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Introduction

Nanomaterials, nanoscience, and nanotechnology have become common words in academia and
normal |ife. The prefix fAnanoodo is derived fro
and in this context it is used to indicate particles and/or structures formed by particles with at least a

dimension between 1 and 100 Am.

The terms nanoscience and nanotechnology are closely associated and often confused. However, the
difference is substantial. Nanoscience is the field that involves the study of the behavior and related
guestions of materials at the nanoscale and thus determines relevant laws and theoretical explanations.
On the other hand, nanotechnology utilizes neieose knowledge to create structures, devices, and

systems with novel properties and functidns.

In the last 50 years, researchers have been extensively studying how to exploit nanoparticles and
nanostructured materials in different fields. Anyway, this ishsacvast and varied area that
comprehension of properties and applications is far to be complete. In truth, nanoscience constitutes
the meeting point of different disciplines, ranging from quantum physics to supramolecular

chemistry, material science toolbgy, from medicine to agfood.

To understand and appreciate the diversity of nanomaterials (NMs), just think that the synthesis
method, the size, or the composition are different types of classifications. Considering the synthesis
method, NMs can bedded into those prepared through a boti@por a topdown approach (Figure

1). In the first case, synthesis occurs through chemical reactions under controlled conditions starting
with ions, atoms, and molecules. In the second case, and vice ivestsas with a bulk material

crushed/broken by mechanical actidns

Bottom-up Top-down

& @‘30 .
0.8 QCﬁ‘:'v
w2 &S ee o

Atoms Clusters Fragments Bulk

Figure 1. Bottomrup and Topdown approaches.



Based on the dimension, NMs alassified as (Figure)?

1 Zerodimensional (0OD): NMsthat have nanoscale dimensions in all directions, e.g.,
nanoparticles;

1 Onedimensional (1D): NMghathave nomanoscaleimensiondn a single direction, e.g.,
nanorods;

1 Two-dimensional (2D): NMs that possess two dimensions havinghanometric size range,
e.g., nanosheets;

1 Threedimensional (3D): NMghatcontain nomanoscale features any three dimensions,
e.g., nanoflowers.

@ < » B

Figure 2. Schematic representation of OD, 1D, 2D, 3D nanomaterials.

Finally, considering the composition, NMs are organized into four main classes (Figure 3):

Carbon, e.g., fullerene, carbon nanosylggaphite, carbon dgt

Organic, e.g., liposomes, dendrimers, polymeric nanoparticles;

Inorganic, e.g., metal, metalice, ceramic;

Composite, a&ombination of two or more different materiadsblend the best properties of
both.

v v > >

Carbon nanotube Liposome Metal nanoparticle Composite

&

Figure 3. Examples of Carbon (carbon nanotube), Organic (liposome), Inorganic (metal

nanoparticle), and Composibased nanomaterials.

Among the different classes of NMs, in this thesis, it was decided to turn attention to metal oxide
nanoparticles, obtained thiglu a bottorrup approach. This choice was supported by their huge
2



technological impact in different fields such as catalysis, photovoltaic, and electronic, but also
cosmetic, medical, and agricultuParhis is because it is relatively simple and economic to modify

the properties of these nanoparticles by changing their crystalline structure. It is al®tepossi
change the electrochemical characteristics because of quantum confinement and the surface

properties, which affect the conductivity and chemical activity of metal oxide nanoparticles.

Among the various metal oxides, tkbhoice fell on cerium oxide (CePand zinc oxide (ZnO)

nanoparticles.

Cerium oxide nanoparticles (CeQPs) have a wide number of applications, the most common being
as catalysts, polishing agents, and gas sensors, but also ascamesitj antioxidangnd antibacterial
agent$' 14 The ability of Ce@NPs to modify their oxidation state by maintaining structural integrity

is the key to their large use

Similarly, zinc oxide nanoparticles (ZnO NPs) are widedgdiin many fields. For example, they are

used in the rubber industry as fillers, in the pharmaceutical and cosmetic industry as components of
sunscreens and toothpastes, in the energy industry as components of solar cells, and in the medical
and food indstry and packaging, as antibacterial agéht8 The presence of zinc as a trace element

in the muscles, bones, skin, and tissue of the teeth justifies this extensi¥asisell as the higher

thermal stability, toughness, and durability of ZnO NPs with respect to other oxides, like those of
titanium (TiQy), tungsten (W@, silicon (SiQ), and iron (Fe0s).’

In this work, we want to understand how changing the-iatadt intraparticle structure is possible to
amplify the intrinsic properties of NPs and thexpand their fields of applicatio@eQ NPs were
employed for a fundamental chemipbysical study, wie ZnO NPs were examined for their
possible technological application.

CeQ NPs (Section A) have been synthesized, varying synthesis temperature and capping agent, to
study how the synthesis conditions could influence their ppyaiemical properties. @aing agent

is an amphiphilic molecule capable of modulating the shape and size of NPs in the synthesis phase,
and thus varying the properties of the final NMs. In this Ph.D. work, the effect of the length of alkyl
chain of primary amines was investigatading octylamine (C8), decylamine (C10), dodecylamine
(C12), hexadecylmaine (C16), and oleylamine (C18), and performing the synthesis through the
thermal decomposition method at three different temperatures, 150, 200, and 250 °C. Studied the
properties of coated Ce® NPs, in terms of crystallinity, composition, size, shape, and
photoluminescence, sedssembly was induced by functionalizing coated NPs with oleic acid (OA)

or sodium oleate (NaOA). Functionalization with NaOA has led to the formation aiddrisd

3



aggregates of coated Ce@Ps stable in water, while OA induced the formation of ordered
superlattices, with structures ranging from simple face centered cubic (FCC) to the more complex
pseudo hexagonal, known as C14 Fri@lsper (C14 FK) phase. Hilty, it was observed that an
ordered superlattice of coated G&@Ps amplifies by about 400% the intensity of photoluminescence

compared to disordered aggregates of the same NPs.

On the other hand, in the case of ZnO NPs (Section B), the effect ofl sarerentrations of a doping
agent (from 0 to 20 % at) on the fluorescence properties was assessed, to implement this property to
use the ZnO NPs as an optical transducer in the designagtasensorin this work, the doping

agent chosen was fluorine )(Fcapable of introducing itself in defects naturally present in the
crystalline structure of ZnO NPs, increasing the fluorescence intensity without changing their other
physicachemical properties. The extensive physibemical characterization performea the
various synthesized-&oped ZnO NPs has determined that only 1% at at F concentration is required
to have a relative quantum yield of the NMs of about 22%. Thus, chosen thedogsd=ZnO NPs,

in terms of optical properties, a protocol for obitagna nanostructured film capable of acting as an
optical transducer has been developed. For this purpose, two tygmislstipport, silicon and glass,
various concentrations of ZnO NPs suspension, from 0.5 to 36 mig amd different rotational
speedsfrom 1000 to 4000 rpm were tested. Finathgposition protocol of a synthesized aptamer
namedLA27, wasdefinedand the release kinetic$ the biomoleculdrom the nanostructured film

was evaluated.



Section A

Coated Ce@superstructure



Chapter 1

Selfassembly



1.1 Seltassembly

The controlled clustering of nanoparticle (NP) building blocks into defined geometric arrangements
is emerging as a distinguishing feature of new suditerials with distinctive physiechemical
properties® Clusters of NPs with a regular spatial arrangement are usually indicated with the term
fisuper?®ant hot enly allow properties of individual NPs to be combined, but also take
advantage of the interaction between neighboring NPs, which can result in new properties not present

in the original constituenfs:??

The scientific interest in the organization of NPs in ordered secondary structures resides in the ability
of natural and synthetic elements to spontaneously form such structures. Just think of the isge crysta
the geometry of some plants, the hexagonal structure of bee nests (Figure 1.1); or even, the lamellar

structures of polymers or the different structures that surfactants can form.

Figure 1.1.Images of ice crystal®\), plant(B), and honeycomb stecture(C).

Indeed, in many soft matter systems, ordered structures are observed. The structural units can be very
different in nature: atoms, micelles, soft inorganic nanoparticles, and foams, but their shapes are

always close to spheric&l 2

Despite progressbtaining ordered 3D structures using NPs as building blocks is still diffi2oih
because it is difficult to synthesize monodisperse spherical NPs, and because other factors, such as
size, presence of orgartoating, attractive and repulsive energies between NPs, between NPs and

organic coating, and between NPs and environment, can affect the subsegsessesetfly??26:27

Normally, two general procedures can be followed to form a regular spatial arrangerasetfof
assembledluster in suspensiof):a onestepii i n  approachpin which NPs are synthesized and

assembled within the same procagsa twao-step approach, in which the NPs are synthesized and

7



then the selassembly is induced, like the emulsion process. Therlgrocedure has more
advantages than the former one, because NPs of the highest quality, in terms of size, shape,
crystallinity, and polydispersity, can be ugédsenerally, these procedures are favored by the
presence of an organic coating on the NP surfaces ditgjanic shell plays a fundamental role in

obtaining the superlattice of inorganic Niés

1.1.1Energy involved in the selfassembly

The selfassembly otoatedNPs into superlatticeis dominated by colloidal interactions between

NPs and between NPs and the environméaotvever, for the formation of an ordered aggregate, the
effect of kinetic barriers in the process of forming thesectires must be considered. If the potential
interaction is greater than 10kT, the aggregation will be rapid, and the aggregate will be disordered.
Conversely, if the potential is abouBRT, you can have some repeatability in the bond between the
NPs am then the aggregate can be ordérethis means that understanding the energies that drive

the selfassembly process will allow to control it.

The theory that describes the total interaction potential between NBkeidExtended Derjaguin

LandauVerweyOverbeek theoryXDLVO): it decomposes the total interaction potential into the

sum of several contributions, van der Waml;dw, electrostatidi clec’ hydrophobica hydro’ and
i~ i 2,29
elastica ,_ . (equation 1.1¥:
Utot = Yaw * Hec "hYdro IS (1.1)

In the case of magnetic NPs, a magnetic contribution must be added to the above sum.

Van der Waals interaction:svdw (equation 1.2) range from interatomic spacings (about 0.2 nm) up

to large distances (greater than 10 ghaue to instantaneous fluctuations in the electron density and
thus somehow connected to thaarizability of the material (Figure 1.2}'3 In the case of NPs an
equation accounting for the van der Waals interactions was proposed by StatmykSuch
equation is a function of the distance between two NPs, and depends on the radius ofithelindiv

NP, as described in equation 322

Ae 2r2 or2 d42_4r2
U d)—= +
O yaw ¢ )6gd2-4r2 42 geEE df :

(1.2)

1-0:0: O



whered is the centercenter distance between two NRss the Hamaker constant (it depends on the

interaction between the organic layer on the NP surface and the solvemt)s dimel NP radius.

van der Waals

Attractive
force

Figure 1.2.Schematic representation of the van der Waals interaction.

The electrostatic contributiouﬂlelec (equation 1.3) arises from the presence of an electric charge on

the NP surface and leads,the case of identical particle® a repulsive interaction. The causes of

the presence of the charge can be multiple, e.g., adsorption of ions onto the surface, presence of
charged ligands, protonation, or deprotonation of superficial ligands, etc. The presence of these
charges lead®tthe formation of an electric double layer, which shields the charges at large distances
but leads to significamtepulsiveinteractions at small distances (Figure £%3¥ The electrostatic
contribution can be schematized as follcgi/s:

2 d -))
Uglecl 99 _.,Q ZeXp( 6((j ) (1.3)
4 Q0 1)F er

whereQ is the total charge on the NB,and Lb are the permeability of the medium and the vacuum,

respectively, ana is the reciprocal of the Debye length.



Electrostatic

Repulsive
force

Figure 1.3.Schematic representation of the electrostatic interaction.

The hydrophobic interaction hydro occurs when coated NPs are dispersed in watkyl chains

of the organic coating, present on NPs surfawene closer to minimize interactions with water

molecules. This interactiocan work over a very long range, about 1 nm (equationabd Figure
1_4)_26,41,42

a§.or-
v =4, ¢D)p wiPgh (1.4)
hydro 0 e D
c 0
whereDg is the hydrophobic decay length, is the surface tension of the ligand in wafeis a

dimensionless parameter that reflects the hydropHojacophilic balance of the organic ligand, and
L is the length of the alkyl chain of the ligand.

¢e C ., CC¢
¢ 52 (Nl A A
- > AD ‘
,Qb_? ’-“ ~ L, ~§“ g
Ly 5 Ya VvV
D > = $ Va P
WA ' L} ""4*5 '
VA ‘.. Q ‘ ﬁQ ‘ | » _
v"\ '”N’ [ - *-)
/ - -
Q"? Attractive 2
¢ force )

Figure 1.4.Schematic representation of the hydrophobic interaction.
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The elastic interactionEte Jare shorrange interactions, due to the loss of configurational entropy

la
of organic chains. They are repulsive when the distance between the NPs is less than the length of the

alkyl chains (equation 1.5, and Figure £%}:42

(d ,?'K;TKZT,H(* d) (1.5)

ua
elas

wherek is the Boltzmann constarit,is the temperaturg, is the ligand densityyiW is the molecular

weight, 7 is the fraction of surface covemdy the ligand.

force

Figure 1.5.Schematic representation of the elastic interaction.

The right balance between the different energies, summarized in Table 1.1, is what must be optimized

to obtain the desired secondary structure.

Table 1.1.Summary othe energies involved in the NP sasembly.

Force Type of interaction Elements involved in the interactic

van der Waals attractive coated NP surface
electrical repulsive electric layer near NP surface
hydrophobic attractive coated NP in water
elastic repulsive organic layers

11



1.1.2Geometrical parameters

The compact structures that can be obtained by assimilating NPs to tisphare aréacecentered

cubic (FCC), hexagonal clogmcked (HPC), or bodgentered cubic (BCC)structures?
Nevertheless, more complex arrangements, such as-Resger or tetrahedral close packing (TPC)
phass (Figure 16), or even quastirystalline structures are detected for polymer and metallic NPs in
2D structureg*274446 The FrankKasper phase is characterized by the arrangement of particles that

form a hierarchical structure at the vertices of almost regular tetrahgdrons

HPC

Figure 1.6.3D schematic representation of famentered cubic (FCC, green structure), hexagonal
close packed (HPC, blue structure), bagyntered cubic (BCC, purp$tructure), antdetrahedral
close packing (TPC, example of C14 Frafésper, gold structure) phases.

Calculating the overall energy involved in NP setsembly in different ordered structures can be a
difficult task. However, it is possible to find aimnale by considering the structural parameters of
the coated NPs that go to sasembly. In fact, not only the size of the inorganic core, which can be
tuned during the synthesis but also the NP coating plays a very important role-asssatibly.
Indeed, NPs are stabilized through surface functionalization with organic ligands or active surfaces.

This organic coating, depending on the environment in which the NPs are dispersed and the forces

12



that are generated between the various constituents ofdtesrs can, on the one hand, stabilize the

NPs and avoid the sedfggregation, on the other hand, instead, they can be the driving force of the
selfassembly and the formation of NP superlattfeer example, though an emulsion process.
Recently Panset al. in their studyon coated gold NPs have proposed that some geometrical
parameters can affect the formation of different secondary structures of coated NPs, such as the radius
of the inorganic core., the length of the alkyl chains of the coating moleclieand the distance
between two neighboringPsti (Figure 1.7)3

Figure 1.7.Schematic representation of geoneprarameters: radius of inorganic cosdength of
alkyl chainls, distance between two neighboring NPs

By modulating the ratial £ dndldre, it is possible to induce the formation of a NP cluster with a
certain crystalline periodicity rathéhan another or to have the coexistence of several structures
(Figure 1.8)*3
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Figure 1.8.Schematic representatiof the structure diagram for soft NPs.

To study and rationalize the process of-sasifembly aimed at obtaining ordered 3D structures stable
in water, it was chosen to work with cerium oxide nanoparticles {0&€%), one of the most
promising metal oxidesThe ability of CeQ NPs to modify their oxidation state by maintaining

structural integrity is the key to their large 8e

1.2 Cerium Oxide Nanoparticles

Cerium (Ce) is one of the most reactive and abundant rmeeats of the lanthanide series and can
exist both in the +3 and +4 oxidation states. When cerium combines with oxygen, two different oxides
can be obtained) cerium dioxide Ce@ ii) cerium sesquioxide G8s.*>°*°CeQ crydallizes in the
fluorite crystal structure at room temperature and presauite space groupm3m Cerium cations

are arranged in a fa@entered cubic structure and thé& @nions are positioned in the octahedral
interstices. Each cerium cation is cooated with eight oxygen anions, while each oxygen anion is
coordinated with four cerium cations (Figure 1.9A)?On the other hand, the stable crystalline form

of CeOzis hexagonal, with space groB@ml|, in which each cerium cation is coordinated with seven
oxygen anions (Figer1.9 B).

14



CeO, Ce,0;

Figure 1.9.Fluorite type structure of Ce@A) and sesquioxide Aype structure of G®3 (B), red
and white balls indicate cerium and oxygen, respectively

Generally, cerium oxide nanoparticles (Gé@Ps) have a fluoritéike crystalline structure, as in the
case of the bulk material. In this case, the crystals have defects due to the coexistence between the
trivalent (Cé*) and the tetravalent (¢ states. This causes the spontaneous formationyafeo

vacancies (V) (Figure 1.10), according to the following reaction:

X
CeQ,- CeQ_ +£ (1.6)

During this reaction, two electrons from the oxygen atoms are transferreditmss©é*, which are
reduced to C¥, and oxygen or hydroxyl are released from the surface. The reverse process occurs
when Cé" is oxidized to C&.1°

Figure 1.10.Fluorite type structure of Ce@IPs without(A) and with(B) oxygen vacancy.
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The generation of defects, which can be modulated during NP synthesis, leads to an increase of system

entropy, and, in turn, to a reduction of Gibbs energy with advantages in term of stability

1.21 Synthesis and functionalization
Metal oxide nanoparticles can be synthesized by different methods following in threeareasnp
physical, chemical, and biological, as shown in Figure £11.

CeO,
Synthesis

Physical Chemical Biological
Methods Methods Methods

ultra-sonication Microorganism: Plants:
irradiation * thermal o bacteria o aloe
+ laser ablation decomposition o fungi o hibiscus

microwave * solvotermal synthesis W o algae o acalypha
* wet chemistry indica

approaches
* co-precipitation

Figure 1.11.Various method of synthesizing CeNPs.

Al t hough biological methods are figreenod, chem
biological ones, because of a better control of synthetic conditions. Moreover, among all the
syntheses, chemical methods are thest for homogeneity of NP dimension, morphology, and

composition, which significantly affect the properties of the final material.

During the synthetic process, as mentioned above, it is possible to modulaté*tiefCrtio and
thus the concentration ofoVh the CeQ NPs. As the size of the NPs decreases, the concentration of
Ce*, and therefore of ¥/ increases. To optimize this, it is possible to use various synthesis methods,
such as, thermal decompositityn,hydrothermaP® co-precipitation method or the use of

16



microwaves® %8 For example, the eprecipitation methodsirelatively straightforward given the low
solubility of CeQ NPs in water. However, using agents such as sodium hydroxide, urea, or
ammonium may lead to the precipitation of crystals that are too small for application pé&rifoses.
For this reason, surfactants, such as Cetyltrimethylammonium Bromide (CTAB), or polymers, such
as Polyvinylpyrrolidone (PVP), are often used, since they easily absorb on the surface of NPs and

modulate their size as a funatiof their concentratioff,!

The choice of the capping agents forming the organic coating is crucial because it can guide the
morphdogy of the NPs. For example, in a certain range of concentrations and reaction times, PVP
drives the formation of nanospheres and oleic acid of nanotteghile the combined use of oleic
acidand oleylamine in the thermal decomposition of cerium nitrate leads to formation of nantplates.

The result of any chemical synthesis method are NPs with a low or limited colloidal stability; to
increase it and permit NP dispersion in water or in a solvent different fromutedén the synthesis,
surface modifications are necessary. There are two main kinds of functionalization methods. The first
one is based on the addition of an amphiphilic molecule to the external surface of the NPs, without
the removal of the capping ags. The hydrophobic interaction between the two amphiphilic
molecules creates a bilayer on the surface of the NP exposing a hydrophilic surface, thus allowing
the dispersion in watéf. The second functionalization method is based on the substitution of the
capping agent with affunctional molecule bearing a functional group able to bind to the NPs surface

and a polar group that makes the compound soluble in water (Figuré®1°42).
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Figure 1.12.Schematic representation of the two functionalization methods.

1.2.2Properties and applications

The properties of CeINPs are closely related to their stable crystal structure. They can be easily
manipulated by varying the coentration of defects in Ce®Ps because of the partial reduction of

Cée*" to Ce"*.”° The ability of CeQ NPs to modify the oxidation state in a suitable temperature range
by maintaining structural inteity is the key to their success. Indeed, it determines the high catalytic
activity of NPs for a variety of reactions, such as wgtes shift/* CO oxidation’? water splitting’>
hydrogenation of unsaturated compounds, ring opening, isomerization reaction, and dehydration of

alcohols’

Moreover, Ce@QNPs have attracted considerable interest in the field of photocatalysis, too. In fact,
CeQ NPs are a wide bandgap semiconductor-840eV) and can act as a photocatalyst if irradiated
by UV light, similarly to TiQ NPs but with the advantage of londéetime of the charge carriers

and higher oxygen mobilit{? "

CeQ NPs are extensively used as polishing agent for glasses, showing superior potsbantigs
than anhydrous ferric oxide particl®s, are components of sunscreen cosmetics for UV filtrfion,

are added to coatings and pigments to protect steels and other metallic materials from 8rrosion.

In recent years, CeNPs have attracted great interest in the biomedical field (i.e., as anticancer,

antioxidant, and antibacterial agents), due to their redox pregpekvhich can be opportunely
18



modulated to inhibit (with an antioxidant action) or promote (with agxidant action) the oxidation
processes? 1480 showing the ability to decrease or to increase the concentration of the Reactive
Oxygen Species (RO8Y83

Finally, CeQ NPs have acquired an increasing attention due to their peculiar behavior that places
them into the promiesd,g whitceh oarydke&igenmdeedy yem 2

they show superoxide dismutase, catalase, and phosphatase mimetic®é&tivity.

Some ofthese applications are shown in figure 1.13.

CeO, NPs

applications

pigments
sunscreen

Figure 1.13.Examples of Ce@NPs applications.
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Chapter 2

Synthesis and Functionalization of coated Ce@®Ps
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CeQ NPswere preparedhrough the thermal decomposition method usingnes with different
lengths of alkyl chain, from C8 (octaylamine) to C18 (oleylamine), which makes them stable in non
polar media. Thento obtain a 3DBordered superlatticeNP selfassembly was induced by

functionalizing Ce@NPs with twoamphiphilic molecules.

In this chapter, the experimental procedures are described in detail.

2.1 Synthesis of Ce@NPs

2.1.1 Materials

Cerium(lll) nitrate hexahydrate Ce(N@6H20 (>99.999% trace metals bagarity), octylamine
CgH1ioN (99% purity), decylamine @H23N (95% purity), dodecylamine ©H27N (98% purity),
hexadecylamine £gHzsN (98% purity), oleylamine GgHz7N (70% technical grade),-Qctadecene
(90% technical grade), ethan®6gsvol), chloroform( ©9.5%, contains 10200 ppm amignes as

a stabilizer) were purchased from Merck (Germany) and used without further purification.

2.1.2 Synthetic protocol

CeQ:NPs were synthesized through a slightly modified version of the thermal decomposition method
introduced by eeet al.®*Namely, 1.74 g o€e(NQ)s6H.0 weredissolved in 25 mL of-bctadecene

at room temperature. Upon the dissolution of the salt, a specific amount of the selected capping agent
was added to the reaction mixture, as reported in Table 2.1, thus, to obtain a 1:3 salt: capping agent

molar ratio.
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Table 2.1.Quantity of different capping agents used in the synthesis.

Quantity + 0.01

Material Acronym
mL
octylamine C8 1.98
decylamine C10 2.40
dedecylamine C12 2.77
hexadecylamine C16 3.10
oleylamine C18 3.95

The resulting solution waglaced in a bath at 80 °C and stirred for 30 minutes. Then, aiming at
studying the effect of temperature synthesis on NP properties, the solution was further heated as
reported in Table 2.2 under an argon atmosphere and stirred for 1 hour (the expesapparttls

is represented in Figure 2.1).

Table 2.2.Capping agents and synthesis temperatures employed

Capping Agent 150 °C 200 °C| 250 °C

octylamine X
decylamine X X
dodecylamine X X
hexadecylamine X X X
oleylamine X X X
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Figure 2.1.Experimental apparatus used for the synthesis ob CE¥G.

The reaction mixture was then slowly cooled down to room temperature and 30 mL of ethanol were
added to induce the precipitation of NPs. The resulting suspension was transferre@ mto 5
centrifuge tubes and centrifuged at 8000 rpm for 20 minutes. Then the supernatant was discarded,
and the Ce@NPs were ralispersed in ethanol hE centrifugation step was repeatette to remove

all the unreacted materidinally, CeQ NPs were digersed in chloroform.

The dfferent NPs obtained according to this method are reported in Table 2.3 and Figure 2.2.
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Table 2.3.CeQ NPs synthesized with different capping agents and at different temperatures.

_ Temperaturg
Acronym Capping Agent

- C8@CeQ150  octylamine 150
Cl0@Ce@150 decylamine 150
Cl12@Ce@150 dodecylamine 150
C1l6@Ce@150 hexadecylamine 150
C18@Ce@150 oleylamine 150
Cl10@Ce®@200 oleylamine 200
C12@Ce@200 dodecylamine 200
C1l6@Ce@200 hexadecylamine 200

C18@CeQR200 oleylamine 200
Cl6@Ce@250 hexadecylamine 250
Cl18@Ce@250 oleylamine 250

ABCDEFGHTIJ K

Figure 2.2.CeQ NPs synthesizé C8@Ce®@150A, C10@Ce@150B, C12@Ce®@150C,
Cl16@CeQ@150D, C18@Ce®@150E, C10@Ce®@200F, C12@Ce@200G, C16@Ce®@200H,
C18@CeQ@2001, C16@Ce@250J, C18@Ce@250K.

Ce concentratiomn NP synthesized was determined by {dB in terms of mg/kg concentration.
Consideringa CeQ density of 7.6 g/cfhand the volume of NP core as experimentdiyermined

by TEM images it was possible to estimate the weight of a single NP betfg,ifrresponding to

a NP molecular weight of about 299545.6 g/n©& concentration is converted into NP molar
concentrationand used this value to determine the ratio between NP and functionalizing

molecule$>86
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2.2 Preparation of 3D superlattice systems

2.2.1 Materials

Oleic acid GgH3402 (099% purity), sodium oleate:€H3sNaQ, (99% purity), ethanolq6%vol), and

ethyl ether © 99.8% purity) were purchased from Merck (Germany) and used without further
purification. All aqueous solutions were prepared using dedistdled Milli-Q-water filtered using

0.20 um filters except for samples for neutron and &rgd measurements where® (Merck)

was used.

2.2.2 3D ordered structures protocol

The superlattice formation was induced by the mamulsion method. Thus, the interaction between

the alkyl chains of the capping agent was induced, while the functionalizing molecules had to
encapsulate the entire aggregate to make it stable in water (Figure 2.3). The functionalizing molecules
chosen are oleic acid (OA) and sodium oleate (NaOA), taaiehow the nature of these molecules

could affect the structure of the NP aggregate.

Figure 2.3.Schematic representation of coated €B® superlattice.

Coated Ce@NPsare stored in chloroform, as mentioned above, which has a boiling temperature of

61.2 °C, so it hardly evaporates at room temperature and does not cause changes in suspension
25



concentrationNevertheless, the process of functionalizaticas favored if theorganic solvent is
ethyl ether, which has a boiling temperature of 3%% Hence, to avoid variations in the
concentration of organic suspensionsadted Ce@NPs only before théunctionalizatiora solvent
change was carried out, with the procedwesctibed in the paragraghl.2.

In the case of oleic acid, a specific amount of OA (0.7 mM, in ethyl ether) was added to different
amounts (14, 20, and 50 mM NPs concentrations) of coated Kle©in ethyl ether, then, 10 mL of
bi-distilled water were adatl to every dispersion. The resulting biphasic systems (Figufe 2dre
sonicated with a probe tigonicator for 5 minutes to get monophasic systems (Figurig)2which

were left under stirring overnight, to remove the organic solvent.

Since NaOA issoluble in water, a 0.7 mM water solution of NaOA was added to different amounts
(14, 20, and 50 mM NPs concentrations) of coated (0¢@s dispersed in ethyl ether obtaining
biphasic systems that were subjected to the same procedure described above.

Figure 24. Biphasic systemd, final monophasic systeB.
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Chapter 3

Amines@eO NPs investigating thesynthesis NPs
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To obtain ordered 3D superlattices it is very important that the NPs used as building blocks have a
regular nearly spherical shape, and low polydispersioa To assess if Ce®IPs synthesized by

means of the thermal decomposition method fulfill these requirements, they must be extensively
characterized with different techniques. Namely, the inorganic core of NPs was analyzed by means
of X-Ray Diffraction (XRD), and Xray Photo&ectronic Spectroscopy (XPS) with the aim to assess

the crystalline state and the surface atomic composition, the presence of the organic coating on the
NP surface was verified by means of Infrared (IR) spectroscopy; Transmission Electron Microscopy
(TEM) and Dynamic Light Scattering (DLS) measurements were performed to study the shape and
size of coated NPs. Finally, optical properties of coated.GH& were analyzed by means of UV

Visible, and photoluminescence spectroscopy.

3.1 Inorganic core

With the aim at assessing the crystalline state of £80s XRD measurements were performed,
while XPS spectroscopy was employed to determine the concentration of the different species on NP
surface and in particular the Tk e ratio. XPS analysis was carriedtat CEALeti Research and
Technology Institute in Grenoble (France) as part of the European project NFFA (ID070) for the

development of nanoscience.

3.1.1. Crystalline structure

All NPs synthesized were crystalline as demonstrated by XRD analysiXRDeatterns of Ce®
NPs prepared with octylamine at 150 °C (C8@gd®B0), and with oleylamine at 150 °C
(C18@Ce@150) or at 250 °C (C18@Ce@50) are shown in Figure 3.1, for example.

28



Intensity / a.u.

C18@CeO, 250

C18@CeO, 150

C8@CeO, 150

10 20 30 40 50 60

20/ deg

Figure 3.1.XRD patterns of C8@Ce150, C18@Ce@150, and C18@Ce250.

The values of the diffraction angl2 §@fand Miller indices ikl) of the peaks observed in the profile
of Figure 3.1 are listenad Table 3.1. These patterns show the typical peaks of a face centered cubic
structure (JCPDS 36451).878° The broad halo a2 dvalues of less than 28° could be due to the

presence of the organic coatiog the surface of CeNPs.

Table 3.1.Experimental values of the diffraction angl@sddegs) and corresponding Miller indices

(hkl) of diffraction peaks observed in the patterns reported in Figure 3.1.

Sample (111) (200) (220) (311) (222)
C8@CeQ150 28.31° 32.98° 47.20° 56.18° 58.92°
C18@CeQ@150 28.31° 32.83° 47.20° 56.18° 58.92°
C18@Ce®@250 28.16° 32.69° 47.20° 56.03° 58.92°
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3.2.2 Chemical composition

The XPS analysis was performed to obtain information on the cheoaicglosition of the surface

of the CeQ NPs, and so to obtain the T&e* ratio. The survey spectra of all synthesized £eO

NPs are plotted in Figure 3.2 A, to better highlight the different peaks, spectra separated according to
the synthesis temperatusee reported in panels-B (T= 150 °C Figure 3.2 B, T=200 °C Figure 3.2

C, and T=250 °C Figure 3D).

o C18@Ce0, 250 p 5% -
s Cl6@Ce0,250 2 3 3
£ Cl@Ced: 2 & C18@Ce0, 150
g 2 2
E CI2@Ce0,200 £
' C16@Ce0, 150
I ) C10@Ce0, 200

“L— C18@Ce0, 150
C16@Ce0, 150 C12@Ce0, 150
C12@Ce0, 150
Cl0@Ce0, 150
‘ . C8@Ce0, 150 . .
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3
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Figure 3.2.XPS patterns of C8@Ce@50, C10@Ce&150, C12@Ce©150, C16@Ce©150,
C18@CeQ@150, C10@Ce©200, C12@Ce®200, C16@Ce&200, C18@Ce200, C16@Ce®
250, and C18@Ce50(A), C8@CeQ@150, C10@Ce®150, C12@Ce®150, C16@Ce&150,
and C18@Ce®150(B), C10@CeQ@200 C12@CeQ200, C16@CeQ®200, and C18@Cef200

(C), C16@Ce®@250 and C18@Ce&250(D).

All patterns, reporteth Figure 3.2 B, show the main characteristic peaks oLQ€€3d, Ce4d, and
O 19 as well as carbon (€9 (Multipak software). All NPs synthesized at 200 °C (Figure 3.2 C)
show the Olspeak as well as the & The Ce peakareclearly visible only for NPs synthesized

with shorter chain amines as capping agents (C10 and C12) when long chain amines w&&tused
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and C18) Ce peaks overlap in a single peak. Moreover, for NPs synthesized at 250 °C tie- signal
noise ratio of XPS spectra decreases as observed in Figure 3.2 D. These differences can probably be
due to the depth of sampling. The size of the NPg beatoo small compared to the length of the

capping agent covering them, and this can make analysis difficult.

To quantify the species (Table 3.2) of interest the main peaks were considered. In Figure 3.3 are

reported the Asand Clspeaks.
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=
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Figure 3.3.0 1sXPS spectra of CB@Ce@50, C10@Ce®150, C12@Ce@150, C16@Ce&
150 and C18@Ce®150(A), O 1sXPS spectra of C10@CeQ@00, C12@CeQ200,C16@CeQ
200 and C18@Ce&200(B), O 1sXPS spectra of C16@Ce@50, and C18@Ce&250(C), and

C 1sXPS spectra of CB@Ce@50, C10@CeQ150 C12@Ce@150 C16@CeQ 150
C18@CeQ@150 C10@CeR@200 C12@Ce®Q200, C16@CeQ200, C18@Ce200, C16@Ce®
250, and C18@Ce250(D).

The O1speakis split in two (Figure 3.3 A, B, and C). The first one at about 527sele to the O
atoms bound to Ce ones, and the other, between 529 and 58 H@/to the O atomisound to C

atoms. The relative intensity of the two peaks chafigen one sample to the other. For GaPs
31



synthesized with the shorter chain amines (C8, C10, and C12), the geals@ore intense than

the OC one, the opposite occurs for NPs synthegiwith the longer chain amines (C16, and C18).

The peak at about 286 eV in thel€spectrum (Figure 3.3 DO also more visible for CeNPs
synthesized with shorter alkyl chains than for those obtained using C16 and C18 amines. Moreover,
the other vidile peak in the @sspectrum at about 282 @¥due to the & and GH bonds of the

alkyl chains of the organic coating.

Table 3.2.At omi ¢ concent roat indathacttedfeamCeatratio®is totdl)*and C

obtained from XPS spectra.

Ce O(OCe) O(OC) C

%at %at %at %at
C8@CeQ 150 13+3 24+5 15+3 50%10
Cl0@CeQ@150 18+4 30+6 18+4 357
Cl2@CeQ@150 9+2 20+ 4 12+2 60+12
Cl6@Ce@150 7.4+15 14+3 14+3 65%13
Cl8@Ce®@150 4609 11%2 43+9 428
C10@CeQ@200 17+3 32+6 14+3 377
Cl2@Ce(@200 11+2 24 +5 9+2 5711
Cl6@CeQ@200 * / 53+11 479
C1l8@Ce(@200 * 0.20 £0.04 6.3+1.3 9020
Cl6@Ce®@250 * 0.40 +0.08 7.3+1.4 90+20
Cl18@Ce®@250 * / 23+5 77%15

From the data shown in Table 3.2, it is interesting to note that the concentrationanafCdo not
follow any trend, while the results obtained from the integration of tie eaks agree with the
variations in the relative intensity of the peaks thdwese For samples synthesized with C16 and
C18 as capping agents at 200 or 250 °C (* in Tal®g #he O concentratiors total. For these
samples, itis not possible to quantify the Ce concentration and consequengyinipossible to

discriminate th@xygen bound to cerium and/or carbon.

To determine the G&Ce** ratio it was necessary to integrate the curves of ttedGkown in Figure
3.4.
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Figure 3.4.Ce3d XPS patters of C8@CeQ50, C10@CeQ@150 C12@CeQ150 C16@CeQ
150 and C18@Ce®150(A), C10@CeQ200 C12@Ce?@200 C16@CeQ@200 and C18@Ce®
200(B), C16@Ce®@250, and C18@Ce&250(C).

The spectrum of Ces much more complex than the previous ones. For each componenBdf;Ce

T Ce3ds2doublet, five peaks were used to fit all these contributions, each of them being assigned to
one of the Ce oxidation states fCand Cé") as indicated in Table 3.3. Thied peaksareclearly

visible for C8B@Ce®@150 (black line in Figure 3.4 A), C1L0@Cg@60 (red line in Figure 3.4 A),
Cl2@CeQ@ 150 (blue line in Figure 3.4 A), C18@CgQ@50 (light blue line in Figure 3.4 A),
C10@CeQ@ 200 (green line in Figure 3.4 B), and C12@@200 (dark cyan line in Figure 3.4 B)
samples, for C16@CeQ50 (purple line in Figure 3.4 A) the peak®less visible, but the atomic
concentration has beeretdrmined, for samples C16@GCe@00 (orange line in Figure 3.4 B),
C18@Ce@ 200 (pink line in Figure 3.4 B), C16@CegQ50 (navy line in Figure 3.4 C) and
C18@Ce@250 (violet line in Figure 3.4 C) the signalsenot detectable, and the Ce concentration

has not been determinedgain, this may be due to the depth of sampling.
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Table 3.3.Binding energyof the peakcerium oxidation state, integrated area, anti{/Ce** ratio.

Sample Binding Energy / eV Oxidation State Area / CPS Ce**/Ce'" ratio

898.1 Y 6649

888.7 Y 4563
C8@CeQ150 884.4 I 5215 0.36

882.2 v 5580

880.3 Il 807

898.2 v 8134

888.7 A\ 5749
C10@CeQ@150 884.5 1] 6667 0.35

882.2 A\ 7243

880.1 11 850

898.4 Y 4999

889.0 v 3622
Cl12@CeQ@150 884.4 Il 6078 0.52

882.3 v 3573

879.9 1l 311

898.8 v 3505

889.3 Y 2529
Cl6@CeQ@150 884.6 I 3240 0.42

882.9 A\ 2483

881.7 1l 384

897.5 A% 2925

888.1 Y 1959
C18@CeQ@150 883.2 I 2266 0.37

881.6 A\ 1824

879.7 1l 194

897.8 A 12723

888.5 Y 7654
C10@CeQ@200 884.4 I 14239 0.57

882.0 Y 10570

880.2 Il 3582

897.9 A 8216

888.7 A 4044
C12@CeQ@200 884.8 Il 6912 0.46

882.2 A 7321

880.6 1l 2078

The Cé&*/Cé* ratio varies from 0.35 to 0.57, with a lower value for sample C10@@B®and a

higher value for sample C10@Cg@00. Therefore, focusing on the syntheses performed in the
presence of decylamine (C10), by increasing the synthesis temperaturéieCeatio increases

as well, the opposite occurs for the syntheses carried out in the presence of dodecylamine (C12),
where the ratio was 0.52 and 0.46 at 150 and 200 °C, respectively. On the other hand, keeping the

temperature of synthesis constant to 160the C&'/Cée** ratio was the same for systems synthesized
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in the presence of octylamine (C8,°@€¢&**=0.36) and decylamine (C10, Tke**=0.35), has a
maximum peak for the synthesized system in the presence of dodecylamine (CA2¢'C#.52),

and dereases again for synthesized NPs in the presence of hexadecylamine {/&#6.42)

and oleylamine (C18, G#Ce&*'=0.37). These data show no relationship between the temperature or

the capping agent nature and the ratid"(@=*, at least for the sythesis conditions considered.

3.2 Organic coating
To furtherconfirmthe presence of the organic coating on the NPs surface, whose evidence was clear

from the halo at lov2 dfalues in XRD spectra, and from@and CH signals present in XPS spegtra

IR spectroscopy measurements were perfor(raglre 3.5)
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Figure 3.5.IR spectra of C8@Cef150 C10@CeQ@ 150 C12@Ce@150 Cl6@CeQ®150 and
Cl8@CeQ@150(A), C10@CeQ200 C12@Ce®200 C16@Ce®@200 and C18@Ce&200(B),
Cl6@Ce@250 and C18@Ce&250(C).
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The measurements were carried out in a 4000 cm' range, wher¢he peaks of both the organic
coating and the Cehould bevisible. Indeed, he characteristipeak of Ce@falls at about 460
cm?, ¥ with a second peak at about0rcn. %t

For all systemsrevisible both the peaks of the organic and inorganic parts. The bands at 460 and
720 cm! corresponding to cerium oxidire observed. The wavenumber shift could be due to the
presence of the organic coating. Intense bands in theZBWD cm' region, due to CH stretching,

and 146601500 cm' region, due to Ckbending confirm a significant psence of the organic coating.

It is noteworthy that all the amines used, except oleylamine (C18), are saturated. Therefore, the
presence in alhe spectra of the band corresponding to.®Ending could indicate the capacity of

CeQ to induce unsaturation.

3.3 Morphological and dimensional analyses
The shape and size of CeRPs are important features for formation of ordered 3D superlattices. As
mentioned in Chapter 1, these parameters can be modulated in the synthesis phase, varying, for

example, the gythesis temperature and the length of the alkyl chain of the capping agents.

From an overall observation, through TEM images, of different.(0¢Rs synthesized at three
different temperature and considering amines with different lengths of the alkyl chains as capping
agents, shape, size, and tendency teagfegation strongly depend on these synthesis conditions.
In fact, as the length of trekyl chain and the synthesis temperature increase, the size eINBPsO
decreases as well as the tendency teaggfegation, as shown in Figure 3.6.
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Figure 3.6. TEM image of coated CeO, NPs (scalebar: 50 nm).
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To determine which synthetic conditions, allow monodisperse NPs with a regular and homogeneous
shae to be obtained, a point characterization for all synthesized systems has been performed,
combining TEM and DLS measurements.

TEM images in the first line of the Figure 3.6 show that £Rs synthesized at 150 °C had a greater
tendency to seldggregabn than othergsecond and third lines in Figure 3.8)evertheless, by
assimilating the NPs to spheres, a statistical analysis of the TEM images has been conducted to
determine theiraverage radiuxR>, for example, the Figure 3.7 is shown the TEM image of
Cl8@CeQ@150.

Figure 3.7.TEM image of C18@Ce£150 (scalebar: 20 nm).

CeQ NPs synthesized at 150 °C exhibit irregular morphology. Only C10@C#and C18@CeO
150 samples seem to have a mgeemetric shape, but still irregular. Through a statistical analysis
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of TEM images, the average size of the inorganic core was determined. Results are reported in Figure
3.8.

14-
12

10+

<R>/nm

N ® o o

Cc8 CI:LO CI12 CI16 CI18
Length of capping agent

Figure 3.8.Average size of inorganic cordR> of C8@CeQ 150 (black circlg, C1L0@Ce®@150
(red circlg, C12@Ce®@150 plue circlg, C16@Ce®@150 (purple circlg, and C18@Ce®150
(light blue circlg.

TheC10@CeQ@ 150has a larger average size (~ 10 nm) than thethR> decreases in the case

of synthesis with C8 (~ 6.5 nm), and then becomes constant and equal to about 3.6 nm for system
Cl2@CeQ@ 150 Cl6@CeQ 150, and C18@CeQ@ 150. These results indicate that a moderate
synthesis temperature could be sufficient to allows NPs with a mean radius equal to or less than 10

nm, although with an irregular shape, to be obtained.

To verify whether the tendency to aggregate was an artfabtie preparation of the TEM samples,
which provide for the evaporation of the solvent, DLS measurements have been carried out (Figure
3.9A).
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Figure 3.9.Hydrodynamic radius distribution of C8@Celh0 C10@Ce®@150, C12@Ce&150,
Cl6@CeQ@150, and €8@CeQ 150(A), C10@Ce®200, C12@Ce&200, C16@Ce&200, and
C18@Ce@200(B) in chloroform.

The hydrodynamic radius distributions confirm the tendency teaggifegate also in solution for all

CeQ NPs synthesized at 150 °C, however, the size of the aggregates decreases with the length of the
alkyl chain of the capping agerithe selfaggregation tendenajecreases further with the increase

of the synthesis temperature, as shown by the hydrodymadhics distributions in Figure 3.9 B. This

is evident for all NPs synthesized with the same capping agent, but the stronge# elfffeetved in

the case ofC10@CeQ, with a R, of about 920 and 51 nm for synthesis at 150 and 200 °C,

respectively. This difference is also visible in TEM images, as shown in Figure 3.6.

To determine the average sikR> of the inorganic core for NPs synthesized at 200 °C, a statistical
analysis ofTEM images ¢econd line irFigure 3.6 was carried outi-or example, a TEM image of
C10@Ce@200is shown in Figure 3.10.
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Figure 3.10.TEM image of C10@Ce£f®00 (scalebar: 20 nm).

The morphology observed for these samples is still irregular,namligparticles C18@CeQ00has
a spherical shape. From the statistical analysis of these images, the average size has been determinec

which turns out to be for all NPs between 3 and 4 nm, as shown in Figure 3.11
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Figure 3.11.Average size of inorganic cordR> of C10@CeQ 200 (green squaleC1l2@CeQ@
200 (dark cyan squajeC1l6@Ce®@200 (orange squajeand C18@Cef&P00 (pink squarg

The mean radii of the inorganic core©@16@CeQ@ 250 andC18@CeQ 250 are, insteacdsmaller

than all other sampldthird line in Figure 3.6)In fact, they turn out to be 2.9 and 2.5@16@CeQ

250 andC18@CeQ@250, respectively. Form the TEM images, shown in Figure 3.12, itis also evident
that the shape @18@CeQ 250 NPds sphericalandthe NPs are monodispersed.
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Figure 3.12.TEM images ofC18@CeQ@ 250 (scalebar: 20 nm).

Confirmation that theC18@CeQ@ 250 NPs were monodispersed was obtained through DLS

measurements (Figure 3.13).
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Figure 3.13.Hydrodynamic radius distribution @16@CeQ 250, andC18@CeQ@ 250 in

chloroform.

Hydrodynamic radii show that tH&l6@CeQ 250 system still tends to selfjgregate, while sample
C18@Ce@ 250 is monodispersed in stin. Furthermore, considering th& value and the core
dimension as determined by TEM, a thickness of the coating layer of about 2.5 nm was calculated, in

agreement with oleylamine (C18) length in itsdelhgth extension (2.0 nnj.

From this careful analysis, the best candidateohtaining ordered 3D superlattice in suspension is
C18@Ce@250.

3.4. Optical properties

Among the various properties of CeQPs, the optical properties are a distinctive feature of the
cerium oxide. Thus, an extensive study on the photoluminescetite mdnoparticles prepared was
conducted. Such measures have been carried out al €t Research and Technology Institute in

Grenoble (France) as part of the European project NFFA (ID070) for the development of nanoscience.

By way of example in Figure.B4 the absorption spectrum of C18 system is shown.
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Figure 3.14.UV-Visible spectrum o€18@Ce® 250 in chloroform.

Photoluminescence measurements were performed by energizing all samples with a laser at a
wavelength of 325 nm. Figure 3.15 shows diainedphotoluminescence spect@ganizednto

three panels with respect to the synthesis temperature.
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Figure 3.15.Photoluminescence spectra@@CeQ 150, C10@Ce@150, C12@Ce150,
C1l6@Ce@150, and C18@Ce50(A), C10@Ce®200, C12@Ce200, C16@Ce200, and
C18@Ce®@200(B), C16@Ce®@250, and C18@Ce50(C).

The sampletiavea wide emission bahin the 356800 nm range. lis evident that th€16@CeQ

200 C18@Ce@ 200 Cl6@Ce@ 250 and C18@CeQ@ 250 samples exhibit the highest
photoluminescence intensity (in the order of &unts). Moreover, in the case of the synthesis
performed at 200 °C, the intensity increases as the length of the alkyl chain of the capping agent
increases, while the oppositeanirs in the case of the synthesis at 250 °C. However, while the NPs
synthesized with C16 at two temperatures exhibit a photoluminescence maximum at 525 nm, for
CeQ NPs synthesized with C18 the maximum peaks shift from 562 to 522 nm, for 200 and 250 °C,
respectively. This blue shift is typical of semiconductor nanoparticles when the size decreases and

the diameter is less than 10 Ah{4

However, the other systems also have a slight pliotiolescence, as visible in zoomed spectra

reported in Figure 3.16.
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Figure 3.16.Photoluminescence spectra@@CeQ 150, C10@Ce@150, C12@Ce150,

Intensity /counts

700 4
600 4
500 -
400 -
3004

200 o

100 4 C12@Ce0, 200
ol C10@Ce0, 200
350 400 450 500 550 600 650 700 750 S00 850 900

A/mm

C16@CeQ@150, and C18@Ce150(A), C10@CeQ@200, C12@Ce&200(B).

Considering all NPs synthesized at 150 °C (Figure 3.16 A), also in this case, as the size of the

inorganic core decreases, there is a blue shift. This trend is not observed for &0 EESe@ 200
and C12@CeQ 200, probably due to the phenomenon of sgifregation, which leads to the

formation of disordered aggregates.

This characterization demonstrated how it is possible to modulate the shape, size, and tendency to
selfaggregation of Ce£NPs by varying the synthesis temperature and the length of the alkyl chain
of the capping agent. Furthermore, a correlation has been shown between the maximum

photoluminescence peak and the size of the inorganic core, at least fG18@CeQ 250

monodigperse and spherical system.
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Chapter 4

Ordered vs disordered coated Ce€dperlattices

48



In this chapter, the results obtained from the-asffembly of coated Ce®Ps will be presented and
discussed. The se#fssembly, as described in Chapter 2, is realized without removing the first organic
layer from the surface of the NPs. Two functionalizing molecules, oleic acid (OA), and sodium oleate
(NaOA) were used for thipurpose. From the results obtained from the characterization of the
synthesized NPs, which show the presence of large aggregates for the systems synthesized at 150 °C

it was chosen to functionalize the NP synthesized at 200 and 250 °C.

The resulting sperlattices were characterized by Small Anglea){ Scattering (SAXS), cryogenic
Transmission Electron Microscopy (cAi&M), Transmission Electron Microscopy (TEM),
Dynamic Light Scattering (DLS), and Small Angle Neutron Scattering (SANS). SAXS anabsis w
performed at the beamline B21 of the Diamond Light Source (Didcot, UK). SANS measurements
were carried out at the KWS instrument, and cry®EM images were acquired at Heinz Maier

Leibnitz Source (Garching, Germany).

In addition, the experimental potél, obtained by imposing the experimental distance between two
neighboring NPs, was compared with the minimum potential calculated by considering the different

contributions of the interactions, as described by the XDLVO theory presented in Chapter 1.

4.1 OA-Amine@CeO: NP superlattice

Amine-coated Ce@NPs have all been functionalized with oleic acid (OA), which is one of the most

widely used molecules for the synthesis and the functionalization of metal oxide nanopariicles.

In the following paragraphs, éheffect of the length of the alkyl chain of the capping agent, the size
of the inorganic core, and the ratio between the concentration of the nanoparticle suspensions and the

functionalizing molecule on the NP s@lésembly process is presented.

4.1.1 Efect of the length of the alkyl chain of the capping agent
To study the effect of the alkyl chain of the capping agent on the NRssalmbly process, all
suspensions of coated CelPs at a concentration of 50 mM have been functionalized with the same

amount of OA, to have a NPs:OA ratio 70:1 mol:mol.

The functionalization with OA leads in all the cases to the formation of aggregates in an agueous
suspensionTo determine the morplhogy of these aggregates, SAXS and €M measurements

were conductedl'he SAXS patterns of OL£10@Ce@ 200, OAC12@Ce@ 200, OAC16@CeQ

200, and OAC18@CeQ@200are shown irFigure 4.1.
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Figure 4.1.SAXS patterns of OAC10@Ce 200, OAC12@CeQ200, OAC16@CeR@200, and
OA-C18@CeQ@200 inH20.

The slope at lov@ values of all SAXS curves indicates the presence of NP aggregates. Furthermore,
the curves of OAC10@CeQ@ 200 and OAC12@CeQ®@ 200 systems are similar, however, the
presence of peaks is visible for @A6@CeQ@ 200 and OAC18@Ce(® 200 systems.

To better aidy the coated Cerganizationin all the cases thierm factor of a sphere has been

subtracted.
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Figure 4.2. SAXS pattern of OAC10@CeQ@200in H20 (A), cryoTEM image of OA
C1l0@Ce®@200in D20 (scalebar:100 nm(B), SAXS pattern oOA-C12@CeQ200H20 (C), and
cryo-TEM of OA-C12@Ce@200D20 (scalebar: 80 nm(D).

The SAXS curve of OAC10@CeQ 200 present a slope @3 (Figure 4.2 A), typical of NP
aggregate®® They are also visible from the csKEM image from which an average distan
between two NPs of about 6 nm (shown by the red line in Figure 4.2 B) is determined. Also; for OA
Cl2@Ce@200 sample disordered aggregatesvisible, although subtracting from SAXS data the
form factor of a sphere, in this case, a psahown at avalue of scattering vect@ of about 0.08
(Figure 42 C), corresponding to an average distance between NPs of about 7.8, value in accordance
with that determined by the statistical analysis of €Ff#M imaged=7+2 nm, shown by the red line
in Figure 42 D.
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The same analysis was performed for-OA6@CeQ@200 sample, SAXS curve and ciy&M image

are shown in Figure &.
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Figure 4.3.SAXS patterrin H20 (A), and cryeTEM imagein D-O (scalebar: 80 nm(B) of OA-
Cl6@CeQ@200

As for OA-C12@CeQ 200, the SAXS pattern of CE16@CeQ 200 (Figure 4.3 A) also presant

after subtracting the sphere from factor, a peak at about 0-0&#&esponding to a distance between
NPs of 7.8 nm. This valuis in accordance with that obtained from the statitamalysis of cryo

TEM images (Figure 4.3 B)l=7.2+1.2 nm. Interestingly, in other areas of the grid analyzed by means
of cryo-TEM thereareregions where clusters of NPs seem to assume an ordered arrangement (red
squares in Figure 4.4 A, B, and C). They coexist with single NPs (Figure 4.4 D). Through DLS
analysis the dimension of the aggregates was determied,/0+40 nm, in agreement with

aggregates formed through the miemmulsion method®
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Figure 4.4.Cryo-TEM image of OAC16@CeQ@ 200 in different zone of grid analyzed, scalebar:
200 nm(A), scalebar: 80 nr{B), scalebar: 80 nfC), and scalebar: 30 n(®) in D20O.

These results show that t0&-C16@CeQ@200 samplés very heterogeneous, with coexisting single

NPs, disordered and ordered aggregates in suspension.

SAXS curve and cryd EM image of OAC18@Ce@ 200 are shown in Figure 4.5.
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Figure 4.5.SAXS patterrin H2O with Q/Qx ratio (A), and cryeTEM imageD-0 (scalebar:80 nm)
(B) of OA-C18@Ce®200.

The analysis of SAXS patter dDA-C18@CeQ 250 reveled Bragg reflections (Table 4.1)
comparable to both a face centered cubic (FCC) and a-Rasper with a hexagonal unit cell (C14
FK) phase, as can be seen from the comparison between the experimenf@@datad those present

in the literature for the two phases, FCC and C14 FK (Tabl¢%.1)

Table 4.1.Comparison between the experimental value®AafC18@CeQ 200 sample obtained
from SAXS analysis anthe theoretical values 61CC and C14 FK structuré®

OA-C18@CeQ@20C FCC ‘C14 FK

Q

QO [Q/Quhkio/Qhid
0.06 1 1 111 1 10C
0.07  1.17 |1.1520(01.14101
0.12 2 2 224 2 20C
0.20  3.33 |3.2644(3.32205

However, the SAXS curve shape, and the analysis of theTdE images, from which a distance

of about 7.9 nm, and an angle of about 90° from two neighboring NPs are dareradre consistent
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