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1. Introduction

1.1. Nanoworld in a $lash

Referring toa recommendationfrom 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 100n.! These types of materials exist in various chemical
compositions ranging fromrganicmicelles toinorganic metals andhetal oxides, fromab-
synthetic polymers to large bioactive molecufeA. relatively small volume ingiven size
dimension allows this type of materials tovehigh number of surfac&toms which leads to
unique physcochemicalproperties that often differ from their bulk counterparts. Téee
unique properties whictare influencedby surfaceto-mass ratioof atomsinclude chemical
reactivities optic, electronig andmagnetic features.Recent developmensin scientific fields
and modern technologieisaveallowed the harnessingf unique properties of nanomaterials
to be utilized in semiconductor sectors, diagnostic and therapeutic medicinal applicéfions,
environmental issue&}!? high performancecatalystst>1¢ agricultureindustries, andmany
more. For the claritypurpose in this dissertation the term nanomateis and nanoparticles

will be used interchangeably.

The fact thatnanoparticles have always existed in natuoenipresentin form of
inorganicdust and smokeor in form of organic molecules like viras and proteins only
recentlyat the end ofthe 20" centurythe systematical study of nanomaterials was gaining
momentum due to the advancement of characterization equipment technologies suitable for
analyzing nanometer sized objeétdevertheless, the utilizations of nanomaterials were
foundsince ancient timén construction materials, pigments, and stained glass far before the
time when the nature and properties of nanomaterials were uncovered and undetsto
(Figure 11).1” Ancient Romans had used gold nanoparticles to prepare stained glase and
the 1850s, Michael Faraday demonstrated his work to the Royal Society of London in
systematicpreparation of a ruby dispersiofrom gold nanopartites!’ Further inthe 1980s,

a report of quantum size effect from colloidal CdS friont Brusand coworkersopened up
new excitement of the possibility to tailor and manipulate the chemical and physical

propertiesbased orthe size ofmaterialsin nanoscalé® They found that theCdS crystallites



in the size 6few 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
materiak. Inorganic nanomaterials include metal and metal oxide, semiconducting, and
ceramics nanomaterials. In other hand, organic particles inatadeonbased polymeric and
biomolecules nanomateriaf$. Thee are variety of methods to synthesize nanoparticles
which nclude the physical, chemical, and biologitahsformations These broad methods
can be classified inttwo main strategiesvhich are called topdown and bottomup. Top
down means using a technique to diminish the size of material from larger size ¢scwda
size while bottomup refers to building up nanomaterials froemaller size materials like

molecules omtoms1920

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 nanopatrticles, (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.t’

Topdown approachs a nanomaterial producing process by miniaturizing or breaking
down bulk counterpart while retaining the original integrity. Tad@wn process usually star
from the solid bulk materialwith large dimensionwvhichreduced during the nanofabrication

this approachcommonly uss for mass production of narszale productsSome methods



includedastop-down approach ardall milling, ion-sputtering, laser ablation, arc discharge,

and lithography?®?! Bottom-up approach is an assembling process of nanomaterials from
smaller buildig 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 producfBhis method can produce highly
homogenous nanopdcles, with various chemical compositions andss defects.Some
methods included as bottorap approach aratomic layer deposition, vapor phase chemical
deposition, microemulsion, sol gel fabrication, chemical reduction, and chydr

solvothermal synthsis!®2!

a - = = = Hydrodynamic radius
. - — =Radius of gyration
4 Adsorbed ions

Number-based
distribution
Volume-based
distribution

Size Size

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.?

Despite highlyivers inchemical compositions and physical entittgsianomaterials
there are key parameters to define a sample of nanoparticle, namely size, shapace
charge and porosity’ 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 ifFigure 12). In nanoparticle world, size can refer to &)physical

dimension defined by atomic structure; (i) 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. Asfor the size, the shape of nanopartisléeatures wide geometric and irregular
morphologies The shape of nanoobjects can strongly influencajan properties of
nanomaterials such as surfabending capability, cellular uptake and release,asdéctroric

and plasmonic effects even though possed with equal composition and similar

dimensiong?%26

Moreover, he surface of nanoparticles which distributed in a certain matrix exposes
to a dynamic environment. Multiplshenomenon such as the presence of dangling bonds, or
the absorption or grafting of chargemolecules, can contributéo the appearance of net
charge on the surface of nanoparticles. This charge varies in differeimonmentsand has
primary effect on catrolling their tendency toward aggregation. The electrostatic repulsion
from surface charge of nanopatrticles is a key factor for promoting its stability in the dispersion
form.?” Additionally, porosityas the last key parametegrovides the nanoparticles with a
drastic increase itheir surfaceto-volume ratio, which can exceday several magnitude that
solid particles with equal dimensions. The porous nanomaterials have gained immense
FGGSydAz2y Ay NBOSyYyld @SINBA RdzS (2 (GKS a2NI K23

These type of materialsan fulfill diverse tasks in many medicinal applicati&tss.

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, dgace charge, and porosity of nanomaterials in different
environments Depending on targeting samples, characterization techniques of nanopatrticles
can probe suspension samples and solid or powder sam@etid samples cape prepared
as deposited particleson a surfacefrom aerosols or suspensions. These samples can be
investigatel using scanning or transmission electron microscopy (SEM or TEM), atomic force
microscopy (AFM), variousr&y scattering methods, or mass spectrometryoloservethe
size distribution angbarticle morphology. On the other hand, methods for characterization
of nanoparticles in suspension exploit the mobility or the difference in conductarity
density to surrounding liquid. Therefore, the nature of solvent environment inntieithod is
an integral part of the measurement. Some techniques to investigate nanoparticle samples in
suspension are dynamic or static light scattering (DLS oreb@)ophoretic light scattering,

nanoparticle tracking analysis (NTA), and othBssLsing appropriatetechniquesjmportant
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parameters of nanoparticle probesich as mean size, size distributiomrphology, surface
charge, and surface area including the area insideutside ofpores can be investigated.
However, dferent methods possesddifferent sensitivityand different techniques probe
different aspectsn measuringand characterizing certain parameteof nanomaterials, thus
cares have to be taken when comparing results obtained from different methods
Characterization needs to be accurate and precise to be abteelate physicochemical
propertiesand the important parametersf the nanomaterials with their performance a

specific task.
1.2. Surface Functionalization of Nanomaterialdsing SAMs

Being small @an make the suface of nanoparticle unstable due to the high surface
energy and the large surface curvatumdot only the surface structure and shapé
nanomaterials carthange, but the chemical nature of their surface could be alterec®too.
Thisinstability problem can be overcome by modification of the surface of hanomaterials.
The surface modificatioaimsto enhancethe effective stabilizatiorof nanomaterials called
surfacefunctionalzation processThrougha surfacefunctionalizationprocess, the interfacial
interactions between nanomaterials and the matrix in which the nanomaterials dispersed can
be improved®? It can be done either by introducing chadyearticles to the surface of
nanomaterialsgo geneaate a strongrepulsionbetween nanomaterial®r by grafting certain
molecules through surface absorptitm create steric hindrancthat prevent aggregation of

nanomaterialsor by combination of bothof them.

One ofsurface modificatioomethodscan be generated usirtgiloredmolecules which
havea specific affinity to the surface difie substrate A tailored moleculavith ahigh affinity
canform a spontaneouseaction on thesurface of substratesrhis phenomenon is known as
selfassembly, in which predesignedblecularbuildingblocks spontaneouskprm complex
hierarchical structuregypically involving multiple energy scales and multiple degrees of
freedom3%36 A general structure of molecules which can perform seisembly on the
surface othe substratemostlyconsiss of three different parts Figure 13).3” The first part is
the anchoring groupvhich can spontaneousigttach oranchorthe ligandto the surface of
substrates by covalent linkage or other strong interactidriee second part @spacer which

links the anchoringgroup witha functional head groupThethird part isahead groupwvhich



can give further functionalitierd the assembledstructure, either by having specific type of

moieties or by doing second chemical modification to attattter functional molecule$&3’

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 o f -system self-assembily, (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.®”

Seltassembdd monolayers $AM$ are particularly attractive due toan easy
preparationprocesseither in solution or in gas phasand with a high tunability of surface
properties via modification ofhe molecular structure andhe function of building block
Moreover, SAMs can provide additional layers to the surfactne@tubstrate viaa second
modification of functional groups Thus, it addghe possibility toorthogonal andlateral
structuring inthe nanometer regime®* Probably the most well studied SAMtisat of thiols
on gold surface Neverthelessa monodentatethiol ligand on SAMs displaylower degree
of mecharcal robustness which typically do not withstaadimple wiping with cotton wool,

adirectresult from relatively weak AG bond3®

A class ohanomaterialan the form of metal oxide materials have been observed to
have an intermediate stabiliy of selfassenbly products ontheir surface. Metal oxide
nanomaterials are appealing as they can be prepared in a wide variety of nanesietdr
structures and they can differ tremendously in any properties of interest such as mechanical
stability, chemical stabilityhardness, conductivity, heat transppoend magnetism. Most of

them sharethe same property for surface functionalization througtnighlyreactive surface
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hydroxyl group{OH) asan active site forchemical linkage witlthe anchoring group to form
seltassembled monolayersSome functional groupssuch as silane, phosphonate,
carboxylate, catecholate, alkyne, and amira/e been reported asighlyeffectiveanchoring

groupsfor surface functionalization of metal oxide nanomaterigdgure 14).38

)/
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Figure 1-4. lllustration 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.3®

Phosphonate ligands show very strong affinity ttee surface of metal oxide
nanomaterials. Studies showed that phosphonate ligands can strip off the oleic acid ligands
from the surface ofitanium oxide and iroroxide nanoparticles in mannégfor-XQigandsin
nonpolar solvent$>40 Catecholate ligandshows inferiority in replacingleic acidligands in
such nonpolar solutiond.. Zeininger et al., studied the affinity comparison among different
anchoring group$o the surface offiQ nanoparticles in isopropanol solutioAsThe results
showed that phosphonate ligands have higher and stronger binding constamtardsthe
oxide surface of Ti#Onanoparticles. The study was conducted usthgrmogravimetric
analysis (TGAneasurement andoy performingcompetition reactions which gave clear
evidencethat ligand exchangedue to different affinity to the surface of substrabave taken
place fromcatecholateto phosphonate. The opposite results were reportedE. Guenin et
al., when they studied ligand exchangethe surface of iron oxide nanoparticles competed
between bisphosphonate ligandgith catecholatein water.*> They supported the analysis
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using FTIR and EDX studi€se results@ncluded that in agueous solutions, the catecholate
ligands have stronger affinity towards surface of iron oxide nanoparticles than
bisphosphonate ligand¥: This was in accordance withreport from L. Wang, et al, that
showed catecholate ligands preferably bind to the surface of iron oxide nanoparticles in

aqueous solutions at pHdmpared tathe phosphonic acid ligands.

An nteresting study of the stability of anchoring ligands on the surface of metal oxide
nanoparticles has been reported ly Beblock,et al.** Theyinvestigated the interaction of
carboxylic acids, phosphonic acids, aodtechol anchoring groupsto hafnium oxide
nanccrystalsin aqueous media with pH dependent conditions. Thellrig affinity invarious
ranges of pH values wadeterminedusing NMR spectroscopy and dynamic light scattering
(DLS) measurement$he results showed, carboxylic acidsigadesob in water from the
surface and only provide colloidal stability at pH 2 to 6. On the other hand, phosphonic acids
provide colloidal stability ira broader pH range, most suited for acidic to neutral (pH < 8)
environments, but also features a pt¢pendent desorption from the surface in saline
conditions.Lastly the anchoring group dafitro-catechol derivativeprovide colloidal stability

at physiological and basic pH (6 to 10).
1.3. Brief Overview ofSupramolecular Chemistry

Supramolecular chemistry atefined by JeaiMarie Lehn ischemistry beyond the
molecule, isaconcept as the designed chemisimthe realmof the intermolecular bond, just
as molecular chemistry is that of the covalent bdfié® The field of spramolecular chemistry
focuses on the noncovalent bond interactions among the molecUles. special branch of
chemistry is an interdisciplinary field of science involving chemical, physical, and biological
features of chemical moleculegth higher compéxity, that are held together and organized
by means of noncovalent binding interactiodain examples of supramolecular interactions
include ionic bonding, other dipolar interactiorngjdrogen bondinghydrophobic interaction,

halogen bonding, and-" aromatic stacking®>?

In a broad perspective, supramolecular chemistry can b isppo two categories:
host-guest chemistry and sedfssembly? The difference between these two areds in
perspective of size and shape of the involving componéfastguest chemistry is seen when

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



a hostguest definition from Donald Crais ¢The host compond 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 compfétn the other hand, Were there is no
significant difference in size and mmmponentis servingas a host for another, the
supramolecular interaction of two or moreomponentsunder such conditions termed as
selfassembly. The setfssembly 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 containeavithin the chemical building blocks.

Table 1-1. Short recap of supramolecular interactions®

Interaction Strength (kJ md) Example

lon pairs 200¢ 300 Tetrabutylammonium chloride
lon¢ dipole 50¢ 200 Sodium [15]cravn-5

Dipole¢ dipole 5¢50 Acetone

Hydrogen bonding 4¢ 120 Water

Cationg ™ 5¢80 K"in graphite

T q” 0¢50 Graphite

van der Waals <5 Argon packing among crystals
Hydrophobic Related to solvent solvent interaction energy Cyclodextrin inclusion compounds

Molecules can performmecognition and spontaneous s&lssembly when they are
instructed to do so. The instructions are storedform of the molecular structures, its
chemical surfaces, and how welbleculedill space in thgophasewhere the recognition and
assembly take pl&®®>’ These instructions are written into the molecular structural
information duringthe synthesis procesis which functional chemical moietidsr selective
binding were introduced The elective binding leads to molecular recogniticand
spontaneous assembhlywhich implies the deciphering of previously stored molecular
structural information Moreover, molecular recognition and se§sembly are reversible and
dynamic, the complex product is constantly forming and dissipating, allows for the correction

of errors or to finda new equilibrium?3%°7

It is understandablethat most chemists work using systems in solutitmperform
molecular recognitiorand selfassemblyin the form of supramoleculainteractions. In such

systems, all the mekules are solvated. The solvation of dissolsadramolecular building



blocksinvolves substantial interactions with the solvent molecules. Thus, the formation of
supramoleculacomplexation in solution has lower enthalpic gailm that respect, there are

four cases of molecular recognitioand assemblgonditions in solutions, which afé&2°

Case I: Assembly or mlecular recognitiorof supramolecular componestA and Boy
nonspecific interactiong a nonspecifically solvating solvent. Such situations
are exenplified in aprotic solvents for the binding of neutral molecules by

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

Case Il: Assembly or moleculaecognitionof supramolecular componestA and Boy
specific interactions in a nonepifically solvating solvent. Such a situation is
given for hydrogerbonded acetic acid dimers or adenitgymine base pairs

in a norcompetitive solvent such as tetrachloromethane.

Case lIlAssembly or moleculaecognitionof supramolecular componestA and Boy
nonspecific interactions in a specifically solvating solvent. Such a situation is
given for the seassembly of aromatic molecules in alcohols and water. The
hydrophobic effect emphasizes the particularly strong influence of cohesive
forces exeted by the solvating solvent molecules that are strongly self

assembled by hydrogen bonds.

Case IVAssembly or moleculaecognition ofsupramolecular componestA and Boy
specific interactions in a specifically solvating solvent. Such a situatiprers
for the interactions of sugar or nucleotide in a hydrogended competitive

solvent and is obviously the most complex case.

The stability of supramolecular complexation is determined by the binding strength
among the involved specie3he strength & complexation is characterized by a binding
constant Ki) or an association constantkfsy of the supramolecular interactiorwhichis
simplified in equation 1(eql). The &sociation constantis a key characteristic of
supramolecular complexation, and when determined for a series of moledutas reveal
animportant trend andcan predict the propestof anew assembled systef.Selectivity of
interactions between a hostH) with several dierent guests G) when forming

supramolecular complexatienare statedin binding strength. The higher the binding
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constant, the more selective the interaction. Thas,accurate and reliable determination of

Kais very important for supramolecular studig¥?

K
H+G —— HG 1)
L _ IHG _ ang
“ " [HIIGl apag o

The formation of complexiGfrom a guestG with hostH in 1:1 ratio in equilibrium
can be described by equation This binding constari, (or in logarithmic lod<) expresses
the affinity of the hostH toward the guesiG. Ka is expressed in equation 2q 2) whereang,
an, andag are the activities of the species in the solutidrhe equation 2 in general can be
used to measure binding constantor modified analogas equations corresponding to
different stoichiometry?® The most common approach to quantify the binding const&rih
supramolecular interactions is by doing titratioh.solution of guest molecules gsadually
titrated to the solution of host, the the change of physical properti®gich sensitive to
supramolecular interaction of interesis observed. Some @vices for performing
supramolecular titration include NMR, s, fluorescence spectroscopy, and isothermal
titration calorimetry (ITC)The data of titration results can Bxtrapolated anditted usinga
program to determine the binding constanks, andto obtain other information such as the
stoichiometry, and thesnergetics parameters like enthalpyH), entropy NS), and the free

energy change)5+53. 55. 6661

Due to its unigue propertieghe utilization ofsupramolecular chemistrfjorceshas
been vastly integrated in various applicatins exploiting the reversibility of noncovalent
interactions® The tydrophilic 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 stimhls type of selissembly can
be applied in drug delivery systeriEgure 15a).52 Hydrogen bonds among ferric crelasked
cellulose nanocrystal (CN&®*) with poly(vinyl alcoholpoly(vinylpyrrolidone) (P\ARVP)
have been used to build up conductive and $maling hydrogel. The utilization of hydrogen
bonds in the structure of polymers as namneinforcement increases the strain and the

conductivity of supramolecular polymer&igure 15b).54 Moreover, the biological anion
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sensing via supramolecular recognition has been reported being applied as-@nreal
fluorescence monitoring of enzyme reaction and visualization of nucleoside polyphosphates
in living cells. Thieiological anion oAdenosine triphosphate (ATBinds with a binuclear zinc
complex as a fluorescence chemosensor that based on bindthgge modulation of
fluorescence resonance energy transfer (FRET) coupled with -@tufinoresencesensing
mechanismThis anionic chemosensor permits tregio metricvisualization of the ATP level

inside living cellsHigure 15c).5>66
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Figure 1-5. (a). lllustration of micelle-assembled using hydrophilic hydrophobic interactions tailored with biotin
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ligand which can response to bio-stimuli, copied from K. R. Raghupathi, e al. (2014).%3 (b) self-healing
supramolecular polymer utilizing hydrogen bond interactions for nano-reinforcement in polymer structure, copied
from Y. J. Liu, et al. (2017).%* (c). Sensing biological anion using binding-induced modulation fluorescence
resonance energy transfer (FRET), copied from Y. Kurishita, et al. (2010).%6 The images were adapted with

copyright permission from American Chemical Society as the publisher.
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1.4. Hydrogen Bond8etweenHamilton Receptorand Cyanurate

Molecules

Hydrogenbondsare fundamental to life as it has evolved on earth &etleved as the
most important noncovalent interactions play integral rolesiological structure, function,
and confoamational dynamic$§? 6’ The hydrogen bond is a bond between electdeficient
hydrogen atom and a region of high electron density atoms. Most frequently, it represents a
special kind of dipolelipole interaction between proton donobj and a proton acceptr (A)
(Figure 1.8). There arewo common features to all generally accepted varsofthydrogen
bonds. First, there is a charge transfer from the proton accepdrt@ the proton donor
(D¢ H). Second, formation of th® ¢ H w wAvhydrogen bond results in weakening of the
D¢ Hbond.

R R R _ .
5 8 5 o \o o 5 &
N—H------- o D—H------- A
R
Donor Acceptor Donor Acceptor
(a).
A
/A ”
L D——H
D——H------- A D=—H ’ \\\
Donating N
Linear Bent Bifurcated
/H\ A A
D\ A D——H:-----A /H
H®  Accepting Y D ,:A Three-centre
Bifurcated A \ e Bifurcated
Trifurcated H\\
A
(b).

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 aath make specific alignment
of hydrogen bad donors and acceptor§igure 16b). The strength, length, and nature of
hydrogen bond interactions are determined lyetgeometry ofthe bond and the type of

donor and acceptor group3he strength of hydrogen bonds is not necessarily correlated with

13



the acidity of the proton donor. Its strength depends on the type of electronegative &om
which the hydrogen atom is attached and the geometry that adopted in the structure.
ranges between 4 to 120 mol™. A strong hydrogen bond can be formed betwé®m strong
bases, which is particularly linear with bond angle almost 180 degree, for examplg ionHF
While a weak hydrogen bond has no linear geometry wiit bond anglebent far less than
180 degreeFor example, the €@ H w wwinteractions between benzene rings can form

perpendicular geometry?

The role of hydrogen bonds mature is irrefutable, though scientists are constantly
preparing synthetic hydrogen bonding interactions using organic macromolecules in the lab
to study and exploit their propertiedn 1988, the working group dflamilton reported a
molecularreceptorin form of atetra-amide macrocycle which can recognize barbiturate and
cyanurate guest moleculé§8® The interaction among the recept and the guest relies in
six complementary donag acceptor hydrogen bonding interactions according to the pattern
DADDAD for the receptor and ADAADA for the gugisice then, the receptor is known as
Hamilton receptor. It is built up by two 2@iamingoyridine units with a central benzene ring
(Figure %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 crystaf Xtructure Figure 17b).

The binding constanfrom complexation of Hamilton receptors with barbiturate or
cyanurate molecules is typically achieved in aprotic, -oompetitive solvents such as
dichloromethane orchloroform either using UWis and fluorescence titration or NMR
titration method. A high binding constant up to 0M* was resulted when using acyclic
Hamilton receptor2 when it binds barliurate guest 1.8 While the macrocycle Hamilton
receptor3 and4 were reported to havénigherbinding constargin between 16 ¢ 10° M in
complexation with barbturate 1.58%° A higher binding constant from cielIHamilton

receptors was comprisedue to thepreorganized binding site.

Since then, the utilization and modification of Hamilton receptioas beengaining
significant attention from many researchefs Shinkaiandworking group vere synthesizing
an acyclic Hamilton receptor terminated with pyrene molecudfeshey observed that the
complexation pyrenderminated Hamilton receptor can dramatically affect the
monomer/excimer ratioJ. H. RTuckerand working group were using antlo@netagged
Hamilton receptors to perform photoswitchegaction whichresulted in dimerization of
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anthracene’® Interestingly, the pendant anthracene receptor can eliminate bantite guest
from the cavity upon irradiationN D.McClenagharand working group utilized further the
photoirradiation of anthraceng¢erminated acyclic Hamilton receptor to build up a
mechanicalinterlock photoproduct [2]rotaxané? The photoproduct [2]rotaxane was locked
by a barbiturate templating motif which effectively preorganized the acyclic Hamilton

receptors without compromising photochemical quantum yields.
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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 doracceptorarrangements 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 bond$’> J. M.Lehnand working groughad pioneered the idea
of using linear chamof noncovalent polymers from hydrogen bonding interactions as a
starting material ofa supramoleculapolymer for developing functional material’® They
prepared homoditopic Hamilton receptors combined with homoditopic cyanurate molecules
to form long entangled supramolecular fibefs.Hainoand working group developed one

step further of a supramolecular polymer based on Hamilton receptor hydrogen bonding
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interactions’> 7’ They developed an ABC sequemoatrolled supramolecular terpolymer
whose sequence is directed by sstfrting of three diferent supramolecular interactions
(Figurel-8). The interaction A is between a biscalix[5S]aresigllerene complex, the
interaction B is between a bisporphyrin and trinitrofluorenone (TNF), and the interaction C is
between a Hamilton receptor with cyanusamolecule. Sequeneeontrolled supramolecular
polymers developed using multiple supramolecular-selting interactions are expected to
provide possibilities for controlling advance functions associated with polymer sequences,

such as selhealing mateials, stimuli responsive polymers, and shape memory devices.
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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.””

Furthermore ,W. H.Binderand working group showebroader potential applicatios
of Hamilton receptors for modifgg the solid surfaceof nanamaterials’®8° The surface of

CdSe can be tailored usitige Cu(Iymediated click chemistry approach to anchored Hamilton
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receptor or babiturate molecules. Thus, allowing them to incorporate functionalized
nanomaterials onto 2D surfaces via supramolecular interacti@rs.the other hand,L.
Zeininger et al.,used catechol modified Hamilton receptors to functionalize zinc o{dde©)
nanaods, and carboxylic acid modified Hamilton receptors to functionalize titanium dioxide
(TiQ) nanoparticles$®? The functionalized nanoparticles were showing ability to make
orthogonal and reversible sedfssembly of supramolecular interactions via hydrogen
bonding.Those reportenvisage the ulization of Hamilton receptoras a facile instrument

of synthetic hydrogen bnd interactions for surface functionalization of nanomaterials

1.5. Supramolecularinteractionson the Qurface of Functionalized

Nanomaterials

In recent years, therbas beerincreasing interest for using engineered functionalized
nanomaterials as new avenue for drug deliverghemical sensorgind bio diagnostics due
to the versatility andhe flexibility to tailor the surface composition antb manipulake the
unique propertiesdisplayed by nanomaterialddowever, rational concepts and reliable
models for quantifying the association constant of guest molecules to the surface of
functionalized nanomaterials remaielusive and challenging The dificulty is due to the
intrinsic complexity of the binding event mechanisnos the surface of modified
nanomaterials which can invohaemulti-step association and formation of supramolecular
structures around the surfac®. It is not surprising to find discrepancies and sometime
contradictingresults in determining the @®ciation constant of supramolecular interactions
on the surface of functionalized nanoparticles. For example, using the same sample of
nanoparticlesin size, shape, and surface compositioan give different results when
calculatedusing different techniges®®’ Nevertheless, quantifying and determining the
interactions among guest molecules the interface of functionalized nanoparticles are
pivotal to understand the activity and to have deep information of the performance of a given

complexof nanostructures’®

F. Liangand coworkersinvestigated the interactions between cucurbit[7]uril with
three different guest molecules on a surface of gold nanomateféisis groupcategorized
these hostguest interactions on functionalized nanomaterials into four different groups

(Figure1-9).288 The firstgroup is when the binding event is foedibetween free host and free
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guest molecules in the solution. This intetian 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 nanomaterialgh free guest molecules dislvedin
dispersion.The third group isn invesed 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 grougdd$C method to quantify the
binding constant of the systenThe last group is the supramolecular interaction among the
immobilized host and immobilized guest molecules which was measusaty single
molecule force spectroscopy (SMFBjerestingly, the imding constants determined from
group two and three were decreasing to approximately 20% of those in gnogjpvhich was
determined among free molecules in solutiddoreover,the binding constant of group four

was much lower than those in other groups.
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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 qualitiesvhich affect the determination of binding constarged need to be
taken into accoun®® A multiroccupation is a common denominator for the binding event,

which means at the equilibrium more than one guest molecule of shpramolecular
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complex will be bound per nanoparticlke.complex competitive binding can take place on the
surface of functionalized nanomaterials which can lead to either cooperativeropetitive
bindings.Additionally a formation of a multilayeredlynamic regime around the surface of
functionalized nanoparticles is possible and candoected by the surface chemistry of
attached moleculeg® Moreover, other factors such as the stability of nanoparticles, the
competitive binding among the adjacent ameckd ligands, incorrect estimation of the
nanoparticle concentration, and a wide range of polydispersity of nanopatrticles can strongly

influence the result of the determined binding constant.
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Figure 1-10. (a). lllustration of core-satellite assembling in solution form individual particles, (b and c). TEM
images of individual particles of gold nanopatrticles for core-satellite assembling, (c 7 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.®

Havinga mixture offunctionalized nanomaterials in different size, shape, composition,
and surface chemistry, a heterogenous array of maaterials can be arranged The
organization ofa mixture ofnanomaterials as heterogenous array of nanocluster can create
a new type of material with emergent and collective properties for applications in photonics,
catalysis, biomaterials, and higimergy composite:% Ensemble of nanomaterials can
improve the mechanical properties of composite materials, and can allow multipls task
be performed simultaneously or in sequence. They can also displagleetsonic, magnetic,
and optical properties as a result of ing&tions between the excitons, magnetic moments or

surface plasmons of individuabmponentsof nanocluster. Selhssemblyof functionalized
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nanomaterials provides aersatile way toensemble heterogenousnanomaterials in a

controllable mannep?: 9495

For exampleS.Singamanenand working group demonstratettiat the array of core
satellite nanostructures composed tfo different size of gold nanoparticles, big and small,
can beachieved through selissembly using simple molecular crdis&ers(Figure 110).8°
These molecular crodmkers prevent sel€onjugation, promote crossonjugationbetween
core-satellite interactions, and plagn important role in the formation of corsatellite
assembled nanostructures. The ensentb@nostructure exhibits a strong effect of surface
enhanced Raman scatterin@n the other handA. Greinerand working group created an
ensemble of gold nanorods and gold nanoparticlegaigmeric glue which can interlink the
two types of nanomaterial® The resulted satellitdike assembly possesses unique optical
properties that were responsive to temperature chandg#oreover, O. Gangand working
group utilized the DNA functionalizepbld nanocubesnd gold nanosphere to promote the
assembly of nanoclustsvia directional hydrogen bonds within DNA straffgure 111).°4
The architectue of nanoclustersvasdetermined by the faces of polyhedron symmetry from
the anisotropic nanoparticlesthis approach will open novel opportunities for the rational

design of hierarchical 3D nanoarchitectures from a broad variety of functional nanonmsiteria

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

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

The objective of thiglissertationwasto constructassemblieof binaryfunctionalized
nanamaterialsby utilizing hydrogen bowl interactions inform of hostguest complexatios
betweenHamilton receptors and cyanurate molecul&s achieve ttsgoal, functionalization
of superparamagnetic iron oxide nanoparticles (SPIONs), titanium di¢ki@® nanorods,
and titanium dioxidgTiOz) nanopatrticles should be performeda wet chemical procedures
to modify the surface alhosenanomaterialsThis facile approacthouldgive an easgccess
to anchor the host and guest molecules to the surface of nanomatetrasddition, host
guest interactions on the sohlquid interface should be investigaed to determine the
affinity and the binding constant of the supramolecular compéion using

spectrophotometrc titration methods.

The frst part should be outlying synthetic strategies to obtamodified Hamilton
receptors and cyanurate derivatives as twwramolecular building block. The building blocks
should bedesigned to store th information for spontaneous sedfssembling on the surface
of nanoparticles. Thus, the Hamilton receptors and cyanurate molecules covalently linked to
the anchoring groupshouldbe prepared Phosphonic acigjroupswere chosen asnchoring
groupsdue totheir high affinity towards the surface of metal oxide nanomateriakpecially
in aprotic solvents, thus ensuring the formation of stable and firmly embedded host and guest
molecules to the surface &PIONs, Tidanorods and Tig€nangparticles. Additiomally, nor
anchoringmolecular building blockshouldbe prepared to be employed dsee host or guest

molecules irsolutions.

The next stepwvas theoptimization ofthe procedure for surface functionalization
using the prepared supramolecular building ¢ke from the previous stepMetal oxide
nanomaterials with different shape, size, and surface propersésuld be used to
accommodate the arrangement dfinary arrays of nanostructures.Due to the different
nature of each nanomateriathe surfacemodification procedures neestl to be optimized
upon the functionaliation steps foreach metal oxide nanomaterial via wethemical
approactes Thismethod should generate hybrid organitorganic systemmin which the
properties ofthe modified nanomateriad shouldnot be the samesthe pristinematerials.

Thus, the surface chemistry and the surface properties of modified nanomaterialgdted
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be characterized usingarious thermogravimetricmicroscopic andspectroscopic devices
such as TGA, TENDLS andZeta potential analysis)\V-Vis and FTIR spectroscopihe
characterizatiorwasalso intended to determine the surface coverage density of the attached
molecules on the surface of metal oxide nanomateriBisknowing the coverage density, the
number of d@ached molecules per nanoparticlehould be estimated for further use in

guantifying the binding constant.

Referringa rational approach proposed Hy.Liand2a ¢ 2 NJ AtheStudy NP dzLJ>
binding constard among hosguest molecules on the solidjuid interface should be
classified into four group® In this step binding constarg among free host and guest
moleculesin solution should be quantified usingNMR and UWis titration methods. The
interactions among free host and guest molecules in solwlowuld beused asa benchmark
for the more complehost-guest interactions on the soklliquid interface. To determine the
binding constant on the soliiquid interface, the embedded mole@d on the surface of
nanomaterials neeed to be approximated. Thus, the molar concentration of available
molecules on the surface of nanomateriaBould be quantified. Using UVis titration
methods coupled with fluorescence titration methadany physiclechanges upon titratios
shouldbe observed. The binding constants from the measuremshtsuldbe fitted using

calculationprograns such aHypSpec and BindFR! 9698

Thelaststep,binaryarrays of nanoarchitectureshouldbe assembledy utilizing host
guest interactions on the surface of modifi&®PIONs, Tgkdanorods, and Ti£hangparticles
Those modified anomaterials in different shape, size, and surface chemisitigquld be
combined in certain manners and the resulif assemblybinary nanomaterialsshouldbe
investigatedusing microscopic and spectroscopic analysis instruments such as SEM, TEM and
SAXSAs referencg a combination of functionalized nanomaterials whiabkinghostguest
functionalhead groupsshouldbe prepared.Addtionally, a maskeehssisted lithography of
Hamilton receptorgunctionalized graphenshouldprovide a bass for wellordered arrag of
nanoarchitecturs. In which, on top of Hamilton receptors functionalized graphene shall be
deposited with cyanurate futionalized TiQ nanoparticlesto make welordered arrays of

nanoarchitectures.
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3. Results and Discussion

3.1. Synthesimg Supramolecular Building Blocks
3.1.1. Refined lodo-Hamilton Receptors

In this subchapter,synthesissteps of the molecular building blocks arttie analysis
of their properties are presented and discussed. Some of them are novel molecules, while

others are welknown molecules but prepared by refined methods from already published

| KMnO,, t-BuOH/H,0 _SOCI,, DMF___
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results.
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Scheme 3-1. Refined synthesis procedure of iodo-Hamilton receptor.

A method to prepareiodo-Hamilton receptors(Haml) was firstly reported by F.
Wessendorf, et glduringthe course,jt wasoptimizedandthe crystal datawas obtainec?®
The previous synthesiprocedures were optimizedby adjusting the reaction conditions and
by addingthe recrystallizaion processes. Eventually, a single crystdafaifl was obtained
(Scheme 3l1). The first step was to oxidize iogkylene(Xykl) using potassium permanganate
as oxidizer ira hot solution mixture of tebutanol and waterresulting in two carboxylic
groups at the meta-positions. The product wasecrystallizedin a boiled 25% acetic acid
solution to yieldiodo-isophthalic acidas white solid needk (IPA). Subsequently, the
iodo-isophthalic acid waseated with freshly distilled SO&And reacted under rédix at 55°C
for 2 hours.The excess of SQ@as removed using vacuum distillation and the residue was
recrystallized in hot cyclohexane to gaehite solid ofiodo-isophthaloyldichloride (IPAC).

In contrast with the result reported before, whersing undistilled SOk redbrownish oil
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was Yyieldedinstead®® The conversion of iodsophthalic acid to the acyl Wride hasa
purpose to increase the reactivity during formation of iedamilton receptorgHamtl) in the

next reactionstep.

The proton NMR spectra ¢PAand IPAClmolecules showed significant differersce
(Figure3-1). The acidPAwas dissolved in DMS@ and showed two signals, oroadpeak
from the acid groupsat 13.2 ppm and the second peagfrom the aromatic hydrogen which
appeasasasinglet at 8.4 ppmfrom the superimpose signal of three aromatic proto@s
the other hand, the acyl chloriddPAClwas dissolved in CRXCand te result showed two
sets of meta couplingfrom the aromatic protonsA signalappearsas a triplet from two
distorted doubletat 8.78 ppm with coupling constant of 1.6 Hz has integration widigating
the origin of signal is@m aromatic proton at €. Asignal oimetacoupling asloublet at 8.69
ppm has integration of 2 anadddressedrom the aromatic protons of @ and G6. Moreover,
the data ofcarbonNMR confirmed the chlorination reaction. Aftére completion, the signal
of carbon NMRrom the chlorinated products sfted shingly to the higher chemical shift

comparedto the signabf starting materialsee Experimental Part, synthesidBAC)).
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Figure 3-1. (a) *H-NMR (400 MHz, DMSO-ds, RT) of isophthalic acid (IPA) and (b) *H-NMR (400 MHz, CDCls,

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

The iodo-Hamilton receptor was generated by reacting the iadophthdoyl
dichloride with diaminopyridindDAB in cold THF overnighT.he addition ofexcesdriethyl
amine to thereactionmixture was for scavenging free acid chloride resulted during eamid
formation. The salt of amine chloride was then precipitated out as by product and can be
removed by filtration.After purification using column chromatographie iodoHamilton
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receptor wasrecrystallized in hot EtOAc using minimal voluaiesolventto get a solid of

fractalizedwhite crystak (Figure 32).

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 oran x-ray measurement of a singlelam crystal the active binding site of
iodo-Hamilton receptor is occupied by water molecul&be water moleculegppear to form
hydrogen bondswith the protons from the amide in the Hamilton recept The ability of
Hamilton receptorsto catch small molecules via hydrogen bonds will be explored and
exploited in this research project. Furthermore, the igdamilton receptors were
characterized using NMR spectroscopespite havinga large molecularstructure, the
proton NMR signal of Hamilton receptor molecule is relatively easy to be interpreted
(Figure3-3a). When measured in DMS@, dl protons of the neopentyl group on the
periphery havea singlet signal ad chemical shift ofl..02ppm. The-CH moietiesconnected
to the amideappear asa singlet at 2.31 ppm. The protons tife pyridine ringsare split
between 7.867.75ppm from ortho and meta coupling While the protons othe aromatic
ring on the center of Hamilton receptappear as asinglet signal at 8.4@pm. Interestingly,

4 protons of theamide groups for hydrogen bond formatioosthe Hamilton receptors show
up as twosinglesat 10.63 and 10.0Ppm. The signal oAmideprotonswas shifted far to the
downfield region de 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-1) receptors (a) *H-NMR at 400 MHz, RT in DMSO-ds
and (b) **C-NMR at 101 MHz, RT in CDCls.
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Thecarbon NMR dataRigure 33b) can bedivided in three different segments to make
the interpretation easier. The first segment is a region belowpm® which has 3 signals.
Those peaks belong &p*-carbon atoms ofthe neopentyl moieties. The second segment is a
region above 15@pm which has two signakhat belong to sp?-carbonyl Gatoms of the
amide groups. The third segment is a region betw86r50ppm, where thesp?-carbon
aromaticof phenylandpyridine rings appearThesignas of carbon NMRfrom derivatives of
Hamilton receptos show up inthe similarregions of chemical shif or slightly shifted after
further reaction stepsyhich can help in elucidating and interpreting the results of carbon
NMR measurements. Furthermore, the subsequent reactions to mtwkfgtructure ofiodo-
Hamilton receptos are mainly by coupling other fustional groups omoietieson the iodo-
phenyl position Thus, the signalof carbon backbonef Hamilton receptos remain in the
same region of chemical shiftsloreover, havingan iodo-functional group gives versatile

access to perform many coupling ambdification reactions to the Hamilton receptors.

3.1.2. Synthesis oPhosphonic AcidHamilton Receptorwia Click Chemistry Reaction

>‘1 >\1 HN’gk
0” "NH |-|N"£k o
SN
| N = /'@
NN AR I 1. Pd(PPh;),Cl,, TMSA, HN
o)

PPh;, Cul, NEt,
o o THF, RT, 24 h, (97%)

2. TBAF, THF
i RT, 3 h, (96%) | |

(Ham-l) (Ham-ety)

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).%°

ASonogashira coupling reactibetween iodeHamilton receptor with TM&cetylene
has been performed following the procedure frafiWessendorto result inthe ethynyt
Hamilton receptormolecule Hamety) (Scheme 2).°° It is worthy to note thatan extra
addition of triphenyl phosphine (PBhreagent isvery importantfor the coupling reaction
using iodo-Hamilton receptor. During the practice, it was observed that without extra
addition of PPhthe reactionhas not yieldedo completion Other referencestated that the

triphenyl phosphine might contribet to regenera¢ the palladium catalyst back to the

27



reaction by hindering the coordination of the catalyst with the reactahich canlead toa
decrease ofthe reaction yield®® From these ethynyHamilton receptor molecules, click
reactiors and dher coupling reactioahave been performed to develop the structures and

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

The ethynyHamilton receptors(Hamety) were subjected toa click chemistry
reaction® The purpose is to connect the Hamilton receptors covalently ijthosphonate
alkyl chain. This reactiofscheme3-3) can be done by reacting ethyaglamilton receptors
with 6-azidohexylphosphonate estefN3-PC§ using CuS£b6HO0 and sodium ascorbate as
catalyst in an alcoholisolution. The click reaction was chosdue to the versatilityeasy to

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

hNH HN"KOk hNH HN‘go’< 9o)‘NH HN"KOk
SN N~ ~'N N= ~'N N=
QNH HN N / NH HN N } z NH HN N '
(6) (6)

o o o o

(Ham-ety) ||| N7

N
\
Na-ascorbate, CuSO,.5H,0 l\.l'.N DCM, TMS-Br _ r\'l'.N
+ EtOH, 40 °C, 18 h, (76%) - MeOH, 35 °C, 4 h, (96%)
N3
=0 <0
P o
0=P-0 j
o
{ (N3-PCé) (Ham-PEt) (Ham-PAc)

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 phosphonatdéHamilton receptofHam-PE) has a bokenwhite colorandcan be
dissolved in many protic and chlorinated solvents, ibig less soluble in alcoholic solutions.
For characterization, théevelopment of IR spectra of the involved molecules was presented
and the significant functional groupsvolved in reaction were highlightg@igure 34). The
6-azidohexyl phosphonate est@N3-PC6)has a distincpeakat around 2100 crm from the
N3 vibration. Other significant peaks arat 1100cm® from POR vibration andt about
2800cm! from -CH and-CH vibrations.The vibration othe azidofunctional group vanished
after finishingthe click reaction, while the rocking vibration of-BR moleculesemained
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pronouncel after the reaction. Other signate peaks from Hamilton recept@ppear at 1680
(Amide | CO stretchingll639 (C=C stretching],610 (C=C diene stretching)570 (NH
deformation) 1554 (Amide 11)1477 (CH scissor) 1435 (C=N in plane}39 (CH bending)
1367 (CN aromati¢and1247 cnrt (Amide IIl).

(-CH)) (-N)) (-POR)

0 | '

Q

=

o [ ———

>

>

I

£ -
Ham-PAc
Ham-PEt W
Ham-ety

——N3-PC6

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

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 phosphonatéHamilton receptor(Ham-PE) was utilized further to perform
deprotection reactios. This step is transformintpe phosphonate ester to the phosphonic
acid species uspnTMSBr as the reagent in ¢&¢xd DCM.The usage of dried and neacidic
DCM is very crucial to bring the reaction to completion. The dried D&Mbe purchased
from a commercially availabléorm with extra septum to give extra protectio®@therwise,
the died DCMcan be prepared in house by washin@ ito 5 timeswith afraction amount of
highly concentrated sulfuric acid until the color of sulfuric acid doestnot yellow. This step
was followed by washing the DCM with saturatedHT&3 solutionto remowe the excess of

remainingacid andfiltrated through NaS@salt. The washed DCM was distilladd stored in
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a brown flask with activated molecular sievdoreover, tie phosphonic acigHamilton
receptoris well soluble in DMSO, but less soluble in alcoholic and chlorinated solvents, and
hasa brokenwhite cola. Thus, the NMR characterization of the phosphonic acid Hamilton
receptor was done in DMS@ solvent and the results are presentadrFigure3-5 below. The

proton, carbon, and phosphousNMR have been measured and interpreted.

=)
iy
o

-11.08
10.59

8.85
'8.68
\8.52

7.98
7.73
-4.46
2.35
~1.89
1.48
1.03

150 100 50
(ppm)
b.

Figure 3-5. NMR spectroscopy data of phosphonic acid-Hamilton receptors (Ham-PAc) (a) *H-NMR at 400 MHz,
RT in DMSO-ds and (b) 13C-NMR at 101 MHz, RT in DMSO-ds.
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The proton NMResult (Figure3-5a) of the Ham-PAcreceptor is relatively easy to be
interpreted, as the proton signals from tHeackbone oHamilton receptors are in theame
region of chemical shik as before, while the protons of attached alkyl phosphonic acid
appear in the lower region of chemical shiffsvo singlet peaks at 11.08 and 10.59 ppra in
downfieldregionare from theamideprotons.The peaks in between 8.8§7.71 are from the
phenyland pyridne protons, in which a singlet signal at 8.85 ppm is franmiazole ring
proton. The remaining signals at upfield region are from-@k hexyl chain and neopentyl
groups and a broad signal from POH signhalatind6 ppm due tothe fast exchange with the
solution The carbon NMR data showdeiqure 35b) two singlets at 171 and 16fm from
carbonylcarbors of HamPAcreceptors. Theeaksbetween 149 and 10ppm are fromthe
phenyl pyridine and triazole ring. The remaining peaks at upfield region below 50 ppm are
the peaks fromthe neopentyl groups and the alkyl chaifihe inlet figure showed splitting
signals from the carbon of the allgthainat a region of chemical shift below p@pm due to
the spincouple with phosphorus atombloreover, leforeadeprotection reactior(blue line)

a singlet phosphorus signappearedat 32.48ppm and afterthe deprotection reaction the

signal was shiéid to 26.93 ppn{Figure3-6).

-32.48
-26.93

36 34 32 30 28 26 24
(ppm)
Figure 3-6. 3'P-NMR spectroscopy data at 162 MHz, RT in DMSO-ds 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 oHBCHamilton Receptoryvia Sonogashira Coupling Reaction

NH Pd(PPh;),Cl,
PPh;, Cul, NEt;

THF, RT, 24 h

(Ham-HBC)

(HBC-I) (Ham-ety)

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).

Havingan ethynyl functional group attackd to Hamilton receptors givesersatile
access to makeoupling reactions. Taking advantage of the versatility of the coupling reaction
route, the ethynyl Hamilton receptors can be couplith various organic molecules to
further modify and enhance the stcture and functionality of Hamilton receptorshus, the
ethynyl Hamilton receptorgHam-ety) were coupled with iodeHBC(HBGI) via Sonogashira
coupling reactiosto yield HB&Hamilton receptors in quantitative amou(scheme 34). The
reaction condition of this coupling reaction was similar fi&action condition oSynthesizing
ethynyl Hamilton receptors, in which an addition of 0.05 equivalent of triphenyl phosjine
very important to generate the product in quantitative amouAfter a purification step, the

HBCGHamilton receptorgHamHBG were collected as yellow solid.

The HarHBC receptor molecule ha® symmetry around its axis, therefore the
proton signals on the NMR data showultiple singletpeaks rising from thesymmetrical
protons Figure 37a). Twelve aromatic protons on the periphery of HBC groups appear as
group ofsinglet peaks ah downfield region between 9.21 9.11ppm. Three protons from
the phenylring of Hamilton receptorare at8.42 and 8.32 ppm, kile six protons from the
two pyridine rings are at 8.0@pm astwo doubletsdue to theortho couplingand at 7.7 pm
asa triplet. Thehydrogen bondactive protonsfrom the amides of Hamilton receptor are
found at 8.33 and 7.62 ppm. Since thaeasurement was done in CRClhe peaks of
hydrogen bondactive protons from the Hamilton receptor are locataich slightlyhigherfield
region due tothe lack of solvation from the solvent. Thiest of thesignals athe upfield
region belong tdhe 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 CDClsz 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 HB@amilton receptors were characterized using-Uig¢
and fluorescence spectroscopy metho@sgure 37b). When the molecules were dissolved
in THF, the absorption of HBGmilton hasa highest peak at 36Bm. The oscillation peaks
between 330 420 nm are characteristic of HBC molecule absorption, while a peak at 307 nm
is from Hamilton receptor partTo measue the emission, the HBBamilton receptor
molecules were excited at 365 nm resulting in emission spectra as depictédure 37b
(red dashed ling The highest emission peak is at 4#@ and showing HBC oscillatifeature

with lower emissionpeaks at 485, 493, and 508m. The molar attenuation coefficient) of
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the molecule was measured following Lamb&ger law by performing dilution series of
HBCHamilton receptor molecules in DCBidure 37c). The measurement was carried out
usingconcentratiors of HBGHamilton receptor irrangeof 10% molar to ensure that there

was noseltaggregation from the moleculesbserved The¥ of HBEHamilton receptors in

DCBwas 13488 m4mol.

3.1.4. DiazoniumHamilton Receptosand ThiotHamilton Receptors Déved from

Nitro-Hamilton Receptors

90)\""" HN"(Ok 9oj'\NH HN“(Ok
‘ Z NH HN N ! ‘ ~ NH HN N !
04\©/§o - (/‘x@z%

PtO,, H,, EtOH

4.0 bar, RT, 24 h
(97%)
NO, NH,

(Ham-NO) (Ham-NH)

0°C, 3 h, to RT, 5 d (56%)
2. TFA, 1 h, RT (99%)

«I\I;U\
1. DMAP, HOBt, EDC, THF

Y

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

Apart from the iodeHamilton receptors Haml) explained aboveanother type of
Hamilton receptor bearingnamine functional group have been prepared followagethod
from A.Dirksen et al.,2004(Scheme 3&).1°1 The amine group was generated wigeductive
hydrogenation reaction using platinum (IV) oxid&d) catalyst in alcoholic solution under
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high pressure of hydrogen gas. The yield of the reaction was high, and the-Eianiton
can be recrystallized in hot EtOAc solution. Subsequently, the aldanalton receptors
(HamNH) were utilized for further reawns transforming the amine groups to other surface
active substancesD. Hasenhrl, et al, used Steglich esterification process to connect
amine-Hamilton receptor molecules to thiol terminated alkyl ch&idThen he usedfurther
that thiol-terminated Hamilton receptor moleculesiémSH to modify the surface ofold
nanoparticlesL. Bao, et a] has transformed aminé&lamilton receptors to diazonium salt
Hamilton receptors HamN;) and utilized those moleculeas surface active agerfor

functionalizationprocess opatterned graphene sheet$?

§ad 23338 £3235808038R
dds  B3¥IY N/ $3IIFhRARASEIRA
EEE Z3RER %j’ 183 3R3355RS%45
- = )y-NH
=] N_N
© HS O -NH
-~ o]
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£ = <
£
7]
c
©
—
) Ul L J L
) y " y ) y oo NN WONI\—‘I!\‘Q’:
4000 3000 2000 1000 33 neE ~ asnamnEd
Waven u m be r l" Cm -1 11.0 10.0 9.0 8.0 70 fsl.?ppm) 4.0 3.0 2.0 1.0
a. b.

Figure 3-8. (a) ATR-FTIR of diazonium-Hamilton receptor salt (Ham-N2) showed a distinct vibration at 2350 cm*
from diazonium moiety, (b) proton NMR of thiol-Hamilton receptor (Ham-SH) measured in DMSO-ds, 400 MHz.

DiazoniumHamilton receptor moleculegHamN,) were prepared byl. Baousing
isoamyl nitrite and HBFin acetic acid solution under inert atmospheet -22dC for
overnight'% ThediazoniumHamilton eceptor salt was isolated and characterized usingATR
FTIR spectroscopy which showed typical diazonium vibration at @8%Q@Figure 38a). The
diazonium functional group can be utilized furtheraagductive agent of 2D material during
surface modification process. On the other sideHasenhrl was developinga method to
attach covalentlyan alkykthiol chainto the amineHamilton receptos (Ham-NH) via Steglich
esterification proces$?? After deprotection reaction using TFA, the thiddmilton receptor
molecule (HamSH was achieved ira good yield asa yellowish powder.Havinga thiol

functional group on the tailof its structure,the thiol-Hamilton receptor can be utilized to
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renderthe surface of gold nanoparticles. The proton NMRMS@ds (Figure 38b) showed

characteristic signals of Hamilton receptor molecules.
3.1.5. Rdined lodophenyl Isocyanuric Acid

The Hmilton receptor can recognize barbituric acid, cyanuric acid, and their
derivatives via multiple hydrogen bonding interactiof%%® A derivative of cyanurate
molecules can be synthesized frdomret (Biu) moleculesas a starting materidab form iodo-
phenyl cyanuratgCyalP) molecules following a method fromM. J.Plater (Scheme3-6).1%4
The biuret was nitrated using nitric achtalyzed by sulfric acid at @C to give a white solid
as product(Biu-NO) with 40% vyield. Then, the procefslowed bysubstitution reaction with
iodo-aniline in an aqueous solution under reflux to produ@egrey powder of iodophenyl
biuret (Biw-IP) with 70% yield. Sudequently, aring formation reactionwas performedto
convert the derivativeof biuret to an iodophenytisocyanuric acid molecul€yalP) using
diethyl carbonateand sodium metalas reactans. Having isocyanuric acid molecules
decorated withaniodophenylgroup gives an easy access to further modify and develop the
structure. Afterwards,the CyalP moleculewas subjected t@ Sonogashira coupling reaction
with TMSacetyleneand followed bya deprotection reaction to give derivate ofethynyt
cyanuric acidCyakt). The ethynycyanuric acid was obtained avery good yial asan off

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

H N
0o o HNO-, H,SO o o 2
JU I 2120 o o LA, -
N” N" "NH; g oc-RT NN 2 H,0, 0°C -RT
(Biu) (Biu-NO, 40%) (Blu-IP, 70%)
i Na, EtOH,
“o” 0"\ |80°C,8h

1. Pd(PPh;),Cl,, TMSA

(o] PPh;, Cul, NEt, 0
HN—Q THF, RT, 8 h, (68%) HN-Q
o N H»—= = o= N—@—I
HN—<\ = 2. TBAF, THF HN—§
o] RT, 3 h, (96%) o]
(Cya-Et) (Cya-IP, 55%)

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). H-NMR (300 MHz, RT in DMSO-ds) of iodophenyl-isocyanuric acid (Cya-IP), (b). *H-NMR
(400 MHz, RT in DMSO-ds) of ethynyl-cyanuric acid (Cya-Et), and (c). **C-NMR (101 MHz, RT in DMSO-ds) of
ethynyl-cyanuric acid (Cya-Et).
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The proton NMR ofyalPmoleculesis shownn Figure 39a. 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 favtho coupling at
7.80 and7.14ppm with a coupling constanbf 8 Hz respectively On the other handthe
proton NMR of ethynytyanuric acidCyaEt) after a deprotection reaction is shown on
Figure3-9b. The peak ofhe protons fromthe amide groupis still at the same chemical shift
of 11.58 ppm. Meanwhile, the pealof the protons fromthe phenylring are slightly shifted
to 7.56 and 7.36 ppm due the presence ofhe ethynylgroup whichisslightly activatinghe
phenyl ring. Moreover, a single proton fromthe ethynyl moietyappears asa singlet at
4.26ppm. Additionally, the carbon NMR dhe CyaEt moleculeis shown onFigure 39c.
Where the peaks at 149.5 and 14®8m are fromthe carbonylcarbon ofthe cyanuric acid
moiety. The peaks at 134.6, 132.1, 129.6, and 1@frA are fromthe carbonof the phenyl
ring. The rest of the pealat 82.8 and 81.ppm are fromthe ethynyl group.

3.1.6. Synthesis of HBC Cyanuric Auid Sonogashira Coupling Reaction

TheCyaEt moleculewasused toperform a Sonogashira coupling reactioim which
the ethynyl-cyanuric acidvascoupled with iodeHBC molecules using palladium catalyst to
make HB&yanuric acid(CyaHBQ (Scheme 37). After a purification process the final
product of HBGcyanuric acid(CyaHBG was gainedas a yellow solidin 88% yield The
covalent attachment othe chromophore HBC tthe cyanuric acidnoiety enhances the
optoelectronic properies of this derivative molecule Thus,further observatiors of the
supramoleculamteraction utilizinghis molecule can be followdaly a titration of UV-Vis and

fluorescence spectroscopy methods.

Pd(PPh;),Cl,

O,
Q D = Ny‘N)H=0 Cul, NEt, _ N\>—N§=o
o JrNH THF, 70 °C, 24 h JNH
o o
(HBC-l) (Cya-Et)

(Cya-HBC, 88%)

Scheme 3-7. Reaction scheme of Sonogashira coupling to produce HBC-cyanuric acid (Cya-HBC).
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Figure 3-10. (a). *H-NMR of HBC-Cyanurate (Cya-HBC) molecules measured in THF-dgs 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'HHNMR of HB&@yanurate (CyaHBQ molecules is

straightforward, thanks to the symmetrical structure of the molegiigyure 310a). A broad

singlet at 10.72pm inthe downfieldregion is fromthe protons of the amide groupA group

of singlet peaks in between 9.379.29ppm are fromthe protons on he periphery of the

polycyclic aromatic HBC rings. Taaubletsat 7.88 and 7.4 ppm are fromthe ortho coupling

of the protons of thephenyl ring bridging the cyanurate atide HBC part. The last three
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singlet peaks ithe upfield region are fromtert-butyl moieties.The gtoelectronic propery

of cyanurateHBC vasmeasured in TH&nd DCBand the absorption and the emission signals
were presentedn Figure 310b. The cyanurateHBC molecule ham absorption peak at 364
nm, which originally comes frothe HBC chromophoréJnlike the Hamilton receptaroup,

the cyanurate moiety has no distinct absorption peiakthe U\:Vis region. The highest
emission peak of cyanura#dBC moleculesat 472nm, next to this peak are small oscillation
peaks from the HBC paifhe molar attenuation coefficient) of the CyaHBOmolecule was
measured in DCB with concentration range of Q&0 * 10° M to prevent seHaggregation

in the solution The# result wasl 343.4m?/mol (Figure 3100).

3.1.7. Synthesis ofCyanurate Phosphonic Acid

o H 0 o H o
Br L N { r
0 r )
R DBU
o, + HN o > DCM, TMS-Br
sg\o/\ 4 NH DMF, 70 °C, 20 h O:P\ MeOH, 35°C, 4 h O:
6 O\ R o
l’ OH

(C6-PEt) (Cya) (Cya-PEt, 60%) (Cya-PAc, 98%)

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

To preparea derivative ottyanuric acianoleculelinked to a surface active functional
group, a substitution reaction betweeryanuric acid molecule€yg with 6-bromohexyl
phosphonate(C6PE) was performed $cheme 38). In this reaction, he DBU was used as
non-nucleophilic bas¢o deprotonateone proton ofthe amide from cyanuric acisholecules
Subsequently, the product of cyanurate phosphonate e€gaPH) was obtained aawhite
solid after purification procesdt is worthy to note that theCyaPHE molecule has no
absorption under UV and visible lighhus during purification,a stainingagentlike KMnQ
solutionis needed tareate a contrastTheyield ofthis reaction was 60% and it walserved
that the production ofdoublesubstituted molecules as amwanted side producfThe proton
NMR of theCyaPE molecule shows a singlet peak at 11.37 ppm which is from the amide of
the cyanuric acid parfgure 311a). A signal at 3.96 ppm with integration of 4 is from protons
of a carbonl (C1) otthe ethyl phosphonate ester whicls split to a multipletdue to the

nuclear spircouple withthe phosphorus atom. A triplet peak at 3.8pm is fromthe protons
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of GN part which connected the cyanurateoiety to the alkyl phosphonate chai® group

of multiplet peaks in between 1.989 1.26ppm are from protons othe hexyl chain, while a

triplet peak at 1.2Jppm is fromthe protons ofthe carbon2 phosphonate ester.
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Figure 3-11. (a). *H-NMR of cyanurate phosphonate ester (Cya-PEt) measured in DMSO-ds at RT, 400 MHz,
(b). 13C-NMR of cyanurate phosphonate ester (Cya-PEt) measured in DMSO-ds at RT, 101 MHz.
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On the other handthe carbon NMR ofCyaPE molecule(Figure 311b) shows two
peaksat the downfieldregion at 149.8 and 148@m which ardrom three carbonylcarbon
of the cyanuric acid part. A doublet peak at 6@gm is fromthe C1 atom othe phosphonate
ester which spircoupled with the phosphorus.Other peaks ina low frequency region
between 294 ¢ 21.9ppm are from the carbon of the hexyl chain which @it by the spin
couple with the phosphorus atomThe last doublet at 16/ 8om is from C2 atom dthe

phosphonate ester.

Furthermore, he CyaPE molecule was subsequently deprotected to obtaia
cyanurate phosphonic aciCyaPAQ molecule as the final product. A method of the
deprotection reactiorwasmentionedbefore byL.Zeiningein his dissertatiorand during this
research project, the method was reéid Scheme 38).19° In that previous method, it was
suggested to perform the deprotection reaction using anda# bathat temperature about
-15aC. Subsequently, 100 equivalent of the deprotectioger (TMSBr) was addedand
then the reaction wastirred overnight.Ilt was found out that repeating those procedsreas
troublesome especially during the workup step in which the excess of the deprotection
reagent needs to be removed. Moreover, the yield of the reaction aslly pure andar
lessthan wasreported. Thus, this deprotection reaction was refined in a different reaction
condition. In which, the reaction condition was set up at &5 under inert atmosphere in
nonacidic dry DCM, using only 3 equivalent of the deprotection reagent, and stirred for
3 hours. After the work up procesthe final product wasbtained as awhite solidin very

good vyield

The NMResultsof the deprotectedCyaPAcmoleculeare closely related to thBIMR
results ofthe precursorCyaPEtmolecules Figure 312). The'H-NMR shows singlet peak at
11.37ppm from the amide ane broad singlet peak at 9.50 ppm from the POH group. The
peaks ofthe protons fromthe previously attachecakthyl phosphonate ester disappesd,
while the other peaks from the rest of the protoirsthe structue are presentin the similar
regionof chemical shiftAlsg on the'3GNMR result, the two set of doublet peaks of the ethyl
phosphonateester disappeard, while the signals ahe carbonof the hexyl chain andhe
carbonyl carbon of the cyanuric acidremained the same.Furthermore,the peak ofthe
phosphorus signal is shifted from 31.890m to 26.46ppm after the completion of the

deprotection reaction
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Figure 3-12. (a). *H-NMR, (b). 3C-NMR and, (c). 3'P-NMR of cyanurate phosphonic acid (Cya-PAc) molecules
measured in DMSO-ds, RT at 400, 101, and 162 MHz respectively.
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3.2. Surface Functionalization of Metal Oxide Nangarticles Utilizing
Phosphonic Acid Hamilton Receptors ayanuratePhosphonic Acid

Molecules

3.2.1. Functionalization of SPIONs Using Hamilton Receptor Phosphonic Acid

As general proceduresheé previously prepared organic liganegere subsequently
utilized to modify the surface ahetal oxidenanomaterials. Théunctionalizationmethod
was established in our working group aievet-chemstry processThe desiredorganic ligand
were dissolvedin a suitableorganic solvent and mixed with dispersion ofmetal oxide
nanomaterials. Afterwardsthe mixtures were sonicated and centrifugated. Thethe
sediment were separated and washed twice tgeld a fully monolayeredcoverageof the

organic ligandon the surface ofmetal oxidenanomaterials.

(Ham-PAc) = Q

in DMSO/EtOH (3:1)

naked Fe3;0, NPs [Fe;04@HamPACc]
in water in DMSO/EtOH (3:1)

(Ham-PAc)

Scheme 3-9. Functionalization process of pristine superparamagnetic iron oxide nanoparticles (FesOa4) with

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

The phosphonic acid Hamiltoreceptor (Ham-PAQ molecules are suitable to be
anchored orthe surface of metal oxide materiadsich as Tig) AbOs, and FeOs nanomaterials
due to the affinity ofthe phosphonic acid. The phosphonic acid can bind covalently or make
chelating bridgewith the hydroxyl groupgresentedon the surface of metal oxide materials.
There are 12 differentnownbinding modes forming by the phosphonic acid viltke active
hydroxyl groups on the surfacg metal oxide® Thus, these ligandsre used to modify the

surface of superparamagnetic iron oxide nanopatrticles (SPIOhNsnaked pristine SPIONs
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were purchasedfrom PlasmaCheras a stabilalisperson in water with an average size in
diameter of 8 3 nm On the other handthe solubility of HamPAcmoleculesn water is not
good. Thereforea mixture of DMSO/EtOMith ratio 3:1 was chosen as a solvent mixture
which can dissolvéhe Ham-PAc molecules and mix well with the dispersion ocEPIONs$n
water (Scheme 3). The dilization of a good solvent mixturaes very important tofacilitate
the attachment of the organic ligands to the surface safperparamagnetic iron oxide
nanomaterialsduring the functionalization proces®therwise, ima non-compatible solvent,
the organic ligands will ofrm micellelike mixtures which can interfere with the

functionalizationprocess

To olserveafully monolayercoveragefrom the functionalizationprocess 6 different
dispersions of SPIONs were mixed vihik solution of Hamilton receptor molecules the
increasing amount of ligand concentratiofiBable 31). Each sampk consistedof 5mg
SPIONs as mixed with a certain concentration of Hamilton receptor ligan@ise highest
concentration otthe used Hamiltorreceptormoleculesin this process was 15 mM, in which
the mass of theHam-PAc ligand was almost 10 time the mass ofthe nanoparticles.
Afterwards, all samples were functionalized and washed twidéer completion ofthe
functionalization process, thelamilton receptormodified SPION§eOs@HamPALwere
redispersed in guitablesolvent for further characterization or dried adrying ovenat 75eC

overnightto get solid functionalized nanoparticles.

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

FesOs-NPs Phosphonic acid Hamiltareceptor ligands
Mass Mass | Molecular weightf 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

Thesolid ofFeOs@HamPA@anoparticlesvasdispersed ira mixture ofDMSO/EtOH
(38:1)andused as a sample f@LS$Zeta potential and TEMneasuremens to acquiremore
information about the surface properties of the Hamilton receptor modified SPION
(Figure3-13). The result ofDLS measurement showedsagnificantincrease inthe average
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number ofhydrodynamic diametersom the FeOs@HamPA®anoparticles The increase
diameterafter functionalizatioris strongly correlatedvith the increasd concentration othe
Hamilton receptor ligandsThe averagealiameter sizein numberof functionalized SPIONs
were 9.1 to 9.6sm when ImM and 3mM of Hamilton receptor ligand concentrations were
used. The averagéiametersize ofFesOs@HamPAmanoparticlesvere further increasing up
to 15nm whenthe concentration of Hamilton receptor kgds was 15 mMOn the other
hand, from the TEM measurement (Figure3-13b), the size of the solidcore of
FeOs@HamPAcnanoparticlesremairns the same. The diameter othe solid core of
functionalized SPIONwas not changing, indicatinghat there was mgligible surface

deformation duing the functionalization process.

25

Fe,0,@HamPAc 1 mM
7l Fe ,0,@HamPAc 3 mM x
204 Fe,O,@HamPAc 5 mM !’ i "
-Fe,0,@HamPAc 8 mM o A
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154 - Fe O,@HamPAc 15 mM o
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a. b.
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40

354

30 4

Zeta Potential (mV)

254
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Figure 3-13. (a). DLS measurements from Hamilton receptor functionalized SPIONs (FesOs@HamPAc), (b).
TEM image of FesOs@HamPAc, and (c). Zeta potential value of FesOs@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 concentratiothefused Hamilton receptor
ligands during the functionalization processjure 313c). The pristine nake8PIONs in water
haveaZeta potential value of +4418V. After post functionalization, the Zeta potential value
of FeOs@HamPAaemained positive when it was measured in a mixture of DMSO/EtOH
solvents with a concentration of the dispersion @ng/L. Nevetheless, the Zeta potential
value gradually went down to +33.4, +22.6, and +2@2when the concentrations of the

usedHamilton receptor ligands were 5, 10, andriM respectively.

100 100

@

Q

S

£ 904 o 951

E s Pristine Fe,O, NPs

E f\, Fe,0,@HamPAc 1 mM

e 4 1035 cm’ Fe,0,@HamPAc 3 mM
2950 em 1650 cm”'| 1235 cm” Fe,0,@HamPAc 5 mM

90— Fe,0,@HamPAc 8 mM
Fe,0,@HamPAc 10 mM

80 4

Pristine Fe,O, NPs
Fe 0, @HamPAc

1443 cm” ——Fe,0,@HamPAc 15 mM
30'00 20'00 10'00 260 3(')0 460 560
Wavenumber (cm™) Temperature (°C)
a. b.
5
Pristine Fe O, NPs = Mass loss
44 —— Fe.0,@HamPAc_1 mM - Fit Curve 1
374 -
3. Fe,0,@HamPAc_3 mM
Fe,0,@HamPAc_5 mM 104
T 24 ——— Fe,0,@HamPAc_8 mM g
£ —— Fe,0,@HamPAc_10 mM 8- Model  ExpDect
£ Fe,0,@HamPAc_15 mM 8 Equation y = At*exp(-x/t1) +y0
B sl @ Reduced 0.22464
o S 61 Adj. R-Sq 0.97913
A4 Value Stand
ra Mass loss y0 12.7 0.671
24 . Mass loss A1 -9.13 0.667
Mass loss t1 5.19 | 1.033
-3 T T T 2 T T v T M T
200 400 600 800 0 5 10 15
Temperature (°C) Concentration (mM)
[ d.

Figure 3-14. (a). Comparison of FTIR spectra of pristine SPIONs (blue line) with Hamilton receptor functionalized
SPIONs (FesOs@HamPAc) (red line), (b). TGA curve of FesOs@HamPAc, (c). DTG analysis of TGA results, (d).
Mass loss of FesOs@HamPAc after TGA measurements. (Copyright permission from John Wiley and Sons).1%6

Further characterization using FTIR spectroscopy showed emerging peaks of

molecular vibrations from the backbone of Hamilton receptor ligarkdguie3-14a). As a
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comparison, FTIR data from pristine SPIONs in a blue line showed a broad peak at about
3300cn? from the attached hydroxyl group, indicating a condition of the surface of pristine
SPIONSs which contains active hydroxyl groups. Aftestimmalization (red line), other peaks

of molecular vibrations emerge at 2950 2rfrom GH stretching, at 1656m* from C=C or

C=N stretching, at 1443w from GH deformation, at 1238n1! from P=0 stretching, and at

1035 cm* from RO and asymmetric RQ? stretching vibrations. Those peakslicatethe
presence of anchored Hamilton receptor ligands on the surface of SPIONs after post

functionalization.

TGA analysisshowed Figure 314b) a decline of the %mass curve when
FeOs@HamPAmanoparticlesnvere heated above 30@C. The decline is strongly correlated
with the concentration of used Hamilton receptor ligandke higher Hamilton receptor
concentratiors, the biggerthe declire of %mass curvesntil it was reaching a saturated
condtion. Furthermore, he rate of masschanges upon heating iglotted against the
temperatureresulting in DTG curves Bigure3-14c. The data showed thahe mass changes
taken placemainlyin the temperature range ibetween 250- 500C with the peak of the
rapid changes aB60 and 40@C. By plotting the percatage of mass loss versus the used
concentrations duringhe functionalization process, the saturaticonditioncan be observed
(Figure 314d). By usinga ligandconcentration of 15mM, the saturation condition hdibeen

achieved withamass loss of 12%.

The grafting density {| can be calculated using formula below:

00 00
pnmm0uO Dw "YYO

Where is:
: = grafting density (molecules/nn

wt = percentagef mass loss from TGA measurement
NA = Avogadro number

MW = Molecular weight of the molecules (g/mol)

SSA = Specific surface area of nanomatesi@m?/g)
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The pecific surface area of SPIONs can be determined by BET analysis or can be

approximated by calculati@Both of them are in good agreement resulting in SSA of SPIONs

at 1.45* 10°°nm?/g. Table 32 resumed the calculation of grafting density in dependeanf

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 SPION| Grafting density’ ) | 1/concentration| 1/grafting density
(mM) (%) (nm?/g) (moleculehm?) (MY (nm?/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

Atasaturation conditiorusingof 15mM ligand concentration, the grafting density of

Hamilton receptor molecules on the surface of SPIONs wasn@ok&ule/nn?. Taking into

accountthat a single SPIC&pproximatedas a perfect spherical form withdiameter d 8 nm

in averagethus thesurfacearea(A)of a single SPION is 2001986/ particle. Therefore the

averageof attachedHamilton receptor ligand$NHam) on asingle hypotheticaparticle of

SPION can be approximated, which tedrout to be about 150 molecules/particle.
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3.2.2. Functionalization of Ti@Nanorods Using Hamilton Receptor Phosphonic Acid

In asimilar fakion, the Hamilton receptor phosphonic acid moleculdamPAqQ are

used to functionalize the surface of titanium dioxide nanoro8sheme 3.1p The TiQ

nanorods(TiQ-NRswere purchased from PlasmaChem wétlength of circa100 nmanda

diameter of 20 to 40nm. They weredispersed in water witta citrate stabilizeras 1 wt.%

agueous solutionWith a far biggerdimension than SPIONthe surface area of TENRs is

approximated abouB8.37* 10'° nm?/g, oneorder ofmagnitudedessthan thesurface area of

SPIONSs. Thushie concentration ofused Hamilton receptor molecules for functionalizatain
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TiQ-NRswere lower comparedto the functionalization on SPIONSs to reach the saturation

condition

FTIR results ofrigure 315a showed the molecular vibrations from the anchored
Hamilton receptor molecules on the surface of FNDRS. The pristine TiMIRs showed peaks
at 3307, 29261608, 1317, and 124ehv! which are from surface hydroxyl group®H), cH
stretching, C=0 carbonyl stretching, OH deformation, anH @eformation vibration
respectively. On the other hand, after post functionalization with Hamilton receptor
molecules TIO.NR@HamPAy; more peaks are rising from the molecular backbone of
Hamilton receptor molecules. The vibrations are at 3296 érom -OH and-NH stretching,
oscillation at 2956, 2870, and 2727 fre@H,-CH, and-CH stretching respectively, at 1585
cnr! from C=N stretching, at 1448n! from C=N pyridine ring vibration, at 13067! from
the CH in plane deformation, at 124a1! from GO-C asymmetric stretching, at 108ar?

from asymmetric RP9, and at 97%n1! from RO stretching vibrations.

Y y )/ @NH HN N:,
Ti02 (Ham-PAc) = /{ TiO )/
\ > /{ 5 )/ }, EzN‘i
naked TiO,-NRs A §

in DMSO/EtOH (3:1) /{ A
in water
[TiIO,NR@HamPACc] H

in DMSO/EtOH (3:1)

(Ham-PAc)

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 temperatume between 250¢ 500¢C, in which the decline of
%mass curve was observed to be saturated using the concentration of 1GFigilg 315b).

At this saturated condition, the mass lossTo:NR@HamPA®anorods was reaching up to
15%. Using the formula abovthe grafting density of Hamilton receptor molecules under
saturated conditions can be approximated as Mdlecules/nni or about 3500
molecules/nanorod. On the other hand, TEM images showed the nanostructure of

functionalized TI@NRs after the treatment with Hamilton receptor ligands
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(Figure3-15c and-d). The TEM images with magnification of 25.0(a0d 63.000d) using
a highenergy electron of 80 KeV showed the spatial and structural of functionalized
nanorods. From the observation of TEBbuUIts, the TIQNRs still retained its core size with

negligible change of its sheer size after functionalization process.
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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 Thithmilton Receptor

In a further collaboration project withD. Hasenhrl, a tiol-Hamilton recepto
molecule(HamSH was utilizedto functionalize gold nanoparticles (GNPEhe GNPs were
synthesized in house followingodified Turkevichmethod using HAu&hs precursors and
sodium citrate asstabilizer in aqueous solutiol”1°8 The process was yiding GNPs with
average particle size of 12mn, specific surface area of 4&LBY/mL, zeta potential
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of -35mV, and an absorption maximum of the surface plasmon resonance atrf2Uhe
functionalization of GNPs was proceeded by mixingdispersion ohanoparticles with thiol
Hamilton receptor molecules ia methanol solution(Figure 316a). TheHamilton receptor
functionalized GNR&NP@HamShivere precipitatedrom solution and washed three times

to remove the excessf ligandand toyield amonolayer coverage.
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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).10?

The seHprepared GNPs in citrate aqueous solution were characterized using TEM
(Figure 316d) which revealed the size of the solid core of GNPs. During the functionalization
process, the attachment of Hamilton receptor molecules twe tsurface of GNPs was
mediated by thiolgold (AuS) binding. The molecular vibrations from attached Hamilton
receptor molecules on the surface of GNP were observed by FTIR spectrdSgopy 816b).
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The molecular vibrations from structural backbonesHafmilton receptor molecules were
detected at wavenumber of 3200 {N), 2920 (€H), 1680 (C=C), and 1460 (C=N)‘cm
Furthermore, after the attachment of Hamilton receptor molecules, the absorption maximum
of surface plasmon resonance of GNPs was shifteh 520 nm to 534 nm. Not only the
absorption maximum was red shifted for 14 nm, but also a new band emerged at about

302nm which originated from the attached Hamilton receptor molecukggire 316c).
3.2.4. Functionalization of SPIONs Using CyanurBtesphonic Acid

To create a complementary system, plnosphonic acidderivative of cyanurate
molecule(CyaPAgrwas used to functionalize the metal oxide of nanomaterials. The cyanurate
functionalization process watone usingvet chemistrywith someadjustmentsto optimize
the process. In the process of anchorihg CyaPAanoleculesonto the surface of SPIONs
(Scheme 311), the cyanurate phosphonic acid molecules were firstly dissolved in a mixture
of THF/MeOH (4:1). Using this mixture, a well homogenosggedsion 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
leadsto the formation of micelle, whiléhe use of only MeOH failed to dissolve the cyanurate
phosphonic acid molecules. A noticeable difference between a well homogenous mixture
with an inhomogeneous system @& homogenous mixture will generate a clear brownish
dispersion of SPIONs with thgdnd molecules, while a ndmmogeneous one will make a

brownish dispersion whit a white hue from the insoluble ligand molecules.

(o] i‘NH
Ho,";\\/\/\/:N N)to /
CyaPAc = / Y| B
VA » /
THF/MeOH (4:1)
naked Fe;04 NPs [Fe;O0,@CyaPAc]
in water in THF/MeOH (4:1)

Scheme 3-11. Scheme of cyanurate phosphonic acid functionalized superparamagnetic iron oxide nanoparticles
(FesOs@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

FesOs-NPs Cyanurate posphonic acid ligands
Mass Mass | Molecular weightf 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 PlasmaChemanvilerage
diameter size of &m was used and mixed with cyanurate phosphonic acid molecules in
THF/MeOH solutiong @bel 33). As a guest molecule whibimdsto the Hamilton receptors,
cyanurateCyaPAderivatives hava smaller molecular weight anallower molecularvolume
in space. Thus, it was anticipated that the concentration of cyanurate ligands shall be higher
than theHamilton receptor molecules to have monolayers coverage on the surface of SPIONSs.
Therefore, the concentration steps for cyanurate functionalizat®iPlONgrocess were
higher, reaching up to 3MM concentration ofthe ligands andwith a mass ratioof 1:7
between the solid SPIONs with the organic ligands. The functionalization procedure was the
same as before and followed bwad times washing steps to remove the excess of cyanurate
CyaPAdigands.

The result of DLS measurements after the functionalizatimtgss showed a rather
large average size in diameter of cyanurate functionalized SPIONSs in contrast to the average
size of post functionalized SPIONs with Hamilton receptor molecules from the previous steps
(Figure3-17a). After attachment of cyanurate gands, the hydrodynamic diameter of
functionalized SPIONs in THF/MeOH increased up tor8ih diameter, while the size of solid
SPION under TEM is only®. The increase dhe hydrodynamic size might be due to the
clustering of functionalized SPIONs @iwas 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
SPIONSs, the cyanurate moleculs® presentin close proximity. Thus, the intramolecular
interactions between the adjacent molecules are multiplied and might increase the affinity of

the surface oFe0Os@CyaPAoanoparticles, thus it can lead to a clustering of functionalized
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SPIONSs in the dispersion. Thiere, the average size ¢ie04@CyaPAoanoparticles in DLS

measurement results increased.
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Figure 3-17. (a). DLS measurements from cyanurate derivative functionalized SPIONs (FesOs@CyaPAc), (b).
TEM image of FesOs@CyaPAc, and (c). Zeta potential value of FesOs@CyaPAc. (Copyright permission from
John Wiley and Sons as the publisher).106

On the other had, 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 FeOs@CyaPAcnanoparticles Figure 317b). This condition is in contrast to the
FeOs@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
(Figure3-17c). The sign of Zeta potential B&Os@CyaPAoanoparticles was opposite than
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that FeOs@HamPAc nanoparticles, and the value of Zeta potential of cyanurate

functionalized SPIONs reached-#p mV at the saturation point. This high valuetiogé Zeta

potential indicated a high stability of dispersion in a THF/MeOH solution mixture.
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Figure 3-18. (a). Comparison of FTIR spectra of pristine SPIONs (blue line) with cyanurate functionalized
SPIONs (FesOs@CyaPAc) (red line), (b). TGA curve of Fes04s@CyaPAc, (c). DTG analysis of TGA results, (d).
Mass loss of FesOs@CyaPAc after TGA measurements. (Copyright permission from John Wiley and Sons as the
publisher).106

Thesurfacecharacterizatio of Fes0Os@ CyaPAaoanoparticlesusing FTIR spectroscopy
showed significant differencesHigure 318a). After attachment ofCyaPAdigandsto the
surface of SPIONs, thmolecular vibrations from cyanurate functional groups can be
detected. Somenoticeable peaks are at 3424 and 3222-cfrom N-H and GH stretching
vibrations, at 1690 crhfrom the (C=Q carbonyl vibrations, at 1460 chirom (O=CGN)amide
vibrations, and lastly at 1018 chirom the alkyl phosphite (G@) groupsThose peakswere

indicating the presence dhe grafted cyanurate phosphan acidmoleculego the surface of
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SPIONsFurthemore, the TGAresultsshowed a significantdecreaseof %masscurve after

functionalization procesgFigure 318b). The pristine SPION&®Ilack line)had a smaller

decrease of %mass curvehile the FeOs@CyaPAmanoparticlesshowed moreapparent

decreases in %mass culivea temperature range between 300 400¢C.

Table 3-4. Functionalized degree of SPIONSs using cyanurate phosphonate ligands calculating from TGA

measurements.

Concentration| Mass loss| SSA of SPION| Grafting density’ ) | 1/concentration| 1/grafting density
(mM) (%) (nm?/g) (moleculehm?) (MY (nm?/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 curvéFigure 318c) as therate of mass losschangingin time against
temperature had shown a rapid mass lossFe$Os@CyaPAat a temperature in between
300¢ 400€C. In contrasto the DTG result of pristine SPIONs as shown in blackhieeate
of mass losdrom pristine SPIONkas a broadenedpeak ata lower temperature. The
percentage of mass loss than had begjainsthe concentration otyanurateCyaPAdigands
used inthe functionalization procesd-{gure 318d). The results showed a plateau aband
20 mM ligand concentration. It was interpreted as saturation condition, in which the highest
mass loss dFesOs@CyaPAoanoparticlesvas reaching up to 10%rom the mass loss data
combined with the information of specific surface area from SPIONSs, thengyalensityof

cyanurate molecules on the surface of SPIO&Ebe determined.

At saturation conditios using20mM cyanurateligand concentration, the grafting
density ofcyanurate phosphonaten the surface of SPIONs wia§5molecule/nn? with the
area of a single SPION is 20m@&/particle (Table 34). Therefore, the averagef attached
cyanurate ligands Ncyg on a single particle of SPION at saturation conditioan be
approximated, which turad out to be about300 molecules/particleThisresultisdoublethe
average of attached Hamilton receptor ligands on the surface of SPIONs which was about 150
molecules/particle. It can be seen as a direct resuthefdifferentsize andpatial occupation
between Hamilton eceptors 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 muchldenserand the average amount of the attached molecules on the surface of
SPION ishigher.
a€a Qwo aQ

Xonixéc‘xQo@quo QO aQ

3.2.5. Functionalization ofTiO; NanoparticlesUsing Cyanurate Phosphonic Acid

In a similar approach, titanium dioxide ngaoticles(TiQ-NPs)and titanium dioxide
nanorods(TiGQ-NRs)wvere functionalized using cyanurate phosphoné@yaPAgligands.The
TiQ nanoparticles were purchased a8 wt%dispersion in isopropanol without stabilize
and have anaveragediametersize of 34.4 nmin the previous study frorh. Zeininger®2the
specific surface area of pristine BiPs of thesame production batch was measured using
BET approach resulting in 4.610'° nm?/g, while the zeta potential of pristine TIOIPs in
isopropanol was determined to b&1.3 mV For functionalization purposes,series of Ti@
NPs dispersions witaconcentation of 0.15 wt% were mixed withconcentrationseries of
cyanurate ligandsolutions (Scheme3-12). The functionalization process was conducted in

wet chemicakonditionsand followedby two washing steps.

H
Os _N_-O
RIS PN ¢
H o
N : S
. HO
YOH ‘ TI HO,
HO)/ )’

TiO,@CyaPAc
in isopropanol

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 iRigure 319a show a comparison of spectra from the pristine
TiQ-NPs (black line) with the cyanurate functionalized,INPBs TiG:@CyaPAx(redline).
After functionalization, the new bandsom 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 TikNPsappearat 3307 cm' from NH and OH vibrations, at 3016
cn! from GH vibrationsat 1794cnr! from C=0 carbonyl groups, at, 1553 tfrom amides,
and at 1078 crd from RO vibrations. Moreover, from TGA measuremefig(re3-19b), the
%mass of functionalized TAQPs was decreasing when heated up to @00The mass loss of
TiOG@CyaPAoanoparticles has a positive correlation with the amount of the concentration
of cyanurate ligands used durinige functionalization process. At a ligand concentration of

10 mM, the mass loss was 7.6% which correspondedatiigg density of 3.6 molecules/ntn
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Figure 3-19. (a). FTIR result of cyanurate functionalized titanium dioxide nanoparticles (TiO2@CyaPAc), (b).
TGA measurements of TiO2@CyaPAc, (¢). TG-MS results of TiO2@CyaPAc nanopatrticles 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).10?

Additionally, the cyanurate modified TAONPs were characterized using -M%
instrument, the result(Figure 319c) showed three significant péa of masgo-charge ratio
(m/z) at 43, 44, and 70lhem/z peaksappearedat temperaturesin between 300 to 50@C.

These peaks are from the fragmentation of the cyanurate ligands on the surfacex®H$O
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the highest ion current detected is frorm/z of 44. Furthermore,the TEMimage on

Figure3-19d displayed an aggregation of cyanurate functionalized-NBs on TEM grid.

3.2.6. Functionalization of Ti@Nanorods Using Cyanurate Phosphonic Acid
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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 nanorfd&-NRs)using
cyanuratephosphonic acidnolecules(CyaPAras ligands. Thechematicprocedure is as
shown inFigure 320a, following the sameprocedure as to functionalize thEiG@ Cy&Ac
nanoparticles before, to vyield cyanurate functionalized titanium dioxide nanorods

(TIGNR@CyaPAcThe attachment of cyanurate ligands on the surface of f@orodswas

followed by FTIR analysis, in which after functionalization process, the molecular vibrations

from cyanurate functional groups were presenté&dgure 320b). As shown irthe FTIR graphs
(red line) the peaks of functional vibrations at 3200, 1600, 150@, 2020 crt indicated the
presenceof N-H, carbonyl (C=0and phosphine (f0) groups. Moreover, TEM imagef
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cyanurate functionalized Tianorods Figure 320c) showed elongatedod structuresof
TiQ nanorods after functionalization process. Additadly, the result othe TGA analysis as
shown at Figure 320d gave the information of%mass afterthermal analysis, which
corresponding to the mass loss of 12% after heating the functionalizeshamrodsbeyond

500aCunder mixed atmospheric gases

3.2.7. Functionalization of Nanomaterials Using Hexyl Phosphonic Acid Ligands

a).
°°|,k)°:,/, PAC6 =
HO
‘ in THF
naked Fe;O4 NPs Fe;O0,@PAC6
in water in Cyclohexan
g s A
v, PAC6 = ,{f ”f/

: 18 " /;‘“Tio
A\ T )
Gl

TiO,NR@PAC6

naked TiO,-NRs
in Cyclohexan

in water

Scheme 3-13. (a). Scheme of functionalization of SPIONs with PAC6 ligands (FesO4@PACS6) , (b). Scheme of
functionalization of TiO2 nanorods with PAC6 ligands (TIO2NR@PACE).

As a control reference sample for later experiments, the superparamagnetic iron oxide
nanoparticles, and the titanium dioxide nanorods had bdenctionalized with hexyl
phosphonic acidRAC®. 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 tR&ACdigands ony consist of anchoring and spacer groups,

the observed interaction of the modified nanoparticles beaf#Cadigands was expected to
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be indifferent due to lacking functional headgroups and therefore can be seen as control
reference samples. The monolaydtsctionalization of SPIONs and FiMIRs withPAC6
ligands can render the surface properties of the nanomaterials and with the absence of

functional headgroups, these modified nanoparticles are considered as inactive components.
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Figure 3-21. (a). FTIR of alkyl chain functionalized SPIONs (FesO4s@PACG6), (b). TGA results of FesO4@PACS6,
(c) FTIR of alkyl chain functionalized TiO2 nanorods (TiO2NR@PACS), (d). TGA results of TIO2NR@PACS6.

Thefunctionalization process of pristine SPIONs and d@orods withPACdigands

has been carried out in THF because this solvent can disso\®AiGBiIgands well and can

be mixed with the pristine dispersion of nanomaterials in water. After following th

established surface functionalization procedure, the modified superparamagnetic iron oxide

nanoparticles FesOs@PACPH and the modified titanium dioxide nanorodSiQNR@PAQC6

can be redispersed in apolar solvents like cyclohex8nbdme3-13). The chareterization of

these modified nanoparticles was done mainly using FTIR and TGA. As sliagure3-21,
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after functionalization process (red line), the molecular vibrations frekhh §ymmetric band
appeared sharply pronounced at around 2900 crihis resli gave supporting evidence of

the attachment ofPAC@igands on the surface of nhanomaterials. 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 and350The mass loss
deducted fran the TGA measurements showed a mass reduction up to 8% at highest for
FeOs@PAC6anoparticles and a mass reduction up to 6% at highestTiG&sNR@PAC6
nanorods. These results were significantly smaller than the results from the functionalized
nanomaterids using functional organic headgroups. Moreover, these result corresponded to

a grafting density of 3 molecules/rfm
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3.3. Studes of Supramolecularinteractions between Hamilton Receptor

Derivatives and Cyanurate Derivative Molecules

Thefirst Hamilton reeptor was synthesized and examinedtbg Hamiltongroupin
1980s%86° They prepared Hamilton receptor as a macrocycle of tetra amide structure which
can recognize barbiturate molecules in GDs@llution. The highest complexation of that
macrocycle was recorded up & x p M0 .%8 They also observed thay opening the
macrocycle structure the binding constant was decreasing by almostal@dn this study,
acyclic tetra amide Hamilton receptors were prepared, tailored with neopentyl substituent to
enhance the solubility and with hexyl phosphonate liowa themto beanchored on the metal

oxide surface.

The study of supramolecular interactions among Hamilton receptor and cyanurate
molecules il be divided into two subsections. The first subsectidiocuseson the
complexation reaction orthe molecularscale, in which the host and guest molecules were
dissolved in certain solvents and then titratede NMR tube or UWis cuvette The results
from NMR titration were calculated using BindFit softwé&ré&%while the results from UWis
titration were calculated using HypSpec softwéf&€ The data from complexation reaction
on molecular level were usedsanodel for the supramolecular interaction on the surface of

modified nanoparticles.

The second subsectidimcuses on discussing the complexation results on the surface
of functionalized nanoparticleS.he complexation reactions on this subsectioare manly
observed using UVis titration, complimented by fluorescence titration data. Other methods
might be used asn alternative for measuring these complex interactions like using cyclic
voltammetry, isothermal titration calorimetry, and singiolecule face microscopy.
Nevertheless, due to accessibility and compatibility, those alternative measurements had not
been approachedThe results from UWis and fluorescence titrations were fitted usitig

HypSpec softwaré’98
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Figure 3-22. Highlighted relative positions of the amide group protons from the phosphonate ester Hamilton
receptor molecules (Ham-PEt) in different solvent: (a). CDCls, (b). ACN-ds, and (c). DMSO-de.
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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 reqeors as donors and bywvb-setsof 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 resultof screening test was shown Figure 322 in which the phosphonate

ester Hamilton receptor moleculesl@m-PE) 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 properand
reactivity in forming hydrogen bonds with tlissolvedmolecules. In deuterated chloroform
(Figure3-22a), the peaks of protons from Hamilton receptor moleculegich involve in
hydrogenbond interactions are marked with pink and green bars. Theyfeom the amide
groups whichappeared at 8.46 and 8.Jpm. In this condition, thee protons barely make
interactions with the molecules of solvent. Therefore, the signals of active protons were

located in relativelypfield region

Whendeuteratedacebnitrile was used to dissolve the Hamilton receptor molecules,
the signals othe amide group protons of the Hamilton receptorsvere shifted to 9.11 and
8.57ppm (Figure 322b). This shifting tahe downfieldregionwas 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,
thusbringingthe signal of themideprotonsof Hamilton receptor moleculds the downfield
region. Moreover, in deuterated DMSO which contains oxygen atoms, the sigttatsamhice
group protons of Hamilton receptor molecules were shifted further to tdewnfield region
up to 10.58 and 10.0ppm 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 Hamiltecteptor and cyanurate
molecules polar aprotic solvents which have no oxygen atoms were uséelinwhile, the
polar protic solvents are natompatiblein studying the supramolecular interactions between
Hamilton receptors and cyanurate moleculdse to thear ability to solvate tlsedissolved

molecules and hindering thieydrogen bond interactions
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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 CDCls, (c). Jobdés plot of Ha&aMREtandtr ati on r e

Cya-PEt molecules. (Copyright permission from John Wiley and Sons as the publisher).106

The complexation degrebetween phosphonate Hamilton receptor molecules and
cyanurate phosphonate molecules was determined ugng Q& LJ 2Figure333)i e R 0
phosphonate Hamilton receptor molecules were dissolved in £21D@lake stock solution in
a certain concentration. Then the solution was placeddmNMR tubes and then mixed with
cyanurate phosphonate ester molecules in GDUle ratio between two miecules in the
mixture wasset up tokeepthe total concentrations of combined molecules constahhe
shifting of the amid groupprotons of Hamilton receptos and cyanurate molecules was
presented inFigure3-23b. Thepinkand green dots represent theemide protons of Hamilton

receptors NH1 & NH2, while the blue dots are fronthe amice protons of cyanurate
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molecules(NH3. The most upper data was the NMR signal of Hamilton receptor molecules
in CDGlwithout any additional cyanurate molecules, tlaenide group protons were ina
relativelyupfield region. Move dowron the NMR titration results, the cyanurate molecules
were added to mixture along with decreasing th®l fraction (X) of Hamilton receptor
molecules in the sampléubes The peaks ofamide protons from Hamilton receptor
molecules were shifted tthe downfieldregion, while the opposite shifting appeared toe
amide protons ofcyanurate moleculesThe delta chemical shifts from these NMRatiion
results were plotted against the mol fraction of the constituent in the mix{Higure 323c).
CNREY (KA& W20Qa LX204 YSGiK2RXZ G(KS O2YLX SEI (A
molecules with cyanurate molecules was figured out to be 1:1 rate.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 deigwoificantly

interrupt the interaction among Hamilton receptor and cyanurate molecules.

3.3.2. Determination of Binding Constarg between Phosphonate Ester Hamilton

Receptos and Cyanurate DerivativoleculesUsing*H-NMR Titration

A further investigationin this subsection was @ determine the association constant
or binding constant Ks) amongthe Hamilton receptos and cyanurate molecules with
different substituents. The term of association constant or binding congightvill be used
interchangeably in thisubsection to desribe the affinity of hydrogen bond interactions
among Hamilton receptor and cyanurate moleculBso methods were applied to determine
the Ko amongnon-anchoredmolecules of Hamilton recepteand cyanurate molecules. The
first method was NMRitrations, and the second method was WXis titratiors. Most of the
titration processes were done in CRQInless it was declared further with other solvents or

addition of certain solvents to enhancedtsolubility of the molecules in the systems.

Four molecules previously synthesized were used as the ssljetttis study. They
were phosphonate Hamilton receptoHamPE), hexabenzocoronene Hamilton receptor
(HamHBG, phosphonate cyanurat€faPE), and hexabenzocoronergyanurate CyaHBGQ
molecules. The combinatorial titrations of those molecules were done to observe the
influence from different moieties. Thalkyl phosphonate moietyhas a function later as
anchoring group anchas a relative lower rigiditydue to the alkyl chains, while the
hexabenzocoronene moietyasa more rigid substituenand 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 CDCls, 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 CDCls/THF-ds (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
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