be assigned to the region shown in Fig.1.1.D. The scenario depicted in 

Fig.1.1 can only be applied to very dilute solutions where there are sufficient water 

molecules to surround each cation. The existence of the anion is ignored in the case of 

the dissolution of ionic salt since it is possible to treat the cation as isolated in dilute 

conditions. When the concentration of the ionic salt increases, there comes a time when 

the interaction between cation-anion can no longer be ignored. In that case, anion may 

enter the primary hydration shell of the cation.2,3  

 

The zones depicted in Fig 1.1.B, C, and D can fuse undetectably into each other. This 

also may be true for the zones shown in Fig.1.1.A, and B, but a differentiation between 

these two regions can be made. For metal ions of high charge density, the rate of 

exchange of water molecules between region demonstrated in Fig.1.1.A, and the other 

regions is sufficiently slow for a real physical distinction to be possible, for example by the 

use of NMR spectroscopy.2,3  

 

In non-aqueous polar solvents, such as methanol, ethanol, or formamide, the typical 

picture of Fig.1.1 still applies. Since non-aqueous solvents are much less structured than 

water, the distinctions between the properties of bulk solvent, and those of hydration 

shell zones will be less important.2  
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11.1.2  Importance of Metal Ions in Biology  

 
Since most biological molecules, such as DNA and proteins, are electron rich, there is a 

tendency of metal cations for biological molecules. In light of this information, it is not 

surprising that natural evolution has integrated many metals into critical biological 

functions.4,5  

 

There are ten essential metals in human body, which perform a broad variety of tasks.6 

The deficiency of an essential metal results in abnormalities in biological functions and it 

can be relieved only by supplementing that metal ion.4,6,7 The rest of the metals, which are 

not at all vital for proper functioning of the human body are called non-essential metals.8 

 

Four of the essential metals, potassium, sodium, calcium and magnesium contribute 

almost 99% of the metal ion content of the human body. Therefore, they can be 

considered as ‘bulk elements’.9 Copper, cobalt, zinc, iron, manganese, and molybdenum 

are the other six metals that are crucial for human life, yet their abundance is much lower 

than the bulk elements, so they are called ‘trace elements’.9 

 

The function of metal ions is regulated evolutionary depending on their properties. 

Mobility and strength of binding of the metal ions to organic ligands are two main 

factors that determine their main tasks in human body.9 Table 1.1 shows the correlation 

between mobility, ligand-binding affinity, and biological functions of essential metals.8,9 
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Table 1.1: Relationship between mobility, strength of ligand-binding, and general biological roles of 

essential metals 7,8 

 

1.1.3 Toxicity of Metal Ions 

 

Metal ions, essential for human body, like zinc and iron, as well as the non-essential 

metals, like mercury, cadmium and lead, may exert toxic effects if the dose of 

consumption or exposure exceeds certain levels.7,8,10  

For both the essential and the non-essential metals, Fig.1.2 envisages the relationship 

between the metal concentration and the physiological response.7,11 There are 

concentration ranges that allow the optimum physiological response, whilst 

concentrations above and below this range are detrimental to life. These concentration 

levels are referred to ‘critical levels’.  The concentration levels labeled as A, B and C in 

Fig.1.2.A and B can be assigned to critical levels.7,11  
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Figure 1.2: Dose-response relationships for (A) essential and (B) nonessential elements. 

 Although all essential metals follow a general trend in terms of their toxicity effects, 

which is shown in Fig.1.2.A, the critical levels of the metal ions vary largely depending 

on their functions.12 Table 1.2 shows the estimated concentration levels of essential 

metals in human body that helps to understand how the abundance of an essential metal 

ions change with respect to type of the metal ion.7 The origin of the toxicity of an 

essential metal is the shift from physiological equilibrium state concentrations to a 

condition of excess caused by an environmental or other factors.7  

For instance, acute overexposure to cobalt leads to toxicity and the severe consequences 

were observed in the 1960s among heavy beer drinkers (15–30 beers per day), when Co2+ 

salts were utilized in beers as foam stabilizers, resulting in severe and often lethal 

cardiomyopathy.8 Another example is manganese; it is highly neurotoxic in large doses. 

Since neurons are more vulnerable than other cells to manganese-induced toxicity, 

manganese tends to accumulate in the brain resulting in the condition known as 

manganism. It is first spotted in miners during the 19th century who showed Parkinson’s 

disease-like symptoms.8,10 Fig.1.2.B describes the response of the body against the non-

essential metal ions. Among them, there are highly toxic heavy metals (metals with 

specific density more than 5 g/cm3) like lead (Pb), cadmium (Cd), mercury (Hg), arsenic 

(As) and chromium (Cr) for which the critical level “C” is lower than critical level “B” in 

Fig. 1.2.10,12–15 These metals have a tendency to form complexes with bio-macromolecules 

containing sulfur, nitrogen, and oxygen such as enzymes, nuclear proteins or DNA.16 
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TTable 1.2: Approximate concentrations of essential meral ions found in a 70 kg adult.6 

 

As a consequence, the bio-chemical life cycle of the cells is distorted due to enzyme 

inhibition, protein structure alteration or hydrogen bond rupture.12,15,16 For example, 

cadmium ions inhibit enzymes that are involved in repairing errors that produce DNA 

mismatches.12,15 These mutations in genes get amplified due to lack of that enzyme, 

resulting in cancer. Another important mechanism of the carcinogenic and toxic 

outcomes of heavy metals such as those affecting the central nervous system (Hg2+, Pb2+, 

As3+); liver or the kidneys (Cd2+, Hg2+, Pb2+); bones, skin, or teeth (Cd2+, Cr3+) is reactive 

oxygen species (ROS) production and oxidative stress.16 Unlike the other metals heavy 

metals get excreted gradually through liver, kidney or spleen due to strong interaction of 

these metals with metallothioneins (a family of cysteine-rich proteins).15 
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11.2 Metal Ions in Environment  

 

1.2.1 Why is it crucial to check routinely the metal ion concentration in 

aquatic systems? 

 

Being natural elements, metal ions are ubiquitous in the environment. The 

concentration levels of the metal ions in various parts of the ecosystem can be changed by 

natural means such as weathering of the earth’s crust, volcanic eruptions, soil erosion 

etc.13 However, in recent times, there has been a great disturbance of the natural levels of 

metal ions mostly due to anthropogenic activities. Because of the exponential increase in 

the consumption of metals in numerous industrial, domestic, agricultural, and 

technological applications, metal ions have become significant environmental 

pollutants.10,13 Mercury, arsenic, cadmium, chromium, and lead rank among the prime 

metals of public health significance due to their critical concentration levels, which are 

lower than that of other metals and as such exhibit serious 

toxicity.8,12,13 Since these metals are not biodegradable, when 

the free or complexed forms of them find their way into fresh 

and marine waters, including underground water, they 

accumulate in the biosphere exposing top-level predators to 

high levels of pollution.16 For example, in 1950’s, the residents 

of the Jinzu River basin in Toyama territory, Japan were 

exposed to a serious form of cadmium poisoning due to 

consumption of the crops, especially rice, irrigated by 

cadmium polluted water over a period of many years.13,17 The 

point source of the pollution was found to be a zinc mine 

located in the upper part of the Jinzu River. Bone softening 

leading to easy fracturing (72 fractures in one victim) and 

kidney failure was the most serious consequences of the 

disease, which is called as iitai-itai disease.8,12,13,17 One of the 

victims of the disease (Fig.1.3) shows how serious the skeletal 

deformities were. Unfortunately, disposal of cadmium and 

Figure 1.3: One of the 

victims of itai-itai 

disease. (1 September 

2017) Retrieved from 

http://2009.igem.org/Tea

m:Cornell/Project/Backg

round  
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cadmium containing products into the world ecosystem (118,400 tons in 2003; 20,400 

tons in 2007) has progressively increased due to heavy utilization of cadmium in the 

industrialized world.17  

 

Another severe example is mercury poisoning of the local people living near Minamata 

city in southern Japan in 1956.8 The primary cause of the disease was the dumping of 

industrial wastewater contaminated with methylmercury by a chemical manufacturer to 

Minamata Bay. Then, methylmercury accumulated in aquatic food chain, reaching its 

highest concentrations in fish and shellfish, which when eaten by the local people lead to 

mercury poisoning.8,17 There were officially 2265 victims, of which 1784 passed away, 

suffered from neurological symptoms like loss of field of vision, hearing and talking 

abilities, and overall muscle weakness.17 In the rural areas of Iraq in 1971 to 1972, 

consumption for 2-3 months of bread made from seed wheat treated with mercury 

positive fungicide caused more than 6500 hospital admissions and 500 deaths.8 Today, 

methylmercury is predominantly found in aquatic sediments and soils as a result of the 

methylation of inorganic mercury.17 It is very dangerous since it is easily absorbed from 

the diet and within a few days spreads throughout the body. It is mainly present in the 

body as a water-soluble complex with L-cysteine, and it can therefore easily cross the 

blood-brain barrier, targeting the central nervous system.17 As the industrialization of our 

society progressed, there have been several other chronic and acute poisoning cases due to 

increased levels of both essential and non-essential metals.15 The introduction of huge 

amounts of metals into the environment has raised a lot of questions among the public. 

Hence, Environmental Protection Agency (EPA) and World Health Organization 

(WHO) have defined safe concentration limits of highly toxic heavy metals in drinking 

water.10,12 Table 1.3 demonstrates the typical concentrations within the safe limits for 

heavy metals of primary concern. 

 

Bearing in mind that postponement in detection and evaluation of these metal ion 

contaminants in aquatic environments has been the cause of several serious health 

problems for living organisms,14,15,18 especially for humans, there is an immense necessity 

to monitor the metal ion concentrations in water bodies.  
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TTable 1.3: Safe concentration limits for heavy metals in drinking water suggested by WHO and EPA9, 12 

 

1.2.2 Conventional methods for routine monitoring of metal ion levels 

 

Today, the main challenge in analytical chemistry is to develop accurate, precise, rapid, 

and cost effective techniques for routine analysis of various metal ions in aqueous 

environments with mass fractions of around 10-11 (0.01 ppb) or below.19,20 Analysis of 

metal ions at trace levels involves a degree of sophistication, depending on the metal ion 

of interest, the matrix, and the concentration level.21 Many instrumental analytical 

methods now exist for trace analysis.19,20,22 However, these methods may suffer from bias 

with respect to each other and to the true value.19 To understand the potentials and 

limitations of these methodologies, it is crucial to consider what analytical techniques are 

available to the researchers.  

The most prevalent analytical methods have shown to be applicable in trace level analysis 

of various metal ions in a variety of matrices can be divided into four main categories.19,23 

(I) Electrochemical Methods: Potentiometry and stripping voltammetry are two main 

electrochemical techniques that have seen significant development in trace metal analysis 

within the last few years.23 

The principle of potentiometric sensors is based on monitoring the changes in the 

equilibrium voltage between two electrodes while the electric current between the 
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electrodes is maintained under an almost zero-current condition.19,23,24 Depending on the 

activity of the ion of interest, equilibrium potential of the indicator electrode changes as a 

Nernstian function:19,23 

EISE = E0 + (RT /zF) lnαM (aq) 

E ISE is the interfacial potential of the electrochemical cell at zero current, E0 is the 

standard cell potential; T, R and F are absolute temperature, the gas constant and the 

Faraday constant, respectively; α is the ion activity of the target metal M that has charge 

z. It is important to understand that the activity of the ion describes the concentration of 

uncomplexed or free analyte, which can be orders of magnitude smaller than the total 

concentration.19,23,24 Most commonly utilized indicator electrodes (ISEs) possess ion-

selective membranes whose electrical potential provides an analytical response that is 

highly specific to the measured ion. In order to ensure getting specific analytical response, 

the membranes are doped with either sensing components such as ionophores that can 

selectively chelate with the analyte or with ion exchanger moieties that attract a fixed 

concentration of analyte and conserve charge balance into the membrane phase.23 

ISEs have been used for detection of more than 60 ions so far and they have been well 

established for clinical evaluation of electrolytic ions such as Na+, K+, Mg2+, Ca2+, and Cl- 

in blood or plasma with micro-molar (μM) range detection limits.23 Since Pb2+ selective 

electrodes with picomolar (pM) detection limit has been reported by Ceresa et al. in 

2001, there has been significant development in trace analysis.23,25 However, there is still 

a huge room for the improvement because the presence of interfering ions becomes more 

pronounced at trace analyte levels. Interfering ions in solutions can be either present at 

high concentration, or have a high affinity to the indicator electrode, which results in a 

significant positive bias on measurement results.19,23 

The variety of ISEs with low detection limits needs to be expanded either by use of novel 

ion-selective materials (ionophores), effective electrode design and robust calibration of 

the systems. In addition, since the technique allows us to detect free metal ions, 

environmental samples should be pre-treated (etc. buffering to low pHs) to ensure that 

all metal ions are uncomplexed, and therefore it might result in a lengthy protocol. On 
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the other hand, the system is highly cost effective and suitable for miniaturization, which 

can be utilized in very small sample volumes.19,23,24 

Sttripping voltammetry is another common electrochemical technique for trace metal 

analysis that is based on the redox behavior of the analyte on the electrode.24 It is a two-

stage technique in which the first stage is the accumulation of a chemical species on the 

surface of the electrode at a constant potential by either a faradaic (cathodic or anodic) or 

non-faradaic (absorptive) manner.19,23 In the second step, the voltage is varied in a 

systematic manner, which results in stripping (electrolytic dissolution) of electro-active 

species back into the solution at distinctive potentials.  The current-potential profiles at 

electrode surface are measured at each stripping step and the follow-on current is 

proportional to the concentration of the analyte of interest.19  

Mercury electrodes that can be configured as either a hanging drop or a thin film have 

been extensively used in the area. The technique uses the advantage of amalgam 

formation, therefore; trace level analysis of many metal ions such as lead ions is possible 

at sub-ppb level.19 However, these techniques require high safety precautions regarding 

recovery of the mercury element after each experiment. In addition, the accumulation in 

the first step is time consuming when very low element concentrations is concerned since 

long accumulation times are needed to build up enough material at the electrode to be 

accurately measured.19 

The range of detectable elements with this method is limited to around 20 elements due 

to the overlap of characteristic stripping peaks of interfering elements in the sample.19 

Moreover, the method is not able to measure the concentration of elements bound 

within compounds whose reduction (or oxidation) potential is outside the sweeping 

potential applied during pre-concentration. Its response is only to the presence of free ions 

or elements in labile complexes.19 

(II) Atomic Spectroscopic Methods: In these methods, the elements are atomized or 

ionized at very high temperatures (at furnace or plasma) and then the constituent atomic 

fragments are analyzed by their interaction with electromagnetic radiation (absorption, 

emission, or fluorescence), or by their mass-to-charge ratio.19,24,26 
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These methods remain the most popular approach since they allow the trace or ultra-

trace level elemental detection regardless of the matrix and of the element of interest. 

Unlike the electrochemical techniques mentioned in previous section, these methods do 

not provide the concentration of free ions in the matrix, instead; they provide analysis of 

the total amount of element present in the sample.19 The technique can also provide 

chemical state or speciation data if it is coupled with a chromatographic column.21 

Atomic spectroscopy can be subdivided into four approaches, namely; atomic emission 

spectroscopy (AES), atomic absorption spectroscopy (AAS), atomic fluorescence 

spectroscopy (AFS), mass spectroscopy (MS) based on the detection principle.24 Among 

all the approaches, the most advantageous technique is inductively coupled plasma-mass 

spectroscopy (ICP-MS), providing access to the lowest limit of detection (parts-per 

trillion (ppt) ranges) currently obtainable in routine analytical chemistry.19 In addition, it 

is a multi-element detection system, which allows a broad detection range of elements. 

ICP-MS uses argon plasma as a source to dissociate the elements, therefore; complete 

atomization of the elements is ensured. The ions that are released from the plasma are 

directed to mass filters (either a quadrupole or a magnetic sector) where they are 

separated according to their atomic mass-to-charge ratio.27  

On the other hand, the ICP-MS is a very expensive, large and bulky instrument making 

it challenging for an on-site and real-time detection. In addition, to prevent the 

overlapping peaks from interfering species and to minimize the matrix effect, huge 

amount of time has to be dedicated to sample preparation.19 Moreover, since the 

instruments are sophisticated, specialized personnel are needed to carry out the 

operational procedures.  

((III) X-Ray Methods: A frequently used method in this area is the X-ray fluorescence 

(XRF) a physical phenomenon involving the interaction of X-rays with the sample. It can 

be utilized to measure the total content of any metal in the sample at its trace level (ppt 

range).27 

When high-energy photons, or electrons strike an atom, it induces removal of inner 

orbital electrons. Since the atom becomes unstable, outer orbital electrons fill the orbital 

vacancies in the inner shell. As a result of this phenomenon, X-ray photons are emitted 
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because the outer shell electrons have a higher energy than the replacing electron. XRF is 

based on the measurement of the energy (wavelength) and intensity of these photons. 

The energy of X-ray fluorescence peak is associated to a specific element because the 

energy levels for each element are different.19,26,27 

Quantitation is usually accomplished by the addition of an internal standard, a single 

element that is not present in the sample itself. Large systematic errors may arise due to 

the lack of robustness in the calibration methods.19 Compared to the atomic 

spectroscopic techniques, the cost of instrument is high and the instrument is not 

suitable for relocation. Direct measurement of liquid samples is not possible since they 

need to be in the form of a thin film for this technique.19,26 

((IV) Neutron Activation Analysis (NAA): The NAA method has been effectively applied 

to measure the total metal amount in different sample matrices at trace or ultra-trace 

levels.27 In this technique, neutrons are used to irradiate the target element producing 

radionuclides with characteristic half-lives. As these radionuclides decay to a lower energy 

state, they emit delayed gamma rays with specific energies for each element. Quantitative 

measurement of the metal concentrations is based on determination of the intensities of 

these gamma rays emitted from the radioactive isotopes by a suitable detector.19,27 

NAA is as a robust technique, which provides very accurate results, and allows for 

simultaneous determination of multi-elements at very low concentrations (limit of 

detection for some metals can be mass fraction of 10-15 or below).26 However, the 

instrument is very expensive even compared with ICP-MS and it is not applicable to 

carry to the field for the analysis. In addition, the throughput of NAA techniques is low. 

In terms of sample preparation, it is similar to XRF16,28,29, and the liquid samples should 

be dried before measurements, which is a time-consuming step for routine analysis.19 

 

1.3 Sensing Systems for Detection of Metal Ion Levels 

 
A chemical sensor is a “sensing device” that can report the presence or the concentration 

of an analyte by physical means as a result of a chemical stimulation.28 Various key 
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improvements, which have been initiated in modern world, are based on chemical 

sensors. They have found broad applications in many fields, such as medical diagnosis, 

process control, or environmental monitoring.29 A chemical sensor should be 

distinguished from complex analytical systems such as infrared and mass spectrometers, 

which might sometimes be referred to chemical sensors. However, a chemical sensor is 

typically more handy and inexpensive than conventional instrumentation.28 In addition, 

Janata et al. states that a chemical sensor must provide “a real time insight into the 

chemical composition of the system” and combine “recognition and amplification” with a 

resulting analytical signal.30 Sensing systems generally contain two functional parts (FFig 

1.4): a receptor part, which provides selectivity for the desired ions and/or molecules, and 

a transducer part, which gives analytically useful signal upon binding event.16,29 

 

 

 

FFigure 1.4: Schematic illustration of a sensing systems. Adapted from Ref. 17 with permission from 
American Chemical Society. 

In the receptor part of a sensor, chemical information is transformed into a form of energy 

that can be measured by the transducer. The chemical information may originate from a 

chemical reaction of the analyte or from a physical property of the system 

investigated.16,29 Various principles can be employed in the receptor part of the chemical 

sensors. It can be based on physical means such as change in mass, temperature, refractive 

index, absorbance, conductivity, where there is no chemical reaction between receptor 

and the analyte.31 Or, it can be chemical, in which a chemical reaction between 

recognition moiety and the analyte gives rise to the analytical signal. Biochemical process 

can be also the source of analytical signals.32 

The transducer is a device capable of transforming the energy carrying the chemical 

information about the sample into a useful analytical signal. The transducer as such does 
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not show selectivity. Operating principle of the transducers could be optical, mechanical 

(mass), thermal, magnetic, or electrical.16,29 

Recently, there has been a high demand for highly sselective, sensitive, and portable 

chemical sensors with low detection limit and large dynamic range for routine metal 

analysis in environmental systems.29  

 

 

 

 

 

 

 

 

 

Figure 1.5: Response curve of a chemical sensor displaying sensitivity, LOD (limit of detection, Sbl + 3sbl of 

the blank), dynamic range, LOQ (lower limit of quantitation, Sbl + 10sbl of the blank), and ULOQ 

(upper limit of quantitation, 5 % deviation from linearity). Sbl is signal of the blank, sbl is standard 

deviation of the blank signal, and S/N is signal to noise ratio. 

The calibration curve is a plot that shows how a sensor responses the changes in the 

concentration of the analyte. From a practical point of view, it is formulated as the linear 

regime of the binding isotherm. Upper limit of quantitation (ULOQ) defines the upper 

limit of the dynamic range. Above ULOQ, the saturation of the receptor starts, and 

therefore linear response depending on the change in the concentration of the analyte 

cannot be observed.  

The change in output of the sensor per unit change in the concentration of the analyte 

shows the sensitivity of the sensor.27 In other words, sensitive sensors have high ability to 
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discriminate between small differences in analyte concentration at a particular 

concentration. Sensitivity is often confused with the llimit of detection (LOD), which is 

the concentration of the analyte giving a signal equal to the blank plus three times the 

standard deviation of the blank. In other words, it is the minimum concentration of 

analyte that can be detected with a specific technique at a known confidence level. 

However, the lower limit of quantitative measurements is generally taken to be equal to 

the concentration of the analyte giving a signal equal to the blank plus ten times the 

standard deviation of the blank, which is referred as lower limit of quantitation (LOQ). 

Another important parameter for the sensor to detect wide range of concentrations is the 

linear dynamic range of the sensor, which is the maximum concentration range over 

which an accurate measurement can be made. Response curve of a chemical sensor 

presented in Fig.1.5 offers better understanding to these five concepts.27 Sensors are also 

desired to be highly selective which shows the discriminating power of the system against 

the analyte over the interferences.33  

1.4  Gold Nanoparticles as Sensing Probes  

 

The superior physicochemical properties of nanomaterials, which are materials in the 

feature unit of 1~100 nm, have drawn a great deal of attention in the scientific 

community due to their tremendous potentials as sensing probes.34 The multifaceted and 

tunable properties of nanomaterials, which are based on their size, shape, surface 

functionalization, and the environment has allowed researchers to develop innovative 

sensing systems with enhanced sensitivity, selectivity and robustness.34,35 Among 

nanomaterials, gold nanoparticles (AuNPs) provide extensive opportunities in the 

detection of various analytes since they can be utilized as a dual component both for 

transduction and recognition processes.16,29 The surface of AuNPs can be decorated with a 

wide range of organic ligands or biomacromolecules by using the toolbox of surface 

modification techniques, which enables the selective interaction with the analyte. On the 

other hand, AuNPs are versatile transducers due to the fact that they possess distinctive 

physical and optical properties such as surface plasmon resonance (SPR), distance-

dependent fluorescence enhancement or quenching, high electrical conductivity, redox 
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behavior, surface enhanced Raman scattering (SERS) and, nonlinear optical (NLO) 

properties, which can be altered upon binding to generate a detectable signal.16,29,34,35 

  

Here, I will focus on the recent advancements and the new trends in sensing strategies 

based on multifunctionalization of AuNPs with a wide range of organic ligands for the 

detection of metal ions. Among all the strategies, my choice of literature examples is 

mostly based on the improvements in detection limit, selectivity, applicability to real 

samples and the novelty in transduction mechanisms. I also highlight the necessity of 

generation of more robust and portable online monitoring systems with low detection 

limits. As it is stated in previous sections, heavy metal ions such as Hg, As, Cd, Cr, Cu, 

Ni, and Pb rank among the prime metals that are of public health significance.6,14,36 

Consequently, the development of AuNPs-based sensing strategies has been mostly 

dedicated to detection of the concentration of these heavy metal ions.14,36  

 

1.4.1 Detection of Mercuric Ions  

 

Most part of the work in the field of metal ion sensing systems in the literature has been 

dedicated to detection of mercuric ions due to its serious health consequences even at 

very low concentrations. Chelating ligands containing amino or carboxy groups37–44 as 

well as thiophilic groups45, which have been shown to have higher affinity towards Hg2+ 

than other metal ions have been employed to modify AuNPs for sensing of Hg2+ via 

ligand–Hg2+ coordination and they are applied as very advantageous dual probes. Chen 

et. al reported a simple but highly selective colorimetric assay based on exploitation of 3-

nitro-1H-1, 2, 4-triazole (NTA)-functionalized AuNPs as a transducer.46 They showed 

that citrate capped AuNPs do not resist the aggregation induced by 2-amino-2-

hydroxymethyl-propane-1,3- diol (Tris), however; the NTA can stabilize the AuNPs 

against Tris-induced aggregation through covering the AuNPs (Fig.1.6). The 

colorimetric technique used in this work is based on the shift of the surface plasmon 

resonance (SPR) peak of AuNPs upon a binding event. For example, it is known that in 

their dispersed state, AuNPs show a prominent red color, while upon a binding event 

that induces colloidal instability in the dispersion, purple color can be visible as a direct 

consequence of the agglomeration. Therefore, the technique benefits a simple readout by 
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the visual color change and can be quantitative as the peak intensity is related to the 

concentration of the analyte. Chen and co-workers used this methodology. And, it 

resulted in very low LODs (limit of detection) of 7 nM (1.4 ppb) and 50 nM (10 ppb), 

which can be read by spectrophotometer and by direct visualization, respectively.46 In 

addition, no response was detected in the presence of other metal ions whose 

concentrations are up to 100 mM in the absence of masking agents. They also applied 

their detection system to the real environmental sample (Jurong Lake water, Singapore) 

and the results showed good agreement with those determined by ICP-MS.46 

 

  

Figure 1.6: A) Color changes of the citrate-capped AuNPs upon the addition of Tris buffer, NTA, and 

Hg2+, respectively. B) Color changes of the NTA-AuNP probes upon the addition of various metal ions. 

Adapted from Ref. 46 with permission from The Royal Society of Chemistry. 

Later, Darbha et al. presented for the first time that hyper-Rayleigh scattering technique, 

which can be 2-3 orders of magnitude more sensitive than the typical colorimetric 

technique, could be used for rapid and reliable detection of Hg2+ in aqueous solutions.47 

This work is one of the few examples in which the authors studied the effect of 

homoligand vs. mixed-ligand functionalized AuNPs, finding that the mixed monolayer of 

mercaptopropionic acid (MPA) and homocystine (HCys), in the presence of the 

chelating ligand 2,6-pyridinedicarboxylic acid (PDCA), is more selective for Hg2+ ions 

over other alkali, alkali earth and transition heavy metal ions. Thanks to the combination 

of mixed-ligands cooperativity on the nanoparticle surface and the high sensitivity of the 
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HRS technique, a limit of detection (LOD) of 5 ppb for Hg2+ ions was achieved. 

Although this methodology has a huge potential for analysis of environmental samples, it 

remains to be demonstrated that the sensing system is applicable to real samples. 

Meanwhile, trimercaptotriazine-modified gold nanoparticles were applied as a SERS 

probe48 by taking advantage of the fact that a contrasting response was observed for 

selected vibrational bands in the SERS profiles in the presence of heavy metal ions like 

Hg2+ and Cd2+. This enables direct quantitative evaluation by utilizing relative peak 

intensity ratios instead of internal standards. However, the study is published as a proof 

of concept since the sensitivity of the probe is not shown to be high enough to detect the 

concentration levels of Hg2+ and Cd2+ defined by EPA (Environmental Protection 

Agency) and also the selectivity of the probe is not evaluated towards the particular type 

of ion.  

 

An electrochemical approach has been 

published by Guo et al. by using a thin 

film of glutathione (GSH) functionalized 

AuNPs between interdigitated 

microelectrodes.49 Complex formation of 

metal ions with two terminal carboxylic 

acid groups of GSH results in bridging 

the molecular gaps between the AuNPs 

within the thin film accompanied by an 

increase in the conductance of the thin 

film (FFig. 1.7). The fabricated molecular-

gap device demonstrates high selectivity 

toward Hg2+ with a low detection limit 

down to 1 nM.  

 

 

Recently, Chen et al. took advantage of the high affinity of mercury ions for soft donors 

such as sulfur to create an innovative colorimetric detection system able to perform 

mercury speciation analysis.50 The sensing system is based on two main components: 13 

FFigure 1.7: Thin film of GSH capped AuNPs between 

microelectrodes (top) and complexation of two glutathione 

molecules with Hg2+ via carboxylic groups between two Au 

NPs (bottom). Reproduced from RRef. 49 with permission 

from Nature Publishing Group. 
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nm diameter citrate-stabilized AuNPs and the sulfur-containing ligand 

diethyldithiocarbamate (DDTC), which form a stable complex with Cu2+ ions. In the 

presence of mercury species, they replace the Cu2+ ions in the DDTC complex, and form 

Hg-DDTC complexes, which possess free sulfur groups that can displace the citrate 

molecules from the nanoparticle surface and lead to the nanoparticle aggregation. 

 

In this work, the originality can be assigned to the discriminating power of the sensor 

towards three organic mercury species (methyl, ethyl, and phenyl mercury) over 

inorganic derivatives of Hg2+ in the presence of masking agent, 

ethylenediaminetetraacetic acid (EDTA). The detection limit of the sensor was found to 

be 10 nM for Hg2+ ions and 15 nM for MeHg+, and the real-world applicability was 

investigated for drinking water samples confirming the huge potential of the sensor for 

the determination of organic mercury species.50 

 

Within the same year, Maiti et al. developed a completely different approach based on 

generation of fluorescence signal in the presence of Hg2+ ions.51 In this system, 

recognition moiety (thymine nucleotide) is not bound to the nanoparticles, so AuNPs 

acts only as a transducer by quenching the signal of a fluorescence anionic probe. This is 

a different approach to the various nanoparticle-based detection systems, which are 

typically based on the presence of recognition element in the monolayer of AuNPs.51 The 

protected monolayer is made of positively charged 1,4,7-triazacyclononane (TACN)-Zn2+ 

head groups that promote the multivalent interactions with a fluorescent anionic probe, 

whose fluorescence is quenched by the gold core. The presence of Hg2+ ions resulted in 

the ternary complex formation with two thymine nucleotide molecules. The complex has 

an increased affinity for the positively charged nanoparticle surface due to electrostatic 

forces. As a consequence, fluorescence anionic probe is displaced from the surface leads to 

an increase in fluorescence. The system shows an excellent selectivity towards Hg2+ ions 

due to high affinity of thymine nucleotide for mercuric ions and it can generate a linear 

response curve in the low nM concentration range.51 Since the signal transduction 

pathway of the system is designed in an ingenious manner, it possesses a good potential 

for development of modified detection systems for various analytes.  
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11.4.2 Detection of Lead Ions 

 Detection of lead ion levels has also attracted much attention due to its high toxicity to 

human beings. Pb2+ ions are very hazardous especially for children since it causes mental 

retardation. U.S. Environmental Protection Agency (EPA) defines the maximum 

concentration level of lead ions in drinking water as 72 nM, however, it can lead to brain 

and neuro-developmental deficiencies among children at even lower concentrations.52 As 

a consequence, it is essential to generate ultrasensitive sensors for the detection of lead 

ions.52 The proposed sensing systems for the detection of Pb2+ ions are mostly built on 

colorimetric assays that manipulate the SPR peak of AuNPs. One of the early examples is 

based on the aggregation of gallic acid-capped AuNPs (GA-AuNPs) in the presence of 

Pb2+ ions due to coordination of phenolic hydroxyl groups of GA with the cation.53 

However, the detection limit of the system was not satisfactory (in μM range) with 

respect to its use for public health. In addition, LOD was found to be higher depending 

on the concentration of interfering ions, which suggests an insufficient selectivity profile. 

Later, the LOD (down to 10 nM) and the selectivity of the system was improved by 

another group54 by reducing the mean diameter as well as the size distribution of the GA-

AuNPs and by minimizing the interparticle repulsion between each GA-AuNPs with the 

addition of NaOCl4 salt. Moreover, the feasibility of the assay has been evaluated in 

drinking water, which offers a huge potential as a practical sensor in the field. Similar 

colorimetric detection mechanisms that are based on metal induced aggregation of 

nanoparticles have been proposed by using glutathione55, cysteamine56, maleic acid57, 

triazole-acetate58, and mercaptoundecanoic acid59 functionalized AuNPs to detect Pb2+ 

ions in aqueous solutions.  

Wang et al. proposed a different sensing strategy based on Fluorescence Resonance 

Energy Transfer (FRET) between cysteamine capped CdTe-Quantum dots (CA-CdTe-

QDs) and 11-mercaptoundecanoic acid (MUA-AuNPs) capped AuNPs.60 In the absence 

of Pb2+ ions, the negatively charged QDs and positively charged AuNPs can form FRET 

donor–acceptor pairs due to electrostatic interactions, which leads to the effective 

quenching of the photoluminescence intensity (PL) of the QDs (Fig.1.8 (A)). MUA-

AuNPs are congregated in the presence of Pb2+, which decrease the efficiency of FRET 

between QDs and AuNPs and yield higher PL intensity as the concentration of Pb2+ 
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increases (FFig. 1.8 (B)). The method has been shown to be working very well in the range 

of 0.22–4.51 ppm with a relatively high selectivity. The selectivity of the system can be 

further improved by replacing MUA with more selective recognition units. Recently, 

citrate covered AuNPs were applied as a SERS probe by exploiting the affinity of the Pb2+ 

ions to carboxylate and hydroxyl moieties of citrate molecules.61 Upon complexation with 

the cation, the spectral bands that correspond to the νas(COO−), νs(COO−) and ν (C-

OH) are perturbed, and this enables to detect Pb2+ ions over a linear range of 25 ng/L–

1000 ng/L. The effect of presence of interfering ions has been shown against only three 

types of ions (Cd2+, Ni2+, and Hg2+), and therefore it is difficult to evaluate the 

practicability of the sensor in the reported form for real environmental samples. 

 

 

 

 

 

Figure 1.8: Schematic representation of the (A) FRET donor–acceptor pair of positively charged CA-

CdTe-QDs and negatively charged MUA-AuNPs, (B) Inhibition of FRET efficiency between QDs and 

AuNPs in the presence of Pb2+. Reproduced from Ref. 60 with permission from Royal Society of 

Chemistry. 

1.4.3 Detection of Cadmium Ions  

Colorimetric detection methodologies have been developed to sense Cd2+ ions by using 

mercaptoundecanoic acid59, 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole62 modified 

AuNPs as a dual sensing probe. Xue et al. demonstrated the advantage of using mixed-

ligand coated AuNPs for colorimetric detection of Cd2+.63 The working principle of the 

assay is based on Cd2+ induced aggregation of 6-mercaptonicotinic acid (MNA) and L-

Cysteine (L-Cys) functionalized AuNPs (Fig.1.9). An important aspect of the work is to 

show a better performance of the mixed-ligand coated AuNPs compared with the that 

coated by either MNA or L-Cys, which pave the way for novel sensing probes just by 
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modifying two different ligand types. The detection limit of the system is reported as 100 

nM with promising selectivity, and practicality of the system was validated through 

analysis of lake water samples. 

In another study64, quinoline is attached to the surface of AuNPs through click chemistry 

and the fluorescence response of the molecule is tracked depending on the concentration 

of Cd2+.  

  

 

 

 

 

Figure 1.9: Schematic representation of aggregation induced colorimetric response of MNA-L-Cys-

AuNPs in the presence of Cd2+. Reproduced from Ref. 63 with permission from Royal Society of 

Chemistry. 

When there is no Cd2+ in the solution, the fluorescence of quinoline is quenched by 

AuNPs due to electron transfer between AuNPs and quinoline. However, when Cd2+ 

coordinates with quinoline, it blocks the electron transfer and switches on the 

fluorescence. Although the design of this fluorescent probe is quite sophisticated, the 

detection limit is quite high (10 μM) in terms of EPA standards. Recently, an innovative 

electrochemical sensor based on covalent attachment of mixed aryldiazonium salts coated 

AuNPs to gold electrodes for the detection of Cd2+ has been proposed.65 4-nitrophenyl 

and 4-carboxylphenyl were used to functionalize the surface of AuNPs, which were then 

anchored on gold electrodes to obtain Au–Ph–AuNP interfaces. Glutathione (GSH), 

which can selectively bind Cd2+, was finally attached on the surface to create Au–Ph–

AuNP–GSH sensing interface. This interface served as electronic bridge for anodic 

stripping voltammetry to detect Cd2+ over the concentration range from 0.1 nM to 100 

nM. The proposed sensor was tested against three different environmental samples; tap 

water, marine water and river water with accuracy comparable to that of ICP-MS. The 
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idea behind this sensor can lead to fabricate various electrochemical sensors for the online 

monitoring of trace amounts of metals.29 

11.4.4 Detection of Copper Ions  

Colorimetric AuNPs based sensors have been effectively employed for the detection of 

Cu2+ ions by using cysteine66, malonamide dithiocarbamate67 groups as a recognition unit 

on the surface of AuNPs. Recently, Nath et al. constructed a portable, power-free, and 

inexpensive nanosensor based on a visible color change on paper strip.68 In addition, 

colorimetric detection strategies based on the copper catalyzed click chemistry have been 

described.69,70 This method is based on crosslinking of azide functionalized AuNPs with 

each other in the presence of a ascorbic acid and a dialkyne due to copper(I)-catalyzed 

azide-alkyne cycloaddition ‘click’ reaction. Although the sensitivity of the methods are 

not excellent, the practicality of the systems is worth mentioning since this technique 

allows the naked eye, without the help of any sophisticated instrument, to assay for the 

presence of Cu2+ ions. There are also other colorimetric and fluorescence based 

techniques, in which AuNPs were only used as a transducer, and the recognition process 

was not take place on the surface of AuNPs.71,72 

An ultrasensitive detection method has been proposed by Foroushani et al., which is 

based on the increase of a tunneling current through the network of L-cysteine 

functionalized core–satellite AuNPs upon complexation with Cu2+.73 The L-cysteine can 

selectively coordinate with copper ion by the carboxyl group and amine group (Fig.1.10). 

The chelation with copper ions produces the formation of GNP/L-cysteine/Cu2+/L-

cysteine/GNP molecular junctions and results in a significant increase in the conductance 

through the networks. Uniform size AuNPs was shown to perform less sensitive and 

selective than core-satellite AuNPs. The system was shown to respond over ten orders 

range of copper ion concentrations and the effectiveness of the system was verified in 

environmental samples, such as tap water, lake water, and pure distilled water spiked with 

a known concentration of Cu2+ ion.73 
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Figure 1.10: Schematic illustration of L-cysteine modified core–satellite AuNPs sensor. Reproduced from 

Ref. 73 with permission from Royal Society of Chemistry. 

Another innovative approach towards Cu2+ ion detection is the nanospectroscopic metal 

ion recognition method based on chelation chemistry and plasmonic resonance energy 

transfer (PRET) that should be mentioned in terms of novelty of the approach.74 Lee and 

co-workers have utilized resonant quenching in the Rayleigh scattering of a AuNP when 

the frequency of the electronic absorption band of a metal-ligand complex on the surface 

of the AuNPs matches with the frequency of the Rayleigh scattering of a gold 

nanoparticle. The detection system is applied for Cu2+ ions sensing in aqueous solutions 

using ethylenediamine ligands. There is no spectral overlap between ethylenediamine and 

the AuNPs (Fig. 1.11, left). When the electronic absorption frequency of metal ligand 

coordination complex matches with the Rayleigh scattering frequency, the selective 

energy transfer is stimulated by this spectral overlap (Fig. 1.11, middle) and the distinct 

resonant quenching on the resonant Rayleigh scattering spectrum is observed (Fig. 1.11, 

right). It  makes the detection of Cu2+ ions feasible at concentrations down to 1 nM. 
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11.4.5 Detection of Other Hazardous Heavy Metal Ions  

There are numerous AuNP based colorimetric and fluorometric assays for detection of 

hazardous Cr3+ions.36,75,76 Recently, the modification of the surface of AuNPs with mixed 

ligands of citrate and thiourea yielded better performance of the colorimetric assay with 

relatively low detection limit, 0.05 μM compared to the that with one type of ligand.75 In 

order to demonstrate the potential of the colorimetric Cr3+ assays for construction of 

cheaper sensors, the citrate stabilized AuNPs were transformed on the paper based 

platform.77 

Another toxic heavy metal is arsenic, exposure to which can even at very low 

concentrations result in abdominal pain, skin cancer, renal failure, lungs and liver 

diseases.36 As3+ has a huge affinity for sulphur containing ligands, and therefore most of 

the colorimetric AuNP based detection systems have taken the advantage of this strong 

affinity.78,79 One example of this strategy was published recently by Shrivas et al. by using 

lauryl sulphate functionalized AuNPs to create a colorimetric assay with the detection 

limit of 5 μg L-1.80 Recently, a novel colorimetric sensor was developed to detect As+5 by 

utilization of citrate-capped AuNPs as a transduction unit.81 The resulting aggregation of 

the AuNPs, which leads to the color change, is due to the inhibition of acid phosphatase 

activity in the presence of As5+.   

  Figure 1.11: A schematic illustrating the detection of Cu2+ via plasmonic resonance energy transfer

(PRET) between a single AuNP and conjugated resonant complexes and the expected Rayleigh

scattering profile. Reproduced from RRef. 74 with permission from Royal Society of Chemistry. 
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Nickel ions have been shown to be carcinogenic, and causing skin allergies at high 

concentrations, and thus, the continuous and accurate detection of concentration of Ni2+ 

ions is crucial.82,83 However, there has not been an extensive study on AuNP based 

sensing systems for Ni2+ ions. An innovative surface sandwich platform composed of 

nitrilotriacetic acid (NTA)-functionalized gold surface and polyhistidine-functionalized 

AuNPs allowed researchers to detect Ni2+ ions at concentrations as low as 50 ppt by 

taking advantage of nanoparticle-enhanced surface plasmon resonance (SPR)  

technique.83 The selectivity was achieved by using two different types of ligands, which 

are highly selective towards Ni2+ ions. Another study focused on development of AuNP-

based sensing systems, which exploit both 

colorimetric and SERS techniques.82 NTA and L-

carnosine (a dipeptide of histidine and β- 

alanine) functionalized AuNPs are utilized in the 

system. The compounds resulted in the 

aggregation of the particles in the presence of 

Ni2+ ions due to the strong affinity of the ligands 

on the surface of AuNPs for the Ni2+ ions 

(FFig.1.12). Aggregation of AuNPs leads to an 

alteration of the extinction profile along with an 

increase in SERS intensity of the Raman 

reporter. The colorimetric and SERS 

measurements result in the relative detection 

limits of 5 ppm and 0.5 ppm, respectively.82 

In conclusion, organic ligands, which are used as recognition elements on the surface of 

AuNPs are more stabile under various conditions and also inexpensive compared to 

biomacromolecules like DNA, peptides etc. Re-visiting and exploring (new) the 

physicochemical properties of gold nanoparticles enable researchers to develop novel 

transducing strategies, which decrease the detection limits by enhancing signal to noise 

ratio. There is also a need to increase the selectivity and enable the detection of multi-

elements simultaneously. One may accomplish this by, for example, developing array-

based systems composed of AuNP based various recognition units. 

FFigure 1.12: Aggregation of the AuNPs 
due to the formation of the octahedral 
complex, when Ni2+ ion is coordinated 
between NTA and histidine groups 
existing at the particle surface. 
Reproduced from RRef. 82 with permission 
from John Wiley and Sons. 
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CCHAPTER 2 

 

Introduction-2 
 

Ligands on the surface of AuNPs enable the selective interaction with the specific metal 

ion, therefore; knowledge on self-assembled monolayers (SAMs) is important to be 

reviewed. In addition, the concept of selectivity for the supramolecular complexation 

agents is visited. Finally, the previous work done by our group, which forms the basis of 

this thesis, is analyzed and the similar systems in the field are reviewed.    

 

2.1 Self-Assembled Monolayers (SAMs) on Gold Nanoparticles  

 

Self-assembled monolayers provide a convenient, simple, and adaptable system with 

which one can tailor and fine-tune a surface of interest.84 Therefore, they can be regarded 

as a toolbox of surface modifications, and they are available for designing highly selective 

surfaces towards detection of metal ions or other target analytes. SAMs are highly ordered 

2-D organic assemblies that are formed spontaneously on variety of solid surface by 

adsorption of organic molecules from gas or solution phases.84 Since the adsorption of 

organic molecules lowers the surface free energy of bare surfaces of metal and metal 

oxides, the formation of SAMs is thermodynamically favorable.85 

 

Figure 2.1. Schematic illustration of an ideal, single-crystalline SAM structure on a metal substrate. The 

characteristics of the SAM are highlighted. 
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As shown in FFig.2.1, the organic molecules that constitute SAMs possess typically three 

parts; the head group with a specific affinity for the surface, the backbone made of 

hydrocarbon chains that are mostly responsible for the molecular ordering via non-

covalent lateral interactions between the chains, and the terminal group with functional 

moieties, which determine the specific properties of outer interface, such as wettability, 

topography, surface energy, chemical reactivity, and others.84–86  

In this work, I utilized thiolated ligands on the surface of AuNPs because the bond 

between the gold substrate and the sulfur head group is quite strong (~40-50 kcal/mol).85 

This semi-covalent bond gives rise to a robust but modifiable interactions in a wide range 

of temperature and solvents.  

Considering the ubiquitous use of the gold–sulfur 

interface, it is not unexpected that the nature of the 

Au–S interfaces has intrigued researchers.87 The 

electron diffraction studies conducted in the late 80s 

and 90s revealed the hexagonal arrangement of 

thiolates on gold surfaces with sulphur–sulphur 

distance of 4.97 Å. The arrangement is a  (√3×√3) 

R30° structure where the sulphur atoms are 

positioned in the to the threefold hollow sites of the 

(111) surface. Additional X-ray studies discovered a 

c(4 × 2) superlattice of the √3 × √3R 30° lattice 

(Fig.2.2).85,87 The diffraction patterns furthermore 

indicated that two of the four molecules of the unit 

mesh are distinct to a certain extent.  

 

 

 

 

 

  

FFigure 2.2: (Top) The standard model 
of the c(4 × 2) phase of a SAM assumes 
a single sulfur on top of a hollow site on 
an unreconstructed gold surface. The 
two kinds of shading symbolize 
molecules that are different within the 
c(4 × 2) unit mesh (rectangle). 
Molecules 1 and 2 are equivalent but 
different from molecules 3 and 4. 
(Bottom) cross section of a SAM 
formed from decanethiol. TT. Bürgi, 
NNanoscale, 2015, 7, 15553–15567- 
Published by The Royal Society of 
Chemistry. 
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Over the past 20 years, numerous atomic constructions for the gold–sulfur interface of 

the close-packed thiolate-SAM on Au(111) have been proposed (FFig.2.3). Surprisingly, 

recent single crystal X-ray structures of thiolate-protected gold clusters show staple motifs 

depicted by gold ad-atoms sandwiched between two sulphur atoms (Fig.13).88 In 

addition, although it contradicted with the older work on SAMs, it is proposed that the 

nature of the Au–S interfaces in curved and flat surfaces are quite similar in terms of 

staple motifs. A key feature of SAMs has been recently proposed as its dynamic behavior, 

including a reconstruction of the Au(111) surface, lateral diffusion, and conformational 

isomerism in response to surroundings.88 

Figure 2.3: Recently proposed bonding patterns between Au and S atoms. The standard model defining a 

monothiolate binding has been challenged by (from middle to right): disulfide bonding; a complex 

comprising an Au adatom and a thiolate; or a sulfur-gold polymeric chain. Recent calculations and 

experiments demonstrated that the staple motifs (RS-Au(I)-SR) described above are the most abundant 

structure elements in the low- and medium-coverage SAMs (left). Reproduced from Ref. 88 with 

permission from Nature Publishing Group. 

 

2.2 Structure of Mixed Composition SAMs on Highly Curved Gold 

Surfaces 

When a mixture of thiolates is assembled onto a small, highly curved 3D objects such as 

nanoparticles, geometric constraints regulate how the molecules phase separate.89 Phase 

separation on the curved surfaces with formation of domains of distinctive sizes and 

shapes was experimentally evidenced by a variety of characterization methods such as 

scanning tunneling microscopy (STM),90,91 nuclear magnetic resonance (NMR) 
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spectroscopy,92 Fourier transform infrared spectroscopy (FT-IR),93 mass spectrometry,94 

electron spin resonance (ESR),95 transmission electron microscopy (TEM),96 and neutron 

scattering.97 The discovery of the different surface structures was theoretically envisaged 

by thermodynamic arguments.89 

The system equilibrates itself to reach a minimum Gibbs free energy through a trade-off 

between entropy maximization that drives random mixing, and enthalpy minimization 

which favors constructive intermolecular contacts of similar molecules, and drives phase 

separation.89,98 The competing driving forces for separation and mixing determine the 

degree of phase separation or lack of it. The balance between separation and mixing 

depends on the characteristics of ligands and the size of nanoparticles (the curvature 

effect).89,98 

 

FFigure 2.4:  Schematic view of the free-volume gain on curved surfaces compared to flat ones. For ligands 

with a mismatch in height, conformational entropy increase in longer ligands results in microphase 

separation. Reproduced from http://dx.doi.org/10.5075/epfl-thesis-5859 

For example, when the ligands have similar characteristics, both enthalpy and entropy of 

mixing dominate resulting in the lack of phase separation (randomly mixed). On the 

other hand, side-by-side packing of two dissimilar ligands is enthalpically non-favorable, 

when thiolated ligands significantly differ in hydrophilicity, length, and chemical 

functionality.89,98 Therefore, macrophase separation is expected in order to minimize the 

interface between dissimilar ligands (enthalpic contributions dominate over entropy of 

mixing). Within a certain size range of the nanoparticles, on the other hand; when 

ligands have a size-mismatch, there is a gain in conformational entropy for the taller 
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ligands otherwise unavailable in side-by-side packing with the identical ligands (FFig. 

2.4).89,98 This favors tall/short interfaces and leads to a microphase separation, whereby 

ligands form nano-structured domains. Under particular conditions, ordered ribbon-like 

domains (referred to as stripes), with alternation of two dislike ligands have been 

observed (Fig.2.5). These special arrangements of the ligand on the surfaces can confer 

interesting interfacial properties to the nanoparticles.89,98 

 

Figure 2.5: Schematic representation for a monolayer on a particle. Phase separation in mixtures of co-

adsorbed ligands of different length on nanoparticles of increasing sizes, ranging from Janus to striped to 

randomly mixed. Reproduced from http://dx.doi.org/10.5075/epfl-thesis-5859  

Our group has previously demonstrated that AuNPs exhibiting ordered nano-structured 

domains at their surface could have distinct properties, such as improved cell 

permability,99 peculiar catalytic properties,100 monotonic solubility scaling non-

monotonically with relative ligand concentration,91 and atypical interfacial energy.101 In 

addition, previous study of our group showed that striped patterned AuNPs of specific 

ligand composition, which can be of great utility in creating new recognition processes, 

are able to capture metal cations selectively and sensitively.1 The system described in that 

work forms the basis of this thesis and will be discussed in greater detail in the following 

chapters. 
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22.3  Host-Guest Interactions in Solution 

 

2.3.1 Concept of Complexation and Lock-Key Analogy 

 

Chemistry found in living organisms provides a great source of inspiration for 

understanding of assemblies of molecules held together by non-covalent forces.102 On a 

molecular level, the receptors in our body, which has an ideal size, shape, and positions of 

the binding sites specific to certain molecules selectively catch and bind to the 

substrate.102,103 For example, while genes, enzymes, antibodies, and ionophores can be 

counted as receptors; inhibitors, co-factors, drugs or antigens can act as substrates.102,104 

The highly specific, selective, hierarchical and cooperative biological chemistry, which 

allows our body to sustain itself in a dynamic equilibrium, forms the basis of molecular 

recognition chemistry which is also called host–guest chemistry.103–105 Host is considered 

to be a large molecule with a sizeable pocket or central cavity, which possesses convergent 

binding sites, such as Lewis basic donor atoms. On the other hand, guests are smaller 

entities (in our case, Lewis acidic metal cation), which have divergent binding sites. 

When host and guest entities experience an attractive force, they bind to each other to 

produce ‘ a host-guest complex’ or ‘a supermolecule’. The main hypothesis associated 

with host-quest chemistry is the “lock and key” model developed in 1894 by Emil Fisher 

based on his study of the binding of enzymes to substrates. In his model, the enzyme is 

described as the lock and the substrate as the key. The lock and key principle states that 

the host (lock) should be complementary to the guest (key) sterically and electronically. A 

schematic illustration of this idea is shown Fig. 2.6.103–105 

 

 

 

 

Figure 2.6: Schematic representation for lock and key principle proposed by Emil Fisher, which form the 

basis of host-guest chemistry 
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After the lock and key theory was proposed, four macrocyclic hosts to capture metal 

cations were synthesized by the groups of Curtis, Busch, Jäger, and Pedersen in mid-to-

late 1960s, which may be seen as having taken inspiration from natural macrocyclic 

hosts, such as hemes, porphyrins, and ionophores. These four systems shown in FFig. 2.7 

enabled researches to develop a vast variety of analogues with varying selectivity for a 

large number of guests.105 

 

Figure 2.7: Four host molecules of fundamental importance, which form the basis of host-guest chemistry. 
Reproduced from Ref. 106 with permission from John Wiley and Sons. 

 

The non-covalent interaction between a metal, M as a guest and a ligand, L as a host is 

an equilibrium process.105,106 The equilibrium constant of this interaction is termed as 

‘binding constant’ and it provides information about the affinity between metal and 

ligand. The affinity refers to the strength of interaction between M-L and the 

thermodynamic stability of the M-L complex. When we ignore activity effects, the 

binding constant for a simple 1:1 M–L system is described by Equation 2.2.105,107 In 

order to determine the binding constant, we need to have information about the 

concentration of M-L complex as a function of varying concentration of M or L 

(Equation 2.2). Depending on the existing transduction element in the system, binding 

constants can be calculated from titration data by using various techniques like NMR, 

fluorescence and UV-Vis spectroscopy, potentiometry, and calorimetry.105,107 While 

choosing the proper technique, one of the limitations is that the sensitivity of the 

instrument should be high enough to be able to detect the concentrations at which 
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significant amounts of bound and free host and guest are in equilibrium.105 

As I stated before, binding constants provide thermodynamic parameters to predict the 

stability of the complex because of its link to Gibbs free energy (EEq. 2.3).105,107 

 

(2.1) 

 

                         K=                                                                  (2.2) 

 

                              ΔG = -RT ln K  

                              ΔG = ΔH-TΔS                                         (2.3) 

Therefore, any binding event can be seen as interplay between entropy and enthalpy.105 

For both cyclic and acyclic host molecules, the complexation process is mainly enthalpy 

favorable since there is an electronic affinity between M and L. On the other hand, 

entropy change is negative in most cases (sometimes, it is positive for crown ethers). 

Thus, complexation can happen only when entropy loss (TΔS) is surpassed by enthalpy 

gain (ΔH).105 

2.3.2 Factors that Promote Thermodynamical Selectivity by   Stabilizing the 

Metal-Ligand Complex 

When a ligand exhibits a strong affinity for a particular metal ion, it is assured to show 

some degree of selectivity towards these particular metal ions. The designs of the host 

molecules in nature ((integral membrane) transport proteins, enzymes, ionophores, and 

others) are the most successful examples of selective systems.102–105 For example, selectivity 

of voltage gated potassium and sodium channels towards potassium, and sodium 

respectively is of a paramount importance to maintain our body functioning properly and 

    [ MLm+] 

[M(H2O)n
 m+ ] [L] 
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it is originated from high discrimination power of the binding sites (pockets) of integral 

membrane proteins.102,105  

From a thermodynamical viewpoint, selectivity is the ratio of the binding constants for 

interfering guests (Equation 2.4). This means that when ligand (host) molecule is 

selective towards a specific ion, the Gibbs free energy of the M-L complex is very low 

compared to that with other ions. In order words, the factors, which increase the 

selectivity of L towards specific M, also enhance the stability of M-L complex.105 

 

                Selectivity=                                                            (2.4) 

 

Thermodynamic stability of M-L complex can be enhanced by the “chelate effect”.105,106 

When the ligand has multiple convergent binding sites that are covalently linked to each 

other, it forms more stable M-L complex than a ligand with similar binding sites that are 

not connected. In order to achieve this effect, there should not be any steric strain 

between the binding sites upon binding.105,106 Another way of further increase the 

stability of M-L complex is the introduction of an element of preorganization. If a ligand 

(host) has a certain degree of rigidity so that it doesn’t undergo significant 

conformational readjustment in the fashion of most complementary to the metal ion, the 

ligand is said to be “preorganized” (Fig.2.8).104,105 Since preorganization of the ligand 

contribute a major enhancement to the stability of M-L complex (decrease in the free 

energy), it is a fundamental concept. When a host is preorganized, it does not need to 

pay the energy penalty due to the loss of its entropy upon binding. One of the wise ways 

to make the ligand (host) rigid is to introduce a preformed cavity to the system that has a 

matched size with the size of the metal ion. This arrangement, which is traditionally 

termed as “macrocyclic effect” can be achieved by using ligands, composed of large rings 

or macrocycles within its structure (Fig 2.8).105 

K metal ion 1 
                                 

K metal ion 2 
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Figure 2.8:  As the preorganization of the ligand increases from podand to cryptand, the ligand shows 

enhanced binding affinity towards a specific metal ion due to “preorganization” effect. Examples of host 

molecules that are designed according to each effect are shown above the arrows. Adapted from Ref. 106 

with permission from John Wiley and Sons. 

In addition to the degree of preorganization, “electronic complementary” is the 

prominent factor to determine the affinity of the ligand molecule to the metal ion. 

According to Pearson’s hard and soft acids and bases (HSAB) theory, depending on the 

polarisability of the electron density of acids and bases, they can be hard or soft.104–106 Soft 

acids and bases are much more polarizable than hard acids and bases. As a general 

chemistry rule, hard acids prefer to bind to hard bases, whereas soft acids prefer to bind 

to soft bases, demonstrating the complementarity between like species (Fig.2.9).104–106 To 

illustrate, the soft transition metal ions like Hg2+ are bound more strongly by the softer 

sulphur atoms of the thio-crown ethers than the harder oxygen atoms of crown ethers.106 
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Figure 2.9: Categorization of chosen metal ions (as Lewis acids) and representative ligand motifs (as Lewis 
bases) based on HSAB theory. Reproduced from Ref. 107 with permission from John Wiley and Sons. 

 

2.3.3 Tunable Binding Ability of Crown Ethers Towards Metal Ions 

 

Crown ethers are macrocylic ligands composed of ethyleneoxy repeating units, and they 

were discovered by Charles Pedersen, a chemist working at the American du Pont de 

Nemours company in 1967.102,104,105 This discovery brought Pederson a share of 1987 

Nobel Prize for chemistry. At the time of the discovery, naturally occurring ionophores 

like valinomycin had been known to form stable complexes with specific metal ions. 

Therefore, a lot of attention from researchers was given to ligands that are capable of 

selectively incorporating metal ions. They were seen as models of natural ionophores like 

gramicidin and valinomycin for the study of ion-transport routes in cell membranes, 

especially for sodium and potassium ions.103 The electric dipole moments of the C–O–C 

ether groups result in a large electrostatic potential in the cavity, enabling binding to the 

metal ion. Since then, the crown ethers have become very popular as cation holding hosts 

due to the cooperativity effect and the partial preorganisation resulting from their 

macrocyclic structure. After earlier work on crown ethers, a huge variety of crown 

analogues (amine derivative (azacrowns), sulphur derivatives (thioethers)) and 
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functionalized crown ethers with different binding profiles towards specific ions have 

been obtained (FFig 2.10).105 
 

 

Figure 2.10: Examples of some common crown ethers. Adapted from Ref. 106 with permission from John 

Wiley and Sons. 

One of the key criterions to ensure stable metal-ligand complex is to have a host 

organized in proper geometry so that it allows the metal ions to bind to all of the donor 

atoms at the optimal metal–ligand distance.105,106 Therefore, the shape and size of the 

cavity within crown ethers confer selectivity for complementary ions that fit in it.  

 

Table 2.1: Comparison of cavity diameter of various crown ethers and metal ions, binding constants of 

various metal-crown ether complexes (log K, Methanol, 20 OC) 103 

Crown ethers can be synthesized in different sizes, so they can incorporate ions of 
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different sizes. However, since the crown ethers have some degree of flexibility, they do 

not hold a constant size cavity. This results in pplateau selectivity of crown ethers, which 

means that they have a similar affinity for several metal ions with similar radius. This may 

lead to poor discrimination between Na+ and K+, or Rb+ and Cs+, which have similar 

radius. The phenomenon is more pronounced with the larger crown ethers due to their 

highly flexible nature.103–105 Table 2.1 shows the binding constants for a selection of metal 

ions with various sizes of crown ethers. In addition, when the metal ion is too large to fit 

inside the cavity of the crown ether, sandwich complexes with metal/crown ratios at 1:2 

and 2:3 can be formed.105 

In order to interpret the binding profile of crown ethers, “ the size-match” criterion alone 

is not enough. We should consider the interplay of all the factors mentioned in previous 

section 2.3.2 that affect the thermodynamical stability of M-L complex. The magnitude 

of binding constant depends on the number of donor atoms, ligand bite angle, the charge 

on the metal cation, the nature of the solvent (solvation degree of ligand and cation), as 

well as the nucleophilicity of the counter-ion, and degree of electronic complementarity 

of the donor atoms with the metal.104–106 In addition, the comparative strain energies of 

the crown ethers in different conformations may also contribute.106 

2.4  General Scope of the Work 

 

2.4.1 Previous Work Conducted by Our Group  

 

A pioneer study on the development of low-cost, ultrasensitive and portable class of 

solid-state sensors for the detection of heavy metal cations in environmental samples has 

been published by our group in Nature Materials on 9 September 2012.1 Beyond the 

proof-of-principal stage, they also demonstrated the applicability of the sensors by 

detecting atto to picomolar concentrations of methlymercury in tap water, lake water and 

fish.1 

The solid-state sensor consists of 150-nm-thick films of crosslinked networks of gold 

nanoparticles, and the platform is depicted in Fig.2.11. The films were formed via drop-

casting method in the 50-μm gaps between two sputtered gold microelectrodes on glass 
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(FFig. 2.11 (Left)).1 The gold nanoparticles used in this work were coated with binary 

mixtures of hexanethiol (HT) and alkanethiols terminated with ethylene glycol (EG) 

units.  

 

Figure 2.11: (Left) Side view of the crosslinked film of striped gold nanoparticles. (Right) An example of a 

conductive path after metal ion binding (dark blue line). Reproduced from Ref. 1 with permission from 

Nature Publishing Group. 

Based on the change of tunneling current across the films of gold nanoparticles upon 

complexation of metal ions, ultrahigh sensitive detection of CH3Hg+ ions were achieved. 

The sensors were extremely selective as a result of their highly ordered ligand–shell 

architecture. The remarkable low limit of detection of their solid-state sensors (an 

unmatched attomolar limit for the detection of CH3Hg+) derives from the formation of 

conductive pathways percolating the nanoparticle 

films due to local increase in tunneling current 

over individual NP-SAM/cation/NP-SAM bridges 

upon binding event (Fig.2.11 (right)). 

Heterogeneity of the nanoscale gold nanoparticle 

film expands the range of the cation-affinity 

constants, which leads to non-linear broad 

dynamic range of detection. Alternating 

arrangements of striped patterned SAMs  

(Fig.2.12) of these binary ligands generates 

supramolecular pockets that are able to selectively 

trap ions.1  

 

FFigure 2.12: An idealized scheme of a 

striped nanoparticle. Reproduced from 

RRef. 1 with permission from Nature 

Publishing Group. 
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In this study, solution based conductometric titrations were performed for further 

verification of cation binding. As I will describe the details later in this thesis, they 

titrated the AuNP suspensions with salt solutions. The solution of HT/EG3 coated 

AuNPs were used for these experiments. Conductivity of the nanoparticle solution was 

expected to increase linearly as the salt was added (with a slope related to the cation’s 

valence) if the cations do not bind to AuNPs. On the other hand, if conductivity initially 

increased only slowly before the binding sites were saturated, and the increase become 

linear afterwards, then this can be taken as an indication of binding. The results obtained 

from these solution-based experiments were mirroring the solid-state data, which 

evidenced the binding of Cs+ cations, not the other ions. On the other hand, the 

extremely toxic CH3Hg+ was not used in these titration experiments since the quantity 

required to conduct solution-based experiments was really high, and therefore it was 

extremely dangerous for the people working in the laboratory environment. The results 

obtained from conductometric titrations are shown in FFig.2.13. 

 

 

 

 

 

 

 

 

Figure 2.13: Conductometric titration plots for HT/EG3 coated AuNPs with various cations. The 

conductivity change was measured by adding different cation solutions into aqueous dispersion of AuNPs. 

Adapted from Ref. 1 with permission from Nature Publishing Group. 
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22.4.2 Theoretical Explanation for Ion-Capturing by Striped AuNPs 

To understand the concept behind the changes in the electronic structure of the 

molecular bridges between neighboring nanoparticles, quantum-mechanical calculations 

for a fragment of NP surface comprising two nearby EGn stripes and an HT stripe 

between them were performed.1 They found that the highest occupied molecular orbital 

(HOMO) close to the nanoparticle surface and the lowest unoccupied molecular orbital 

(LUMO) on the EGn chains were involved in electron transport. They also showed that 

upon cation binding, the energy (ΔE) required for electron ejection from HOMO to 

LUMO is reduced. The smallest values of ΔE generally reflect the detection specificity 

observed in the experiments. In addition, the molecular dynamic simulations also 

revealed that energy gaps (ΔE) are lower when the binding sites of cations are located at 

the edges of the stripes than when these cations are fully buried within the EGn stripes 

(Fig.2.14). Thus, the free space provided by HT is crucial for the sensitivity of the 

sensor.1 

The decrease in energy gaps between the frontier orbitals (ΔE) upon cation binding 

increases the electronic conductance of a NP-SAM/cation/NP-SAM molecular bridge. 

These local increases in electron transport ability result in the formation of global 

conductive paths percolating the nanoparticle films when multiple cations bind into the 

NP film. Due to the heterogeneity of the structure of the film, the change in the 

conductance of the film on cation binding becomes nonlinear; ultimately leading to 

remarkable wide range of sensitivity. In other words, heterogeneity in the thin film gives 

rise to binding pockets with not a single but many different affinity constants.1 The first 

binding pockets to be occupied at low concentrations are the ones with low dissociation 

constants, whereas binding pockets with high dissociation constants are saturated at 

much higher concentrations. This phenomena account for the very low detection limit 

and notable dynamic range of the sensor designed by our group. To sum up, our group 

provided an innovative point of view for solid-state sensing and enables low cost, 

sensitive and portable sensors for environmental analysis.1 
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FFigure 2.14: Typical cation-trapping scenario, where a metal ion (green ball) is bound near the edge of an 

EGn stripe. Reproduced from Ref. 1 with permission from Nature Publishing Group. 

2.5 The Motivation and the Aim of Our Study 

 

The Cho study1 showed that mixed-ligand coated AuNPs of specific size and ligand 

composition have a huge potential as selective and sensitive metal-ion sensors. The idea 

behind this work is mainly based on creating supramoleculer binding pockets similar to 

that of crown ethers by using a correct combination of two dissimilar ligands, a 

hydrophilic and a hydrophobic ligand, on the surface of AuNPs. While the hydrophilic 

ligand participates in the chelation process, the hydrophobic ligand plays a crucial role in 

the formation of the “binding pockets” by providing a free space between the 

neighboring hydrophilic ligands, which would be impossible for single ligand coated 

nanoparticles.  

 

On the other hand, a fundamental modeling of the binding process is needed in order to 

develop new recognition processes towards different metal ions. Therefore, the main 

motivation of this project was to obtain a clear and accurate understanding of the 

selective ion binding abilities of the AuNPs depending on the physicochemical properties 

of the particles. To achieve this goal, the ion binding capability of AuNPs are studied by 

shining light on the role of ligand composition, size of the NPs and the conformation of 

self-assembled monolayers (SAMs), which changes with respect to varying particle size 

and composition.  

 

The chemical structure and abbreviation of the ligands utilized in this work is shown in 

Fig. 2.15. Two dissimilar ligands were used to form SAMs on the nanoparticle surface. 
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The hydrophobic shorter ligand was 1-hexanethiol (HHT). The other ligand was 

hydrophilic alkanethiol containing two ethylene glycol terminal groups, 2-(2-((6-

mercaptohexyl)oxy)ethoxy)ethanol (EG2). The two ligands were selected in such a way 

to mimic crown ethers, which are well known for selectively chelating metal ions. The 

whole work presented in Chapter 3 and 4 is based on AuNPs coated with the 

combinations of HT and EG2 ligands. In Chapter 5, 2-(2-(2-(((6-

mercaptohexyl)oxy)ethoxy)ethoxy)ethanol (EG3) was used in the synthesis of AuNPs 

instead of EG2 since more soluble particles were needed for the special technique that 

was used to fractionate the particles with respect to their size. Detailed explanation will 

be given in Chapter 5.  

 

 
 

2-(2-((6-mercaptohexyl)oxy)ethoxy)ethanol (EG2) 
 
 
 
 
 

2-(2-(2-(((6-mercaptohexyl)oxy)ethoxy)ethoxy)ethanol (EG3)  
 

 
 
 
 

 
1-Hexanethiol (HT) 

 
Figure. 2.15: The chemical structure and abbreviation of the ligands on the surface of AuNPs 
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CCHAPTER 3 

 

Synthesis and Characterization of Mixed-Ligand Protected 

Gold Nanoparticles 

 
One of the first objectives of this project was to succeed in the nanoparticle synthesis in 

order to better control their size and ligand ratio while also increasing reproducibility. As 

was soon evident, the size and ligand ratio of the nanoparticles greatly affects their ion-

binding abilities. In order to understand the relationship between metal binding 

properties and the physical properties of AuNPs, we constructed a 2-D map of 

nanoparticle size and ligand ratio. Therefore, the size and the ligand ratio of the particles 

were varied by using different synthetic protocols. This chapter deals with the synthetic 

protocols and their variations to obtain a series of mixed ligand (EG2:HT) coated gold 

nanoparticles. In addition, the characterization tools of synthesized particles are 

introduced. These characterization techniques functioned as the mainstay of nearly all of 

the measurements and results in this thesis. Being able to accurately characterize the 

particles was essential for our understanding of the factors that needed to be controlled or 

altered in order to achieve the desired properties.  

 

3.1 Synthesis and Purification of Mixed Ligand Coated Gold Nanoparticles 

 

Synthesis of gold nanoparticles protected by thiolate groups were achieved by various 

methods.1,2 The most common approaches are based on reduction of gold ions in liquid 

phase in the presence of protective ligands. Typically, those techniques can be divided 

into two main categories as “the ligand exchange method” and “the direct synthesis 

method”.1,2  
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For a long time, tthe ligand exchange method was used to synthesize thiolated AuNPs.  In 

1951, Turkevich developed the synthesis of ~10-20 nm AuNPs stabilized by sodium 

citrate (Na3C3H5O(COO)3) molecules. In this synthesis, chloroauric acid (HAuCl4) is 

reduced by citrate molecules that also function as a capping ligand of nanoparticles.3 

Then, thiolate molecules, which are stronger capping agents, can be replaced with citrate 

molecules on the surface of the particles.  

 

In 1994, Brust et al. developed the direct synthesis method, where gold ions are reduced 

by strong reducing agent in the presence of thiolate ligands.4 The original approach 

depicted in Fig. 3.1 consists of a two-phase synthesis: the dissolution of a gold salt in 

aqueous phase, followed by a phase transfer into the organic phase, then the addition of 

thiolated molecules to form gold-thiol polymer complex and reduction by sodium 

borohyride (NaBH4).2,4 This technique results in polydispersed nanoparticles in a range 

of ~1-7 nm and the average size of the particles can be controlled by several parameters 

like the Au to thiol ratio, the type of chemical functionality (R in Fig.3.1), the reduction 

rate and the temperature of the reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: The original direct synthetic scheme of conventional gold nanoparticles proposed by Brust et. 

al. A TEM micrograph of a typical synthesis using EG2 ligands is shown to exemplify the size distribution 

of the particles. Reproduced from Ref. 2 with permission from American Chemical Society. 
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To synthesize water-soluble AuNPs, the phase transfer stage can be omitted, and the gold 

salt (HAuCl4) can be directly dissolved in ethanol, followed by addition of the thiolated 

ligands (in our case, mixture of two thiolated ligands). After a short period of time, 

typically 10 to 30 minutes, a solution of NaBH4 is added to the reaction medium. 

NaBH4 leads to nucleation of the thiol-gold complex and grow into nanoparticles. This 

protocol is called the “oone-phase synthesis method” and it can be utilized to generate a 

wide variety of water-soluble monolayer-protected nanoparticles.5,6 

 

Given our interest in mixed-ligand AuNPs to study their metal binding abilities, one-

phase synthesis gives us the opportunity to control and reconcile the solubility of two 

disparate molecules. Therefore, the one-phase synthesis method was chosen to produce 

the nanoparticles used in this work. The synthesis of nanoparticles can be sensitive to a 

number of factors. Ultimately, the interplay between the chemical potential of the 

dissimilar species in the solution and the kinetic barriers governs the outcome. Several 

conditions using one–phase technique were tested to obtain different size of AuNPs with 

different ligand ratio on the surface. Here, I give all the details about the synthesis 

protocols to produce all types of particles mentioned in this thesis.  

 

Prior to synthesis, all glassware was rinsed with a freshly prepared aqua regia solution (3:1 

HCl:HNO3) in order to smooth out the glass and to improve the reproducibility. Aqua 

regia is a yellow-orange fuming liquid, which can dissolve gold metal. This step is 

important since the leftover AuNPs stuck on the glassware surface from previous 

synthesis can cause an additional nucleation, which results in high size polydispersity in 

the sample. Then, glassware was washed with tap water, Micro-90® concentrated alkaline 

cleaning solution (International Products Corp.), tap water, acetone, ethanol, and 

ultrapure MQ water, respectively. Finally, they were kept in the oven at 55 0C for couple 

of hours to ensure the removal of water. 

 

Throughout my syntheses attempts, I defined the following parameters as having a large 

effect on the size of the nanoparticles. The reaction temperature, the type and addition 

rate of reducing agent, the polarity of the solvent, ligand ratio, the concentration of the 

reactants and reaction time (time of stirring after reduction is complete) were found to 
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have enormous impact on the final properties of AuNPs in terms of ligand size and 

ligand ratio. In addition, the relative amount of two dissimilar ligands on the surface of 

the particles varies depending on certain synthetic factors. In order to be able to 

synthesize desired nanoparticles with certain size and ligand ratio, it is really important to 

analyze and rationalize all of these parameters.  

 

 
  

Table 3.1: The codes of the samples are provided below. The synthetic parameters that vary across separate 

syntheses of EG2:HT coated AuNPs were observed to have significant impact on the final properties of 

AuNPs. Examples are given in the parenthesis, however; more examples can be found after careful 

investigation of the relationship between reaction conditions and properties of different AuNPs. The 

reactions were highly sensitive the external factors like the temperature of the environment (it varied from 

season to season, or even from day to day), the stirring rate, dust in the reaction medium, the cleanliness of 

the glassware, the source of the reagents, purity of the reagents etc. Therefore, starting with one set of 

parameters to synthesize desired nanoparticles with certain size and ligand ratio, then altering conditions 

under the guidance of table 3.1 would be helpful. Throughout the syntheses of the series, it was important 

not to take the reagents from different sources (stick with the same bottle of certain reagent).  

 

 

The schematic representation of the synthesized gold nanoparticles coated with EG2:HT 

ligands is shown in Fig.3.2. As a general synthesis protocol to synthesize those particles, 
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0.225 mmol of HAuCl4.3H2O (%99.9 trace metal basis, Sigma-Aldrich) (88.6 mg) was 

dissolved in 10 ml of ethanol, followed by the addition of total 0.225 mmol of thiol 

mixtures (e.g. 37.5 mg EG2 (Prochimia Surfaces) + 8.35 μL HT (Sigma-Aldrich, 99%) 

for 3:1 EG2:HT mole ratio) in 10 ml of ethanol. This was a critical step in determining 

ligand ratio, because a yellow gold-thiol complex forms, which is evidenced by the 

increasing turbidity of the mixture. After 20 minutes of stirring, 2.5 mmol of NaBH4 

from Sigma-Aldrich (94.5 mg) in 37.5 ml of ethanol was added to the reaction drop-

wise. The addition started with 0.3 mm outer diameter needle for the first 10 min, and 

followed by 0.5-0.6 mm outer diameter needle until all the solution was added. The 

reaction was stirred for additional 3 hours after the reducing agent addition was 

completed. After completing the reaction, diethyl ether (50 ml) was poured in the flask, 

and the mixture was kept in the 4 0C fridge overnight to precipitate the nanoparticles. 

 

 

 

 

 

 

FFigure 3.2: The schematic cartoon of the synthesized gold nanoparticles coated with EG2:HT ligands 

 

Batch numbers were assigned to all the batches shown in the 2-D map of nanoparticle 

size vs. ligand ratio (Fig.3.13) as “EG2-n” where n is an integer. There were several 

parameters varied for each synthesis, and only the changed conditions were indicated. 

Unless otherwise is indicated, the parameters in general synthetic protocol were followed.  

 

Synthesis of EG2-1: Gold-thiol complex stirring time: 30 minutes / Addition rate of 

reducing agent: Immediate (not dropwise, all in once) / EG2:HT mole ratio: 3:1 / 

Reaction time: 48 hours / Double scale of the general synthesis protocol (0.45 mmol 

HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 20 ml ethanol EtOH + 5 mmol 

NaBH4 in 75 ml EtOH)  
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SSynthesis of EG2-2: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

3:1 / Reaction time: 48 hours / Double scale of the general synthesis protocol (0.45 

mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 20 ml EtOH + 5 mmol 

NaBH4 in 75 ml EtOH)  

  

Synthesis of EG2-3: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

3:1 / Double scale of the general synthesis protocol (0.45 mmol HAuCl4 in 20 ml 

EtOH+ 0.45 mmol ligands mixture in 20 ml EtOH + 5 mmol NaBH4 in 75 ml EtOH)  

  

Synthesis of EG2-4: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

3:1 / Addition rate of reducing agent: Immediate / Temperature: Gold-thiol complex 

stirring @ 0 0C, reduction @ 0 0C, 30 min stirring @ 0 0C, 3 hours stirring @ room 

temperature  / Reaction time: 3.30 hours / Double scale of the general synthesis protocol 

(0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 20 ml EtOH + 5 

mmol NaBH4 in 75 ml EtOH)  

  

Synthesis of EG2-5: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

3:1 / Temperature: Gold-thiol complex stirring @ 0 0C, reduction @ 0 0C, 30 min 

stirring @ 0 0C, 3 hours stirring @ room temperature  / Reaction time: 3.30 hours / 

Double scale of the general synthesis protocol (0.45 mmol HAuCl4 in 20 ml EtOH+ 

0.45 mmol ligands mixture in 20 ml EtOH + 5 mmol NaBH4 in 75 ml EtOH)  

  

Synthesis of EG2-6: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

5:1 / Addition rate of reducing agent: Immediate / Reaction time: 24 hours / Double 

scale of the general synthesis protocol (0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol 

ligands mixture in 20 ml EtOH + 5 mmol NaBH4 in 75 ml EtOH)  

  

Synthesis of EG2-7: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole ratio: 

7:1 / Addition rate of reducing agent: Immediate / Reaction time: 24 hours / Double 

scale of the general synthesis protocol (0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol 

ligands mixture in 20 ml EtOH + 5 mmol NaBH4 in 75 ml EtOH)  
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 SSynthesis of EG2-8: EG2:HT mole ratio: 3:1 / Reaction atmosphere: Gold-thiol 

complex stirring under nitrogen 

 

Synthesis of EG2-9: EG2:HT mole ratio: 3:1 / Reaction atmosphere: Gold-thiol complex 

stirring under nitrogen 

 

Synthesis of EG2-10: EG2:HT mole ratio: All EG2 (0.225mmol EG2) / Reaction 

atmosphere: Gold-thiol complex stirring under nitrogen 

 

Synthesis of EG2-11: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

3:1 / Reaction time: 48 hours / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands 

 

Synthesis of EG2-12: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

5:1 / Reaction time: 48 hours  / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands 

 

Synthesis of EG2-13: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

7:1 / Reaction time: 48 hours / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands 

 

Synthesis of EG2-14: EG2:HT mole ratio: 6:1 / Reaction time: 48 hours / Solvent 

mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve gold salt 

 

Synthesis of EG2-15: EG2:HT mole ratio: 4:1 / Reaction time: 48 hours / Solvent 

mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve gold salt 

 

Synthesis of EG2-16: Double scale of the synthesis protocol of EG2-37 (0.45 mmol 

HAuCl4 + 0.45 mmol ligands mixture in 40 ml of EtOH + 5 mmol NaBH4 in 75 ml 

EtOH) except the precursor (common one was used, %99.9 trace metal basis 

HAuCl4.3H2O) 
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SSynthesis of EG2-17: Double scale of the synthesis protocol of EG2-28 (0.45 mmol 

HAuCl4 + 0.45 mmol ligands mixture in 40 ml of EtOH + 5 mmol NaBH4 in 75 ml 

EtOH)  

 

Synthesis of EG2-18: EG2:HT mole ratio: 5:1 / Reaction atmosphere: Gold-thiol 

complex stirring under nitrogen / Solvent mixture: 5 ml EtOH + 5 ml toluene to dissolve 

ligands 

 

Synthesis of EG2-19: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole 

ratio: 3:1 / Reaction atmosphere: Gold-thiol complex stirring under nitrogen / Solvent 

mixture: 9 ml EtOH + 1 ml CHCl3 to dissolve ligands, 45 ml EtOH to dissolve NaBH4 

 

Synthesis of EG2-20: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole 

ratio: 3:1 / Temperature: Gold-thiol complex stirring @ RT, reduction @ 0 0C, 3 hours 

stirring @ room temperature  / Volume of the solvent used for gold-thiol complex: 80 ml 

EtOH, 150 ml EtOH to dissolve NaBH4 

 

Synthesis of EG2-21: EG2:HT mole ratio: 3:1 / Reaction atmosphere: Gold-thiol 

complex stirring under nitrogen  / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to 

dissolve ligands 

 

Synthesis of EG2-22: Addition rate of reducing agent: Immediate / Gold-thiol complex 

stirring time: 30 minutes / EG2:HT mole ratio: 3:1 / Double scale of the general 

synthesis protocol (0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 

20 ml EtOH + 5 mmol NaBH4 in 75 ml EtOH)  

 

Synthesis of EG2-23: EG2:HT mole ratio: 5:1 / Reaction atmosphere: Gold-thiol 

complex stirring under argon / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands 
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SSynthesis of EG2-24: EG2:HT mole ratio: 7:1 / Reaction atmosphere: Gold-thiol 

complex stirring under argon / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands 

 

Synthesis of EG2-25: EG2:HT mole ratio: 3:1 / Reaction atmosphere: Gold-thiol 

complex stirring under argon / Solvent mixture: 3 ml EtOH + 7 ml CHCl3 to dissolve 

ligands 

 

Synthesis of EG2-26: EG2:HT mole ratio: 3:1 / Reaction atmosphere: Gold-thiol 

complex stirring under argon / Solvent mixture: 10 ml CHCl3 to dissolve ligands 

 

Synthesis of EG2-27: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

3:1 / Reaction atmosphere: Gold-thiol complex stirring under argon / Solvent mixture: 

10 ml CHCl3 to dissolve ligands 

 

Synthesis of EG2-28: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

7:1 / Reaction time: 15 minutes  

 

Synthesis of EG2-29: Gold-thiol complex stirring time: 35 minutes / EG2:HT mole 

ratio: 6:1 / Temperature: Gold-thiol complex stirring @ RT for first 20 min, then @ 0 0C 

for 15 min , reduction @ 0 0C, 1 hour stirring @ room temperature  / Solvent mixture: 

20 ml CHCl3 + 20 ml EtOH to dissolve ligands  / Volume of the solvent used: 40 ml 

EtOH for gold salt, 75 ml EtOH to dissolve NaBH4  / Reaction time: 1 hour 

 

Synthesis of EG2-30: Gold-thiol complex stirring time: 35 minutes / EG2:HT mole 

ratio: 7:1 / Temperature: Gold-thiol complex stirring @ RT for first 20 min, then @ 0 0C 

for 15 min , reduction @ 0 0C, 1 hour stirring @ room temperature  / Solvent mixture: 5 

ml CHCl3 + 5 ml EtOH to dissolve ligands / Reaction time: 1 hour 

 

Synthesis of EG2-31: EG2:HT mole ratio: 7:1 / Temperature: Gold-thiol complex 

stirring @ 0 0C , reduction @ 0 0C, 3 hours stirring @ room temperature  / Solvent 
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mixture: 10 ml CHCl3 + 10 ml EtOH to dissolve ligands  // Volume of the solvent used: 

20 ml EtOH for gold salt, 75 ml EtOH to dissolve NaBH4 

 

Synthesis of EG2-32: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole 

ratio: 10:1 / Reaction atmosphere: Gold-thiol complex stirring under argon / Solvent 

mixture: 5 ml CHCl3 + 5 ml EtOH to dissolve ligands  / Volume of the solvent used: 45 

ml EtOH to dissolve NaBH4 

 

Synthesis of EG2-33: Gold-thiol complex stirring time: 30 minutes / EG2:HT mole 

ratio: 5:1 / Temperature: Gold-thiol complex stirring @ RT, reduction @ 0 0C, 3 hours 

stirring @ room temperature  / Solvent mixture: 20 ml CHCl3 + 20 ml EtOH to dissolve 

ligands  / Volume of the solvent used: 40 ml EtOH for gold salt, 45 ml EtOH to dissolve 

NaBH4 

 

Synthesis of EG2-34: EG2:HT mole ratio: 5:1 / Reaction atmosphere: Gold-thiol 

complex stirring under nitrogen / Solvent mixture: 5 ml EtOH + 5 ml CHCl3 to dissolve 

ligands / Volume of the solvent used: 47.5 ml EtOH to dissolve NaBH4 

 

Synthesis of EG2-35: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

5:1 / Precursor: Different than the common one, %99.999 trace metal basis 

HAuCl4.xH2O 

 

Synthesis of EG2-36: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

7:1 / Precursor: Different than the common one, %99.999 trace metal basis 

HAuCl4.xH2O 

 

Synthesis of EG2-37: EG2:HT mole ratio: All EG2 (0.225mmol EG2) / Solvent 

mixture: 10 ml MeOH + 10 ml EtOH mixture to dissolve gold-thiol complex, 10 ml 

MeOH + 27.5 ml EtOH to dissolve NaBH4 / Precursor: Different than the common 

one, %99.999 trace metal basis HAuCl4.xH2O 
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SSynthesis of EG2-38: EG2:HT mole ratio: 12:1 / Solvent mixture: 7 ml methanol 

(MeOH) + 13 ml EtOH mixture to dissolve gold-thiol complex / Reaction time: 1 hour 

/ Precursor: Different than the common one, %99.999 trace metal basis HAuCl4.xH2O  

 

Synthesis of EG2-39: Addition rate of reducing agent: Immediate / EG2:HT mole ratio: 

3:1 / Solvent mixture: 5 ml MeOH + 5 ml EtOH  for gold salt  

 

Synthesis of EG2-40: EG2:HT mole ratio: 4:1 / Temperature: Gold-thiol complex 

stirring @ RT for first 20 min, then @ 0 0C for 15 min , reduction @ 0 0C, 1 hour 

stirring @ room temperature  / Solvent mixture: 5 ml CHCl3 + 5 ml EtOH to dissolve 

ligands / Reaction time: 1 hour 

 

Synthesis of EG2-41: Addition rate of reducing agent: Immediate / Temperature: Gold-

thiol complex stirring @ 0 0C, reduction @ 0 0C / EG2:HT mole ratio: All EG2 

(0.225mmol EG2)   

 

Synthesis of EG2-42: Double scale of the synthesis protocol of EG2-25 except EG2:HT 

mole ratio: 8:1 / (0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 13 

ml EtOH + 7 ml CHCl3 + 5 mmol NaBH4 in 50 ml EtOH) / Reaction atmosphere: 

Gold-thiol complex stirring and whole reduction step under nitrogen 

 

Synthesis of EG2-43: Double scale of the synthesis protocol of EG2-25 except EG2:HT 

mole ratio: 10:1 / (0.45 mmol HAuCl4 in 20 ml EtOH+ 0.45 mmol ligands mixture in 

13 ml EtOH + 7 ml CHCl3 + 5 mmol NaBH4 in 50 ml EtOH) / Reaction atmosphere: 

Gold-thiol complex stirring and whole reduction step under nitrogen 

 

Synthesis of EG2-44: Addition rate of reducing agent: Dropwise / Temperature: Gold-

thiol complex stirring @ 0 0C, reduction @ 0 0C / EG2:HT mole ratio: 7:1  

 

Synthesis of EG2-45: Addition rate of reducing agent: Dropwise / Temperature: Gold-

thiol complex stirring @ 0 0C, reduction @ 0 0C / EG2:HT mole ratio: 12:1  
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AAfter the synthesis, the nanoparticles needed to be purified and the impurities such as 

excess reducing agent, unreacted ligands, and residual solvents removed. Vacuum 

filtration purification method, which is a common purification practice for synthetic 

chemistry, was utilized for the purification of AuNPs. Following the completion of the 

reaction, a solvent that caused to precipitation of particles was added into the reaction, 

and the solution was stored at 4 0C overnight. In our case, diethyl ether was utilized as 

the precipitation solvent after testing the solubility of the nanoparticles in a number of 

common solvents. After supernatant of the solution was removed, the particles were 

filtered through a filter paper under the vacuum. Then, a large amount of solvents 

(ethanol and acetone, respectively) were used to dissolve out impurities. As a final step, 

AuNPs on the filter paper were dried under the vacuum and the black powder was 

collected. I also used other cleaning techniques that for extra purification prior to certain 

characterization techniques, where existence of extra ligands could cause inaccurate 

results. 

 

3.2 Characterization of Mixed Ligand Coated Gold Nanoparticles 

Careful characterization of physical and chemical properties of the synthesized AuNPs 

was required as these properties dictate the function of AuNPs. Therefore, the particle 

characterization served as the pillar of nearly all of the results in this thesis. Appropriate 

characterization of the synthesized AuNPs is necessary for our understanding of the 

parameters that need to be controlled or changed in order to attain the anticipated 

properties. This section of the thesis explains the characterization techniques employed in 

the study of family of EG2:HT coated AuNPs. 

Numerous techniques can be used to characterize the nanoparticles. The three most basic 

characterization techniques applied to all the synthesized AuNPs were the transmission 

electron microscopy (TEM), the nuclear magnetic resonance (NMR), and the Fourier 

transform infrared spectroscopy (FTIR). These three methods allowed me to obtain the 

average size of the particles, the actual ligand composition, and the molecular 

conformation of the ligands on the surface, respectively. In addition, thermogravimetric 

analysis (TGA) was utilized to calculate the organic percentage of the synthesized 
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nanoparticles, which in turn was used to determine the ligand density on the surface of 

the particles.  

33.2.1 Ligand-Shell Composition Determination 

1H-NMR spectroscopy was used to determine the actual ratio of two dissimilar ligands 

(EG2:HT) on the surface of the particles. The molar ratio of two ligands that are used 

during the synthesis is called “feed ratio” and feed ratio is not necessarily the same as the 

ratio of two ligands on the surface after the synthesis. Therefore, NMR spectroscopy was 

used to check which ligands are present on the surface of NPs, quantifying the real ratio 

of the ligands. This technique was chosen to determine the identity and the quantity of 

the ligands on the surface thanks to chemical resolution provided by chemical shift and 

the direct correlation between NMR signal integration and spin population.  

Solution based 1H-NMR spectroscopy previously utilized in the field to evaluate the kind 

and amount of ligands on nobel metal NPs.7 Moreover, the ligand concentration on the 

surface of AuNPs found by NMR has been compared with other techniques like ICP-

OES, revealing high correlation between two methods within a 95% confidence interval.8 

However, the direct analysis of nanoparticle solution for quantitative results is not 

possible since the ligands attached to the surface of the NPs experience an amplified 

relaxation time, broadening their NMR peaks. For this reason, the metal core of the NPs 

has to be etched prior to measurement to release the ligands from the surface. 

If the particles are clean, one should not expect any sharp peak in the spectra of NP 

solutions except the solvent peaks. Sharp peaks overlaid on broad ones are 

characteristically an indication of free ligands present in solution due to inefficient 

cleaning. 

To avoid incorrect results, the nanoparticles had to be cleaned from their impurities. 

Thus, after the standard cleaning procedure that is mentioned in previous Section.3.1, 

the powder of AuNPs was centrifuged with acetone several times (7*40 ml), and the 

sample was sonicated and vortexed between each wash cycle. This residue was then dried 

under vacuum. Then, 12 mg of nanoparticles was suspended in 0.5 mL of DMSO-d6 



70

(Sigma) to check if there was any free ligand left. In the beginning, in order to decide the 

cleaning procedure, this step was repeated for every NP that was synthesized. Later, the 

protocol was set to assure the cleanliness of each particle. In FFig.3.4, one spectrum of a 

synthesized nanoparticle batch is shown as an example to see what a spectrum of clean 

nanoparticle sample looks like. After this stage, if nanoparticles were clean, the ligands 

were liberated from the surface for increased resolution.  

Chemical decomposition of the gold core was performed by iodine etching. An etching 

solution of 4 mg of Iodine (Acros) in 100 μL DMSO-d6 was added previously prepared 

nanoparticle solution. Then, the NMR tube with the mixture of etchant and 

nanoparticles was sonicated for 70 minutes prior to the measurement. This protocol was 

applied to all series of synthesized EG2:HT coated AuNPs.  

To calculate the actual ligand ratio, the area of a peak assigned to each ligand was 

integrated, normalized by the number of protons on the particular group, and compared 

to each other. The peaks, which were interfered by solvent peaks, were unsuitable to be 

utilized. Therefore, we turned our attention to the alkyl region. For the HT ligand, the 

terminal CH3 group was used (3H, 0.87 ppm). In the region that spans from 1.2 ppm to 

1.65 ppm, the peaks corresponding to the alkyl part of both EG2 and HT were 

overlapping (8H from EG2, 8H from HT). The positions of chemical shifts of each 

hydrogen within both HT and EG2 are shown in Fig. 3.3 in detail. The choice of 

integration area was crosschecked by mixing two pure ligands together in known molar 

ratios, which revealed the accurate match between measured and feed ratio.  

After careful processing of NMR data, it was shown that the ligand feed ratio was not 

necessarily the same as the real ligand ratio on the surface of the nanoparticles. It is highly 

recommended to visit Section 3.1 to examine the correlation between the feed ratio and 

the real ratio depending on the reaction conditions.  

NMR spectra of all the synthesized batches are shown in Appendix, Fig.A.1-A.5. The 

missing batch numbers are corresponding to All-EG2 covered AuNPs, which can be 

found in Fig.3.3F. 
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33.2.2 Size Distribution Analysis  

Transmission electron microscopy (TEM) is the most direct technique to analyze the 

mean core diameter of metal nanoparticles.9 TEM image is produced as a result of the 

interaction of the electrons transmitted through an ultra-thin specimen. This technique is 

able to provide images at a significantly higher resolution than light microscopes due to 

the small de Broglie wavelength of electrons. 

TEM images of whole series of EG2:HT coated AuNPs was routinely acquired in a 

HS

Figure 3.3 Representative NMR spectra of AA) DMSO-d6, BB) Pure HT ligand in DMSO-d6, CC) Pure EG2 

ligand in DMSO-d6, DD) Pure EG2 ligand in DMSO-d6 + iodine, ligands were shown to form disulfide 

species in our group due to oxidizing nature of iodine. EE) EG2:HT covered AuNPs in DMSO-d6 without 

iodine etching, the spectrum didn’t show any peak corresponding to EG2 or HT ligand, FF) All-EG2 

covered AuNPs in DMSO-d6 after etching with iodine. 
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Tecnai Spirit BioTWIN electron microscope. A TEM sample was prepared by drop-

casting the diluted solution of AuNPs on a 400 mesh carbon-coated copper grid. 

Depending on the actual EG2:HT ratio on the surface of AuNPs, their solubilites varied 

in ethanol, methanol, and water. The most suitable solvent in which NPs are more 

dispersible was used to prepare the nanoparticle solutions. And, prior to analysis, the 

solvent was left to evaporate. TEM images were obtained in a Tecnai Spirit BioTWIN 

with the acceleration voltage of 80 kV. The size distributions were obtained using a 

threshold based particle analysis in the program “ImageJ”, which also applied watershed 

filter in order to separately analyze the particles whose surfaces were in contact.  

Size distributions and representative TEM images of the synthesized EG2:HT coated 

AuNPs used in this thesis is shown in AAppendix, Fig.A.6-A.14. While calculating the 

mean diameter of each synthesized batches, it is important that the calculated value 

should reflect the whole nanoparticle population. If the particles have perfect Gaussian 

size distribution, then the calculated mean diameter represents well the whole particle 

population. However, the synthesis method used in this thesis were prone to produce 

more than one size population as it can be seen in most of the TEM histograms of EG2-

n particles (Appendix, Fig.A.6-A.14). Origin Pro (9.1) was used to determine the mean 

diameter of each size population by fitting each distribution to a Gaussian function. As a 

result, two different mean diameters were calculated to represent one nanoparticle batch 

if size distribution of the particles are bimodal. Each mean diameter was reported with 

standard deviation of the population.  

 

3.2.3 Constructing 2-D Map of Size and Ligand Ratio for the Synthesized 
AuNPs 

After characterization of each synthesized batch with NMR and TEM in order to 

determine the real EG2:HT mole ratio on the surface and the mean diameter of the core 

size, we decided to transform this information into a 2-D plot (Fig.3.4). The plot 

provided a clear picture about the range of the size and ligand ratio of the particles that 

are used in this thesis for further binding experiments. Data corresponding to each point 

in the 2-D plot can be found in Table 3.2 and Table 3.3. In addition, batch numbers are 
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added in TTable 3.2 and Table 3.3 to aid finding out synthesis method of batch of 

interest.  

 

Figure 3.4: Size and ligand ratio (in terms of moles) of the synthesized AuNPs demonstrated in 2-D 

format. Bimodal particles were represented by two different mean diameters (navy and pink dots connected 

with black dashed line) assuming the same ligand ratio for each nanoparticle population. Upper and lower 

error bars shown for the y-axis is the standard deviation of mean size diameter of that population. 

Corresponding mean diameters, standard deviations, fitting of peak 1 and peak 2 can be found in 

Appendix, Fig.A.6-A.14.  

 

The mean diameters of each nanoparticle population within the same batch (mean 

diameters of peak 1 and peak 2) can be found in Appendix, Fig.A.6-A.14. While plotting 

Fig.3.4, we assumed that both nanoparticle populations within the same AuNP batch 

have the same EG2 ligand ratio on their surfaces. The population of the particles with 

mean diameter of peak-1 is much lower compared to the particles with mean diameter of 
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peak-2. In addition, mean diameter of peak-1 is similar for all the bimodal nanoparticle 

batches. Therefore, from this point on in this thesis, each AuNPs batch will be 

represented by the mean diameter of peak-1 (navy dots in FFig.3.4). 

 

 

Table 3.2: Mean size diameters (nm), standard deviation of the core sizes (nm), EG2:HT mole ratios on 

the surface of AuNPs, mole percentages of EG2 on the surface of AuNPs are shown for EG2-n (n, 1-26) 

 

 

Table 3.3: Mean size diameters (nm), standard deviation of the core sizes (nm), EG2:HT mole ratios on 

the surface of AuNPs, mole percentages of EG2 on the surface of AuNPs are shown for EG2-n (n, 27-45) 
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33.2.4 Thermogravimetric Analysis (TGA) and Ligand Density Calculations 

The multi-technique evaluation by Terrill et al. (1995) was among the first applications 

of TGA to monolayer-protected AuNPs.10 It was utilized to calculate the organic 

percentages of NPs covered with one type alkanethiol with similar core size but 

increasing in ligand length. Results from TGA and elemental analysis showed excellent 

agreement on the weight percentages of organics on the surface of NPs (19.74% and 

20.67 %, respectively for C8-terminated AuNPs). After early studies, TGA has become a 

gold standard for calculating the organic content of monolayer-protected AuNPs and 

gold clusters in order to estimate the number of Au-S bonds (ligand density) and surface 

coverage. This method has been widely accepted in the field since it allows for the direct 

determination of the weight of the organic layer on the surface compared to the inorganic 

core.11,12 

The general mechanism of TGA is based on recording weight loss or gain of a sample 

upon heating due to loss of volatiles (moistures, ligands etc.), decomposition or 

oxidation. The temperature of the sample in a crucible is linearly ramped up under 

stream of inert (or reactive, not for our purpose) gas. Here, it is important to understand 

the experimental set-up of TGA since a mass loss observed during the measurement 

under N2 flow, in an open crucible cannot be attributed to boiling phenomena, but 

rather evaporation, desorption or sublimation. The maximum temperature was chosen as 

600 oC in this study. Typically, it is chosen in such a way that there is no further 

decomposition of carbon materials above that temperature.  

The amount of sample used for the analysis should be in the powder form and it 

generally ranges from 2 mg to 30 mg (depending on the organic percentage, if the 

percentage is low then the amount should be increased to obtain a smooth curve). 

Unfortunately, it is a destructive technique, which means you cannot recover the sample 

after the measurement.  

 

Inorganic impurities within the samples result in high-error measurements. Since there 

was high amount of salt present in our synthesis, we needed to be sure that all the salts 

were washed away. Therefore, particles were washed several times with MilliQ water 
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using Amicon® Ultra-15 Centrifugal Filter Devices (10k or 30k NMWL). Before the 

washing procedure, particles were suspended in water 5-7 days to ensure complete 

dissolution of the salts. The particles were then suspended in a small amount of water 

(~0.5 mL) and, then precipitated with the aid of acetone and hexane mixture. After the 

supernatant was poured off, the precipitate was stored under vacuum for 2 days to ensure 

complete removal of solvents. Characteristic heating rates in the literature are 5-20o 

C/min especially for carbon materials, and an increase in rate was associated to poor 

reproducibility and high error. Therefore, we used 5o C/min for our measurements.  

We used TGA 4000 from Perkin Elmer in this work, and FFig. 3.5 shows analyses of 

recently synthesized EG2:HT covered nanoparticles. NPs of different sizes were analyzed 

by TGA. The TGA data is obtained in form of absolute weight differences; however, it is 

mostly reported as percentage loss after normalization of absolute value by the initial 

weight of sample.  
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Figure 3.5: TGA curves of recently synthesized EG2:HT covered AuNPs, 30 min temperature 
equilibration at 30 0C to remove all the solvents are not represented A) % 13.9 organic percentage for 
EG2-14, B) % 12.4 organic percentage for EG2-27, C) 7.7 % organic percentage for EG2-43. Organic 
percentages were calculated by subtracting weight percentage @ 600 0C from 100 %.  
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Unfortunately, TGA of all the batches could not be obtained due to experimental 

reasons. In the beginning of this study, the organic percentages obtained for the particles 

were quite low (< 7 %), then it was shown with the aid of Inductively Coupled Plasma- 

Mass Spectroscopy (ICP-MS) (weight percentages, wt 4.3 % Na, 0.2 % B) that there was 

a remarkable amount of inorganic salt present after the routine cleaning protocol.  

 

The cleaning protocol mentioned above gave relatively high amount of organic 

percentages, and the conductivity of nanoparticle solutions showed that there was no (or 

little) amount of salt present. However, the efficiency of this protocol was very low in 

terms of the amount of particles obtained. The most of the particles were stacked in the 

membrane of centrifugal device, and a large amount of particles was lost in that stage. 

Since TGA required high amount of particles (~6-8 mg in our case), it wasn’t possible to 

obtain TGA plots for all the particles. Therefore, different sizes of particles were analyzed 

in order to understand the variations through the particle size. Since 2-nm particles 

passed through the membrane of the centrifugal filter device (10k NMWL), that size 

range could not be analyzed. 

 

Knowing the number of ligands on unit surface area of the particles was important in 

order to develop the relationship between functions and properties. Murray and 

collaborators reported TGA-based ligand density calculations, which are one of the 

earliest studies in the field, by using various size of spherical AuNPs (1.5–5.2 nm) 

covered by different thiolated ligands.10 They showed that ligand density change only 

slightly with respect to particle size. To illustrate, dodecanethiol (DDT) ligand densities 

were found to be around 4.6 ligands per nm2 for both 5.2 nm and 2.8 nm of AuNPs. On 

the other hand, the ligand identity was demonstrated to have a pronounced effect on the 

densities. For example, larger ligands like α-methoxy- ω-mercapto-poly(ethylene glycol) 

(PEGSH, molecular weight (MW) = 5 kDa) formed lower ligand densities (2.88 ligands 

per nm2) on similarly sized AuNPs (2.8 nm), indicating that larger ligands may pack less 

densely on the surface of AuNPs.13 It is also possible to use different techniques to 

calculate organic percentages. Colvin and his colleagues compared TGA with analytical 

ultracentrifugation (AU) and total organic carbon analysis (TOC) to calculate the ligand 
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density of various thiolated PEG molecules. The authors discovered that ligand densities 

were comparable for all three methods.14 

 

On the other hand, considering the bulk quantification strategies (NMR for ligand ratio, 

TGA for organic percentages, TEM for size distribution), the accuracy of ligand density 

values is fundamentally restricted by the size distribution of the AuNPs. An ideal method 

would be to work on single particles; however, current analytical methods have not yet 

been advanced to reach single particle analysis for ligand density calculations.13  

 

In order to calculate ligand densities, the general tactic was to divide the total amount of 

ligands by the total amount of particle surface area. Therefore, the size of the particles, 

the molecular weight of the ligands (ligand ratio is needed in the case that there are two 

different ligands on the surface), and the organic percentage had to be obtained 

experimentally.13 In this thesis, the ligand density was calculated using EEquation 3.1 by 

using data obtained from TGA, NMR and TEM analysis.13 

 

TGA provided the relative weight percentage of ligand shell (wt % shell) compared to the 

weight percentage of the pure gold core (wt % core). To calculate the total number of 

ligands, the total mole of ligands on the surface was calculated first by taking ligand shell 

mass (wt % shell) and dividing it by molecular weight of the ligand (=(mole ratio of HT 

obtained by NMR*MW of HT + mole ratio of EG2 obtained by NMR*MW of EG2)/ 

(total number of moles)). Then, it is multiplied by Avogadro’s number (NA) to find out 

the total ligand number. The denominator needs a degree of the total particle surface area 

in the sample, which can be found by multiplying the total number of particles with the 

surface area of one single particle (4πr2). The number of particles is derived from weight 

percentage of the pure gold core (wt % core) divided by the mass per particle, which 

corresponded to the product of the volume of a single particle (4/3πr3, radius by TEM) 

and the density of bulk gold (σcore =19.6 g/cm3).  
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The ligand densities of EG2-14, EG2-27 and EG2-43 were found to be 4.1 ligands per 

nm2, 4.3 ligands per nm2, 4.3 ligands per nm2, respectively. Although, smaller EG2-14 

particles were expected to have higher densities due to high radius of curvature, which 

can provide more space, experimental data did not confirm this phenomenon. We 

concluded that ligand density of EG2:HT covered AuNPs with almost similar ligand 

ratios doesn’t vary much within the nanoparticle size range from 2.6 nm to 5.4 nm.  

As stated before, it is difficult to speculate on the accuracy of the values since it is 

calculated based on bulk quantification. In addition, triplicate measurements could not 

be performed due to experimental restrictions. Combination of errors originating from 

different techniques may result in high error values. However, our results showed good 

agreement with the values found in the literature. For example, Zheng et al.  analyzed a 

similar system that is presented on this thesis by using TGA. They reported the density of 

tetra (ethylene glycol, EG4-SH) on the surface of 3.4 nm of AuNPs as 4.2 ligands per 

nm2.13 

 

 

 

 

 

 

Ligand 
Density 

(Equation 3.1) 
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33.2.5 Fourier Transform Infrared (FT-IR) Spectrometry to Probe 

Conformation of EG2 Ligands on the Surface of AuNPs 

Fourier transform infrared spectroscopy (FTIR) is a robust technique to probe the 

nanoparticle’ surfaces, providing information on the configuration of ligand molecules. 

In our study, it has been utilized to assess the average orientation of ligands within SAMs. 

We will then discuss evidence correlating the molecular conformation of EG2 ligands 

that are on the surface of AuNPs with the ability of these AuNPs to bind metal ions.  

 

3.2.5.1 Basic Principles of FTIR 

The entire internal energy of a molecule can be distributed into translational, rotational, 

electronic and vibrational energy levels. In the infrared region, the electromagnetic waves 

largely couple with the molecular vibrations, resulting a molecule excited to a higher 

vibrational state. Absorption of electromagnetic radiation takes place at frequencies that 

correlates to the vibration of specific sets of chemical bonds within a sample molecule. As 

a result, an infrared spectrum is generally acquired by passing infrared radiation through 

a sample and determining what fraction of the incident radiation is absorbed at a specific 

energy. The resulting spectrum is therefore very valuable since it provides molecular 

fingerprint of the sample. Like a fingerprint, each unique molecule produces the different 

infrared spectrum depending on the characteristic of the molecule. The essential 

requirement for infrared activity is that electric dipole moment of the molecule must 

change during the vibration.15  

It can be imagined that there is an infinite number of vibrations of a molecule, which in 

real world would lead to a completely chaotic model for interpretation. Therefore, a 

molecule can be seen as a system of masses connected by bonds with spring-like 

properties. By using this model, a minimum set of fundamental vibrations (stretching 

and bending movements), are described as the normal modes of vibration based on a 

threefold set of coordinate axes. The number of normal modes can be calculated as 3N-6 

(3N-5 for linear molecules, where N is number of atoms). In reality, the number of 

vibrational modes is observed is much more lower then calculated value. The reason is 



82

that several vibrational modes require the same amount of energy.15  

Vibrations comprise either an alteration in bond length (stretching) or bond angle 

(bending). There are different types of stretching and bending modes presented in FFig. 

3.6.  

 

 

 

 

 

 

 

Figure 3.6: Fundamental vibrational modes of a molecule. Scissoring, rocking, wagging and twisting shows 

different types of bending vibrations. 

The intensity of an absorption bands in IR spectrum rely on the change in the dipole 

moment of the bond and the number of the particular bonds existing. On the other 

hand, the frequency of absorption bands can be assessed based on our system of masses 

joined by bonds with spring-like properties. Hooke’s law (Equation 3.2) defines the 

motion of a vibrating spring.15  

 

  ν =                                              (Equation 3.2) 
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It demonstrates the relationships between wavenumber (ν) and the masses of the atoms 

(m1, m2), the force constant of the bond (f). For example, we can deduce from Hooke’s 

law that heavier atoms and weaker bonds lead to lower frequencies. Or, bending modes 

frequencies are lower than that of stretching frequencies since it is easier to bend a bond 

than to stretch it.  

33.2.5.2 Structural Studies of Oligo(Ethylene Glycol) Terminated Self-

Assembled Monolayers on Gold Surfaces 

Pale-Grosdemange et al. for the first time considered the assembly properties of OEG-

terminated alkanethiolates on gold surfaces.16 Later, Grunze and co-workers investigated 

in great detail the conformations of the OEGs on dissimilar supporting lattices, reporting 

the existence of two stable conformers – a helical on gold and an all trans on silver.17 The 

length of OEGs was also found to be critical in determining ligand configuration on the 

surface. For instance, Prime and Whitesides investigated nonspecific protein adsorption 

on SAMs of HS(CH2)11O(EG)xOH, where x=1-7. Protein adsorption was discovered to 

be inhibited when x ≥ 3 since they were shown to have helical conformation, which 

accommodates water molecules within SAMs.16 

On the other hand, it has been shown for huge series of OEGs that they have not been 

existed on gold surfaces by a single (pure) phase. Instead, IR spectra showed the 

coexistence of different phases like helical, all trans, or amorphous.18,19 Fig. 3.7 illustrates 

the pure helical and all-trans form of EG3 oligomers, which are two of the possible 

crystalline configurations of OEG moieties. Therefore, interpretation of the IR spectra of 

ethylene glycol oligomers (OEGs) is not straightforward since multiple conformations 

may give rise to many peaks in the spectra. In addition, overlap of the bands because of 

the alkyl and oxyethylene moieties may make the analysis further challenging.20–22 

In order to understand the effect of size and ligand ratio of AuNPs on the configuration 

of OEG ligand, we characterized all of the synthesized batches with solid-state FTIR 

spectroscopy. However, we first decided to start with establishing conformation of the 

EG2 chains in aqueous solution and as neat liquid. This may help us to elucidate 

conformational states of the EG2 moieties on the nanoparticle surface. In addition, we 
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tried to benefit from the previous studies conducted on conformations of OEGs on gold 

surfaces. TTable 3.4 displays the IR bands in the spectra at 1150-800 cm-1, and Fig. 3.8 

shows the corresponding IR spectra of that compounds. The spectra were recorded in 

attenuated reflection mode (ATR).  

The IR spectra of the ethylene glycol oligomers (OEG-SAMs) display two characteristic 

spectral regions, having the origin in (1) the CH stretching region of both alkyl and ether 

parts of the ligands  (2800-3000 cm-1), (2) the finger print region of OEGs, which 

includes different modes of in-plane bending, wagging, twisting, rocking, as well as 

skeletal vibrations of the oligomer parts (1500-800 cm-1).17,22 However, I will focus on 

the changes in the bands at 1150 - 800 cm-1, which correspond mostly to –C-O-C- 

stretching vibrations. One reason behind the close examination of the bands at 1150 - 

800 cm-1 is that this part of the fingerprint region possesses the most resolved and intense 

IR peaks, which are relatively easy to interpret. Another reason is that a pronounced 

difference in the peak positions and relative intensities were observed in that region with 

respect to changing nanoparticle size.  

 

 

Figure 3.7:  Schematic drawing of HSC11(EG)3OCH3 SAMs on Au, A) The helical conformation of 

OEGs. The helical conformer is attained when all dihedral angles about C-O bonds are ~180o and those 

about C-C bonds are 60-70o (-C-O-C-C-O-, TGT). B) The all trans conformation of OEGs. The all trans 

conformer is denoted when all dihedral angles about C-O and C-C bonds are close to 180o (-C-O-C-C-O-, 

TTT). C) The series of amorphous conformation of OEGs (i.e. -C-O-C-C-O-, GTG).23  
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CCH Stretching Region. This region contains the asymmetric and symmetric alkyl -CH 

stretching modes, which provide information about the molecular packing and the 

crystallinity of the alkyl part of the SAMs. For the discussion of the vibrational spectra, 

we can refer to the band assignments of unfunctionalized alkanethiols reported in the 

literature. For example, the entire C15 series, the peaks at 2918 cm-1 and 2851 cm-1 

suggest that the SAMs adopt an excellent all-trans crystalline structure in the alkyl 

underlayer. Another example is that if you see a asymmetric alkyl CH2 stretching mode 

frequency of 2921 cm-1, it indicates that the C11-alkyl phase has more gauche defects than 

the unfunctionalized C12-thiol (2919 cm-1), but fewer than in the liquid phase (2926cm-

1). In Table 3.4, CH2 stretching mode appearing at higher frequencies indicates slightly 

higher gauche content.17,20,21,23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Left panel shows the wavenumbers in the range of 700-4000 cm-1, Right panel shows the 

wavenumbers in the range of 700-1550 cm-1. Comparison of spectral shifts corresponding to pure EG2 

ligand/ EG2 ligand in water, and EG2 ligand on the surface of AuNPs in water.  
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TThe Name of the 
Compound 

CCH stretching 
region (cm-1) 

OOEG finger print 
rregion 

(1150--800 cm--1)  

Relative 
Intensity -1 

Relative 
Intensity -2 

EG2-41 (All EG2-NPs-
Solid state, 4.0 nm) 

2926-2860 (1127, 1067 (sh), 
1003) (943, 876, 827) 

(2.5, 2.0, 1.0) (1.0, 1.0, 1.0) 

EG2-12 (All EG2-NPs-
Solid state, 3.2 nm) 

2923-2856 (1128, 1071 (sh), 
1003) (947, 878, 825) 

(1.7, 1.2, 1.0) (1.3, 1.0, 1.3) 

EG2-37 (All EG2-NPs-
Solid state, 2.1 nm) 

2923-2857 (1115, 1065 (sh)) 
(933, 880) 

(1.0, 1.1) (1.0, 1.0) 

EG2 Ligand - Neat 
Liquid 

2922-2856 (1114, 1064, 982) 
(930, 882, 810) 

(2.0, 1.9, 1.0) (1.0, 1.6, 1.3) 

EG2 Ligand - Neat 
Liquid in Water 

2922-2857 ( 1091 (sh), 1064, 
983) (931, 885, 811) 

(1.5, 1.6, 1.0) (1.1, 1.2, 1.0) 

EG2-12 (All EG2-NPs, 
3.2 nm) in Water 

2921-2855 (1127, 982) (1.5, 1.0) ( - ) 

 

Table 3.4: Comparison of spectral shifts of EG2 ligands existing in different environments. The 

corresponding spectra are shown in Fig.3.8. Peak frequencies and intensities will be used as a reference in 

this study. Relative intensity-1 represents the ratios among the peaks at 1000 - 1130 cm-1, and relative 

intensity-2 represents the ratios among the peaks at 800 - 1000 cm-1. Sh-Shoulder peak 

 

OEG Fingerprint Region. Assuming ordered alkyl chains, one would expect the OEG 

fingerprint bands, which display a more or less parallel alignment of the transition dipole 

moment with respect to the surface normal, to be dominating in the spectra. Here, we 

focused on the strong -C-O-C- asymmetric & symmetric skeletal stretching vibrations at 

~ 1150 cm-1 – 800 cm-1. 

First of all, we extracted all the useful data that we can use from the literature.  

Harder et al. found that the helical OEG-SAMs change their conformations to a 

predominantly amorphous phase when exposed to water, whereas; the all-trans OEG-

SAMs retain a good conformational order when exposed to water and is affected 

mostly only within the methoxy terminal group of the OEG chains.17  

 

They also showed that the 1114 cm-1 peak can be identified as a parallel polarized C-

O-C stretching mode, a very distinctive sharp feature in spectra of helical crystalline 

PEG. In their system, the sharp peak appearing at 964 cm-1 is also attributed to the 

CH2 rocking mode of helical crystalline chains. In the molten state, PEG is enriched 

with gauche conformers, resulting in another rocking mode, appearing as a weak and 

broad low frequency shoulder on the 964 cm-1 peak. In addition, C-O stretching 
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mode of the terminal C-OH group, can be seen also as a doublet at 1076/1061 cm-

1.18,19,24  

An essentially different shape of C-O stretching mode at ~1145 cm-1 is seen for EG4 

and EG2 ligands indicating that the chains are assembled predominantly in the all 

trans conformation.20,21,25 

 

Previous studies suggested that amorphous and all-trans OEGs are expected to absorb 

in the 1125–1150 cm-1 region, and the shoulder(s) on the high frequency side 

therefore have been attributed to the presence of non-helical conformational 

(amorphous or trans) states in the OEG-SAMs.22 

In the light of this information, surprisingly, in contrast to the literature, the neat EG2 

liquid holds preferentially helical conformation. The C-O-C stretching peak attributed to 

helical conformation at 1114 cm-1 disappears in water as suggested in the literature. 

Therefore, the spectral peaks observed in water can be seen as the vibrations related to 

amorphous like conformations (or with more gauche defects).  

The peak around ~1127 cm-1 do not greatly change upon in touch with water, suggesting 

already amorphous like form, in which trans conformations may contribute more. On 

the other hand, peak at 1003 cm-1 seemed to be shifted to 982 cm-1. The reason might be 

due to amorphous like orientation, in which gauche conformations may dominate. Here, 

it is really difficult to assign exact corresponding peak modes since there is no similar 

previous study on our system. 

33.2.5.3 Solid-State Spectroscopic Characterization of EG2:HT Protected 

AuNPs 

The transmission infrared spectra of the compounds were recorded on a Nicolet 6700 

ThermoFischer Scientific FTIR spectrometer. 256 interferograms were averaged at 4 cm-1 

resolution. The cleaning protocol prior to sample preparation was mentioned in section 

3.2.1. 1.3 -1.5 mg of AuNPs as powder were mixed thoroughly with 150 mg of KBr in a 

mortar while grinding with the pestle. The fine powder was kept under vacuum for one 

night. The bottom of pellet die was covered with the powder, and then pressed at 5000-

10000 psi to obtain homogenous pellet. The nanoparticle pellet was kept under vacuum 
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for one week prior to measurements to ensure the removal of bound water. In the 

beginning of this study, the time for keeping the pellet under vacuum was one day, 

however; as it is seen in the spectra presented in FFig.3.9, there is a huge peak around 

1632-1635 cm-1 which can be attributed to the stretching and bending modes of 

adsorbed water molecules.26 Spectra taken before and after drying protocol revealed that 

absorbed water doesn’t affect the vibrational bands in the fingerprint region, which is 

well correlated with the findings in the literature. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Absorbed water molecules in the compound don’t affect the conformation of the ligands on the 
surface. 

 

FTIR spectra of all the synthesized AuNP batches are represented in Appendix, Fig.A.15-

A.25. The corresponding vibrational peak frequencies and intensities that represent the 

region of interest can be found in Table 3.5 presented in next section.  
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33.2.5.4 Analysis and Categorization of FTIR Spectra  

The code in the 
tthesis EG-n 

CH stretching 
rregion (cm-11) 

OEG finger print region 
((1150-8800 cm-11) 

Relative 
IIntensity -11 

Relative 
Intensity -2 

EG2--1  2920-2854 (1116, 1068 (sh), - ) (935, 
878, 821) (1.2, 1, -) (1, 1.3, 1) 

EG2--2  2917-2854 (1113, 1067 (sh), - ) (935, 
878, 824) (1.3, 1, -) (1.4, 2.3, 1) 

EG2--3  2920-2858 (1125, 1069 (sh), 1001) 
(943, 878, 827) 

(1.5, 1.1, 
1.0) 

(1.4, 1.0, 
1.4) 

EG2--4  2917-2855 (1123, 1069 (sh), 1000) 
(940, 878, 823) 

(1.9, 1.4, 
1.0) 

(1.0, 1.1, 
1.0) 

EG2--5  2921-2855 (1125, 1071 (sh), 1004) 
(945, 877, 827) 

(2.2, 1.6, 
1.0) 

(1.2, 1.0, 
1.0) 

EG2--6  2922-2863 (1126,  - , 1003)  
(944, 877, 824) 

(2.1, 1.5, 
1.0) 

(1.0, 1.0, 
1.0) 

EG2--7  2919-2856 (1128, 1071 (sh), - ) (943, 
878, 827) (1.8, - , 1.0) (1.0, 1.3, 

1.0) 

EG2--8  2925-2867 (1128, 1071 (sh), 1001) 
(943, 877, 824) 

(1.5, 1.1, 
1.0) 

(1.2, 1.0, 
1.1) 

EG2--9  2916-2854 (1128, 1071 (sh), - ) (943, 
877, 824) (1.4, - , 1.0) (1.1, 2.4, 

1.0) 

EG2--10  2922-2858 (1128, 1067 (sh), 1001) 
(945, 878, 825) 

(2.0, 1.7, 
1.0) 

(1.1, 1.0, 
1.1) 

EG2--11  2916-2855 (1128, 1071 (sh), 1003) 
(946, 878, 825) 

(1.4, 1.0, 
1.0) 

(1.1, 1.0, 
1.1) 

EG2--12  2923-2856 (1128, 1071 (sh), 1003) 
(947, 878, 825) 

(1.7, 1.2, 
1.0) 

(1.3, 1.0, 
1.3) 

EG2--13  2917-2855 (1128, 1071 (sh), 1002) 
(945, 878, 825) 

(1.7, 1.2, 
1.0) 

(1.2, 1.0, 
1.2) 

EG2--14  2918-2857 (1124, 1071 (sh), 1003) 
(944, 883, 831) 

(2.5, 1.6, 
1.0) 

(1.2, 1.0, 
1.0) 

EG2--15  2924-2859 (1123, 1071 (sh), 1002) 
(945, 880, 833) 

(1.8, 1.3, 
1.0) 

(1.0, 1.8, 
1.0) 

EG2--16  2926-2859 (1127, - , 1003)  
(946, 880, 826) (1.2, - , 1.0) (1.2, 

1.1,2.0) 

EG2--17  2910-2858 (1125, - , 1002)  
(945, 880, 825) (1.7, - , 1.0) (1.3, 1.0, 

1.1) 

EG2--18  2917-2854 (1128, - , 1002)  
(945, 878, 825) (1.6, - , 1.0) (1.0, 1.0, 

1.0) 

EG2--19  2823-2865 (1124, - , 1002)  
(945, 780, 826) (2.2, - , 1.0) (1.0, 1.0, 

1.0) 

EG2--20  2921-2856 (1130, 1079 (sh), 1003) 
(946, 877, 828) 

(1.6, 1.0, 
1.3) 

(1.5, 1.0, 
1.5) 

EG2--21  2926-2859 (1130, 1079 (sh), 1001) 
(945, 881, 825) 

(1.6, 1.0, 
2.2) 

(3.2, 1.0, 
3.4) 

EG2--22  2931-2864 (1130, 1079 (sh), 1002) 
(945, 877, 825) 

(1.4, 1.0, 
1.9) 

(2.1, 1.0, 
3.2) 

EG2--23  2922-2861 (1130, 1079 (sh), 1003) 
(946, 883, 828) 

(1.3, 1.0, 
1.4) 

(1.9, 1.0, 
1.9) 
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EEG2-24 2931-2865 (1130, 1076 (sh), 1001) 
(944, 877, 825) 

(1.4, 1.0, 
1.6) 

(1.8, 1.0, 
2.1) 

EEG2--225  2927-2858 (1130, 1079 (sh), 1002) 
(945, 880, 826) 

(1.7, 1.0, 
2.2) 

(2.9, 1.0, 
3.1) 

EEG2--226  2923-2858 (1130, 1078 (sh), 1003) 
(946, 879, 826) 

(1.2, 1.0, 
1.9) 

(2.7, 1.0, 
2.4) 

EEG2--227  2925-2859 (1130, 1079 (sh), 1004) 
(946, 879, 827) 

(1.0, 1.1, 
1.4) 

(2.1, 1.0, 
1.5) 

EEG2--228  2918-2863 (1129, 1069 (sh), 1002) 
(945, 878, 826) 

(1.3, 1.0, 
1.3) 

(2.3, 1.0, 
2.3) 

EEG2--229  2917-2859 (1129, 1079 (sh), 1002) 
(946, 876, 826) 

(1.4, 1.0, 
1.3) 

(3.3, 1.0, 
2.9) 

EEG2-30 2920-2862 (1128, 1079 (sh), 1001) 
(944, 878, 826) 

(1.3, 1.0, 
1.2) 

(2.1, 1.0, 
2.0) 

EEG2-31 2917-2858 (1130, 1079 (sh), 1003) 
(945, 883, 827) 

(1.3, 1.0, 
1.2) 

(2.1, 1.0, 
2.0) 

EEG2-32 2918-2850 (1117, 1065 (sh))  
(923, 887) (1.3, 1.0) (1.0, 1.0) 

EEG2--333  2914-2847 (1118, 1066 (sh))  
(927, 889) (1.3, 1.0) (1.0, 1.0) 

EEG2--334  2921-2855 (1118, 1063 (sh)) 
 (923, 887) (1.4, 1.0) (1.0, 1.0) 

EEG2-35 2919-2857 (1116, 1065 (sh))  
(933, - ) (1.2, 1.0) (1.0, - ) 

EEG2-36 2924-2859 (1113, 1067 (sh))  
(933, 884) (1.0, 1.1) (1.0, 1.0) 

EEG2-37 2923-2857 (1115, 1065 (sh))  
(933, 880) (1.0, 1.1) (1.0, 1.0) 

EEG2-38 2923-2859 (1117, 1069 (sh)) 
 ( - , 881) (1.0, 1.0) ( - , 1.0) 

EEG2-39 2920-2855 (1117, 1069 (sh))  
( - , 884) (1.3, 1.0) ( - , 1.0) 

EEG2--440  2917-2852 (1113, 1064 (sh)) 
 (926, 883) (1.3, 1.0) (1.0, 1.0) 

EEG2-41 2926-2860 (1127, 1067 (sh), 1003) 
(943, 876, 827) 

(2.5, 2.0, 
1.0) 

(1.0, 1.0, 
1.0) 

EEG2-42 2916-2853 (1117, 1068 (sh))  
(925, 887) (1.3, 1.0) (1.0, 1.0) 

EEG2-43 2917-2857 (1116, 1067 (sh))  
(924, 883) (1.5, 1.0) (1.0, 1.0) 

EEG2--444  2920-2854 (1116, 1064 (sh)) 
 (927, 888) (1.3, 1.0) (1.0, 1.0) 

EEG2-45 2925-2862 (1123, 1071 (sh))  
(944, 882) (1.6, 1.0) (1.0, 1.0) 

  

Table 3.5: Comparison of spectral shifts of EG-n (1-45) AuNPs. The corresponding spectra are shown in 

Fig.3.19-3.30. The peak frequencies and intensities of region of interest are reported. Relative intensity-1 

covers the range between 1000-1130 cm-1. Relative intensity-2 covers the range between 800-1000 cm-1. Sh 

is referred to shoulder peak. 
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TTable 3.5 shows the corresponding vibrational peak positions and relative intensities of 

the peaks at region of interest. We need to systematically analyze and interpret all the 

spectra of synthesized AuNPs. We observed certain patterns between peak intensities and 

peak positions of different AuNPs, and therefore we benefited from principal component 

analysis (PCA) technique, which is a mathematical procedure that transforms a number 

of correlated variables into a smaller number of uncorrelated variables called principal 

components. It helped us to emphasize variation and bring out strong patterns in the 

dataset. PCA were performed by using six variables from the ratios of relative intensity-1 

and relative intensity-2. Based on PCA analysis, FTIR of 45 AuNP batches were 

patterned into 3 main regimes (Fig. 3.10, FTIR regime-1, 2, and 3).  

The first two principal components account for as much of the variability in the data, 

therefore; only the pattern based on principal component 1 and 2 is presented (Fig.3.10). 

 

 

 

 

 

 

 

 

 

Figure 3.10: Principal component analysis of relative intensities-1 and 2 of EG-n (1-45) AuNPs. 

 

Representative FTIR spectra from each regime is shown in Fig.3.11. 
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Figure 3.11: Representative FTIR spectra from each regime. Black arrows point out the spectral peaks of 

interest. Different FTIR regimes represent different configurational arrangement of EG2 ligands on the 

surface of synthesized AuNPs. 

 

 

  

 

 

 

 

 

 

 

Figure 3.12 FTIR pattern of EG2 ligands on the surface of AuNPs depending on their size and EG2 ligand 

ratio. Upper and lower error bars shown for the y-axis is the standard deviation of mean size diameter. 
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In  Fig.3.12, the knowledge obtained from PCA analysis regarding FTIR pattern of EG2 

ligands is reflected on the 2-D size vs. ligand ratio plot, in order to understand how 

conformation of EG2 ligands varies with respect to size and ligand ratio of nanoparticles. 

As it can be seen from Fig.3.12., there is generally a clustering of one type of FTIR 

regime within ranges of certain size and ligand ratio. On the other hand, it is possible to 

observe a nanoparticle batch, which corresponds three different FTIR regime within a 

narrow size and ligand ratio range. Or, it is also possible to observe particles from another 

FTIR regimes within a clustering of a specific FTIR regime (for example, appearance of 

red triangle within the clustering of green rhombus in Fig.3.12.). This observation can be 

explained by the recent findings of Ding and co-workers.27 They used atomistic discrete 

molecular dynamics (DMD) simulations to calculate the equilibrium potential energies 

of the particles when SAMs on the surface results in certain structure and distribution 

(mixed, patch, and stripe). The conditions, which results in certain configurations of the 

ligands on the surface were evaluated by comparing the potential energies of each 

configuration. When they used HT:EG2 ligand mixture on the surface, the calculations 

concluded that the relative potential energies of different states are similar. This 

conclusion is very important since it tells us that even subtle changes in the synthetic 

protocol of those particles may results in different configuration on NP surface.  

Now, we can turn our attention to understand how the conformation of EG2 ligands are 

changing among different FTIR regimes. Relative intensities of the peaks are critical in 

order to interpret the dominating conformation within SAMs. In addition, peak widths 

can be taken as an index of crystallinity. Broad peaks or shoulders are generally attributed 

to amorphous forms of the molecules. For example, although 2 nm All EG2 covered 

AuNPs possess –COC- stretching peaks for helical conformation, the peak has highly 

broad with shoulder at 1064 cm-1, suggesting coexistence of both amorphous and 

crystalline state of the ligands. The intensity of the peaks at ~ 940 cm-1 and ~820 cm-1 

(CH2 rocking combined with COC stretching vibrations) are observed to be correlated 

with the intensity of the peak at ~1001 cm-1.  

Depending on the detailed explanation given in Section 3.2.5.2, we can only speculate 

about the results we obtained from this mathematical formulation. EG2 ligands, which 

belong to FTIR regime-2, can be said to have both helical and amorphous like 
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arrangement with more gauche defects around –C-O-C- bonds compared to the AuNPs 

from other regimes. On the other hand, EG2 ligands, which belong to FFTIR regime-3, 

can be said to have helical and amorphous like arrangement with more trans defects 

around –C-O-C- bonds compared to the AuNPs from other regimes. 

3.2.5.5 Aqueous-State Spectroscopic Characterization of EG2:HT AuNPs 
by ATR mode 
 
 
As I stated in Section 3.2.5.2, helical like arrangements of OEG ligands results in having 

amorphous like conformation upon contact with water. I collected representative AuNP 

powders from each FTIR regime, and dissolved them in water. Under the attenuated 

transmission reflection (ATR) mode, an FTIR spectrum of each batch was recorded. We 

observed no difference in terms of conformation of EG ligands on the surface upon 

contact with water (Fig. 3.13). 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 

wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of synthesized AuNPs in water 

from each FTIR regime. 
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33.3 Comparison of Sum-of-Squares Residual (SSR) Values of Synthesized 
AuNPs 
 
 
Mass spectrometry (MALDI-TOF-MS) has been recently explored as a simple and 

reliable tool to investigate the ligand ratio as well as ligand shell morphology of gold 

nanoparticles Harkness et al. presented the fundamental theory behind it. MALDI 

generates fragments from AuNP’ surfaces that are composed of a number of gold atoms 

linked together with a number of thiolated ligands. The central hypothesis in this 

approach is that these fragments represent a statistical sampling of the surface. Thus, the 

mass distribution pattern of dissimilar fragments provides structural information of 

ligand shell morphology.28  

 

The most abundant fragment, i.e. gold-thiolate complex, Au4L4 was used for our 

calculations. Other types fragments have weak intensities, and therefore they are not 

suitable for accurate for quantitative analysis. For a ligand shell containing mixed-ligands, 

the Au4L4 fragment would have five dissimilar ligand combinations (Au4LxL’4- x). The 

probability distribution of these combinations depends on the ligand shell arrangement 

(morphology).28,29 By analyzing the mass distribution pattern of such fragments, it is 

possible to deduce the morphology of the ligand shell. The value of sum-of-squares 

residual (SSR) has been proposed to quantify the differences in the mass distribution 

pattern. Luo et al. explained the calculation of SSR in this way: “The SSR is calculated by 

squaring and summing the residual between the normalized experimental intensity of 

each fragment and that of a given morphology.”29 Therefore, one can calculate the degree 

of phase separation of the two ligands on NP’ surfaces by quantifying the deviation from 

binomial distribution (random morphology). 

 

It has been established that if the SSR is less than 1.0 x 10-2, the ligand shell are expected 

to have random distribution. On the other hand, if SSR is above 1.0 x 10-1, it means that 

there are significant big domains or Janus type morphology on the surface.  SSR in 

between 1.0 x 10-2 and 1.0 x 10-1 represents patchy or stripe-like morphology on the 

surface.29  
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The AuNP batches analyzed by MALDI-TOF-MS technique were selected randomly 

based on the availability of the samples. MALDI results showed that there is lower EG2 

ligand ratio on the surface of AuNPs than NMR predicts it (TTable 3.5). Both NMR and 

MALDI-TOF results are consistent within each method. On the other hand, MALDI-

TOF technique might be more reliable since residual free ligands that might be present 

even after the cleaning protocol do not have significant effect on the results.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5: SSR values of different AuNPs’ systems calculated by MALDI-TOF-MS technique. Molar ratio 

of EG2 is reported as %, which is determined by both NMR and MALDI-TOF-MS. For different FTIR 

regimes assigned to each particle, please refer to Appendix, Fig.A.15-A.25.  

 

 
Table 3.5 reported calculated SSR values for selected AuNPs’ systems. As it is explained 

above, we can refer to SSR values in order to compare the surface arrangements of the 

ligands. The ligand shell of the AuNPs corresponding to FTIR Regime-3 shows minimal 

phase separation compared to other systems. On the other hand, ligands from FTIR 

regime-2 tends to have patchier surfaces. When we looked at EG2-36, and EG2-38, they 

can be said that they probably have Janus type domain. Ligand shell structures of the 
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particles from FTIR regime-1 have two different kinds of arrangements depending on the 

core size, showing the high curvature effect of 2-nm particles on EG2 configuration. 

 

 
33.4 Molecular Simulations of Synthesized AuNPs (In collaboration with 

Prof. Paola Posocco. University of Trieste, Italy.) 

 
 

Selected EG2-n systems were analyzed at molecular level by computational techniques. 

For this purpose, we choose to work with different size of particles but with similar 

EG2:HT ratio on the surface. EG2-19, EG2-28, and EG2-38 were analyzed. For 

molecular simulations, we used the results from MALDI-TOF experiments. The EG2 

molar amount for all three batches simulated is ~79 %. 

 

To gain insights into the organization of such mixed monolayers nanoparticles (NPs), we 

resorted to a multiscale molecular simulation protocol, that is, a combination of 

atomistic/coarse-grained (CG) calculations. Initially, CG dissipative particle dynamics 

calculations were applied to predict the self-assembled ligand arrangement. This is a 

compulsory choice since the long times required for chain organization on the gold 

surface cannot be accessed by other computational approaches. Icosahedral shaped gold 

cores of appropriate diameter were considered and a proper number of EG2 and HT 

ligands were placed around the AuNP core in order to reproduce the experimental 

grafting density (i.e., the number of ligands for nm2 of surface, 4.5 ligands per nm2) and 

EG2/HT ratio. Ligands were initially placed in different relative configurations (i.e., 

completely random or completely phase separated) to guarantee that the thermodynamic 

equilibrium structure is achieved. Solvent molecules were explicitly considered at this 

stage to mimic the synthetic conditions. 
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FFigure 3.14: Representative morphology (arrangement) of the ligand shell of EG2-n AuNPs obtained by 

mesoscale simulation in water. EG2, grey sticks; HT, red sticks; gold core, yellow. 

 

The results of the simulations shown in Fig.3.14 are summarized in Table 3.6. 

Equilibrium surface arrangement of EG2:HT ligands on the surface show differences 

with respect to varying size of AuNPs. 

 

 

Table 3.6: Size and molar EG2 % ratio of simulated AuNP systems. Morphology (arrangements on the 

surface) of the ligand shell were found by mesoscale simulations. 

 

Results pointed out that the synthesized AuNPs might possess different ligand 

arrangements (morphology) on the surface with respect to the size of gold core. As 

previously stated in Section.2.2, phase separation on the curved surfaces with formation 

of domains of distinctive sizes and shapes was experimentally observed. Simulations 

suggested that HT ligands are randomly distributed on the surface of EG2-19. On the 
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other hand, they were observed to form small batches among EG2 ligands of EG2-28 

particles. For smaller AuNPs (EG2-38), complete phase separation was observed to 

results in Janus arrangement of the ligands. If we turn our attention back to 

corresponding SSR values of these particles in TTable 3.5, it can be seen that results show 

a good agreement. 

 

Once the ligand-shell structures were equilibrated, we mapped the averaged ligand 

positions back onto an atomistic shell configuration with the aim of accurately deriving 

molecular related properties. Thus, EG2 NPs were firstly relaxed in water and then, after 

solvent deletion, in vacuum to match the experimental spectroscopic environment. 

Trans/gauche distribution of dihedral angles in EG2 ligands was later extracted from the 

hydrated/dehydrated systems to characterize molecular conformation and order/disorder 

state of the mixed monolayer (Table 3.7). CG calculations were carried out with 

LAMMPS software, and atomistic simulations were run using the AMBER package. In-

house python scripts were developed for trans/gauche analysis. Careful calculations of 

dihedral angles of EG2 ligands on the surface of AuNPs revealed no remarkable 

differences in water. Dihedral angle distribution (%) for EG2 ligands in water is shown 

left panel of Table 3.7. Results are mirroring what we obtained from solution state ATR 

measurements of different AuNP’ batches. FTIR spectra of synthesized AuNPs in water 

showed also no differences in terms of configuration of the ligands (Fig. 3.13). 

 

Dihedral angle distribution (%) for EG2 ligands in vacuum is shown right panel of Table 

3.7. More pronounced differences are obtained in the positions highlighted in red color 

in Table 3.7. Based on experimental solid-state FTIR measurements (Appendix, 

Fig.A.15-A.25) on EG2-38, EG2-19, and EG2-28, they are belonging to FTIR regime-1, 

FTIR regime-3, and FTIR-regime-2, respectively. Our conclusions for solid-state FTIR 

spectra of AuNPs matched with the calculated dihedral angle distributions in terms of 

the contribution of trans/gauche mode to the overall conformation state of EG2 ligand. 

For example, for EG2-28, we predicted more gauche states of –C-O-C bond; whereas, 

for EG2-19, we predicted more trans states of –C-O-C bond. This finding is reflected 

well in Table 3.7. 
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Figure 3.15: Atomistic structures of EG2-19 and EG2-28 in water and in vacuum. EG2 ligands are 

depicted as grey spheres and oxygen atoms are highlighted in red; HT ligands appear as cyan spheres. Some 

water molecules are shown as blue dots. Hydrogen atoms are not shown for sake of clarity. 

 

 
 

Table 3.7: Dihedral angle distribution (%) for EG2 ligands in water (left) and in vacuum (right). Values in 

parenthesis indicate standard deviation. The chemical structure of EG2 is depicted under the table. 

Numbers are assigned to different bond positions in EG2 molecule. 

1 

2 

3 

4 

5 
6 

7 
8 
9 

10 
11 



101

33.5 Evaluation and Comparison of the Results Obtained from Solid-State 
FTIR, SSR Values, and Molecular Simulations 
 
 
Solid-state FTIR experiments showed that three different FTIR regimes could be 

identified for the configuration of EG2 ligands on the nanoparticles’ surfaces depending 

on size and ligand ratio of the particles. Both SSR values and mesoscale simulations 

suggested that different ligand-shell morphologies could be observed for the synthesized 

AuNPs from each different FTIR regime. There is a high probability of that different 

ligand arrangements on the surface (different morphologies) may lead to different 

configuration of EG2 ligands in solid state. However, more research is needed in order to 

directly correlate the conformation of the ligands with the ligand morphology on the 

nanoparticles' surfaces. 

 

When we consider revising what kind of differences are observed for EG2 ligands’ 

conformation depending on the surface morphology, we can refer to both solid-state 

FTIR experiments and -C-O-C dihedral angles calculations by molecular simulations.  
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CCHAPTER 4 

 

Investigation of Metal Ion Binding Abilities by Mixed-

Ligand Protected AuNPs 

 

The ultimate goal of our study is to understand the relationship between metal-ion 

binding properties and physical properties of mixed ligand coated AuNPs. For this 

purpose, we focused our attention to examining the differences between metal ion 

capturing abilities of synthesized AuNPs both qualitatively and quantitatively. Primary 

choice of metal ion in this work is Cd2+ ion since there is a great need to monitor the 

concentration levels of this highly toxic and carcinogenic ion. Similary, other 

environmentally relevant metal ions were tested against the produced AuNPs to assess 

their selectivity profiles. This thesis envisaged establishing conductometry as an analytical 

method to evaluate qualitatively the binding capabilities of EG2:HT protected AuNPs. 

In addition, isothermal titration calorimetry (ITC) was utilized to define the 

thermodynamic parameters of the interaction between Cd+2 ions and synthesized AuNPs. 

Finally, spectral changes of ligand moieties upon complexation were observed by FTIR 

spectroscopy, which supported the results obtained by conductometry and ITC. 

 

4.1 Conductometric Titrations to Inspect Ion-Binding Abilities of 

Synthesized AuNPs.  

 

Many experimental techniques have been described in the literature for the study of 

complex formation of cations with inorganic and organic ligands (UV-VIS, Fluorescence, 

NMR etc.), however, not all of them are applicable to find out association constant of 

reaction between metal ions and AuNPs due to the nature of the gold nanoparticles.1 As 

a major qualitative tool, conductometric titrations were used to verify the interaction 

between synthesized AuNPs and metal ions. 
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(EEquation 4.1) 

44.1.1 Fundamentals of Conductometry and Its Applications in the 

Complexation Studies  

Conductivity is a measure of how well a solution conducts electricity. To conduct 

electricity, a solution must contain ions, or charged particles.2 Ohm’s law, which 

describes the conductance in both electrolytes and metals, forms the basis of conductivity 

measurements. According to Ohm’s law, the current (I, amperes) passing through a 

conductor is mathematically equal to the electromotive force (E, volts) divided by the 

resistance of the path (R, ohms) (I=E/R). And, conductance is the reciprocal (1/R) of the 

resistance, and its unit is ohm-1 or mho. Friedrich Kohlrausch first designed conductivity 

meters, where two electrodes are separated by a fixed distance. This way, the specific 

conductance can be obtained when the area of the electrodes (A) and their distance apart 

(L) are known (Equation 4.1). According to Kohlrausch's law of independent migration 

of ions, each ion contributes the specific conductivity of the solution independently, and 

the specific conductivity therefore can be expressed in terms of chemical properties of the 

ions (Equation 4.1).2 

κ = G. (L/A) where κ is specific conductivity [S/cm] 

κ = Σciλi    where λi=zμF 

ci= concentration [mol/L] 

Zi = valence number 

λi = molar conductivity [S*cm2 /mol] 

 

As it can be deduced from Equation 4.1, the extent of observed conductivity (G) of the 

electrolyte solution depends directly on the concentration and mobility of the ions. 

Therefore, the interactions that can change the mobility or the concentration of free ions 

in solutions can be tracked with the help of conductometry, which is a modest and low-

cost experimental technique.  

Conductometry has been used widely to examine the complex formation between metal 

cations and crown ethers in solution.3,4 The benefit of this technique is that the 
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measurements can be carried out with great precision at low concentration in solution 

systems. Valuable knowledge can be obtained about the metal ion-crown ether 

interaction by measuring the change in conductivity of a metal salt solution to which 

crown ether is added (common practice in the field).4 When metal salt is fully dissociated 

in the solution, a large cationic complex of metal ion and crown ether is formed upon 

complexation. This complex can have less mobility in solution than the uncomplexed 

metal cation, causing the reduced capacity of charge transport and hence the reduced 

conductivity of the solution. This titration study provides information about the affinity 

constant of crown ethers for cations and the stoichiometry of complexation. It is also 

counted as one of the most reliable approaches for acquiring the formation constants of 

cation-macrocyclic complexes.4,5 One of the recent examples that applied conductometry 

was published by Barman et.al in order to study the inclusion complex formation of 

hollow circular hosts,5 18-crown-6 (18C6) and dibenzo-18-crown-6 (DB18C6) with 1-

methyl-3-octylimidazolium tetra- fluoroborate (FFig. 4.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Chemical structures of the imidazolium cation and crown ethers. Reproduced from 

Ref. 5 with permission from The Royal Society of Chemistry. 

  

The molar conductance (λ) of the 0.5 mM imidazolium cation in acetonitrile solution 

was measured as a function of the crown ether to cation molar ratio. Plots of the resultant 

molar conductance vs. crown ether/cation molar ratio are demonstrated in Fig. 4.2. In 
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both cases of 18C6 and DB18C6, there is a steady decrease in the molar conductance of 

imidazolium cation with increasing crown ether concentration. This observation implies 

that the inclusion complex is less mobile than the free imidazolium cation in acetonitrile. 

From the titration plots in FFig. 4.2, they determined the stoichiometric ratio between the 

cation and the crown ether in the complex as 1:1, by determining the leveling off point 

of the curve. 

 

 

 

 

 

Figure 4.2: The plots of change in molar conductance of imidazolium cation against A) [18C6]/[cation] at 

298.15 K, B) [DB18C6]/[cation] at 298.15 K. Reproduced from Ref. 5 with permission from The Royal 

Society of Chemistry. 

In addition, the authors followed the mathematical approach proposed by Evans et al. 

(1972) to calculate the association constant.6 Although all steps were not presented here, 

the resulting formulation to calculate association constant is demonstrated in Equation 

4.2.  

 

 

(Equation 4.2) 

 

 

 

 

Equation 4.2 can be applied to any host-guest interaction. Here, Kf is the complex 

formation constant; λM is the molar conductance of the quest before the addition of host; 

A B 
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λMC is the molar conductance of the complexed quest; λobs is the molar conductance of 

the solution during titration; CC is the concentration of the host added and CM is the 

concentration of the guest. Both λMC  and Kf  can be assessed by applying EEquation 4.2 

after performing conductometric titrations. Kf  calculated for both crown ethers is around 

103 at 25 0C. 

4.1.2 Experimental Design of Conductometric Tests  

 

The design of our conductivity experiments was different to the one used to study the 

interactions of crown ethers, perhaps the most common ones found in the literature. The 

main reasons for the design change are experimental limitations of our system (i.e the 

heterogenous nature of AuNPs). The schematic illustration of our experimental set up is 

shown in Fig. 4.3A. Experiments were carried out by titrating solution of AuNPs with a 

metal ion solution in MQ water. Then, the conductivity of AuNPs solution was 

measured after each addition of the metal salt.  

Such a titration may give rise to different conductometric effects depending on the 

binding capability of AuNPs. In theory, addition of strong electrolyte solution to the 

highly homogenous AuNPs system may give rise to different scenarios depicted in Fig. 

4.3. In the case that AuNPs are not able to bind/capture the added metal ions, linear 

increase in the solution conductivity is expected since it is directly proportional to 

concentration. When AuNPs are able to capture metal ions from the solution an increase 

in the conductivity is observed after initial additions of the metal salt depending on the 

affinity constant between AuNPs and metal ions. Then, a plateau region (where the 

conductivity would not increase) will be observed upon further addition of metal ions in 

case of the ion trapping. The reason for this observation is that added metal ions cannot 

contribute the increase in conductivity since they are stuck in the ligand moieties of 

AuNPs, resulting in immobile complexes. We expect that this plateau region would be 

observed until all binding sites are occupied.  
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Figure 4.3: A) The schematic drawing of conductivity measurement set up, B) Theoretical plot of change 

in solution conductivity upon addition of metal ions. Based on the assumption that all three batches have 

the same amount of EG2 ligands (which possess donor atoms for ion-binding) on the surface, three 

different regimes can be inferred from the plot. Non-binding regime, which shows linear increase with the 

increasing concentration of metal salt does not hold any binding pocket on the surface. Binding regime-1 

has fewer binding pockets on the surface than that of binding Regime-2. (This interpretation is valid if 

binding regimes have similar association constants.) 

 

4.1.3 Experimental Results of Conductometric Tests  

 

All of the synthesized AuNPs were tested against Cd2+ ion in order to evaluate their 

binding capabilities qualitatively. Chloride ions were used as counter ions. MQ water 

without any AuNPs was used as a reference for all the measurements. Experiments were 

conducted with a Mettler Toledo SevenGo™ conductivity meter with automatic 

temperature compensation (ATC) coupled with 4-pole graphite conductivity probe 

(Inlab 738). Each measurement was done in triplicates, and average values were plotted 

with standard deviations represented by error bars. For each replicate, a fresh AuNP 

powder was taken from the synthesized batch and weighted separately, and then diluted 

with water.  

Based on the ligand density calculations shown in Chapter 3, we assumed that all the 

batches have the same ligand density, ~4.3 ligands/nm2. In addition, to calculate number 
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of binding pockets in AuNPs solutions, we assumed that two EG2 ligands would interact 

with one metal ion like crown ethers, forming one binding pocket.  

Before performing the conductivity tests, AuNPs were dissolved in 12.5 ml of MQ water 

to give ~0.18 mM EG2 pairs. The solutions were then allowed to equilibrate in MQ 

water for 3-5 hours to ensure good dispersion of the particles within a solution. Metal ion 

solutions (0.05 M) were prepared freshly just before the titrations, and added to 

nanoparticle solutions as small aliquots (10-20 μL each time). Here, it was important to 

not to change the volume of the solution, which would disturb the equilibrium and 

linearity in conductivity measurements. This is why conductivity experiments were not 

performed until the saturation point is reached. An alternative way to avoid changing the 

volume of solution, might be to prepare concentrated solutions of metal salts, however; 

the solubility of CdCl2 salt decreases dramatically above 0.05 molar concentration, 

leading to high error measurements.  

Conductivity plots corresponding to entire EG-n series are presented in AAppendix, 

Fig.A.26-A.31. EG2-10, EG2-37, and EG2-41 batches, which possess only EG2 ligands 

on the surface were tested as a control. MQ water without adding of AuNPs was 

presented in all plots as a control.  

Delta conductivity (Δ) in the y-axis of the plots represents the conductivity of the 

solution from which the initial conductivity value is subtracted. Concentration of added 

metal salt is represented in x-axis as molarity (M). 

 

4.1.4 Interpretation of the Results Acquired from Conductivity Tests 
 

Before detailed analysis, it is important to see different capturing modes of synthesized 

AuNPs towards Cd2+ ions under the same conditions. Detailed explanation for the 

interpretation of the experimentally obtained conductivity plots was provided in section 

4.1.2. The theoretical plot represented in Fig. 4.3B is designed to understand the 

experimental results presented in this thesis. Our system does not follow a perfect plot, 

like the one represented in Fig.4.3B due to heterogenous nature of synthesized AuNPs. 

Since the clear plateau region and saturation point could not be observed clearly, it is 



112

difficult to speculate about the association constants between AuNPs and Cd2+ ions. On 

the other hand, what we can infer from the plots is the number of binding pockets of 

different AuNPs batches since similar concentrations of EG2 pairs were present in each 

solutions. However, it should be kept in mind that this comparison is valid if the batches 

have similar binding constants. Soon it will be evident by isothermal titration calorimetry 

experiments (ITC) that the association constants of binding regime-1 and binding 

regime-2 are similar, and no association was observed for non-binding regime. Therefore, 

deviation from this straight line corresponding to MQ water can be seen as an index to 

judge number of binding pockets on the surface of AuNPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.4: Three different binding regimes identified after conductivity measurements. One result from 

each regime is represented for the clarity. Each set of measurements were done three times and the average 

values were plotted with standard deviations represented by error bars. 

 

In order to systemize our results, we mathematically defined this deviation, identifying 

three different binding behaviors of the particles. Values that correspond to last titration 

points of synthesized AuNPs were compared with the last titration point of MQ water. 

The values of deviations in the range of 5-15 µS/cm, 20-30 µS/cm, and 35-45 µS/cm 

are assigned as non-binding regime, binding regime-1, and binding regime-2, 

respectively. These numbers are specific to concentration range of metal salt as well as 

concentration of AuNPs used in this study. In other words, they may change in another 

platform depending on the concentration of metal salt and AuNPs. According to this 
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arrangement, from EG2-1 to EG2-40, and EG2-41; from EG21 to EG2-31; from EG2-

32 to EG2-45 (except EG2-41) falls in the category of nnon-binding regime, binding 

regime-2, and binding regime-1, respectively. AuNPs that belong to binding regime-2 

can be interpreted as the ones possessing the greater amount of binding pockets for Cd2+ 

ions. 

 

 

 

Figure 4.5: Results on conductivity experiments projected on color coded 2-D map of size vs. ligand ratio 

of synthesized AuNPs. Color map (bottom panel) defines how color of each batch changes with respect to 

the amount of deviation from the control (MQ water). 

 

Since the primary interest in this study to investigate the factors that affect binding 

properties of AuNPs, the information obtained from conductivity experiments are 

projected on 2-D map of size vs. ligand ratio of synthesized AuNPs, resulting in phase 

diagram of Cd2+ binding behavior (Fig. 4.5). It is important to understand that each 
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AuNP types show different binding behavior towards Cd2+ ion depending on its size and 

ligand ratio. 

 

44.1.5 Investigation of Selectivity Profiles of Each Regime by Conductivity 

Tests 

In these experiments, we screened the ion-binding abilities of our AuNPs against 

environmentally relevant ions other than Cd2. The experimental set up and the protocol 

was exactly the same as is described in Section 4.1.2. We selected random AuNPs batches 

from each regime, assuming similar behavior within each system, and tested them against 

different kind of metal ions, namely; Ca2+, Li+, Cs+, Zn+, Co2+, Ni2+, K+, and Na+. I could 

not perform these experiments against all kind of EG2-n batches (n=1-45) since the 

amount of particles left for each batches after characterization and binding studies were 

not enough to perform these experiments. Results are presented in Fig. 4.6. 

 

Selectivity, the power of the AuNP ligand shell to discriminate between metal ion of 

interest over other ions, is essential for correctly measuring the concentration of the 

desired metal ion in real world systems. Also, since we can now correlate the surface 

properties of EG2 ligands with their binding abilities, investigation of their binding 

profiles may provide an opportunity to design more selective systems. While none of the 

systems show any remarkable interactions towards Ca2+, Li+, and Cs+ ions, they have 

noteworthy affinity towards Zn2+. Non-binding regime AuNPs, which is named based on 

their behavior towards cadmium ions, unexpectedly showed affinity towards Zn2+. In the 

field, Zn2+ has always been one of the primary interfering ions for Cd2+ measurement, and 

therefore AuNPs in this regime would be great candidates to sense Zn2+ ions, selectively. 

Regime-1 and Regime-2 show different profiles towards transition and alkaline metals. 

AuNPs in the binding regime-1 showed binding towards transition metal ions (Zn+, 

Co2+, Ni2+), however; AuNPs in binding regime-2 bound alkaline metals better (K+, and 

Na+).  
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FFigure 4.6: Selectivity tests of three different binding regimes by conductometry. Each regime is named 

according to their behavior towards Cd2+. One result from each regime is represented for the clarity. Each 

measurements were done three times resulting in each plot their average values with standard deviations 

represented by error bars. 
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FFigure 4.7: Summary of selectivity tests of three different binding regimes by conductometry. Each regime 

is named according to their behavior towards Cd2+. Black color (binding observed), Grey color (no binding 

observed). 

 

4.2 Isothermal Titration Calorimetry (ITC) Experiments - Determination of 

Association Constants Between AuNPs and Metal Ions 

 

To derive a clear picture of the process of AuNPs-metal ions interaction from a 

thermodynamic point of view, it is essential to combine more than one technique. ITC is 

a thermodynamic technique that directly measures the heat released or absorbed in an 

intermolecular interaction.7 An ITC experiment consists of a calorimetric titration of a 

specific volume of one of the reagents (metal ion solution in our case), with adding 

controlled quantities of the other reagents (AuNPs) at constant temperature and 

pressure.7 Thus, the measured heat during the titration corresponds to the enthalpy of 

such interaction. An ITC experiment allows a complete and precise thermodynamic 

characterization of the binding event.  

As it is stated above, our conductivity plots do not provide us with any quantitative 

results in terms of binding constant. The aim of the ITC experiments was to support the 

data obtained from the conductivity experiments. Therefore, random batches from each 

regime were chosen to be tested against Cd2+ ion. The thermograms that resulted from 

these titrations are shown in Fig. 4.8. The data are provided as the baseline-corrected 

heat flow vs. time in the upper panel, and the integrated concentration-normalized molar 

heat per injection vs. the molar ratio of titrant (AuNPs) to titrand (metal ions) in the 

lower panel. The thermodynamic values obtained from the experiments are presented 
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under the figure captions. 

The ITC experiments were performed at 25 °C with 750 rpm stirring on a MicroCalTM 

ITC200 isothermal titration calorimeter (GE Healthcare). Titrant (18 mg/ml AuNPs) 

was delivered to the cell (50 μM CdCl2 solution) in 20 times per 2 μL injections. Heats 

of dilution curves determined in the absence of reagents were subtracted from the 

titration data prior to curve fitting. Moreover, an initial 2 μL injection was discarded 

from each dataset to remove the effect of titrant diffusion across the syringe tip during 

the equilibration process. The data were analyzed using a one set of sites model provided 

in Origin 7.0 software by MicroCal.  

Figgure 4.8: ITC results for A) EG2:HT AuNPs (binding regime-2) with Cd2+ : N=1.1, K=4.4*105 ± 

3.8*104 M-1, ΔH=-2.4*104  cal mol-1 , ΔS=-56.1 cal mol-1deg-1  B) EG2:HT AuNPs (binding regime-1) 

with Cd2+ : N=0.4, K=3.7*105 ± 8.1*104 M-1, ΔH=-1.26*104 cal mol-1, ΔS=-16.6 cal mol-1deg-1. The solid 

line represents the least squares fitting of the binding isotherm. 

In order to use information obtained from conductivity plots for comparison of the 

number of binding pockets created by EG2 ligands on the surface of different AuNPs, 

knowledge on association constants is important. ITC experiments revealed similar 

binding constants (~4*105) for AuNPs corresponding to both binding regime-1 and 2. 

Both binding process shows exothermic behavior, suggesting spontaneous complex 

formation between EG2 ligands and Cd2+ ions at room temperature. No binding 
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phenomenon was observed for AuNPs that belong the category of nnon-binding regime, 

supporting information acquired from conductivity plot (data is not shown).  

As it is mentioned in previous sections, the concentration of the ligand was calculated 

based on the assumption that two EG2 pair bind one Cd2+ ion to form a binding pocket 

similar to the ones in crown ethers. In order to fit the data obtained from ITC curves, 

same amount of EG pair was written as an input, which gives lower stoichiometric 

binding ratio (N) for binding regime-2. This data correlates well with the results 

obtained from conductometric titrations, which suggests that binding regime-1-AuNPs 

posses lower binding pockets compared to binding regime 2-AuNPs.  

 

4.3   Fourier Transform Infrared (FTIR) spectrometry - Investigation of 

Conformational Changes After Cd2+ Binding 

 

Solid-state FTIR measurements were performed in order to further verify the binding 

event. Three representative samples from each binding regime were taken. AuNP 

solutions were prepared based on experimental details given in Section 4.1.3. Then, in 

order to ensure the complete saturation of all-binding pockets on the surfaces, titration of 

the AuNPs were ended with 10 times more concentrated Cd2+ solution. When titration 

of AuNPs with Cd2+ salt was finished, particles were precipitated via centrifugation at 

5000 rpm for 45 minutes. Then, the pellets were dried under vacuum for 2 days. In 

order to prepare the KBr pellet of AuNPs for FTIR analysis, the protocol described in 

Section 3.2.5.3 were followed. 

 

Depending on the categorization showed in Section 4.2.4, EG2-7, EG2-25, and EG2-37 

belong to non-binding regime, binding regime-2, and binding regime-1, respectively. For 

the particles in binding regimes, there is a huge shift of the –C-O-C- stretching band to 

the ~1130 cm-1 after binding to Cd2+ ions (Fig.4.9). On the other hand, –C-O-C 

stretching band of EG2-7 already appears at ~1130 cm-1, and there is no remarkable shift 

observed after addition of the Cd2+ ions (Fig.4.9). As we explained before, the position –

C-O-C spectral band at ~1130 cm-1 might be assigned to domination of more trans state 
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of –C-O-C bonds. After binding, we observed a shift of EG2 ligand configuration to 

more trans-state form. This might be the reason behind the incapability of EG2-7 

particles to bind Cd2+ ions since there is not enough space for EG2 ligand to change its 

configuration upon binding.  

 

 

 
 

FFigure 4.9: Left panel shows the FTIR spectra of the representative AuNPs (700-1550 cm-1) before 

addition of Cd2+, Right panel shows the FTIR spectra of the representative AuNPs (700-1550 cm-1) after 

addition of Cd2+. 

 

 

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

A
bs

or
ba

nc
e

EG2-25 before Cd2+ addition

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

A
bs

or
ba

nc
e

EG2-25 after Cd2+ addition

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

Ab
so

rb
an

ce

EG2-37 after Cd2+ addition

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

A
bs

or
ba

nc
e

EG2-37 before Cd2+ addition

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

A
bs

or
ba

nc
e

EG2-7 before Cd2+ addition

800100012001400
0.00

0.05

0.10

0.15

0.20

0.25

Wavenumbers (cm-1)

A
bs

or
ba

nc
e

EG2-7 after Cd2+ addition



120

44.4 Correlation Between Surface Properties of EG2 Ligands and Binding 

Abilities 

 

In Chapter 3, the synthesized AuNPs were categorized with respect to the surface 

properties of EG2 ligands, resulting 3 different conformation of the ligand (FTIR 

Regime 1, 2, and 3). Then, it is shown in a 2-D plot that resulting conformation of EG2 

ligands vary with respect to core size and ligand ratio.  

 

In similar manner, Cd2+ binding abilities of synthesized AuNPs were arranged to give 3 

different behaviors in binding (non-binding, binding regime-1, and 2), and they were 

also found to depend on core size and ligand ratio. In addition, particles from each 

binding regime have different selectivity profiles. Now, it is time to see, if there is a direct 

relationship between solid-state configuration of EG2 ligands and binding abilities. For 

this purpose, two 2-D plot shown previously to compare binding abilities and ligand 

conformation is shown in Fig.4.10. 

 

Figure 4.10: Left figure shows three different FTIR regimes that represent different conformations of EG2 

ligands on the surface of synthesized AuNPs, Right figure shows three different binding regimes that vary 

based on size and ligand ratio of synthesized AuNPs. Upper and lower error bars shown for the y-axis is the 

standard deviation of mean size diameter. 

 

Surprisingly, there is a good match between each binding regime and FTIR regime. In 

other words, when EG2 ligands have specific conformation on the surface, these AuNPs 

70 80 90 100
1

2

3

4

5

6

7

8

EG2 Ligand Ratio (%)

M
ea

n 
Si

ze
 D

ia
m

et
er

 (n
m

)

Non-Binding RegimeBinding Regime-2Binding Regime-1

70 80 90 100
1

2

3

4

5

6

7

8

EG2 Ligand Ratio (%)

M
ea

n 
Si

ze
 D

ia
m

et
er

 (n
m

)

FTIR Regime-3FTIR Regime-2FTIR Regime-1



121

have different binding abilities. According to FFig.4.10, AuNPs from binding regime-1 

holds EG2 ligands on the surface with the specific conformation corresponding to FTIR 

Regime-1. Likewise, AuNPs from binding regime-2, and non-binding regime holds EG2 

ligands on the surface with the specific conformation corresponding to FTIR regime-2, 

and FTIR regime-3, respectively.  

 

It is obvious that the ion-binding abilities and selectivity profiles of AuNPs are highly 

dictated by conformation of EG2 ligands on AuNPs. However, the differences observed 

in the conformation of the ligands were valid for solid-state experiments. Ion-binding 

experiments were conducted in water, and EG2 ligands’ conformations show no 

difference in the presence of water (Fig.3.13). Therefore, binding abilities of AuNPs 

cannot be simply associated to conformation of EG2 ligands. However, it is quite 

obvious that conformation of EG2 ligands at solid-state acts like some kind of index 

which is directly related to binding capabilities.  

 

In sections 3.3-3.5, detailed explanations were given to show there is a relationship 

between the solid-state conformation of EG2 ligands and ligand-shell morphology. 

Although huge amounts of efforts and further experiments are needed to completely 

understand the extent of this relationship, we can conclude to few important points from 

our experiments and simulations.  

 

The particles from binding regime-2 tend to have patchier surfaces, whereas the particles 

from non-binding regime show more random distributions of the ligands on the surface. 

Particles from binding regime-1 are special in a sense that although all of them (regardless 

of their size) were assigned to same FTIR regime-1, they possess different surface 

morphology. Due to high curvature of 2-nm particles, the ligands on the surface are 

much more free compared to the ones on the other NPs. Therefore, it is not surprising to 

observe similar EG2 conformation on the surfaces of those particles in FTIR regime-1. 

This means that binding behavior is not simply associated with the surface morphology. 

On the other hand, it is clear that there is a kind of relation between two. For now, it is 

not easy to show evidences to show a direct correlation between binding capabilities and 

surface morphology, or ligand configuration of EG2. Therefore, from now on, we can 
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only think about reasons behind by considering previous works done in the field. Now, if 

we re-visit the theoretical explanation for ion-capturing behavior of previously 

synthesized striped AuNPs (SSection 2.4.2, Fig.2.14), there, the binding ability is related 

to free space provided by shorter, HT ligands. Therefore, we may say that configuration 

of EG2 ligands measured at solid state can be an index to judge free space in the vicinity 

of EG2 ligands. And, that index also can be used as a guide to differentiate surface 

morphologies. 
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CCHAPTER 5 

 

Ion-Binding Properties of EG3:HT Protected AuNPs 

Fractionated by Their Size 

 

Unlike proteins or small molecules, most nanoparticles have some degree of 

polydispersity in size and molecular weight. Therefore, structure – property relationships 

that are attributed to nanoparticles can be described as average representations of the 

whole nanoparticle distribution. Fractionation is a post-synthetic separation technique to 

obtain monodisperse particles from initially polydisperse distributions. In this chapter, 

monodispersed EG3:HT coated AuNPs were obtained after the fractionation method, 

and their ion-binding capabilities were investigated. The experiments were conducted in 

order to crosscheck our argument regarding the effect of size of the AuNPs on ion-

binding abilities.  

 

5.1 Working Principle of Fractionation 

 

In order to decrease the heterogeneity of nanoparticles size distribution, various post-

synthetic separation methods have been developed.1 Based on the core material, size, 

colloidal stability and desired efficiency in separation of nanoparticles, different strategies 

can be applied. For example, filtration is a high-throughput method for most 

nanoparticles but suffer from inability to isolate multiple sizes at a time while size 

exclusion chromatography allows retention of different fractions in one experiment.1 In 

this regard, recently, density gradient ultracentrifugation (DGU) has been utilized as 

high-resolution separation method particularly for small and less dense nanomaterials 

that have relatively narrow size/density distributions such as nanodiamonds, carbon 

nanotubes and gold nanoparticles.2–4  

 

DGU is a centrifugation-based method where heterogeneous sample is introduced into a 

continuous density gradient solution under high centrifugal fields (Figure 5.1).5 The 



124

fundamental principle is that larger particles sediment faster than smaller ones. Density 

gradient in the medium slows down the sedimentation process. As the particles travel 

through the density gradient, the faster-sedimenting particles move ahead, until a 

number of zones are created by particles of similar size. Through gradient, the medium 

increases in density with distance from the rotor center. Therefore, sedimentation is 

slowed down, ideally in a uniform manner for all sizes of particles, leading to increased 

separation resolution under the right conditions. Finally, when the solute separates into 

bands, it can be selectively fractionated with a variety of commercially available 

fractionators.  
 

 

 

 

 

 

 

 

Figure 5.1: Schematic illustration of density gradient fractionation: 1) layering a less dense solution over a 

more dense one (sucrose); 2) tube tilt and rotation to form a continuous density gradient; 3) seeding the 

nanoparticle solution; 4) ultracentrifugation; 5) fraction collection. Reproduced from Ref. 2 with 

permission from Royal Society of Chemistry. 

 

5.2 Experimental Details  

 

In this section, we applied DGU to show further the size effect on ion-binding for our 

model nanoparticles (EG3:HT covered AuNPs). Although the work presented in this 

thesis based on investigation of structure-property relationship of EG2:HT coated 

AuNPs, the solubility of these particles is not sufficient to be fractionated. Although 
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different density gradients were tried, because of limited solubility of those particles, they 

tend to aggregate and sediment together. For this reason, more soluble EG3:HT 

protected AuNPs were chosen as model particles. Our group already reported the ion-

binding properties of those particles, showing affinity of those particles towards Cs+ ions.6 

The gold particles covered by 2-(2-(2-((6- mercaptohexyl)oxy)ethoxy)ethoxy)ethanol 

(EG3) and 1-hexanethiol (HT) with a molar ratio of 3:1 (hereafter referred to EG3:HT 

AuNPs) were synthesized by using the general synthesis protocol described in ssection 3.1 

for EG2-n AuNPs. The synthesized particles are schematically depicted in Fig.5.2.  

 

Concentrated nanoparticles solution (10 mg/ml) were layered on top of the gradient 

solution and subjected to ultracentrifugation (typically at 32 krpm, SW32 Ti Rotor ™, 

Beckman Coulter) for 1-2 hours at 20 °C. Density gradients can be formed with different 

materials (ethylene glycol, silica microgels, etc.) and in order to separate EG3:HT 

AuNPs. We employed sucrose gradients from 20% to 50% (w/v). Sucrose has low 

molecular weight and thus it is easy to wash away after fractionation. In the end, larger 

nanoparticles travel further down the tube than smaller nanoparticles due to the fact that 

density of gold nanoparticles is strictly a function of size in diameter. Nanoparticles’ 

bands in the sucrose gradient were subsequently separated in a desired number of 

fractions using piston operated Biocomp Gradient Station® (New Brunswick, Canada). 

All fractions were thoroughly washed with deionized water using 15 ml Amicon® 

centrifugal filter tubes (30kDa MWCO) under 5000 g centrifugation until removal of 

residual sucrose is ensured. Presence of sucrose molecules can be checked by NMR prior 

to the etching of the gold cores. 

 

 

 

 

 

 

 

 

Figure 5.2: Schematic illustration of EG3:HT protected AuNPs 
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55.3 Results and Discussion on Ion-Binding Properties of EG3:HT Protected 

AuNPs 

 

The HT:EG3 gold nanoparticles were divided into five different batches (Fig.5.4, 

Fractions A-E), and each TEM image is shown in Fig.5.4. The mean diameter is 

calculated by counting at least 300 particles per batch, and it is distributed from 2.96 nm 

to 5.44 nm. The EG3:HT ligand molar ratio on the surface of AuNPs is determined by 
1H Nuclear magnetic resonance (NMR) after etching the gold core with iodine solution 

by previously described method in the section 2.2.1. Corresponding ligand ratios are 

presented in Fig. 5.4. 

The conductivity tests were performed for each fraction against Cs+ ions (also against K+ 

ions for raw batch as a control), and the results are illustrated in Fig. 5.4. The 

experimental set up and conditions are described in section 4.1.2. The only difference 

was the preparation of the replicates, as in this case, all the dilutions were performed from 

already prepared solutions of EG3:HT AuNPs. 

Previous study conducted by our group showed that 4.9 nm EG3:HT AuNPs with 3:1 

molar ratio had remarkable affinity (K=3*106) towards Cs+ ions, whereas no binding of 

K+ ions was detected.6 Since EG3 ligand possess more electron donor atoms than EG2 

ligand, this behavior of EG3:HT particles is reasonable. The reason behind is similar 

with what we observed in crown ethers, the bigger the size of the cavity within crown 

ethers, the bigger the ions that can fit in it.7 

Our synthesized raw batch EG3:HT AuNPs also showed similar binding behavior 

towards Cs+ ions as it can be seen in Fig.5.4A. Among these fractions, we have seen 

differences in ion binding behaviors, which suggests that specific sizes of nanoparticles 

can be more determinant factor even within the same nanoparticle batch. The particles 

larger than 3.5 nm mean diameter were observed to have binding affinities toward Cs+ 

ions. This correlates well with the results we obtained for series of EG2-n AuNPs. 

Therefore, this study demonstrates the importance of size of mixed-ligand coated AuNPs 

for the binding affinities. However, it is difficult to speculate about ligand ratio since 

there is no clear correlation observed. 
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The phase diagram of EG3:HT AuNPs, which provides information about binding 

abilities depending on size and ligand ratio of the particles, seems to be different than 

that of EG2:HT AuNPs. This is also important to understand since depending on the 

nature of the ligand, the properties of the phase diagram can be shifted in terms of size 

and ligand ratio.  

Due to practical reasons, the FTIR spectrum of the fractionated EG3:HT AuNPs to 

evaluate orientation of EG3 ligands on the surface could not obtained. Fractionation is 

not a mass production technique, so the amount of particles obtained for each fraction 

for one cycle is really low (~1-4 mg). Then, for our solid state FTIR technique, we 

needed to precipitate them. However, the solubility of EG3:HT particles was quite high, 

and it was difficult to obtained them as a pellet. Therefore, we can only speculate about 

the indirect effect of size of AuNPs on the binding capabilities. Our group previously 

showed with the help of STM technique that EG3:HT ligands on the surface of 4.9 nm 

of AuNPs organized in striped pattern (FFig.5.3).6 Since the stripe domains have been 

shown to form in certain radius curvatures, we can correlate the observed binding 

behavior of EG3:HT AuNPs with changing surface arrangement of EG3 ligands for 

different size of AuNPs.8,9 

 

 

 

 

 

 

Figure 5.3: EG3:HT AuNPs examined by scanning tunnelling microscopy (STM): the width of both HT 

and EG3 stripes  are 1.3 ± 0.1 nm. STM images were obtained by a Veeco multimode scanning probe 

microscope on a vibration-damping table (in an acoustic chamber, at room temperature, and in air). 

Reproduced from Ref. 6 with permission from Nature Publishing Group. 
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Size: 3.39±0.60 nm 
EG3: HT ratio (4.63:1) 

Size: 2.96±0.60 nm 
EG3: HT ratio (2.45:1) 

Size: 3.52±0.56 nm 
EG3: HT ratio (2.44:1) 

Size: 4.18±0.64 nm 
EG3: HT ratio (4.22:1) G3: HT ratio (4.22:1)
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FFigure 5.4: TEM images and the results of conductivity tests of fractions A-E. Mean diameters together 

with standard deviations of the core sizes and EG3:HT ligand ratio on the surface of the AuNPs are 

presented above the arrows. 

 
 
In summary, these experiments showed the importance of the core size of AuNPs for ion-

binding abilities. Detailed investigation is needed to understand the effect of ligand ratio 

as well as ligand configuration on the binding. Although the results show an agreement 

with our study based on EG2:HT AuNPs, it is obvious that they show different binding 

behavior in terms of core size and ligand ratio. Since 4.9 nm particles were showed to 

have stripe-like domains,6 it would be useful to calculate SSR values (Section 3.3) for all 

the fractionated batches by taking SSR value of 4.9 nm particles as a reference point. 

This may provide useful information in order to understand the correlation between 

surface arrangement and binding ability.  

 

 

Size: 5.44±0.60 nm 
EG3: HT ratio (3.93:1) 

Size: 4.92±0.86 nm 
EG3: HT ratio (4.63:1) 
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CCHAPTER 6 

 

Conclusion and Future Work 

 

6.1 Conclusion 

 

Previous study done by our group already showed that it is possible to create selective 

binding pockets for metal ions like macro-cyclic rings have, by using mixed ligand 

strategy on the surface of AuNPs. However, there was a lack of understanding the ion-

binding abilities of gold nanoparticles depending on their physicochemical properties. 

 

The goal of this thesis was to generate a library of ion-binding gold nanoparticles and 

extract information about structure-selectivity relationships. To achieve this goal, the ion-

binding behaviors of AuNPs towards specific ion (Cd2+) were studied by shining light on 

the role of ligand composition, size of the NPs and the conformation of self-assembled 

monolayers (SAMs). 

 

In chapter 1 and 2, the background information was introduced in order to help the 

reader to understand the motivation, the design and the novelty of our study. A broad 

literature review of the current state-of-the-art of AuNP based metal ion sensing systems 

was presented. Particular attention was paid to the additional effect of the ligand self-

organization of the protecting monolayer that leads to the spontaneous formation of 

recognition units on the NP surface. The previous study of our group, which forms the 

basis of this thesis, was analyzed. 

 

In chapter 3, the synthetic protocols and their variations were explained in order to 

obtain a series of mixed-ligand (EG2:HT) protected gold nanoparticles with different 

core size and ligand ratio. Important synthetic parameters that affect the final properties 

of AuNPs were identified. In addition, the characterization tools (NMR, TEM, TGA, 

FTIR) for analysis of physicochemical properties of synthesized AuNPs were presented in 
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detail. The ligand shell properties were studied by FTIR, and MALDI-TOF-MS 

techniques, revealing different conformations, and arrangements of the ligands on the 

nanoparticles’ surfaces. The configurations of EG2 ligands in dry state were found to be 

changing with respect to particle core size and ligand composition. On the other hand, 

configurations of EG2 ligands on the surface of different AuNPs were showed to be 

similar in the presence of water. SSR values calculated from MALDI-TOF-MS method 

suggested that different ligand shell organizations (morphology) were possible depending 

on size and ligand ratio of AuNPs. In addition, molecular simulations helped us to relate 

the EG2 configurations in dry state with the ligand shell organizations on the surface. 

 

In  chapter 4, the binding capabilities of EG2:HT protected AuNPs towards Cd2+ ions 

were evaluated qualitatively by conductometric titration method. ITC was utilized to 

define the thermodynamic parameters of the interaction between Cd+2 ions and 

synthesized AuNPs. Spectral changes of ligand moieties were observed by FTIR 

spectroscopy upon complexation, further verifying the binding process. 

 

The size and ligand ratio of the nanoparticles were found to greatly affect their ion-

binding abilities. The information obtained from conductivity experiments were 

projected on 2-D map of size vs. ligand ratio of synthesized AuNPs, resulting in phase 

diagram of Cd2+ binding behavior. This diagram could be used as a guide to understand 

different binding behavior of AuNPs towards Cd2+ ion depending on their core size and 

ligand ratio. In this chapter, we also concluded that AuNPs with certain ion-binding 

behavior (with certain selectivity profile) possess specific EG2 ligands configuration on 

the surface. 

 

In chapter 5, monodispersed EG3:HT protected AuNPs were obtained after the 

fractionation method, and their ion-binding capabilities were investigated. These 

experiments showed the importance of the core size of AuNPs for ion-binding abilities. 

 

To sum up, the configurations of EG2 ligands in dry state, which changes with respect to 

varying particle core size and composition, were found to be strongly correlated with ion-

binding behavior. 
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66.2 Future Work 

 

The configuration of EG2 ligands on the surface of different AuNPs showed no 

differences in the presence of water, in which the ion-binding studies were conducted. 

Therefore, the configurations of EG2 ligands in dry state cannot be directly correlated 

with ion-binding behavior. On the other hand, we concluded that the configuration of 

EG2 ligands at solid-state acts like some kind of index, which is indirectly related to 

binding capabilities. 

 

In addition, both SSR values and molecular dynamic simulations suggested that 

observation of different alignment of EG2 ligands could be a result of the formation of 

different ligand arrangements on the surface. Consequently, a relationship between the 

binding capabilities of synthesized particles and their surface morphologies were 

observed. Since determination of exact surface ligand arrangement was not possible with 

the used techniques, the exact mechanism of the relationship between binding abilities 

and ligand shell morphology could not totally understood. 

 

Depending on our results, we can speculate for now, referring to the theoretical 

explanation for the ion-capturing behavior of previously synthesized striped AuNPs 

(Section 2.4.2, Fig.2.14). They already showed that specific (stripe like) ligand 

arrangements on the surface is necessary to have some free space close to EG ligands. 

Therefore, configuration of EG2 ligands at solid-state could be an index to judge free 

space in the vicinity of EG2 ligands provided by shorter ligands. And, this free space can 

be modified by surface morphologies, which varies with respect to core size and ligand 

ratio of AuNPs. 

 

More experimental evidences are still needed to show the direct correlation between 

selectivity (or ion-binding behavior) of AuNPs with the surface morphology. In addition, 

deeper examination is necessary to understand the links between the solid-state 

configuration of the ligands, the free space, and the ligand shell morphology. Then, it 

may be possible to relate these varying surface parameters with the selectivity of mixed-

ligand coated AuNPs. 
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I believe that it is not an easy task to extract this information. A proper systematic study 

based on the synthesis, the characterization, and then the examination of binding 

behavior of series of particles is needed. A new series of particles should be studied by 

always keeping one of the ligand on the surface of the particles constant, and changing 

the other ligand in terms of length, bulkiness, and chemical functionality. SSR values can 

be great utility in future for the determination of surface arrangements. However, the 

reason behind obtaining different results for ligand ratio by two different techniques, 

namely; MALDI and NMR, should be examined. After validation of the accuracy of 

MALDI technique for a given system, data obtained from this method will be valuable. 

In addition, changing the core material to another metal with different lattice parameters 

such as silver may also help us to gain an understanding on the surface properties.  

 

The patterned information, which relates the binding behavior of mixed-ligand coated 

AuNPs and ligand composition, size of the NPs, the configuration and morphology of 

ligands can open a new era in generating various recognition units based on AuNPs to 

develop array-based systems for the detection of multi-elements simultaneously.  

 

66.2.1 Applicability of the AuNPs to the Real-World Systems 

 

The ultimate goal of this study is to create numerous selective AuNP-based metal ion-

sensing systems by tuning the surface properties in a controlled manner. Therefore, we 

wanted to examine whether the synthesized AuNPs still possess their binding abilities in 

different medium.  

 

As stated in Chapter 1, rice samples already showed the presence of cadmium within the 

plants. Cadmium metal poses a high risk for the people, especially in Asia, who consume 

a lot of rice.1 Therefore, we would like to test if our AuNPs could detect the cadmium 

contamination in rice extract medium. The aim of these preliminary experiments was just 

to see whether our AuNPs still retain their binding abilities or not. 

 

However, the cadmium level in rice is typically at the order of few nano molar in our rice 

extract solution.1 At this concentration level, one needs more sensitive technique to 
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detect the cadmium. Although, it is not possible to detect such low level of cadmium 

with conductometric method, the experiments were performed with the addition of 

concentrated solutions of CdBr2. Results are presented in FFig.6.1. 

 

Prior to conductometric titrations, we extracted Cd2+ ions from rice.2 The rice sample was 

purchased at supermarket from Lausanne, Switzerland. 2 g of rice was placed in a beaker 

and 10 ml of 65% HNO3 (Sigma-Aldrich) was added and this content was evaporated to 

dryness at 130 °C. The sample was then cooled down to room temperature, and 2 ml of 

30 % H2O2 (Sigma-Aldrich) were added. After 30 minutes, the sample was filtered, and 

diluted with ultrapure water in a 25 ml volumetric flask. Then, this solution was further 

diluted with MQ water. The protocol described in Section 4.1.3 was followed. However, 

this time diluted rice extract was used instead of MQ water to dissolve AuNPs. 

 

Figure 6.1: Left panel shows the addition of Ca2+ ions to control (red, rice extract), and (blue, AuNPs in 

rice extract). Right panel shows the addition of Cd2+ ions to control (red, rice extract), and (green, AuNPs 

in rice extract). Each set of measurements were done three times and the average values were plotted with 

standard deviations represented by error bars. 
 

The AuNPs used in this study was from binding regime-2. In MQ water, they did not 

show any binding to Ca2+ ions, whereas; they showed strong affinity to Cd2+ ions (Section 

4.1.5). When we compared the results of two titrations shown in Fig.6.1, AuNPs showed 

better binding performance against Cd2+ as it was predicted. This means that they still 

hold their binding abilities even in the rice extract solution. However, the error bars are 

quite high, making it difficult to come to a conclusion. The reason might be the high 

background noise (high conductivity value of the solution) coming from concentrated 

rice extract. Further experiments should be conducted at different solution pHs, and by 
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using different extraction protocols. In addition, more sensitive transduction mechanisms 

should be examined for enabling detection of Cd2+ at very low concentrations. 
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AAPPENDIX 

 

A.1 NMR Spectra of EG2-n AuNPs 

 

 

 

 

Figure A.1: NMR spectra of EG2-n (n, 1-9) after etching with iodine in DMSO-d6 
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FFigure A.2: NMR spectra of EG2-n (n, 11-20) after etching with iodine in DMSO-d6 
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     Figure A.3: NMR spectra of EG2-n (n, 21-30) after etching with iodine in DMSO-d6 
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Figure A.4: NMR spectra of EG2-n (n, 31-40) after etching with iodine in DMSO-d6 
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Figure A.5: NMR spectra of EG2-n (n, 42-45) after etching with iodine in DMSO-d6 

 

A.2 Representative TEM images and size distributions of EG2-n AuNPs 

 

 

 

 

 

Figure A.6: Representative TEM images and size distributions of EG2-n (n, 1-2) 
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FFigure A.7: Representative TEM images and size distributions of EG2-n (n, 3-8) 
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FFigure A.8: Representative TEM images and size distributions of EG2-n (n, 9-14) 
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FFigure A.9: Representative TEM images and size distributions of EG2-n (n, 15-20) 
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FFigure A.10: Representative TEM images and size distributions of EG2-n (n, 21-26) 
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FFigure A.11: Representative TEM images and size distributions of EG2-n (n, 27-32) 
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FFigure A.12: Representative TEM images and size distributions of EG2-n (n, 33-38) 
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FFigure A.13: Representative TEM images and size distributions of EG2-n (n, 39-44) 
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Figure A.14: Representative TEM image and size distribution of EG2-n (n, 45) 

 

A.3 FTIR Spectra of EG2-n AuNPs 

 

 

 

Figure A.15: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 1-2) 
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Figure A.16: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 3-6) 
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Figure A.17: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 7-10) 
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Figure A.18: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 11-14) 
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Figure A.19: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 15-18) 
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FFigure A.20: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 19-22) 
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FFigure A.21: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 23-26) 
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FFigure A.22: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 27-30) 
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FFigure A.23: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 31-34) 
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FFigure A.24: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 35-38) 
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FFigure A.24: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 
wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 39-42)
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FFigure A.25: Right panel shows the wavenumbers in the range of 700-4000 cm-1, Left panel shows the 

wavenumbers in the range of 700-1550 cm-1. Representative FTIR spectra of EG2-n (n, 43-45) 
 

 

A.4 Conductivity Plots of EG2-n AuNPs  

Delta conductivity (Δ) in the y-axis of the plots represents the conductivity of the 

solution from which the initial conductivity value is subtracted. Concentration of added 

metal salt is represented in x-axis as molarity (M). 
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FFigure A.26: The results of conductivity tests of EG2-n (n, 1-8) in MQ water. 
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Figure A.27: The results of conductivity tests of EG2-n (n, 9-16) in MQ water. 
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Figure A.28: The results of conductivity tests of EG2-n (n, 17-24) in MQ water. 
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Figure A.29: The results of conductivity tests of EG2-n (n, 25-32) in MQ water. 
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FFigure A.30: The results of conductivity tests of EG2-n (n, 33-40) in MQ water. 
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Figure A.31: The results of conductivity tests of EG2-n (n, 41-45) in MQ water. 
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