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1. Introduction 

1.1. Nanoworld in a Splash 

Referring to a recommendation from European commission, nanomaterials are 

referred as materials that consist of nanoparticles of which at least 50% have one or more 

external dimension between 1 to 100 nm.1 These types of materials exist in various chemical 

compositions ranging from organic micelles to inorganic metals and metal oxides, from lab-

synthetic polymers to large bioactive molecules.2 A relatively small volume in given size 

dimension allows this type of materials to have high number of surface atoms which leads to 

unique physicochemical properties that often differ from their bulk counterparts. These 

unique properties which are influenced by surface-to-mass ratio of atoms include chemical 

reactivities, optic, electronic, and magnetic features.3 Recent developments in scientific fields 

and modern technologies have allowed the harnessing of unique properties of nanomaterials 

to be utilized in semiconductor sectors, diagnostic and therapeutic medicinal applications,4-9 

environmental issues,10-12 high performance catalysts,13-16 agriculture industries, and many 

more. For the clarity purpose, in this dissertation the term nanomaterials and nanoparticles 

will be used interchangeably.  

The fact that nanoparticles have always existed in nature, omnipresent in form of 

inorganic dust and smoke or in form of organic molecules like viruses and proteins, only 

recently at the end of the 20th century the systematical study of nanomaterials was gaining 

momentum due to the advancement of characterization equipment technologies suitable for 

analyzing nanometer sized objects.3 Nevertheless, the utilizations of nanomaterials were 

found since ancient time in construction materials, pigments, and stained glass far before the 

time when the nature and properties of nanomaterials were uncovered and understood 

(Figure 1-1).17 Ancient Romans had used gold nanoparticles to prepare stained glass and in 

the 1850s, Michael Faraday demonstrated his work to the Royal Society of London in 

systematic preparation of a ruby dispersion from gold nanoparticles.17 Further in the 1980s, 

a report of quantum size effect from colloidal CdS from L. E. Brus and coworkers opened up 

new excitement of the possibility to tailor and manipulate the chemical and physical 

properties based on the size of materials in nanoscale.18 They found that the CdS crystallites 
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in the size of few nanometers exhibit different electronic spectra from the bulk material, even 

though they possessed the same unit cell and bond length as the bulk material. 

In broader sense, nanomaterials can be categorized into inorganic and organic type of 

materials. Inorganic nanomaterials include metal and metal oxide, semiconducting, and 

ceramics nanomaterials. In other hand, organic particles include carbon-based, polymeric and 

biomolecules nanomaterials.19 There are variety of methods to synthesize nanoparticles 

which include the physical, chemical, and biological transformations. These broad methods 

can be classified into two main strategies which are called top-down and bottom-up. Top-

down means using a technique to diminish the size of material from larger size to nanoscale 

size, while bottom-up refers to building up nanomaterials from smaller size materials like 

molecules or atoms.19-20   

 

Figure 1-1. (a). The ancient cup of Roman era which containing gold nanoparticles in reflected (left) and in 

transmitted (right) light, (b). Beaker with lid was prepared using gold nanoparticles, (c). Original bottle samples of 

ruby gold nanoparticles prepared by Michael Faraday. The image was copied from F. J. Heiligtag, et al. (2013) 

with copyright permission from Elsevier as the publisher.17   

Top-down approach is a nanomaterial producing process by miniaturizing or breaking 

down bulk counterpart while retaining the original integrity. Top-down process usually starts 

from the solid bulk materials with large dimension which reduced during the nanofabrication, 

this approach commonly uses for mass production of nanoscale products. Some methods 
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included as top-down approach are ball milling, ion-sputtering, laser ablation, arc discharge, 

and lithography.20-21 Bottom-up approach is an assembling process of nanomaterials from 

smaller building blocks like atoms or molecules. This process usually starts from the 

homogenous solution or gaseous phase to build up nanoparticles and involves a kind of 

chemical reaction that leads to desired products. This method can produce highly 

homogenous nanoparticles, with various chemical compositions and less defects. Some 

methods included as bottom-up approach are atomic layer deposition, vapor phase chemical 

deposition, microemulsion, sol gel fabrication, chemical reduction, and hydro- or 

solvothermal synthesis.19-21    

 

Figure 1-2. (a). Parameter to describe common objects using their dimensions, (b). The calculation of the 

effective radius is based on nanoparticle behavior or on method of detection, (c). Different mean size can be 

calculated for a population of nanoparticles, (d). Shape characterization of nanoparticle using TEM and scattering 

methods yielding different perspective depend on relative orientation of the particle and the beam. All illustrations 

were copied from S. Wuttke, et al. (2019) with copyright permission from John Wiley and Sons as the publisher.2   

Despite highly divers in chemical compositions and physical entities of nanomaterials, 

there are key parameters to define a sample of nanoparticle, namely size, shape, surface 

charge, and porosity.2 Normally, size is measured as the distance between different ends of 

an object, but in the nanoscale object, size has different meaning according to the technique 

employed to measure it (Figure 1-2). In nanoparticle world, size can refer to (i) a physical 

dimension defined by atomic structure; (ii) an effective size of a particle while diffusing 
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through a certain matrix; (iii) an effective size of a particle weighted by its mass or electron 

distribution. As for the size, the shape of nanoparticles features wide geometric and irregular 

morphologies. The shape of nanoobjects can strongly influence major properties of 

nanomaterials such as surface-binding capability, cellular uptake and release, optoelectronic 

and plasmonic effects even though possessed with equal composition and similar 

dimensions.22-26  

Moreover, the surface of nanoparticles which distributed in a certain matrix exposes 

to a dynamic environment. Multiple phenomenon such as the presence of dangling bonds, or 

the absorption or grafting of charged molecules, can contribute to the appearance of net 

charge on the surface of nanoparticles. This charge varies in different environments and has 

primary effect on controlling their tendency toward aggregation. The electrostatic repulsion 

from surface charge of nanoparticles is a key factor for promoting its stability in the dispersion 

form.27 Additionally, porosity as the last key parameter provides the nanoparticles with a 

drastic increase in their surface-to-volume ratio, which can exceed by several magnitude that 

solid particles with equal dimensions. The porous nanomaterials have gained immense 

ŀǘǘŜƴǘƛƻƴ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎ ŘǳŜ ǘƻ ǘƘŜ άƻǊǘƘƻƎƻƴŀƭƛǘȅέ ƻŦ ǘƘŜ ƛƴƴŜǊ ŀƴŘ ƻǳǘŜǊ ǎǳǊŦŀŎŜ ŎƘŜƳƛǎǘǊȅΦ 

These type of materials can fulfill diverse tasks in many medicinal applications.28-30   

Nanoparticles can be characterized either in dry state or in dispersion form. Various 

measurement techniques and characterization methods have been developed to investigate 

size, distribution, shape, surface charge, and porosity of nanomaterials in different 

environments. Depending on targeting samples, characterization techniques of nanoparticles 

can probe suspension samples and solid or powder samples.2 Solid samples can be prepared 

as deposited particles on a surface from aerosols or suspensions. These samples can be 

investigated using scanning or transmission electron microscopy (SEM or TEM), atomic force 

microscopy (AFM), various X-ray scattering methods, or mass spectrometry to observe the 

size distribution and particle morphology.2 On the other hand, methods for characterization 

of nanoparticles in suspension exploit the mobility or the difference in conductivity and 

density to surrounding liquid. Therefore, the nature of solvent environment in this method is 

an integral part of the measurement. Some techniques to investigate nanoparticle samples in 

suspension are dynamic or static light scattering (DLS or SLS), electrophoretic light scattering, 

nanoparticle tracking analysis (NTA), and others. By using appropriate techniques, important 
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parameters of nanoparticle probes such as mean size, size distribution, morphology, surface 

charge, and surface area including the area inside or outside of pores can be investigated. 

However, different methods possess different sensitivity and different techniques probe 

different aspects in measuring and characterizing a certain parameter of nanomaterials, thus 

cares have to be taken when comparing results obtained from different methods. 

Characterization needs to be accurate and precise to be able correlate physicochemical 

properties and the important parameters of the nanomaterials with their performance in a 

specific task.2  

1.2. Surface Functionalization of Nanomaterials Using SAMs  

Being small can make the surface of nanoparticles unstable due to the high surface 

energy and the large surface curvature. Not only the surface structure and shape of 

nanomaterials can change, but the chemical nature of their surface could be altered too.31 

This instability problem can be overcome by modification of the surface of nanomaterials. 

The surface modification aims to enhance the effective stabilization of nanomaterials called 

surface functionalization process. Through a surface functionalization process, the interfacial 

interactions between nanomaterials and the matrix in which the nanomaterials dispersed can 

be improved.32 It can be done either by introducing charged particles to the surface of 

nanomaterials to generate a strong repulsion between nanomaterials or by grafting certain 

molecules through surface absorption to create steric hindrance that prevent aggregation of 

nanomaterials or by combination of both of them.4  

 One of surface modification methods can be generated using tailored molecules which 

have a specific affinity to the surface of the substrate. A tailored molecule with a high affinity 

can form a spontaneous reaction on the surface of substrates. This phenomenon is known as 

self-assembly, in which predesigned molecular building blocks spontaneously form complex 

hierarchical structures typically involving multiple energy scales and multiple degrees of 

freedom.33-36 A general structure of molecules which can perform self-assembly on the 

surface of the substrate mostly consists of three different parts (Figure 1-3).37 The first part is 

the anchoring group which can spontaneously attach or anchor the ligand to the surface of 

substrates by covalent linkage or other strong interactions. The second part is a spacer which 

links the anchoring group with a functional head group. The third part is a head group which 
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can give further functionalities to the assembled structure, either by having specific type of 

moieties or by doing second chemical modification to attach other functional molecules.36-37    

 

Figure 1-3. General approach to control self-assembly monolayer (SAM) on a substrate by tailoring molecular 

designs in combining the anchoring groups (AG), the spacer (grey rod), and the exposed functional groups (f(x)), 

(a). A tripodal architecture, (b). A representative of ˊ-system self-assembly, (c). A flat molecular platform with a 

functional group, (d). A bulky molecular spacer, (e). An immobilized host structure for guests exposing the 

functionality. The illustration was copied from M. Mayor, et al. (2017) with copyright permission from John Wiley 

and Sons as the publisher.37     

Self-assembled monolayers (SAMs) are particularly attractive due to an easy 

preparation process either in solution or in gas phase, and with a high tunability of surface 

properties via modification of the molecular structure and the function of building blocks. 

Moreover, SAMs can provide additional layers to the surface of the substrate via a second 

modification of functional groups. Thus, it adds the possibility to orthogonal and lateral 

structuring in the nanometer regime.34 Probably the most well studied SAM is that of thiols 

on gold surfaces. Nevertheless, a monodentate thiol ligand on SAMs display a lower degree 

of mechanical robustness which typically do not withstand a simple wiping with cotton wool, 

a direct result from relatively weak Au-S bond.38  

A class of nanomaterials in the form of metal oxide materials have been observed to 

have an intermediate stability of self-assembly products on their surfaces. Metal oxide 

nanomaterials are appealing as they can be prepared in a wide variety of nanometer-sized 

structures and they can differ tremendously in any properties of interest such as mechanical 

stability, chemical stability, hardness, conductivity, heat transport, and magnetism. Most of 

them share the same property for surface functionalization through a highly reactive surface 
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hydroxyl group (-OH) as an active site for chemical linkage with the anchoring group to form 

self-assembled monolayers. Some functional groups such as silane, phosphonate, 

carboxylate, catecholate, alkyne, and amine have been reported as highly effective anchoring 

groups for surface functionalization of metal oxide nanomaterials (Figure 1-4).38  

 

Figure 1-4. Illustration of anchoring groups attached on the surface of metal oxide materials with the resulting 

modified oxide surface. The illustration was copied from H. Zuilhof, et al. (2014) with copyright permission from 

John Wiley and Sons as the publisher.38   

Phosphonate ligands show very strong affinity to the surface of metal oxide 

nanomaterials. Studies showed that phosphonate ligands can strip off the oleic acid ligands 

from the surface of titanium oxide and iron oxide nanoparticles in manner X-for-XΩ ligands in 

nonpolar solvents.39-40 Catecholate ligands shows inferiority in replacing oleic acid ligands in 

such nonpolar solutions. L. Zeininger, et al., studied the affinity comparison among different 

anchoring groups to the surface of TiO2 nanoparticles in isopropanol solutions.41 The results 

showed that phosphonate ligands have higher and stronger binding constants towards the 

oxide surface of TiO2 nanoparticles. The study was conducted using thermogravimetric 

analysis (TGA) measurement and by performing competition reactions which gave clear 

evidence that ligand exchanges due to different affinity to the surface of substrate have taken 

place from catecholate to phosphonate. The opposite results were reported by E. Guenin, et 

al., when they studied ligand exchange at the surface of iron oxide nanoparticles competed 

between bisphosphonate ligands with catecholate in water.42 They supported the analysis 
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using FTIR and EDX studies. The results concluded that in aqueous solutions, the catecholate 

ligands have stronger affinity towards surface of iron oxide nanoparticles than 

bisphosphonate ligands.42 This was in accordance with a report from L. Wang, et al., that 

showed catecholate ligands preferably bind to the surface of iron oxide nanoparticles in 

aqueous solutions at pH 5 compared to the phosphonic acid ligands.43   

An interesting study of the stability of anchoring ligands on the surface of metal oxide 

nanoparticles has been reported by L. Deblock, et al.44 They investigated the interaction of 

carboxylic acids, phosphonic acids, and catechol anchoring groups to hafnium oxide 

nanocrystals in aqueous media with pH dependent conditions. The binding affinity in various 

ranges of pH values was determined using NMR spectroscopy and dynamic light scattering 

(DLS) measurements. The results showed, carboxylic acids easily desorb in water from the 

surface and only provide colloidal stability at pH 2 to 6. On the other hand, phosphonic acids 

provide colloidal stability in a broader pH range, most suited for acidic to neutral (pH < 8) 

environments, but also features a pH-dependent desorption from the surface in saline 

conditions. Lastly, the anchoring group of nitro-catechol derivatives provide colloidal stability 

at physiological and basic pH (6 to 10).  

1.3. Brief Overview of Supramolecular Chemistry 

Supramolecular chemistry as defined by Jean-Marie Lehn is chemistry beyond the 

molecule, is a concept as the designed chemistry in the realm of the intermolecular bond, just 

as molecular chemistry is that of the covalent bond.45-49 The field of supramolecular chemistry 

focuses on the noncovalent bond interactions among the molecules. This special branch of 

chemistry is an interdisciplinary field of science involving chemical, physical, and biological 

features of chemical molecules with higher complexity, that are held together and organized 

by means of noncovalent binding interactions. Main examples of supramolecular interactions 

include ionic bonding, other dipolar interactions, hydrogen bonding, hydrophobic interaction, 

halogen bonding, and ̄-  ̄aromatic stacking.50-52  

In a broad perspective, supramolecular chemistry can be split into two categories: 

host-guest chemistry and self-assembly.53 The difference between these two areas is in 

perspective of size and shape of the involving components. Host-guest chemistry is seen when 

one molecule is significantly larger than another and can wrap around the smaller one. Citing 



9 

 

a host-guest definition from Donald Cram is άThe host component is defined as an organic 

molecule or ion whose sites converge in the complex. . . The guest component is any molecule 

or ion whose binding sites diverge in the complexέΦ54 In the other hand, where there is no 

significant difference in size and no component is serving as a host for another, the 

supramolecular interaction of two or more components under such condition is termed as 

self-assembly. The self-assembly is an equilibrium between two or more molecular building 

blocks to produce spontaneously an aggregate with an array of structure that dependent only 

on the information contained within the chemical building blocks.53  

Table 1-1. Short recap of supramolecular interactions53, 55
  

Interaction Strength (kJ mol-1) Example 

Ion pairs  200 ς 300 Tetrabutylammonium chloride 

Ion ς dipole  50 ς 200  Sodium [15]crown-5 

Dipole ς dipole  5 ς 50  Acetone 

Hydrogen bonding 4 ς 120  Water 

Cation ς ̄  5 ς 80  K+ in graphite 

 ̄ς ̄   0 ς 50  Graphite  

van der Waals < 5 Argon packing among crystals 

Hydrophobic  Related to solvent ς solvent interaction energy  Cyclodextrin inclusion compounds 

Molecules can perform recognition and spontaneous self-assembly when they are 

instructed to do so. The instructions are stored in form of the molecular structures, its 

chemical surfaces, and how well molecules fill space in the phase where the recognition and 

assembly take place.56-57 These instructions are written into the molecular structural 

information during the synthesis process in which functional chemical moieties for selective 

binding were introduced. The selective binding leads to molecular recognition and 

spontaneous assembly, which implies the deciphering of previously stored molecular 

structural information. Moreover, molecular recognition and self-assembly are reversible and 

dynamic, the complex product is constantly forming and dissipating, allows for the correction 

of errors or to find a new equilibrium.56-57 

It is understandable that most chemists work using systems in solutions to perform 

molecular recognition and self-assembly in the form of supramolecular interactions. In such 

systems, all the molecules are solvated. The solvation of dissolved supramolecular building 
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blocks involves substantial interactions with the solvent molecules. Thus, the formation of 

supramolecular complexation in solution has lower enthalpic gain. In that respect, there are 

four cases of molecular recognition and assembly conditions in solutions, which are:58-59 

Case I:   Assembly or molecular recognition of supramolecular components A and B by 

nonspecific interactions in a nonspecifically solvating solvent. Such situations 

are exemplified in aprotic solvents for the binding of neutral molecules by 

cyclophanes, which is mainly attributed to van der Waals interactions.  

Case II: Assembly or molecular recognition of supramolecular components A and B by 

specific interactions in a nonspecifically solvating solvent. Such a situation is 

given for hydrogen-bonded acetic acid dimers or adenine-thymine base pairs 

in a non-competitive solvent such as tetrachloromethane.  

Case III: Assembly or molecular recognition of supramolecular components A and B by 

nonspecific interactions in a specifically solvating solvent. Such a situation is 

given for the self-assembly of aromatic molecules in alcohols and water. The 

hydrophobic effect emphasizes the particularly strong influence of cohesive 

forces exerted by the solvating solvent molecules that are strongly self-

assembled by hydrogen bonds.  

Case IV:  Assembly or molecular recognition of supramolecular components A and B by 

specific interactions in a specifically solvating solvent. Such a situation is given 

for the interactions of sugar or nucleotide in a hydrogen-bonded competitive 

solvent and is obviously the most complex case. 

The stability of supramolecular complexation is determined by the binding strength 

among the involved species. The strength of complexation is characterized by a binding 

constant (Ka) or an association constant (Kass) of the supramolecular interaction, which is 

simplified in equation 1 (eq 1). The association constant is a key characteristic of 

supramolecular complexation, and when determined for a series of molecules it can reveal 

an important trend and can predict the property of a new assembled system.60 Selectivity of 

interactions between a host (H) with several different guests (G) when forming 

supramolecular complexations are stated in binding strength. The higher the binding 
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constant, the more selective the interaction. Thus, an accurate and reliable determination of 

Ka is very important for supramolecular studies.60-61  

      (1) 

    (2) 

The formation of complex HG from a guest G with host H in 1:1 ratio in equilibrium 

can be described by equation 1. This binding constant Ka (or in logarithmic log Ka) expresses 

the affinity of the host H toward the guest G. Ka is expressed in equation 2 (eq 2) where aHG, 

aH, and aG are the activities of the species in the solution. The equation 2 in general can be 

used to measure binding constants, or modified analogous equations corresponding to 

different stoichiometry.60 The most common approach to quantify the binding constant Ka in 

supramolecular interactions is by doing titration. A solution of guest molecules is gradually 

titrated to the solution of host, then the change of physical properties which sensitive to 

supramolecular interaction of interest is observed. Some devices for performing 

supramolecular titration include NMR, UV-Vis, fluorescence spectroscopy, and isothermal 

titration calorimetry (ITC).  The data of titration results can be extrapolated and fitted using a 

program to determine the binding constants Ka, and to obtain other information such as the 

stoichiometry, and the energetics parameters like enthalpy (ɲH), entropy (ɲS), and the free 

energy changes (ɲG).51-53, 55, 60-61  

Due to its unique properties, the utilization of supramolecular chemistry forces has 

been vastly integrated in various applications exploiting the reversibility of noncovalent 

interactions.62 The hydrophilic and hydrophobic interactions have been used to make micelle-

type assemblies using dendrimer molecules. By introducing biotin to the dendrimer structure, 

the assembled micelle can be responsive to biological stimuli. This type of self-assembly can 

be applied in drug delivery systems (Figure 1-5a).63 Hydrogen bonds among ferric cross-linked 

cellulose nanocrystal (CNC-Fe3+) with poly(vinyl alcohol)-poly(vinylpyrrolidone) (PVA-PVP) 

have been used to build up conductive and self-healing hydrogel. The utilization of hydrogen 

bonds in the structure of polymers as nano-reinforcement increases the strain and the 

conductivity of supramolecular polymers (Figure 1-5b).64 Moreover, the biological anion 
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sensing via supramolecular recognition has been reported being applied as a real-time 

fluorescence monitoring of enzyme reaction and visualization of nucleoside polyphosphates 

in living cells. The biological anion of adenosine triphosphate (ATP) binds with a binuclear zinc 

complex as a fluorescence chemosensor that based on binding-induce modulation of 

fluorescence resonance energy transfer (FRET) coupled with a turn-on fluorescence-sensing 

mechanism. This anionic chemosensor permits the ratio metric visualization of the ATP level 

inside living cells (Figure 1-5c).65-66 

 

Figure 1-5. (a). Illustration of micelle-assembled using hydrophilic hydrophobic interactions tailored with biotin 

ligand which can response to bio-stimuli, copied from K. R. Raghupathi, e al. (2014).63 (b) self-healing 

supramolecular polymer utilizing hydrogen bond interactions for nano-reinforcement in polymer structure, copied 

from Y. J. Liu, et al. (2017).64 (c). Sensing biological anion using binding-induced modulation fluorescence 

resonance energy transfer (FRET), copied from Y. Kurishita, et al. (2010).66 The images were adapted with 

copyright permission from American Chemical Society as the publisher.     
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1.4. Hydrogen Bonds Between Hamilton Receptors and Cyanurate 

Molecules 

Hydrogen bonds are fundamental to life as it has evolved on earth and believed as the 

most important noncovalent interactions play integral roles in biological structure, function, 

and conformational dynamics.53, 67 The hydrogen bond is a bond between electron-deficient 

hydrogen atom and a region of high electron density atoms. Most frequently, it represents a 

special kind of dipole-dipole interaction between proton donor (D) and a proton acceptor (A) 

(Figure 1.6a). There are two common features to all generally accepted variants of hydrogen 

bonds. First, there is a charge transfer from the proton acceptor (A) to the proton donor 

(D ς H). Second, formation of the D ς H ωωω A hydrogen bond results in weakening of the 

D ς H bond. 

 

Figure 1-6. (a). General representation of hydrogen bond with a carbonyl as acceptor (A) and a secondary amine 

as donor (D), (b). various types of primary hydrogen bonding geometries.53   

 The hydrogen bond interaction is highly directional and can make specific alignment 

of hydrogen bond donors and acceptors (Figure 1-6b). The strength, length, and nature of 

hydrogen bond interactions are determined by the geometry of the bond and the type of 

donor and acceptor groups. The strength of hydrogen bonds is not necessarily correlated with 
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the acidity of the proton donor. Its strength depends on the type of electronegative atom to 

which the hydrogen atom is attached and the geometry that adopted in the structure. It 

ranges between 4 to 120 kJ mol-1. A strong hydrogen bond can be formed between two strong 

bases, which is particularly linear with bond angle almost 180 degree, for example in HF2
- ion. 

While a weak hydrogen bond has no linear geometry with the bond angle bent far less than 

180 degree. For example, the C ς H ωωω  ̄ interactions between benzene rings can form 

perpendicular geometry.53 

   The role of hydrogen bonds in nature is irrefutable, though scientists are constantly 

preparing synthetic hydrogen bonding interactions using organic macromolecules in the lab 

to study and exploit their properties. In 1988, the working group of Hamilton reported a 

molecular receptor in form of a tetra-amide macrocycle which can recognize barbiturate and 

cyanurate guest molecules.68-69  The interaction among the receptor and the guest relies in 

six complementary donor ς acceptor hydrogen bonding interactions according to the pattern 

DADDAD for the receptor and ADAADA for the guest. Since then, the receptor is known as 

Hamilton receptor. It is built up by two 2,6-diaminopyridine units with a central benzene ring 

(Figure 1-7a). Upon binding with the guest in 1:1 complexion ratio, the system is not perfectly 

coplanar, but tilted at an acute angle as shown by single crystal X-ray structure (Figure 1-7b).  

The binding constant from complexation of Hamilton receptors with barbiturate or 

cyanurate molecules is typically achieved in aprotic, non-competitive solvents such as 

dichloromethane or chloroform either using UV-Vis and fluorescence titration or NMR 

titration method. A high binding constant up to 104 M-1 was resulted when using acyclic 

Hamilton receptor 2 when it binds barbiturate guest 1.68 While the macrocycle Hamilton 

receptor 3 and 4 were reported to have higher binding constants in between 105 ς 106 M-1 in 

complexation with barbiturate 1.68-69 A higher binding constant from cyclic Hamilton 

receptors was comprised due to the preorganized binding site.  

 Since then, the utilization and modification of Hamilton receptors has been gaining 

significant attention from many researchers. S. Shinkai and working group were synthesizing 

an acyclic Hamilton receptor terminated with pyrene molecules.70 They observed that the 

complexation pyrene-terminated Hamilton receptor can dramatically affect the 

monomer/excimer ratio. J. H. R. Tucker and working group were using anthracene-tagged 

Hamilton receptors to perform photoswitched reaction which resulted in dimerization of 
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anthracene.71 Interestingly, the pendant anthracene receptor can eliminate barbiturate guest 

from the cavity upon irradiation. N D. McClenaghan and working group utilized further the 

photoirradiation of anthracene-terminated acyclic Hamilton receptor to build up a 

mechanical interlock photoproduct [2]rotaxane.72 The photoproduct [2]rotaxane was locked 

by a barbiturate templating motif which effectively preorganized the acyclic Hamilton 

receptors without compromising photochemical quantum yields. 

  

Figure 1-7. (a). first generation of Hamilton receptors prepared by Hamilton working group, (b). X-ray crystal 

diffraction structure of 1 to 1 complexion of Hamilton receptor 5 with barbital guest 1 showing tilted structure upon 

complexation, copied from T. Arnoud, et al. (2015) with copyright permission from John Wiley and Sons as the 

publisher.68-69, 73  

Multiple hydrogen bonds with specific donor-acceptor arrangements per binding unit 

have been utilized to build up supramolecular polymers. The supramolecular polymer is 

broadly defined as any type of supramolecular assemblies from one or more molecular 

components via reversible bonds.74-75  J. M. Lehn and working group had pioneered the idea 

of using linear chains of noncovalent polymers from hydrogen bonding interactions as a 

starting material of a supramolecular polymer for developing a functional material.76 They 

prepared homoditopic Hamilton receptors combined with homoditopic cyanurate molecules 

to form long entangled supramolecular fibers. T. Haino and working group developed one 

step further of a supramolecular polymer based on Hamilton receptor hydrogen bonding 
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interactions.75, 77 They developed an ABC sequence-controlled supramolecular terpolymer 

whose sequence is directed by self-sorting of three different supramolecular interactions 

(Figure 1-8). The interaction A is between a biscalix[5]arene-fullerene complex, the 

interaction B is between a bisporphyrin and trinitrofluorenone (TNF), and the interaction C is 

between a Hamilton receptor with cyanurate molecule. Sequence-controlled supramolecular 

polymers developed using multiple supramolecular self-sorting interactions are expected to 

provide possibilities for controlling advance functions associated with polymer sequences, 

such as self-healing materials, stimuli responsive polymers, and shape memory devices. 

 

Figure 1-8. Schematic representation of the supramolecular terpolymerization from three different 

supramolecular interactions called ABC sequence. Supramolecular interactions initiated the self-sorting 

arrangement and started the polymerization. The image was copied from T. Haino, et al. (2017) with copyright 

permission from Springer Nature as the publisher.77     

 Furthermore, W. H. Binder and working group showed broader potential applications 

of Hamilton receptors for modifying the solid surface of nanomaterials.78-80 The surface of 

CdSe can be tailored using the Cu(I)-mediated click chemistry approach to anchored Hamilton 
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receptor or barbiturate molecules. Thus, allowing them to incorporate functionalized 

nanomaterials onto 2D surfaces via supramolecular interactions. On the other hand, L.  

Zeininger, et al., used catechol modified Hamilton receptors to functionalize zinc oxide (ZnO) 

nanorods, and carboxylic acid modified Hamilton receptors to functionalize titanium dioxide 

(TiO2) nanoparticles.81-82 The functionalized nanoparticles were showing ability to make 

orthogonal and reversible self-assembly of supramolecular interactions via hydrogen 

bonding. Those reports envisage the utilization of Hamilton receptors as a facile instrument 

of synthetic hydrogen bond interactions for surface functionalization of nanomaterials.  

1.5. Supramolecular Interactions on the Surface of Functionalized 

Nanomaterials   

In recent years, there has been increasing interest for using engineered functionalized 

nanomaterials as a new avenue for drug delivery, chemical sensors, and bio diagnostics due 

to the versatility and the flexibility to tailor the surface composition and to manipulate the 

unique properties displayed by nanomaterials. However, rational concepts and reliable 

models for quantifying the association constant of guest molecules to the surface of 

functionalized nanomaterials remain elusive and challenging. The difficulty is due to the 

intrinsic complexity of the binding event mechanisms on the surface of modified 

nanomaterials which can involve a multi-step association and formation of supramolecular 

structures around the surface.83 It is not surprising to find discrepancies and sometime 

contradicting results in determining the association constant of supramolecular interactions 

on the surface of functionalized nanoparticles. For example, using the same sample of 

nanoparticles in size, shape, and surface composition can give different results when 

calculated using different techniques.84-87 Nevertheless, quantifying and determining the 

interactions among guest molecules on the interface of functionalized nanoparticles are 

pivotal to understand the activity and to have deep information of the performance of a given 

complex of nanostructures.83  

F. Liang and co-workers investigated the interactions between cucurbit[7]uril with 

three different guest molecules on a surface of gold nanomaterials. 88 His group categorized 

these host-guest interactions on functionalized nanomaterials into four different groups 

(Figure 1-9).88 The first group is when the binding event is formed between free host and free 
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guest molecules in the solution. This interaction serves as a general model and was measured 

using NMR and ITC titration method. The second group is the interaction between 

immobilized host on the surface of nanomaterials with free guest molecules dissolved in 

dispersion. The third group is an inversed condition of the second group, where the binding 

event happens between immobilized guest molecules with free host molecules in the 

dispersion. For the second and the third group, his group used ITC method to quantify the 

binding constant of the system. The last group is the supramolecular interaction among the 

immobilized host and immobilized guest molecules which was measured using single-

molecule force spectroscopy (SMFS). Interestingly, the binding constants determined from 

group two and three were decreasing to approximately 20% of those in group one, which was 

determined among free molecules in solution. Moreover, the binding constant of group four 

was much lower than those in other groups.  

 

Figure 1-9. Classification of host-guest interactions on the interface of functionalized nanomaterials. The image 

was copied from F. Liang, et al. (2020) with copyright permission from American Chemical Society as the 

publisher.88 

The supramolecular interactions on the surface of functionalized nanoparticles have 

distinct binding qualities which affect the determination of binding constants and need to be 

taken into account.83 A multi-occupation is a common denominator for the binding event, 

which means at the equilibrium more than one guest molecule of the supramolecular 
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complex will be bound per nanoparticle. A complex competitive binding can take place on the 

surface of functionalized nanomaterials which can lead to either cooperative or competitive 

bindings. Additionally, a formation of a multilayered dynamic regime around the surface of 

functionalized nanoparticles is possible and can be directed by the surface chemistry of 

attached molecules.83 Moreover, other factors such as the stability of nanoparticles, the 

competitive binding among the adjacent anchored ligands, incorrect estimation of the 

nanoparticle concentration, and a wide range of polydispersity of nanoparticles can strongly 

influence the result of the determined binding constant.   

 

Figure 1-10. (a). Illustration of core-satellite assembling in solution form individual particles, (b and c). TEM 

images of individual particles of gold nanoparticles for core-satellite assembling, (c ï f). TEM images of core-

satellite upon successful assembly. The image was copied from S. Singamaneni, et al. (2012) with copyright 

permission from American Chemical Society as the publisher.89    

Having a mixture of functionalized nanomaterials in different size, shape, composition, 

and surface chemistry, a heterogenous array of nanomaterials can be arranged.90 The 

organization of a mixture of nanomaterials as heterogenous array of nanocluster can create 

a new type of material with emergent and collective properties for applications in photonics, 

catalysis, biomaterials, and high-energy composites.91-93 Ensemble of nanomaterials can 

improve the mechanical properties of composite materials, and can allow multiple tasks to 

be performed simultaneously or in sequence. They can also display new electronic, magnetic, 

and optical properties as a result of interactions between the excitons, magnetic moments or 

surface plasmons of individual components of nanocluster. Self-assembly of functionalized 
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nanomaterials provides a versatile way to ensemble heterogenous nanomaterials in a 

controllable manner.90, 94-95  

For example, S. Singamaneni and working group demonstrated that the array of core-

satellite nanostructures composed of two different size of gold nanoparticles, big and small, 

can be achieved through self-assembly using simple molecular cross-linkers (Figure 1-10).89 

These molecular cross-linkers prevent self-conjugation, promote cross-conjugation between 

core-satellite interactions, and play an important role in the formation of core-satellite 

assembled nanostructures. The ensembled nanostructure exhibits a strong effect of surface-

enhanced Raman scattering. On the other hand, A. Greiner and working group created an 

ensemble of gold nanorods and gold nanoparticles via polymeric glue which can interlink the 

two types of nanomaterials.90 The resulted satellite-like assembly possesses unique optical 

properties that were responsive to temperature change. Moreover, O. Gang and working 

group utilized the DNA functionalized gold nanocubes and gold nanosphere to promote the 

assembly of nanoclusters via directional hydrogen bonds within DNA strains (Figure 1-11).94 

The architecture of nanoclusters was determined by the faces of polyhedron symmetry from 

the anisotropic nanoparticles. This approach will open novel opportunities for the rational 

design of hierarchical 3D nanoarchitectures from a broad variety of functional nanomaterials.  

 

Figure 1-11. (a). Low- and (b, c). high magnification SEM images of binary superlattice formed by 38 nm gold 

spherical nanoparticles and 46 nm gold nanocubes functionalized with DNA strains. The image was copied from 

O. Gang, et al. (2015) with copyright permission from Springer Nature as the publisher.94   
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2. Proposal 

The objective of this dissertation was to construct assemblies of binary functionalized 

nanomaterials by utilizing hydrogen bond interactions in form of host-guest complexations 

between Hamilton receptors and cyanurate molecules. To achieve this goal, functionalization 

of superparamagnetic iron oxide nanoparticles (SPIONs), titanium dioxide (TiO2) nanorods, 

and titanium dioxide (TiO2) nanoparticles should be performed via wet chemical procedures 

to modify the surface of those nanomaterials. This facile approach should give an easy access 

to anchor the host and guest molecules to the surface of nanomaterials. In addition,  host-

guest interactions on the solid-liquid interface should be investigated to determine the 

affinity and the binding constant of the supramolecular complexation using 

spectrophotometric titration methods. 

    The first part should be outlying synthetic strategies to obtain modified Hamilton 

receptors and cyanurate derivatives as the supramolecular building block. The building blocks 

should be designed to store the information for spontaneous self-assembling on the surface 

of nanoparticles. Thus, the Hamilton receptors and cyanurate molecules covalently linked to 

the anchoring groups should be prepared. Phosphonic acid groups were chosen as anchoring 

groups due to their high affinity towards the surface of metal oxide nanomaterials, especially 

in aprotic solvents, thus ensuring the formation of stable and firmly embedded host and guest 

molecules to the surface of SPIONs, TiO2 nanorods and TiO2 nanoparticles. Additionally, non-

anchoring molecular building blocks should be prepared to be employed as free host or guest 

molecules in solutions.  

The next step was the optimization of the procedure for surface functionalization 

using the prepared supramolecular building blocks from the previous step. Metal oxide 

nanomaterials with different shape, size, and surface properties should be used to 

accommodate the arrangement of binary arrays of nanostructures. Due to the different 

nature of each nanomaterial, the surface modification procedures needed to be optimized 

upon the functionalization steps for each metal oxide nanomaterial via wet-chemical 

approaches. This method should generate hybrid organic-inorganic systems in which the 

properties of the modified nanomaterials should not be the same as the pristine materials. 

Thus, the surface chemistry and the surface properties of modified nanomaterials needed to 
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be characterized using various thermogravimetric, microscopic and spectroscopic devices 

such as TGA, TEM, DLS and Zeta potential analysis, UV-Vis and FTIR spectroscopy. The 

characterization was also intended to determine the surface coverage density of the attached 

molecules on the surface of metal oxide nanomaterials. By knowing the coverage density, the 

number of attached molecules per nanoparticle should be estimated for further use in 

quantifying the binding constant. 

Referring a rational approach proposed by F. LiangΩǎ ǿƻǊƪƛƴƎ ƎǊƻǳǇΣ the study of 

binding constants among host-guest molecules on the solid-liquid interface should be 

classified into four groups.88 In this step, binding constants among free host and guest 

molecules in solution should be quantified using NMR and UV-Vis titration methods. The 

interactions among free host and guest molecules in solution should be used as a benchmark 

for the more complex host-guest interactions on the solid-liquid interface. To determine the 

binding constant on the solid-liquid interface, the embedded molecules on the surface of 

nanomaterials needed to be approximated. Thus, the molar concentration of available 

molecules on the surface of nanomaterials should be quantified. Using UV-Vis titration 

methods coupled with fluorescence titration methods, any physical changes upon titrations 

should be observed. The binding constants from the measurements should be fitted using 

calculation programs such as HypSpec and BindFit.61, 96-98 

The last step, binary arrays of nanoarchitectures should be assembled by utilizing host-

guest interactions on the surface of modified SPIONs, TiO2 nanorods, and TiO2 nanoparticles. 

Those modified nanomaterials in different shape, size, and surface chemistry should be 

combined in certain manners and the results of assembly binary nanomaterials should be 

investigated using microscopic and spectroscopic analysis instruments such as SEM, TEM and 

SAXS. As references, a combination of functionalized nanomaterials which lacking host-guest 

functional head groups should be prepared. Additionally, a masked-assisted lithography of 

Hamilton receptors functionalized graphene should provide a basis for well-ordered arrays of 

nanoarchitectures. In which, on top of Hamilton receptors functionalized graphene shall be 

deposited with cyanurate functionalized TiO2 nanoparticles to make well-ordered arrays of 

nanoarchitectures.  
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3. Results and Discussion 

3.1. Synthesizing Supramolecular Building Blocks 

3.1.1. Refined Iodo-Hamilton Receptors  

In this sub-chapter, synthesis steps of the molecular building blocks and the analysis 

of their properties are presented and discussed. Some of them are novel molecules, while 

others are well-known molecules but prepared by refined methods from already published 

results.  

 

Scheme 3-1. Refined synthesis procedure of iodo-Hamilton receptor.  

A method to prepare iodo-Hamilton receptors (Ham-I) was firstly reported by F. 

Wessendorf, et al., during the course, it was optimized and the crystal data was obtained.99 

The previous synthesis procedures were optimized by adjusting the reaction conditions and 

by adding the recrystallization processes. Eventually, a single crystal of Ham-I was obtained 

(Scheme 3-1). The first step was to oxidize iodo-xylene (Xyl-I) using potassium permanganate 

as oxidizer in a hot solution mixture of tert-butanol and water resulting in two carboxylic 

groups at the meta-positions. The product was recrystallized in a boiled 25% acetic acid 

solution to yield iodo-isophthalic acid as white solid needles (IPA). Subsequently, the 

iodo-isophthalic acid was treated with freshly distilled SOCl2 and reacted under reflux at 55 oC 

for 2 hours. The excess of SOCl2 was removed using vacuum distillation and the residue was 

recrystallized in hot cyclohexane to give a white solid of iodo-isophthaloyl dichloride (IPA-Cl). 

In contrast with the result reported before, when using undistilled SOCl2, a red-brownish oil 
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was yielded instead.99 The conversion of iodo-isophthalic acid to the acyl chloride has a 

purpose to increase the reactivity during formation of iodo-Hamilton receptors (Ham-I) in the 

next reaction step. 

The proton NMR spectra of IPA and IPA-Cl molecules showed significant differences 

(Figure 3-1). The acid IPA was dissolved in DMSO-d6 and showed two signals, one broad peak 

from the acid group is at 13.52 ppm and the second peak is from the aromatic hydrogen which 

appears as a singlet at 8.41 ppm from the superimpose signal of three aromatic protons. On 

the other hand, the acyl chloride IPA-Cl was dissolved in CDCl3, and the result showed two 

sets of meta coupling from the aromatic protons. A signal appears as a triplet from two 

distorted doublet at 8.78 ppm with coupling constant of 1.6 Hz has integration of 1, indicating 

the origin of signal is from aromatic proton at C-4. A signal of meta coupling as doublet at 8.69 

ppm has integration of 2 and addressed from the aromatic protons of C-2 and C-6. Moreover, 

the data of carbon NMR confirmed the chlorination reaction. After the completion, the signal 

of carbon NMR from the chlorinated products shifted shingly to the higher chemical shift  

compared to the signal of starting material (see Experimental Part, synthesis of IPA-Cl).    

 

Figure 3-1. (a) 1H-NMR (400 MHz, DMSO-d6, RT) of isophthalic acid (IPA) and (b) 1H-NMR (400 MHz, CDCl3, 

RT) of the acyl chloride derivative (IPA-Cl) showed proton signals from meta coupling.    

The iodo-Hamilton receptor was generated by reacting the iodo-isophthaloyl 

dichloride with diaminopyridine (DAP) in cold THF overnight. The addition of excess triethyl 

amine to the reaction mixture was for scavenging free acid chloride resulted during amide 

formation. The salt of amine chloride was then precipitated out as by product and can be 

removed by filtration. After purification using column chromatography, the iodo-Hamilton 
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receptor was recrystallized in hot EtOAc using minimal volume of solvent to get a solid of  

fractalized white crystals (Figure 3-2).   

 

Figure 3-2. (a). Fractalized crystals of iodo-Hamilton (Ham-I) receptors and (b). a single crystal structure of 

Ham-I from an x-ray measurement. 

Based on an x-ray measurement of a single Ham-I crystal, the active binding site of 

iodo-Hamilton receptor is occupied by water molecules. The water molecules appear to form 

hydrogen bonds with the protons from the amide in the Hamilton receptor. The ability of 

Hamilton receptors to catch small molecules via hydrogen bonds will be explored and 

exploited in this research project. Furthermore, the iodo-Hamilton receptors were 

characterized using NMR spectroscopy.  Despite having a large molecular structure, the 

proton NMR signal of Hamilton receptor molecule is relatively easy to be interpreted 

(Figure 3-3a). When measured in DMSO-d6, all protons of the neopentyl group on the 

periphery have a singlet signal at a chemical shift of 1.02 ppm. The -CH2 moieties connected 

to the amide appear as a singlet at 2.31 ppm. The protons of the pyridine rings are split 

between 7.86-7.75 ppm from ortho and meta coupling. While the protons of the aromatic 

ring on the center of Hamilton receptor appear as a singlet signal at 8.47 ppm. Interestingly, 

4 protons of the amide groups for hydrogen bond formations of the Hamilton receptors show 

up as two singlets at 10.63 and 10.02 ppm. The signal of amide protons was shifted far to the 

downfield region due to the formation of hydrogen bonds between Hamilton receptor 

molecules with DMSO as solvent.    
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Figure 3-3. NMR spectroscopy data of iodo-Hamilton (Ham-I) receptors (a) 1H-NMR at 400 MHz, RT in DMSO-d6 

and (b) 13C-NMR at 101 MHz, RT in CDCl3.  
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 The carbon NMR data (Figure 3-3b) can be divided in three different segments to make 

the interpretation easier. The first segment is a region below 50 ppm which has 3 signals. 

Those peaks belong to sp3-carbon atoms of the neopentyl moieties. The second segment is a 

region above 150 ppm which has two signals that belong to sp2-carbonyl C-atoms of the 

amide groups. The third segment is a region between 90-150 ppm, where the sp2-carbon 

aromatic of phenyl and pyridine rings appear. The signals of carbon NMRs from derivatives of 

Hamilton receptors show up in the similar regions of chemical shifts or slightly shifted after 

further reaction steps, which can help in elucidating and interpreting the results of carbon 

NMR measurements. Furthermore, the subsequent reactions to modify the structure of iodo-

Hamilton receptors are mainly by coupling other functional groups or moieties on the iodo-

phenyl position. Thus, the signals of carbon backbone of Hamilton receptors remain in the 

same region of chemical shifts. Moreover, having an iodo-functional group gives a versatile 

access to perform many coupling and modification reactions to the Hamilton receptors.  

3.1.2. Synthesis of Phosphonic Acid Hamilton Receptors via Click Chemistry Reaction 

 

Scheme 3-2. Reaction scheme of Sonogashira coupling reaction followed by deprotection reaction to yield 

ethynyl-Hamilton receptor (Ham-ety) molecules following procedure from F. Wessendorf, et al. (2008).99   

A Sonogashira coupling reaction between iodo-Hamilton receptor with TMS-acetylene 

has been performed following the procedure from F. Wessendorf to result in the ethynyl-

Hamilton receptor molecule (Ham-ety)  (Scheme 3-2).99 It is worthy to note that an extra 

addition of triphenyl phosphine (PPh3) reagent is very important for the coupling reaction 

using iodo-Hamilton receptor. During the practice, it was observed that without extra 

addition of PPh3 the reaction has not yielded to completion. Other references stated that the 

triphenyl phosphine might contribute to regenerate the palladium catalyst back to the 
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reaction by hindering the coordination of the catalyst with the reactant which can lead to a 

decrease of the reaction yield.100 From these ethynyl-Hamilton receptor molecules, click 

reactions and other coupling reactions have been performed to develop the structures and 

to attach covalently various functional groups to the Hamilton receptor molecules. 

The ethynyl-Hamilton receptors (Ham-ety) were subjected to a click chemistry 

reaction.83 The purpose is to connect the Hamilton receptors covalently with a phosphonate 

alkyl chain. This reaction (Scheme 3-3) can be done by reacting ethynyl-Hamilton receptors 

with 6-azidohexyl phosphonate ester (N3-PC6) using CuSO4.5H2O and sodium ascorbate as 

catalyst in an alcoholic solution. The click reaction was chosen due to the versatility, easy to 

handle process, lower cost of the catalyst, and nevertheless giving a good reaction yield.  

 

Scheme 3-3. Reaction scheme of phosphonate-Hamilton receptor (Ham-PEt) molecules via click chemistry 

reaction and followed by deprotection reaction to yield phosphonic acid Hamilton receptor (Ham-PAc) molecules.     

The phosphonate-Hamilton receptor (Ham-PEt) has a broken-white color and can be 

dissolved in many protic and chlorinated solvents, but it is less soluble in alcoholic solutions. 

For characterization, the development of IR spectra of the involved molecules was presented, 

and the significant functional groups involved in reaction were highlighted (Figure 3-4). The 

6-azidohexyl phosphonate ester (N3-PC6) has a distinct peak at around 2100 cm-1 from the 

N3 vibration.  Other significant peaks are at 1100 cm-1 from POR vibration and at about 

2800 cm-1 from -CH2 and -CH3 vibrations. The vibration of the azido functional group vanished 

after finishing the click reaction, while the rocking vibration of P-OR molecules remained 
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pronounced after the reaction. Other signature peaks from Hamilton receptor appear at 1680 

(Amide I CO stretching), 1639 (C=C stretching), 1610 (C=C diene stretching), 1570 (NH 

deformation), 1554 (Amide II), 1477 (CH2 scissor), 1435 (C=N in plane), 1398 (CH3 bending), 

1367 (CN aromatic), and 1247 cm-1 (Amide III). 

 

Figure 3-4. IR spectra of azido phosphonate (N3-PC6) (black), ethynyl-Hamilton receptor (Ham-ety) (red), 

phosphonate- (Ham-PEt) (blue) and phosphonic acid-Hamilton receptor (Ham-PAc) (light blue).    

 The phosphonate-Hamilton receptor (Ham-PEt) was utilized further to perform 

deprotection reactions. This step is transforming the phosphonate ester to the phosphonic 

acid species using TMS-Br as the reagent in dried DCM. The usage of dried and non-acidic 

DCM is very crucial to bring the reaction to completion. The dried DCM can be purchased 

from a commercially available form with extra septum to give extra protection. Otherwise, 

the dried DCM can be prepared in house by washing it 3 to 5 times with a fraction amount of 

highly concentrated sulfuric acid until the color of sulfuric acid does not turn yellow. This step 

was followed by washing the DCM with saturated NaHCO3 solution to remove the excess of 

remaining acid and filtrated through NaSO4 salt. The washed DCM was distilled and stored in 
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a brown flask with activated molecular sieve. Moreover, the phosphonic acid-Hamilton 

receptor is well soluble in DMSO, but less soluble in alcoholic and chlorinated solvents, and 

has a broken-white color. Thus, the NMR characterization of the phosphonic acid Hamilton 

receptor was done in DMSO-d6 solvent and the results are presented in Figure 3-5 below. The 

proton, carbon, and phosphorous NMR have been measured and interpreted.   

 

Figure 3-5. NMR spectroscopy data of phosphonic acid-Hamilton receptors (Ham-PAc) (a) 1H-NMR at 400 MHz, 

RT in DMSO-d6 and (b) 13C-NMR at 101 MHz, RT in DMSO-d6.   
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The proton NMR result (Figure 3-5a) of the Ham-PAc receptor is relatively easy to be 

interpreted, as the proton signals from the backbone of Hamilton receptors are in the same 

region of chemical shifts as before, while the protons of attached alkyl phosphonic acid 

appear in the lower region of chemical shifts. Two singlet peaks at 11.08 and 10.59 ppm in a 

downfield region are from the amide protons. The peaks in between 8.85 ς 7.71 are from the 

phenyl and pyridine protons, in which a singlet signal at 8.85 ppm is from a triazole ring 

proton. The remaining signals at upfield region are from the -CH2 hexyl chain and neopentyl 

groups and a broad signal from POH signal at around 6 ppm due to the fast exchange with the 

solution. The carbon NMR data showed (Figure 3-5b) two singlets at 171 and 165 ppm from 

carbonyl carbons of Ham-PAc receptors. The peaks between 149 and 109 ppm are from the 

phenyl, pyridine and triazole rings. The remaining peaks at upfield region below 50 ppm are 

the peaks from the neopentyl groups and the alkyl chain. The inlet figure showed splitting 

signals from the carbon of the alkyl chain at a region of chemical shift below 50 ppm due to 

the spin-couple with phosphorus atoms. Moreover, before a deprotection reaction (blue line), 

a singlet phosphorus signal appeared at 32.48 ppm and after the deprotection reaction the 

signal was shifted to 26.93 ppm (Figure 3-6). 

 

Figure 3-6.  31P-NMR spectroscopy data at 162 MHz, RT in DMSO-d6 of the phosphonate-Hamilton receptor 

(Ham-PEt) (blue line) and the phosphonic acid-Hamilton receptors (Ham-PAc) (red line). 
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3.1.3. Synthesis of HBC Hamilton Receptors via Sonogashira Coupling Reaction 

      

Scheme 3-4. Reaction scheme of Sonogashira coupling reaction between iodo-HBC (HBC-I) and ethynyl 

Hamilton receptors (Ham-ety) yielding the HBC-Hamilton receptor molecules (Ham-HBC). 

 Having an ethynyl functional group attached to Hamilton receptors gives versatile 

access to make coupling reactions. Taking advantage of the versatility of the coupling reaction 

route, the ethynyl Hamilton receptors can be coupled with various organic molecules to 

further modify and enhance the structure and functionality of Hamilton receptors. Thus, the 

ethynyl Hamilton receptors (Ham-ety) were coupled with iodo-HBC (HBC-I) via Sonogashira 

coupling reactions to yield HBC-Hamilton receptors in quantitative amount (Scheme 3-4). The 

reaction condition of this coupling reaction was similar like reaction condition of synthesizing 

ethynyl Hamilton receptors, in which an addition of 0.05 equivalent of triphenyl phosphine is 

very important to generate the product in quantitative amount. After a purification step, the 

HBC-Hamilton receptors (Ham-HBC) were collected as a yellow solid.    

 The Ham-HBC receptor molecule has C2 symmetry around its axis, therefore the 

proton signals on the NMR data show multiple singlet peaks rising from the symmetrical 

protons (Figure 3-7a). Twelve aromatic protons on the periphery of HBC groups appear as a 

group of singlet peaks at a downfield region between 9.21 - 9.11 ppm. Three protons from 

the phenyl ring of Hamilton receptors are at 8.42 and 8.32 ppm, while six protons from the 

two pyridine rings are at 8.02 ppm as two doublets due to the ortho coupling and at 7.77 ppm 

as a triplet. The hydrogen bond active protons from the amides of Hamilton receptor are 

found at 8.33 and 7.62 ppm. Since the measurement was done in CDCl3, the peaks of 

hydrogen bond active protons from the Hamilton receptor are located at a slightly higher field 

region due to the lack of solvation from the solvent. The rest of the signals at the upfield 

region belong to the tert-butyl and neopentyl groups of the molecules.  
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Figure 3-7. (a). 1H-NMR of HBC-Hamilton receptor (Ham-HBC) measured in CDCl3 at 600 MHz. (b) Absorption 

and emission spectra of Ham-HBC measured in THF. (c) Regression linear of Ham-HBC measured in DCB.   

 The electronic properties of HBC-Hamilton receptors were characterized using UV-Vis 

and fluorescence spectroscopy methods (Figure 3-7b). When the molecules were dissolved 

in THF, the absorption of HBC-Hamilton has a highest peak at 365 nm. The oscillation peaks 

between 330 ς 420 nm are characteristic of HBC molecule absorption, while a peak at 307 nm 

is from Hamilton receptor part. To measure the emission, the HBC-Hamilton receptor 

molecules were excited at 365 nm resulting in emission spectra as depicted in Figure 3-7b  

(red dashed line). The highest emission peak is at 470 nm and showing HBC oscillation feature 

with lower emission peaks at 485, 493, and 503 nm. The molar attenuation coefficient (ʁ) of 
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the molecule was measured following Lambert-Beer law by performing dilution series of 

HBC-Hamilton receptor molecules in DCB (Figure 3-7c). The measurement was carried out 

using concentrations of HBC-Hamilton receptor in range of 10-6 molar to ensure that there 

was no self-aggregation from the molecules observed. The ʁ  of HBC-Hamilton receptors in 

DCB was 1 348.8 m2/mol. 

3.1.4. Diazonium-Hamilton Receptors and Thiol-Hamilton Receptors Derived from 

Nitro-Hamilton Receptors    

 

Scheme 3-5. Reaction scheme of further utilization of amine-Hamilton receptor molecules (Ham-NH) to make 

diazonium-Hamilton receptor (Ham-N2) and thiol-Hamilton receptor molecules (Ham-SH).  

 Apart from the iodo-Hamilton receptors (Ham-I) explained above, another type of 

Hamilton receptor bearing an amine functional group have been prepared following a method 

from A. Dirksen, et al., 2004 (Scheme 3-5).101 The amine group was generated via a reductive 

hydrogenation reaction using platinum (IV) oxide (PtO2) catalyst in alcoholic solution under 
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high pressure of hydrogen gas. The yield of the reaction was high, and the amine-Hamilton 

can be recrystallized in hot EtOAc solution. Subsequently, the amine-Hamilton receptors 

(Ham-NH) were utilized for further reactions transforming the amine groups to other surface 

active substances. D. Hasenhrl, et al., used Steglich esterification process to connect 

amine-Hamilton receptor molecules to thiol terminated alkyl chain.102 Then he used further 

that thiol-terminated Hamilton receptor molecules (Ham-SH) to modify the surface of gold 

nanoparticles. L. Bao, et al.,  has transformed amine-Hamilton receptors to diazonium salt 

Hamilton receptors (Ham-N2) and utilized those molecules as surface active agent for 

functionalization process of patterned graphene sheets.103    

     

a.       b. 

Figure 3-8. (a) ATR-FTIR of diazonium-Hamilton receptor salt (Ham-N2) showed a distinct vibration at 2350 cm-1 

from diazonium moiety, (b) proton NMR of thiol-Hamilton receptor (Ham-SH) measured in DMSO-d6, 400 MHz.   

 Diazonium-Hamilton receptor molecules (Ham-N2) were prepared by L. Bao using 

isoamyl nitrite and HBF4 in acetic acid solution under inert atmosphere at -22 ɕC for 

overnight.103 The diazonium-Hamilton receptor salt was isolated and characterized using ATR-

FTIR spectroscopy which showed typical diazonium vibration at 2350 cm-1 (Figure 3-8a). The 

diazonium functional group can be utilized further as a reductive agent of 2D material during 

surface modification process. On the other side, D. Hasenhrl was developing a method to 

attach covalently an alkyl-thiol chain to the amine-Hamilton receptors (Ham-NH) via Steglich 

esterification process.102 After deprotection reaction using TFA, the thiol-Hamilton receptor 

molecule (Ham-SH) was achieved in a good yield as a yellowish powder. Having a thiol 

functional group on the tail of its structure, the thiol-Hamilton receptor can be utilized to 
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render the surface of gold nanoparticles. The proton NMR in DMSO-d6 (Figure 3-8b) showed 

characteristic signals of Hamilton receptor molecules.   

3.1.5. Refined Iodophenyl Isocyanuric Acid 

 The Hamilton receptor can recognize barbituric acid, cyanuric acid, and their 

derivatives via multiple hydrogen bonding interactions.68-69 A derivative of cyanurate 

molecules can be synthesized from biuret (Biu) molecules as a starting material to form iodo-

phenyl cyanurate (Cya-IP) molecules following a method from M. J. Plater (Scheme 3-6).104 

The biuret was nitrated using nitric acid, catalyzed by sulfuric acid at 0 ɕC to give a white solid 

as product (Biu-NO) with 40% yield. Then, the process followed by substitution reaction with 

iodo-aniline in an aqueous solution under reflux to produce a grey powder of iodophenyl-

biuret (Biu-IP) with 70% yield. Subsequently, a ring formation reaction was performed to 

convert the derivative of biuret to an iodophenyl-isocyanuric acid molecule (Cya-IP) using 

diethyl carbonate and sodium metal as reactants. Having isocyanuric acid molecules 

decorated with an iodophenyl group gives an easy access to further modify and develop the 

structure. Afterwards, the Cya-IP molecule was subjected to a Sonogashira coupling reaction 

with TMS-acetylene and followed by a deprotection reaction to give a derivate of ethynyl-

cyanuric acid (Cya-Et). The ethynyl-cyanuric acid was obtained in a very good yield as an off 

white solid and can subsequently be used to perform other coupling reactions.     

 

Scheme 3-6. Reaction scheme of synthesizing ethynyl-cyanuric acid (Cya-Et) from biuret following a method 

from M. J. Plater, et al., (2004).104  
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Figure 3-9. (a). 1H-NMR (300 MHz, RT in DMSO-d6) of iodophenyl-isocyanuric acid (Cya-IP), (b). 1H-NMR 

(400 MHz, RT in DMSO-d6) of ethynyl-cyanuric acid (Cya-Et), and (c). 13C-NMR (101 MHz, RT in DMSO-d6) of 

ethynyl-cyanuric acid (Cya-Et).    
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The proton NMR of Cya-IP molecules is shown in Figure 3-9a. The signal of the protons 

from the amide groups of isocyanuric moiety appears as a singlet at 11.58 ppm. The aromatic 

protons from the iodophenyl moiety are showing two doublet signals from ortho coupling at 

7.80 and 7.14 ppm with a coupling constant of 8 Hz respectively. On the other hand, the 

proton NMR of ethynyl-cyanuric acid (Cya-Et) after a deprotection reaction is shown on 

Figure 3-9b. The peak of the protons from the amide group is still at the same chemical shift 

of 11.58 ppm. Meanwhile, the peaks of the protons from the phenyl ring are slightly shifted 

to 7.56 and 7.36 ppm due to the presence of the ethynyl group which is slightly activating the 

phenyl ring. Moreover, a single proton from the ethynyl moiety appears as a singlet at 

4.26 ppm. Additionally, the carbon NMR of the Cya-Et molecule is shown on Figure 3-9c. 

Where the peaks at 149.5 and 148.8 ppm are from the carbonyl carbon of the cyanuric acid 

moiety. The peaks at 134.6, 132.1, 129.6, and 121.9 ppm are from the carbon of the phenyl 

ring. The rest of the peaks at 82.8 and 81.5 ppm are from the ethynyl group. 

3.1.6. Synthesis of HBC Cyanuric Acid via Sonogashira Coupling Reaction  

 The Cya-Et molecule was used to perform a Sonogashira coupling reaction, in which 

the ethynyl-cyanuric acid was coupled with iodo-HBC molecules using palladium catalyst to 

make HBC-cyanuric acid (Cya-HBC) (Scheme 3-7). After a purification process, the final 

product of HBC-cyanuric acid (Cya-HBC) was gained as a yellow solid in 88% yield. The 

covalent attachment of the chromophore HBC to the cyanuric acid moiety enhances the 

optoelectronic properties of this derivative molecule. Thus, further observations of the 

supramolecular interaction utilizing this molecule can be followed by a titration of UV-Vis and 

fluorescence spectroscopy methods.  

 

Scheme 3-7. Reaction scheme of Sonogashira coupling to produce HBC-cyanuric acid (Cya-HBC). 
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Figure 3-10. (a). 1H-NMR of HBC-Cyanurate (Cya-HBC) molecules measured in THF-d8 at 400 MHz. (b) 

Absorption and emission spectra of HBC-Cyanurate (Cya-HBC) molecules measured in THF. (c) Regression 

linear of HBC-Cyanurate (Cya-HBC) molecules measured in DCB.  

 The data interpretation of 1H-NMR of HBC-cyanurate (Cya-HBC) molecules is 

straightforward, thanks to the symmetrical structure of the molecule (Figure 3-10a). A broad 

singlet at 10.72 ppm in the downfield region is from the protons of the amide group. A group 

of singlet peaks in between 9.37 ς 9.29 ppm are from the protons on the periphery of the 

polycyclic aromatic HBC rings. Two doublets at 7.88 and 7.47 ppm are from the ortho coupling 

of the protons of the phenyl ring bridging the cyanurate and the HBC part. The last three 
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singlet peaks in the upfield region are from tert-butyl moieties. The optoelectronic property 

of cyanurate-HBC was measured in THF and DCB, and the absorption and the emission signals 

were presented in Figure 3-10b. The cyanurate-HBC molecule has an absorption peak at 364 

nm, which originally comes from the HBC chromophore. Unlike the Hamilton receptor group, 

the cyanurate moiety has no distinct absorption peak in the UV-Vis region. The highest 

emission peak of cyanurate-HBC molecules is at 472 nm, next to this peak are small oscillation 

peaks from the HBC part. The molar attenuation coefficient (ʁ) of the Cya-HBC molecule was 

measured in DCB with concentration range of 0.5 ς 8.0 * 10-6 M to prevent self-aggregation 

in the solution. The ʁ  result was 1 343.4 m2/mol (Figure 3-10c). 

3.1.7. Synthesis of Cyanurate Phosphonic Acid  

      

Scheme 3-8. Reaction scheme of cyanurate-phosphonic acid (Cya-PAc) preparation.  

 To prepare a derivative of cyanuric acid molecule linked to a surface active functional 

group, a substitution reaction between cyanuric acid molecules (Cya) with 6-bromohexyl 

phosphonate (C6-PEt) was performed (Scheme 3-8). In this reaction, the DBU was used as 

non-nucleophilic base to deprotonate one proton of the amide from cyanuric acid molecules. 

Subsequently, the product of cyanurate phosphonate ester (Cya-PEt) was obtained as a white 

solid after purification process. It is worthy to note that the Cya-PEt molecule has no 

absorption under UV and visible light. Thus, during purification, a staining agent like KMnO4 

solution is needed to create a contrast. The yield of this reaction was 60% and it was observed 

that the production of double substituted molecules as an unwanted side product. The proton 

NMR of the Cya-PEt molecule shows a singlet peak at 11.37 ppm which is from the amide of 

the cyanuric acid part (Figure 3-11a). A signal at 3.96 ppm with integration of 4 is from protons 

of a carbon-1 (C1) of the ethyl phosphonate ester which is split to a multiplet due to the 

nuclear spin-couple with the phosphorus atom. A triplet peak at 3.61 ppm is from the protons 
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of C-N part which connected the cyanurate moiety to the alkyl phosphonate chain. A group 

of multiplet peaks in between 1.99 ς 1.26 ppm are from protons of the hexyl chain, while a 

triplet peak at 1.21 ppm is from the protons of the carbon-2 phosphonate ester.   

 

Figure 3-11. (a). 1H-NMR of cyanurate phosphonate ester (Cya-PEt) measured in DMSO-d6 at RT, 400 MHz, 

(b). 13C-NMR of cyanurate phosphonate ester (Cya-PEt) measured in DMSO-d6 at RT, 101 MHz. 
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 On the other hand, the carbon NMR of Cya-PEt molecule (Figure 3-11b) shows two 

peaks at the downfield region at 149.8 and 148.6 ppm which are from three carbonyl carbon 

of the cyanuric acid part. A doublet peak at 60.7 ppm is from the C1 atom of the phosphonate 

ester which spin-coupled with the phosphorus. Other peaks in a low frequency region 

between 29.4 ς 21.9 ppm are from the carbon of the hexyl chain which are split by the spin-

couple with the phosphorus atom. The last doublet at 16.3 ppm is from C2 atom of the 

phosphonate ester.   

 Furthermore, the Cya-PEt molecule was subsequently deprotected to obtain a 

cyanurate phosphonic acid (Cya-PAc) molecule as the final product. A method of the 

deprotection reaction was mentioned before by L. Zeininger in his dissertation and during this 

research project, the method was refined (Scheme 3-8).105 In that previous method, it was 

suggested to perform the deprotection reaction using an ice-salt bath at temperature about 

-15 ɕC. Subsequently, 100 equivalent of the deprotection regent (TMS-Br) was added, and 

then the reaction was stirred overnight. It was found out that repeating those procedures was 

troublesome especially during the workup step in which the excess of the deprotection 

reagent needs to be removed. Moreover, the yield of the reaction was hardly pure and far 

less than was reported. Thus, this deprotection reaction was refined in a different reaction 

condition. In which, the reaction condition was set up at 35 ɕC under inert atmosphere in 

nonacidic dry DCM, using only 3 equivalent of the deprotection reagent, and stirred for 

3 hours. After the work up process, the final product was obtained as a white solid in very 

good yield.  

  The NMR results of the deprotected Cya-PAc molecule are closely related to the NMR 

results of the precursor Cya-PEt molecules (Figure 3-12). The 1H-NMR shows a singlet peak at 

11.37 ppm from the amide and a broad singlet peak at 9.50 ppm from the POH group. The 

peaks of the protons from the previously attached ethyl phosphonate ester disappeared, 

while the other peaks from the rest of the protons in the structure are present in the similar 

region of chemical shift. Also, on the 13C-NMR result, the two set of doublet peaks of the ethyl 

phosphonate ester disappeared, while the signals of the carbon of the hexyl chain and the 

carbonyl carbon of the cyanuric acid remained the same. Furthermore, the peak of the 

phosphorus signal is shifted from 31.90 ppm to 26.46 ppm after the completion of the 

deprotection reaction.     
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Figure 3-12. (a). 1H-NMR, (b). 13C-NMR and, (c). 31P-NMR of cyanurate phosphonic acid (Cya-PAc) molecules 

measured in DMSO-d6, RT at 400, 101, and 162 MHz respectively.    
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3.2. Surface Functionalization of Metal Oxide Nanoparticles Utilizing 

Phosphonic Acid Hamilton Receptors and Cyanurate Phosphonic Acid 

Molecules  

3.2.1. Functionalization of SPIONs Using Hamilton Receptor Phosphonic Acid 

As general procedures, the previously prepared organic ligands were subsequently 

utilized to modify the surface of metal oxide nanomaterials. The functionalization method 

was established in our working group via a wet-chemistry process. The desired organic ligands 

were dissolved in a suitable organic solvent and mixed with a dispersion of metal oxide 

nanomaterials. Afterwards, the mixtures were sonicated and centrifugated. Then the 

sediments were separated and washed twice to yield a fully monolayered coverage of the 

organic ligands on the surface of metal oxide nanomaterials. 

 

Scheme 3-9. Functionalization process of pristine superparamagnetic iron oxide nanoparticles (Fe3O4) with 

Hamilton receptor phosphonic acid (Ham-PAc) molecules in the solvent mixture of DMSO/EtOH (3:1).   

 The phosphonic acid Hamilton receptor (Ham-PAc) molecules are suitable to be 

anchored on the surface of metal oxide materials such as TiO2, Al2O3, and Fe3O4 nanomaterials 

due to the affinity of the phosphonic acid. The phosphonic acid can bind covalently or make 

chelating bridges with the hydroxyl groups presented on the surface of metal oxide materials. 

There are 12 different known binding modes forming by the phosphonic acid with the active 

hydroxyl groups on the surface of metal oxide.38 Thus, these ligands are used to modify the 

surface of superparamagnetic iron oxide nanoparticles (SPIONs). The naked pristine SPIONs 
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were purchased from PlasmaChem as a stabile dispersion in water with an average size in 

diameter of 8  3 nm. On the other hand, the solubility of Ham-PAc molecules in water is not 

good. Therefore, a mixture of DMSO/EtOH with ratio 3:1 was chosen as a solvent mixture 

which can dissolve the Ham-PAc molecules and mix well with the dispersion of SPIONs in 

water (Scheme 3-9). The utilization of a good solvent mixture is very important to facilitate 

the attachment of the organic ligands to the surface of superparamagnetic iron oxide 

nanomaterials during the functionalization process. Otherwise, in a non-compatible solvent, 

the organic ligands will form micelle-like mixtures which can interfere with the 

functionalization process.   

 To observe a fully monolayer coverage from the functionalization process, 6 different  

dispersions of SPIONs were mixed with the solution of Hamilton receptor molecules in the 

increasing amount of ligand concentrations (Table 3-1). Each samples consisted of 5 mg 

SPIONs was mixed with a certain concentration of Hamilton receptor ligands. The highest 

concentration of the used Hamilton receptor molecules in this process was 15 mM, in which 

the mass of the Ham-PAc ligand was almost 10 times the mass of the nanoparticles. 

Afterwards, all samples were functionalized and washed twice. After completion of the 

functionalization process, the Hamilton receptor modified SPIONs (Fe3O4@HamPAc) were 

redispersed in a suitable solvent for further characterization or dried in a drying oven at 75 ɕC 

overnight to get solid functionalized nanoparticles.  

Table 3-1. Functionalization data of SPIONs with Hamilton receptor phosphonic acid molecules  

Fe3O4-NPs Phosphonic acid Hamilton receptor ligands 

Mass Mass Molecular weight Mol Volume Concentration 

(mg) (mg) (g/mol) (mmol) (mL) (mM) 

5 3.2 775.85 0.004 4 1 

5 9.3 775.85 0.012 4 3 

5 15.7 775.85 0.020 4 5 

5 25.3 775.85 0.032 4 8 

5 31.0 775.85 0.040 4 10 

5 46.5 775.85 0.060 4 15 

 The solid of Fe3O4@HamPAc nanoparticles was dispersed in a mixture of DMSO/EtOH 

(3:1) and used as a sample for DLS, Zeta potential, and TEM measurements to acquire more 

information about the surface properties of the Hamilton receptor modified SPIONs 

(Figure 3-13). The result of DLS measurement showed a significant increase in the average 
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number of hydrodynamic diameters from the Fe3O4@HamPAc nanoparticles. The increase in 

diameter after functionalization is strongly correlated with the increased concentration of the 

Hamilton receptor ligands. The average diameter size in number of functionalized SPIONs 

were 9.1 to 9.6 nm when 1 mM and 3 mM of Hamilton receptor ligand concentrations were 

used. The average diameter size of Fe3O4@HamPAc nanoparticles were further increasing up 

to 15 nm when the concentration of Hamilton receptor ligands was 15 mM. On the other 

hand, from the TEM measurement (Figure 3-13b), the size of the solid core of 

Fe3O4@HamPAc nanoparticles remains the same. The diameter of the solid cores of 

functionalized SPIONs was not changing, indicating that there was negligible surface 

deformation during the functionalization process.  

 

Figure 3-13. (a). DLS measurements from Hamilton receptor functionalized SPIONs (Fe3O4@HamPAc), (b). 

TEM image of Fe3O4@HamPAc, and (c). Zeta potential value of Fe3O4@HamPAc. (Copyright permission from 

John Wiley and Sons as the publisher).106     
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 Further analysis using Zeta potential measurements showed a significant decrease in 

Zeta potential value along with the increase in concentration of the used Hamilton receptor 

ligands during the functionalization process (Figure 3-13c). The pristine naked SPIONs in water 

have a Zeta potential value of +44.3 mV. After post functionalization, the Zeta potential value 

of Fe3O4@HamPAc remained positive when it was measured in a mixture of DMSO/EtOH 

solvents with a concentration of the dispersion 0.2 mg/L. Nevertheless, the Zeta potential 

value gradually went down to +33.4, +22.6, and +22.2 mV when the concentrations of the 

used Hamilton receptor ligands were 5, 10, and 15 mM respectively.   

 

Figure 3-14. (a). Comparison of FTIR spectra of pristine SPIONs (blue line) with Hamilton receptor functionalized 

SPIONs (Fe3O4@HamPAc) (red line), (b). TGA curve of Fe3O4@HamPAc, (c). DTG analysis of TGA results, (d). 

Mass loss of Fe3O4@HamPAc after TGA measurements. (Copyright permission from John Wiley and Sons).106     

Further characterization using FTIR spectroscopy showed emerging peaks of 

molecular vibrations from the backbone of Hamilton receptor ligands (Figure 3-14a). As a 
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comparison, FTIR data from pristine SPIONs in a blue line showed a broad peak at about 

3300 cm-1 from the attached hydroxyl group, indicating a condition of the surface of pristine 

SPIONs which contains active hydroxyl groups. After functionalization (red line), other peaks 

of molecular vibrations emerge at 2950 cm-1 from C-H stretching, at 1650 cm-1 from C=C or 

C=N stretching, at 1443 cm-1 from C-H deformation, at 1235 cm-1 from P=O stretching, and at 

1035 cm-1 from P-O and asymmetric RPO3
2- stretching vibrations. Those peaks indicate the 

presence of anchored Hamilton receptor ligands on the surface of SPIONs after post 

functionalization.   

 TGA analysis showed (Figure 3-14b) a decline of the %mass curve when 

Fe3O4@HamPAc nanoparticles were heated above 300 ɕC. The decline is strongly correlated 

with the concentration of used Hamilton receptor ligands. The higher Hamilton receptor 

concentrations, the bigger the decline of %mass curves until it was reaching a saturated 

condition. Furthermore, the rate of mass changes upon heating is plotted against the 

temperature resulting in DTG curves at Figure 3-14c. The data showed that the mass changes 

taken place mainly in the temperature range in between 250 - 500 ɕC with the peak of the 

rapid changes at 360 and 400 ɕC. By plotting the percentage of mass loss versus the used 

concentrations during the functionalization process, the saturation condition can be observed 

(Figure 3-14d). By using a ligand concentration of 15 mM, the saturation condition had been 

achieved with a mass loss of 12%.  

The grafting density (̒) can be calculated using formula below: 

—
ύὸ
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Where is: 

 ̒ = grafting density (molecules/nm2) 

wt  = percentage of mass loss from TGA measurement 

NA  = Avogadro number 

MW  = Molecular weight of the molecules (g/mol) 

SSA  = Specific surface area of nanomaterials (nm2/g) 
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 The specific surface area of SPIONs can be determined by BET analysis or can be 

approximated by calculations. Both of them are in good agreement resulting in SSA of SPIONs 

at 1.45 *  1020 nm2/g. Table 3-2 resumed the calculation of grafting density in dependence of 

concentration of used Hamilton receptor ligands.    

Table 3-2. Functionalization degree of SPIONs using Hamilton receptor ligands calculating from TGA 

measurements. 

Concentration Mass loss SSA of SPIONs Grafting density ( )̒ 1/concentration 1/grafting density 

(mM) (%) (nm2/g) (molecule/nm2) (M-1) (nm2/molecule) 

1 5.81 1.45*10e20 0.33 1000 3.03 

3 7.26 1.45*10e20 0.42 333.5 2.38 

5 9.01 1.45*10e20 0.53 200 1.88 

8 11.33 1.45*10e20 0.68 125 1.47 

10 11.53 1.45*10e20 0.69 100 1.44 

15 12.08 1.45*10e20 0.73 66.7 1.34 

 At a saturation condition using of 15 mM ligand concentration, the grafting density of 

Hamilton receptor molecules on the surface of SPIONs was 0.73 molecule/nm2. Taking into 

account that a single SPION approximated as a perfect spherical form with a diameter of 8 nm 

in average, thus the surface area (A) of a single SPION is 200.96 nm2/particle. Therefore, the 

average of attached Hamilton receptor ligands (NHam) on a single hypothetical particle of 

SPION can be approximated, which turned out to be about 150 molecules/particle.     
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3.2.2. Functionalization of TiO2 Nanorods Using Hamilton Receptor Phosphonic Acid 

In a similar fashion, the Hamilton receptor phosphonic acid molecules (Ham-PAc) are 

used to functionalize the surface of titanium dioxide nanorods (Scheme 3.10). The TiO2 

nanorods (TiO2-NRs) were purchased from PlasmaChem with a length of circa 100 nm and a 

diameter of 20 to 40 nm. They were dispersed in water with a citrate stabilizer as 1 wt.% 

aqueous solution. With a far bigger dimension than SPIONs, the surface area of TiO2-NRs is 

approximated about 3.37 *  1019 nm2/g, one order of magnitudes less than the surface area of 

SPIONs. Thus, the concentration of used Hamilton receptor molecules for functionalization of 
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TiO2-NRs were lower compared to the functionalization on SPIONs to reach the saturation 

condition. 

FTIR results on Figure 3-15a showed the molecular vibrations from the anchored 

Hamilton receptor molecules on the surface of TiO2-NRs. The pristine TiO2-NRs showed peaks 

at 3307, 2926, 1608, 1317, and 1244 cm-1 which are from surface hydroxyl groups (-OH), C-H 

stretching, C=O carbonyl stretching, OH deformation, and C-H deformation vibration 

respectively. On the other hand, after post functionalization with Hamilton receptor 

molecules (TiO2NR@HamPAc), more peaks are rising from the molecular backbone of 

Hamilton receptor molecules. The vibrations are at 3290 cm-1 from -OH and -NH stretching, 

oscillation at 2956, 2870, and 2727 from -CH, -CH2, and -CH3 stretching respectively, at 1585 

cm-1 from C=N stretching, at 1448 cm-1 from C=N pyridine ring vibration, at 1300 cm-1 from 

the CH in plane deformation, at 1240 cm-1 from C-O-C asymmetric stretching, at 1039 cm-1 

from asymmetric RPO32-, and at 975 cm-1 from P-O stretching vibrations.   

    

Scheme 3-10. Scheme of functionalization of TiO2 nanorods with Hamilton receptor molecules in DMSO:EtOH 

solution mixture to yield Hamilton receptor functionalized nanorods (TiO2NR@HamPAc).  

Moreover, the result from TGA measurements showed a decrease of %mass curve 

which was observed at the temperature in between 250 ς 500 ɕC, in which the decline of 

%mass curve was observed to be saturated using the concentration of 10 mM (Figure 3-15b). 

At this saturated condition, the mass loss of TiO2NR@HamPAc nanorods was reaching up to 

15%. Using the formula above, the grafting density of Hamilton receptor molecules under 

saturated conditions can be approximated as 0.4 molecules/nm2 or about 3500 

molecules/nanorod. On the other hand, TEM images showed the nanostructure of 

functionalized TiO2-NRs after the treatment with Hamilton receptor ligands 



51 

 

(Figure 3-15c and -d). The TEM images with magnification of 25.000 (c) and 63.000 (d) using 

a high-energy electron of 80 KeV showed the spatial and structural of functionalized 

nanorods. From the observation of TEM results, the TiO2-NRs still retained its core size with 

negligible change of its sheer size after functionalization process.      

 

Figure 3-15. (a). FTIR result of Hamilton receptor functionalized titanium dioxide nanorods (TiO2NR@HamPAc), 

(b). TGA results of TiO2NR@HamPAc, (c). and (d). TEM image of TiO2NR@HamPAc.  

3.2.3. Functionalization of Gold Nanoparticles Using Thiol-Hamilton Receptor 

In a further collaboration project with D. Hasenhrl, a thiol-Hamilton receptor 

molecule (Ham-SH) was utilized to functionalize gold nanoparticles (GNPs). The GNPs were 

synthesized in house following modified Turkevich method using HAuCl4 as precursors and 

sodium citrate as stabilizer in aqueous solution.107-108 The process was yielding GNPs with 

average particle size of 12.5 nm, specific surface area of 49.6 cm2/mL, zeta potential 
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of -35 mV, and an absorption maximum of the surface plasmon resonance at 520 nm. The 

functionalization of GNPs was proceeded by mixing the dispersion of nanoparticles with thiol-

Hamilton receptor molecules in a methanol solution (Figure 3-16a). The Hamilton receptor 

functionalized GNPs (GNP@HamSH) were precipitated from solution and washed three times 

to remove the excess of ligand and to yield a monolayer coverage.  

 

Figure 3-16. (a). Scheme of functionalized gold nanoparticles (GNPs) with thiol-Hamilton receptor molecules 

(GNP@HamSH), (b). FTIR of GNP@HamSH, (c). UV-Vis spectra of pristine (black) and GNP@HamSH (red), 

and (d). TEM image of GNP@HamSH. (Copyright permission from John Wiley and Sons as the publisher).102  

The self-prepared GNPs in citrate aqueous solution were characterized using TEM 

(Figure 3-16d) which revealed the size of the solid core of GNPs. During the functionalization 

process, the attachment of Hamilton receptor molecules on the surface of GNPs was 

mediated by thiol-gold (Au-S) binding. The molecular vibrations from attached Hamilton 

receptor molecules on the surface of GNP were observed by FTIR spectroscopy (Figure 3-16b). 
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The molecular vibrations from structural backbones of Hamilton receptor molecules were 

detected at wavenumber of 3200 (N-H), 2920 (C-H), 1680 (C=C), and 1460 (C=N) cm-1. 

Furthermore, after the attachment of Hamilton receptor molecules, the absorption maximum 

of surface plasmon resonance of GNPs was shifted from 520 nm to 534 nm. Not only the 

absorption maximum was red shifted for 14 nm, but also a new band emerged at about 

302 nm which originated from the attached Hamilton receptor molecules (Figure 3-16c).  

3.2.4. Functionalization of SPIONs Using Cyanurate Phosphonic Acid 

To create a complementary system, a phosphonic acid derivative of cyanurate 

molecule (CyaPAc) was used to functionalize the metal oxide of nanomaterials. The cyanurate 

functionalization process was done using wet chemistry with some adjustments to optimize 

the process. In the process of anchoring the CyaPAc molecules onto the surface of SPIONs 

(Scheme 3-11), the cyanurate phosphonic acid molecules were firstly dissolved in a mixture 

of THF/MeOH (4:1). Using this mixture, a well homogenous dispersion can be made, the use 

of THF can solubilize cyanurate phosphonic acid very well, while the addition of methanol can 

help mixing the ligand solution with the dispersion of SPIONs in water. The use of only THF 

leads to the formation of micelle, while the use of only MeOH failed to dissolve the cyanurate 

phosphonic acid molecules. A noticeable difference between a well homogenous mixture 

with an inhomogeneous system is a homogenous mixture will generate a clear brownish 

dispersion of SPIONs with the ligand molecules, while a non-homogeneous one will make a 

brownish dispersion whit a white hue from the insoluble ligand molecules.   

 

Scheme 3-11. Scheme of cyanurate phosphonic acid functionalized superparamagnetic iron oxide nanoparticles 

(Fe3O4@CyaPAc) in a solvent mixture of THF:MeOH (4:1).  
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Table 3-3. Functionalization data of SPIONs with cyanurate phosphonic acid molecules   

Fe3O4-NPs Cyanurate phosphonic acid ligands 

Mass Mass Molecular weight Mol Volume Concentration 

(mg) (mg) (g/mol) (mmol) (mL) (mM) 

5 1.17 293.21 0.004 4 1 

5 5.86 293.21 0.020 4 5 

5 11.7 293.21 0.040 4 10 

5 17.59 293.21 0.060 4 15 

5 23.45 293.21 0.080 4 20 

5 35.18 293.21 0.120 4 30 

For this purpose, the same batch of SPIONs from PlasmaChem with an average 

diameter size of 8 nm was used and mixed with cyanurate phosphonic acid molecules in 

THF/MeOH solutions (Tabel 3-3). As a guest molecule which binds to the Hamilton receptors, 

cyanurate CyaPAc derivatives have a smaller molecular weight and a lower molecular volume 

in space. Thus, it was anticipated that the concentration of cyanurate ligands shall be higher 

than the Hamilton receptor molecules to have monolayers coverage on the surface of SPIONs. 

Therefore, the concentration steps for cyanurate functionalization SPIONs process were 

higher, reaching up to 30 mM concentration of the ligands and with a mass ratio of 1:7 

between the solid SPIONs with the organic ligands. The functionalization procedure was the 

same as before and followed by two times washing steps to remove the excess of cyanurate 

CyaPAc ligands. 

The result of DLS measurements after the functionalization process showed a rather 

large average size in diameter of cyanurate functionalized SPIONs in contrast to the average 

size of post functionalized SPIONs with Hamilton receptor molecules from the previous steps 

(Figure 3-17a). After attachment of cyanurate ligands, the hydrodynamic diameter of 

functionalized SPIONs in THF/MeOH increased up to 85 nm in diameter, while the size of solid 

SPION under TEM is only 8 nm. The increase of the hydrodynamic size might be due to the 

clustering of functionalized SPIONs which was strongly influenced by the attachment of 

cyanurate molecules on the surface of SPIONs. The cyanurate molecules are well known to 

make intramolecular hydrogen bonds among themselves and on the surface of functionalized 

SPIONs, the cyanurate molecules are present in close proximity. Thus, the intramolecular 

interactions between the adjacent molecules are multiplied and might increase the affinity of 

the surface of Fe3O4@CyaPAc nanoparticles, thus it can lead to a clustering of functionalized 
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SPIONs in the dispersion. Therefore, the average size of Fe3O4@CyaPAc nanoparticles in DLS 

measurement results increased. 

 

Figure 3-17. (a). DLS measurements from cyanurate derivative functionalized SPIONs (Fe3O4@CyaPAc), (b). 

TEM image of Fe3O4@CyaPAc, and (c). Zeta potential value of Fe3O4@CyaPAc. (Copyright permission from 

John Wiley and Sons as the publisher).106 

 On the other hand, the TEM image showed that the functionalized SPIONs still 

retained the sheer size of their solid core, but they tend to form larger aggregates of clusters 

of Fe3O4@CyaPAc nanoparticles (Figure 3-17b). This condition is in contrast to the 

Fe3O4@HamPAc nanoparticles, where under TEM observation, the Hamilton receptor 

functionalized SPIONs did not make clusters of aggregates rather than seem to be spatially 

well separated. Besides that, the Zeta potential measurements resulted in negative values 

(Figure 3-17c). The sign of Zeta potential of Fe3O4@CyaPAc nanoparticles was opposite than 
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that Fe3O4@HamPAc nanoparticles, and the value of Zeta potential of cyanurate 

functionalized SPIONs reached up -70 mV at the saturation point. This high value of the Zeta 

potential indicated a high stability of dispersion in a THF/MeOH solution mixture. 

 

Figure 3-18. (a). Comparison of FTIR spectra of pristine SPIONs (blue line) with cyanurate functionalized 

SPIONs (Fe3O4@CyaPAc) (red line), (b). TGA curve of Fe3O4@CyaPAc, (c). DTG analysis of TGA results, (d). 

Mass loss of Fe3O4@CyaPAc after TGA measurements. (Copyright permission from John Wiley and Sons as the 

publisher).106  

 The surface characterization of Fe3O4@CyaPAc nanoparticles using FTIR spectroscopy 

showed significant differences (Figure 3-18a). After attachment of CyaPAc ligands to the 

surface of SPIONs, the molecular vibrations from cyanurate functional groups can be 

detected. Some noticeable peaks are at 3424 and 3222 cm-1 from N-H and O-H stretching 

vibrations, at 1690 cm-1 from the (C=O) carbonyl vibrations, at 1460 cm-1 from (O=C-N) amide 

vibrations, and lastly at 1018 cm-1 from the alkyl phosphite (CP-O) groups. Those peaks were 

indicating the presence of the grafted cyanurate phosphonic acid molecules to the surface of 
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SPIONs. Furthermore, the TGA results showed a significant decrease of %mass curve after 

functionalization process (Figure 3-18b). The pristine SPIONs (black line) had a smaller 

decrease of %mass curve while the Fe3O4@CyaPAc nanoparticles showed more apparent 

decreases in %mass curve in a temperature range between 300 to 400 ɕC. 

Table 3-4. Functionalized degree of SPIONs using cyanurate phosphonate ligands calculating from TGA 

measurements. 

Concentration Mass loss SSA of SPIONs Grafting density ( )̒ 1/concentration 1/grafting density 

(mM) (%) (nm2/g) (molecule/nm2) (M-1) (nm2/molecule) 

1 8.81 1.45*10e20 1.36 1000 0.735 

5 8.39 1.45*10e20 1.29 200 0.775 

10 9.24 1.45*10e20 1.44 100 0.694 

15 9.14 1.45*10e20 1.42 66.7 0.704 

20 9.88 1.45*10e20 1.55 50 0.645 

30 9.34 1.45*10e20 1.46 33.3 0.684 

 The DTG curve (Figure 3-18c) as the rate of mass loss changing in time against 

temperature had shown a rapid mass loss of Fe3O4@CyaPAc at a temperature in between 

300 ς 400 ɕC. In contrast to the DTG result of pristine SPIONs as shown in black line, the rate 

of mass loss from pristine SPIONs has a broadened peak at a lower temperature. The 

percentage of mass loss than had been against the concentration of cyanurate CyaPAc ligands 

used in the functionalization process (Figure 3-18d). The results showed a plateau at around 

20 mM ligand concentration. It was interpreted as saturation condition, in which the highest 

mass loss of Fe3O4@CyaPAc nanoparticles was reaching up to 10%. From the mass loss data 

combined with the information of specific surface area from SPIONs, the grafting density of 

cyanurate molecules on the surface of SPIONs can be determined.  

 At saturation conditions using 20 mM cyanurate ligand concentration, the grafting 

density of cyanurate phosphonate on the surface of SPIONs was 1.55 molecule/nm2 with the 

area of a single SPION is 200.96 nm2/particle (Table 3-4). Therefore, the average of attached 

cyanurate ligands (NCya) on a single particle of SPION at saturation conditions can be 

approximated, which turned out to be about 300 molecules/particle. This result is double the 

average of attached Hamilton receptor ligands on the surface of SPIONs which was about 150 

molecules/particle. It can be seen as a direct result of the different size and spatial occupation 

between Hamilton receptors and cyanurate phosphonate molecules. Since the molecular size 

of cyanurate ligands as guests is smaller than Hamilton receptors, therefore the grafting 
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density is much denser and the average amount of the attached molecules on the surface of 

SPIONs is higher.       
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3.2.5. Functionalization of TiO2 Nanoparticles Using Cyanurate Phosphonic Acid 

 In a similar approach, titanium dioxide nanoparticles (TiO2-NPs) and titanium dioxide 

nanorods (TiO2-NRs) were functionalized using cyanurate phosphonate (CyaPAc) ligands. The 

TiO2 nanoparticles were purchased as a 20 wt% dispersion in isopropanol without stabilizer 

and have an average diameter size of 34.4 nm. In the previous study from L. Zeininger, 82 the 

specific surface area of pristine TiO2 NPs of the same production batch was measured using 

BET approach resulting in 4.6  1019 nm2/g, while the zeta potential of pristine TiO2 NPs in 

isopropanol was determined to be -31.3 mV. For functionalization purposes, a series of TiO2 

NPs dispersions with a concentration of 0.15 wt% were mixed with a concentration series of 

cyanurate ligand solutions (Scheme 3-12). The functionalization process was conducted in 

wet chemical conditions and followed by two washing steps. 

TiO2 TiO2 TiO2

 

Scheme 3-12. Scheme of functionalization process of titanium dioxide nanoparticles (TiO2 NPs) with cyanurate 

phosphonate ligands in isopropanol to yield cyanurate functionalized TiO2 nanoparticles (TiO2@CyaPAc).   

 The FTIR results in Figure 3-19a show a comparison of spectra from the pristine 

TiO2-NPs (black line) with the cyanurate functionalized TiO2-NPs (TiO2@CyaPAc) (red line). 

After functionalization, the new bands from anchored cyanurate molecules can be recorded 

by FTIR. Similar with the result of cyanurate functionalized SPIONs before, the molecular 
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vibrations from cyanurate TiO2 NPs appear at 3307 cm-1 from NH and OH vibrations, at 3016 

cm-1 from C-H vibrations, at 1794 cm-1 from C=O carbonyl groups, at, 1553 cm-1 from amides, 

and at 1078 cm-1 from P-O vibrations. Moreover, from TGA measurement (Figure 3-19b), the 

%mass of functionalized TiO2 NPs was decreasing when heated up to 700 ɕC. The mass loss of 

TiO2@CyaPAc nanoparticles has a positive correlation with the amount of the concentration 

of cyanurate ligands used during the functionalization process. At a ligand concentration of 

10 mM, the mass loss was 7.6% which corresponded to grafting density of 3.6 molecules/nm2. 

 

Figure 3-19. (a). FTIR result of cyanurate functionalized titanium dioxide nanoparticles (TiO2@CyaPAc), (b). 

TGA measurements of TiO2@CyaPAc, (c). TG-MS results of TiO2@CyaPAc nanoparticles functionalized with 

cyanurate ligand of 10 mM, and (d). TEM image of TiO2@CyaPAc nanoparticles functionalized with cyanurate 

ligand of 10 mM. (Copyright permission from John Wiley and Sons as the publisher).102 

Additionally, the cyanurate modified TiO2 NPs were characterized using TG-MS 

instrument, the result (Figure 3-19c) showed three significant peaks of mass-to-charge ratio 

(m/z) at 43, 44, and 70. The m/z peaks appeared at temperatures in between 300 to 500 ɕC. 

These peaks are from the fragmentation of the cyanurate ligands on the surface of TiO2 NPs, 
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the highest ion current detected is from m/z of 44. Furthermore, the TEM image on 

Figure 3-19d displayed an aggregation of cyanurate functionalized TiO2-NPs on TEM grid.        

3.2.6. Functionalization of TiO2 Nanorods Using Cyanurate Phosphonic Acid 

 

Figure 3-20. (a). Scheme of functionalization of TiO2 nanorods with cyanurate ligands (TiO2NR@CyaPAc), (b). 

FTIR of TiO2NR@CyaPAc, (c). TEM image of TiO2NR@CyaPAc, (d). TGA results of TiO2NR@CyaPAc.  

The functionalization was applied to the titanium dioxide nanorods (TiO2-NRs) using 

cyanurate phosphonic acid molecules (CyaPAc) as ligands. The schematic procedure is as 

shown in Figure 3-20a, following the same procedure as to functionalize the TiO2@CyaPAc 

nanoparticles before, to yield cyanurate functionalized titanium dioxide nanorods 

(TiO2NR@CyaPAc). The attachment of cyanurate ligands on the surface of TiO2 nanorods was 

followed by FTIR analysis, in which after functionalization process, the molecular vibrations 

from cyanurate functional groups were presented (Figure 3-20b). As shown in the FTIR graphs 

(red line), the peaks of functional vibrations at 3200, 1600, 1500, and 1020 cm-1 indicated the 

presence of N-H, carbonyl (C=O), and phosphine (P-O) groups. Moreover, TEM images of 
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cyanurate functionalized TiO2 nanorods (Figure 3-20c) showed elongated rod structures of 

TiO2 nanorods after functionalization process. Additionally, the result of the TGA analysis as 

shown at Figure 3-20d gave the information of %mass after thermal analysis, which 

corresponding to the mass loss of 12% after heating the functionalized TiO2 nanorods beyond 

500 ɕC under mixed atmospheric gases. 

3.2.7. Functionalization of Nanomaterials Using Hexyl Phosphonic Acid Ligands 

 

Scheme 3-13. (a). Scheme of functionalization of SPIONs with PAC6 ligands (Fe3O4@PAC6) , (b). Scheme of 

functionalization of TiO2 nanorods with PAC6 ligands (TiO2NR@PAC6).  

As a control reference sample for later experiments, the superparamagnetic iron oxide 

nanoparticles, and the titanium dioxide nanorods had been functionalized with hexyl 

phosphonic acid (PAC6). The hexyl phosphonic acid was chosen to represent the ligand 

without any organic functional head group, in this case, with lack of either Hamilton receptor 

or cyanurate molecules. Since the PAC6 ligands only consist of anchoring and spacer groups, 

the observed interaction of the modified nanoparticles bearing PAC6 ligands was expected to 
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be indifferent due to lacking functional headgroups and therefore can be seen as control 

reference samples. The monolayers functionalization of SPIONs and TiO2-NRs with PAC6 

ligands can render the surface properties of the nanomaterials and with the absence of 

functional headgroups, these modified nanoparticles are considered as inactive components. 

 

Figure 3-21. (a). FTIR of alkyl chain functionalized SPIONs (Fe3O4@PAC6), (b). TGA results of Fe3O4@PAC6, 

(c) FTIR of alkyl chain functionalized TiO2 nanorods (TiO2NR@PAC6), (d). TGA results of TiO2NR@PAC6.   

The functionalization process of pristine SPIONs and TiO2 nanorods with PAC6 ligands 

has been carried out in THF because this solvent can dissolve the PAC6 ligands well and can 

be mixed with the pristine dispersion of nanomaterials in water. After following the 

established surface functionalization procedure, the modified superparamagnetic iron oxide 

nanoparticles (Fe3O4@PAC6) and the modified titanium dioxide nanorods (TiO2NR@PAC6) 

can be redispersed in apolar solvents like cyclohexane (Scheme 3-13). The characterization of 

these modified nanoparticles was done mainly using FTIR and TGA. As shown in Figure 3-21, 
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after functionalization process (red line), the molecular vibrations from C-H symmetric band 

appeared sharply pronounced at around 2900 cm-1. This result gave supporting evidence of 

the attachment of PAC6 ligands on the surface of nanomaterials. Further results from TGA 

measurements had shown that the decomposition of organic ligands on those functionalized 

nanomaterials has taken place at a temperature in between 300 and 350 ɕC. The mass loss 

deducted from the TGA measurements showed a mass reduction up to 8% at highest for 

Fe3O4@PAC6 nanoparticles and a mass reduction up to 6% at highest for TiO2NR@PAC6 

nanorods. These results were significantly smaller than the results from the functionalized 

nanomaterials using functional organic headgroups. Moreover, these result corresponded to 

a grafting density of 3 molecules/nm2. 
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3.3. Studies of Supramolecular Interactions between Hamilton Receptor 

Derivatives and Cyanurate Derivative Molecules  

The first Hamilton receptor was synthesized and examined by the Hamilton group in 

1980s.68-69 They prepared Hamilton receptor as a macrocycle of tetra amide structure which 

can recognize barbiturate molecules in CDCl3 solution. The highest complexation of that 

macrocycle was recorded up to ρȢσχρπ ὓ .68 They also observed that by opening the 

macrocycle structure the binding constant was decreasing by almost 100-fold. In this study, 

acyclic tetra amide Hamilton receptors were prepared, tailored with neopentyl substituent to 

enhance the solubility and with hexyl phosphonate to allow them to be anchored on the metal 

oxide surface.   

The study of supramolecular interactions among Hamilton receptor and cyanurate 

molecules will be divided into two subsections. The first subsection focuses on the 

complexation reaction on the molecular scale, in which the host and guest molecules were 

dissolved in certain solvents and then titrated in the NMR tube or UV-Vis cuvette. The results 

from NMR titration were calculated using BindFit software,61, 96 while the results from UV-Vis 

titration were calculated using HypSpec software.97-98 The data from complexation reaction 

on molecular level were used as model for the supramolecular interaction on the surface of 

modified nanoparticles. 

The second subsection focuses on discussing the complexation results on the surface 

of functionalized nanoparticles. The complexation reactions on this subsection were mainly 

observed using UV-Vis titration, complimented by fluorescence titration data. Other methods 

might be used as an alternative for measuring these complex interactions like using cyclic 

voltammetry, isothermal titration calorimetry, and single-molecule force microscopy. 

Nevertheless, due to accessibility and compatibility, those alternative measurements had not 

been approached. The results from UV-Vis and fluorescence titrations were fitted using the 

HypSpec software.97-98 
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3.3.1. /ƻƳǇƭŜȄŀǘƛƻƴ 5ŜƎǊŜŜ ŀƴŘ WƻōΩǎ tƭƻǘ ¢ƛǘǊŀǘƛƻƴ ōetween Phosphonate Ester 

Hamilton Receptors and Phosphonate Ester Cyanurate Molecules 

 

Figure 3-22. Highlighted relative positions of the amide group protons from the phosphonate ester Hamilton 

receptor molecules (Ham-PEt) in different solvent: (a). CDCl3, (b). ACN-d3, and (c). DMSO-d6.  
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The Hamilton receptor molecules can recognize barbiturate or cyanurate molecules 

by making hydrogen bonds. Those hydrogen bonds are promoted by four hydrogen atoms 

from tetra amide of Hamilton receptors as donors and by two-sets of unpaired electrons of 

nitrogen atoms on the pyridine rings as acceptors. Moreover, the donor hydrogen atoms on 

the Hamilton receptor can also interact with the solvent in which the molecules were 

dissolved. The result of screening test was shown in Figure 3-22 in which the phosphonate 

ester Hamilton receptor molecules (Ham-PEt) were dissolved in various solvents. 

The screening test was done in three different polar aprotic deuterated solvents which 

are chloroform, acetonitrile, and dimethyl sulfoxide. The chosen solvents can dissolve 

Hamilton receptor molecules really well, but they have different polarity properties and 

reactivity in forming hydrogen bonds with the dissolved molecules. In deuterated chloroform 

(Figure 3-22a), the peaks of protons from Hamilton receptor molecules which involve in 

hydrogen bond interactions are marked with pink and green bars. They are from the amide 

groups which appeared at 8.46 and 8.15 ppm. In this condition, these protons barely make 

interactions with the molecules of solvent. Therefore, the signals of active protons were 

located in relatively upfield region.  

When deuterated acetonitrile was used to dissolve the Hamilton receptor molecules, 

the signals of the amide group protons of the Hamilton receptors were shifted to 9.11 and 

8.57 ppm (Figure 3-22b). This shifting to the downfield region was due to the interaction of 

the amide protons with the unpaired electrons of nitrogen atoms from the solvent. The 

unpaired electrons on the nitrogen atom from acetonitrile act as acceptor of hydrogen bonds, 

thus bringing the signal of the amide protons of Hamilton receptor molecules to the downfield 

region. Moreover, in deuterated DMSO which contains oxygen atoms, the signals of the amide 

group protons of Hamilton receptor molecules were shifted further to the downfield region 

up to 10.58 and 10.05 ppm respectively. This screening result showed different behaviors and 

relative interactions of Hamilton receptor molecules with the solvent used to dissolve it. For 

further studying the hydrogen bond formation among Hamilton receptor and cyanurate 

molecules, polar aprotic solvents which have no oxygen atoms were used. Meanwhile, the 

polar protic solvents are not compatible in studying the supramolecular interactions between 

Hamilton receptors and cyanurate molecules due to their ability to solvate those dissolved 

molecules and hindering the hydrogen bond interactions.    



67 

 

 

Figure 3-23. (a). Scheme of hydrogen bond formation among Hamilton receptor phosphonate (Ham-PEt) with 

cyanurate phosphonate (Cya-PEt) molecules, (b). NMR titration results of Ham-PEt with Cya-PEt molecules to 

determine the complexation degree in CDCl3, (c). Jobôs plot of NMR titration results among Ham-PEt and 

Cya-PEt molecules. (Copyright permission from John Wiley and Sons as the publisher).106  

 The complexation degree between phosphonate Hamilton receptor molecules and 

cyanurate phosphonate molecules was determined using JƻōΩǎ Ǉƭƻǘ ƳŜǘƘƻŘ όFigure 3-23). The 

phosphonate Hamilton receptor molecules were dissolved in CDCl3 to make stock solution in 

a certain concentration. Then the solution was placed in 10 NMR tubes and then mixed with 

cyanurate phosphonate ester molecules in CDCl3. The ratio between two molecules in the 

mixture was set up to keep the total concentrations of combined molecules constant. The 

shifting of the amid group protons of Hamilton receptors and cyanurate molecules was 

presented in Figure 3-23b. The pink and green dots represent the amide protons of Hamilton 

receptors (NH1 & NH2), while the blue dots are from the amide protons of cyanurate 
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molecules (NH3). The most upper data was the NMR signal of Hamilton receptor molecules 

in CDCl3 without any additional cyanurate molecules, the amide group protons were in a 

relatively upfield region. Move down on the NMR titration results, the cyanurate molecules 

were added to mixture along with decreasing the mol fraction (X) of Hamilton receptor 

molecules in the sample tubes. The peaks of amide protons from Hamilton receptor 

molecules were shifted to the downfield region, while the opposite shifting appeared for the 

amide protons of cyanurate molecules. The delta chemical shifts from these NMR titration 

results were plotted against the mol fraction of the constituent in the mixture (Figure 3-23c). 

CǊƻƳ ǘƘƛǎ WƻōΩǎ Ǉƭƻǘ ƳŜǘƘƻŘΣ ǘƘŜ ŎƻƳǇƭŜȄŀǘƛƻƴ Ǌŀǘƛƻ ƻŦ ǇƘƻǎǇƘƻƴŀǘŜ IŀƳƛƭǘƻƴ ǊŜŎŜǇǘƻǊ 

molecules with cyanurate molecules was figured out to be 1:1 ratio. The result gave the same 

value as previous studies using other substituents on the structure of Hamilton receptor and 

cyanurate molecules, and it showed that the alkyl phosphonate moieties do not significantly 

interrupt the interaction among Hamilton receptor and cyanurate molecules.  

3.3.2. Determination of Binding Constants between Phosphonate Ester Hamilton 

Receptors and Cyanurate Derivative Molecules Using 1H-NMR Titration   

 A further investigation in this subsection was to determine the association constant 

or binding constant (Ka) among the Hamilton receptors and cyanurate molecules with 

different substituents. The term of association constant or binding constant (Ka) will be used 

interchangeably in this subsection to describe the affinity of hydrogen bond interactions 

among Hamilton receptor and cyanurate molecules. Two methods were applied to determine 

the Ka among non-anchored molecules of Hamilton receptors and cyanurate molecules. The 

first method was NMR titrations, and the second method was UV-Vis titrations. Most of the 

titration processes were done in CDCl3, unless it was declared further with other solvents or 

addition of certain solvents to enhance the solubility of the molecules in the systems.  

Four molecules previously synthesized were used as the subjects in this study. They 

were phosphonate Hamilton receptor (Ham-PEt), hexabenzocoronene Hamilton receptor 

(Ham-HBC), phosphonate cyanurate (Cya-PEt), and hexabenzocoronene cyanurate (Cya-HBC) 

molecules. The combinatorial titrations of those molecules were done to observe the 

influence from different moieties. The alkyl phosphonate moiety has a function later as 

anchoring group and has a relative lower rigidity due to the alkyl chains, while the 

hexabenzocoronene moiety has a more rigid substituent and has chromophore properties.  
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Figure 3-24. (a). Schematic interaction of phosphonate Hamilton receptor (Ham-PEt) and phosphonate 

cyanurate (Cya-PEt) molecules, (b). NMR titration result of Ham-PEt and Cya-PEt in CDCl3, and (c). The fitting 

result of chemical shifts from NMR titration results between Ham-PEt and Cya-PEt molecules. (Copyright 

permission from John Wiley and Sons as the publisher).106 
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Figure 3-25. (a). Schematic interaction of phosphonate Hamilton receptor (Ham-PEt) and hexabenzocoronene 

cyanurate (Cya-HBC) molecules, (b). NMR titration result of Ham-PEt and Cya-HBC in CDCl3/THF-d8 (9:1), and 

(c). The fitting result of chemical shifts from NMR titration results between Ham-PEt and Cya-HBC molecules. 

(Copyright permission from John Wiley and Sons as the publisher).106   


