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Abstract

Combining inorganic-organic phases on the nanometer range lead to nanocomposites
with fascinating new properties. As nature uses this principle for millions of years,
recent research adopts this to produce materials with enhanced optical, mechanical
or magnetic properties.

One first important step was the characterization of the nanoparticles size and
shape, as these parameters have a high influence on the structural and mechanical
properties of the nanocomposites. Then, the capping agent molecules were varied in
their components, the spacer length and the end group, to enhance the dispersion
of the surface-functionalized nanoparticles within a polymer matrix. However, the
crucial part was the investigation of the interaction and control of the interface
between particles and polymer.

The size and size distribution of spherical, amorphous SiOy and crystalline, ir-
regularly shaped ZrO,, were determined by five different experimental methods to
obtain the “true” size of the particles. The shape also plays a crucial role for the
arrangement of the capping agent molecules attached to the nanoparticle’s surface:
It could be proven that alkyl chains formed self assembled monolayers on the sur-
face of the crystal-faceted ZrO,, which furthermore controlled the agglomeration of
the nanoparticles due to a “zipper” effect with a neighboring particle. The ordering
was continually disturbed by co-capping agents, investigated by the spectroscopic
method FT-IR and correlated with the decrease of the tendency to agglomerate
measured by the structural method SAXS.

Controlling the components of the capping agent allowed to investigate the com-
plex interplay of nanofiller, surface-functionalization and polymer matrix and there-
fore to find an optimized system of nanocomposites with a homogeneous distribution
of the nanoparticles. The addition of polymerizable end groups led to enhanced dis-
persion of SiOs in thermoplasts such as polystyrene and PMMA, whereas ZrO,
modified with physically acting diethylene glycol chains exhibited a homogeneous
dispersion in crosslinked polymers such as epoxy resin.

Surprisingly, structural measurements of a natural composite by folding one single
protein, feather keratin, revealed a comparable structural control on the nanome-
ter level: A long, flexible C-terminus, a crystalline [S-core and a probably stiff N-
terminus link the molecule to optimize mechanical properties. SAXS experiments re-
vealed the stable structure of the keratin along the whole feather length and in— situ
experiments under load enabled a revised model of the keratin.
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Zusammenfassung

Die Kombination anorganischer und organischer Phasen im Nanometerbereich fiihrt
zu Nanokompositen mit faszinierenden, neuen Eigenschaften. Die Natur nutzt dieses
Prinzip bereits seit Millionen von Jahren, wihrend die Forschung seit kurzem eben-
falls versucht, Materialien mit verbesserten optischen, mechanischen oder magnetis-
chen Eigenschaften herzustellen.

Ein erster wichtiger Schritt war die Charakterisierung der Nanopartikelgrofe und
-form, da diese Parameter einen grofen Einfluss auf die strukturellen und mecha-
nischen Eigenschaften der Nanokomposite haben. Danach wurden die Oberflachen-
molekiile in ihren Bestandteilen beziiglich der Linge und der Endgruppe variiert,
um die Verteilung der oberflichenmodifizierten Nanopartikel im Polymer zu erhohen.
Der entscheidende Teil der Arbeit war jedoch die Untersuchung der Wechselwirkun-
gen und der Kontrolle der Grenzfliche zwischen Partikel und Polymer.

Die Grofe und Verteilungsbreite der sphérischen, amorphen SiOs und kristalli-
nen, anisotropen ZrQO, wurden mittels fiinf verschiedener experimenteller Metho-
den bestimmt, um die “wahre” Grofe der Partikel zu ermitteln. Die Form hatte
ebenfalls einen Einfluss auf die Oberflichenmolekiile, welche an der Partikelober-
flache befestigt wurden: Es konnte nachgewiesen werden, dass sich Alkylketten als
selbstanordnende Monoschichten an der Oberfliche der kristallinen ZrOs bilden,
was wiederum dazu fiihrt, dass sich Nanopartikel aufgrund eines "Reifsverschluss"-
Effekts mit einem Nachbarpartikel zu Agglomerationen formen. Die Ordnung kon-
nte kontinuierlich durch Co-Oberflichenmolekiile gestort werden, was mittels der
spektroskopischen Methode FT-IR untersucht und mit dem Ansteigen der Agglom-
eration, gemessen mittels der strukturellen Methode SAXS, korreliert wurde.

Die Komponenten der Oberflichenmolekiile zu kontrollieren, erlaubte die Unter-
suchung des komplexen Zusammenspiels zwischen Nanopartikel, Oberflachenfunk-
tionalisierung und Polymer und damit ein optimiertes System eines Nanokomposits
mit homogen verteilten Nanopartikel zu entwickeln. Die Hinzugabe polymerisier-
barer Endgruppen fiihrt zu einer verbesserten Verteilung der SiO, in Thermoplas-
ten wie Polystyrol und PMMA, wihrend mit physikalisch agierenden Diethyleng-
lykolketten modifizierte ZrOs in quervernetzenden Polymeren wie Epoxidharz ho-
mogen verteilt waren.

Uberraschenderweise enthiillten strukturelle Messungen eines Verbundwerkstoffes
aus der Natur, entstanden durch die Faltung eines einzigen Proteins, dem Fed-
erkeratin, eine vergleichbare strukturelle Kontrolle auf der Nanometerebene: Ein
langer, flexibler C-Terminus, ein kristalliner 5-Kern und ein wahrscheinlich steifer
N-Terminus verbinden einzelne Molekiile, um die mechanischen Eigenschaften zu
optimieren. SAXS Experimente enthiillten die stabile Struktur des Keratins ent-
lang der gesamten Feder und in-situ Experimente unter Belastung erméglichten ein
modifiziertes Modell des Keratins.
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1 Introduction

1.1 Outline

The introduction gives an overview on the two main classes of investigated mate-
rials, the polymer nanocomposites as a material for technical applications and the
biological material peacock feather. For the polymer nanocomposites, the effect of
the surface-functionalization of the nanoparticles on the structural properties of the
composite is investigated and optimized. For the biological material, nature already
had millions of years of evolution to optimize the structure and uses different or
even similar strategies in structuring biomaterials by simple proteins or complex
hierarchical levels.

The experimental methods used in this work and their theory can be found in
chapter 2. Small-angle X-ray scattering (SAXS) is mainly used for the characteri-
zation of the materials, as this technique is perfectly suited to investigate structures
in the nanometer range, such as the polymer nanocomposites as well as the feather
keratin. Additionally, several techniques such as transmission and scanning electron
microscopy, dynamic light scattering and others, are introduced as they were used
as complimentary methods to support the conclusions derived from SAXS.

The chapters 3 and 4 cover the investigations of nanoparticles in detail. Both
types of nanoparticles, silica and zirconia, are characterized in chapter 3 by five
different experimental techniques with the aim to investigate the effect of the inter-
particle interaction on the size determination and therefore to determine the “true”
size of the nanoparticles. Thereby, the advantages and disadvantages of these five
methods are discussed in detail. This chapter is based on the publication Pabisch et.
al., Chemical Physics Letters [S1]. In chapter 4, different surface-functionalizations
of zirconia nanoparticles were developed, which led to self assembled monolayers
(SAM). The order of the alkyl chains, measured by Fourier transform infrared spec-
troscopy, could be perfectly correlated to the agglomeration behavior of the whole
nanoparticles, measured by SAXS. This study is based on the publication of Feicht-
enschlager et. al., Langmuir (in print) [S2].

In chapter 5, the surface-functionalized nanoparticles are incorporated in three
different polymer matrices: polystyrene (PS), poly(methyl methacrylate) (PMMA)
and epoxy resin and mainly characterized by small-angle X-ray scattering and trans-
mission electron microscopy. The influence of the surface-functionalization on the
dispersion of the nanoparticles in the polymer matrix is discussed in detail (chap-
ters 5.1 and 5.3) as well as selected results from mechanical and thermomechanical
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investigations of some of these systems are presented (chapters 5.2 and 5.4). The
last part of this chapter, 5.4, which describes the effect of the surface-functionalized
nanoparticles on the bulk properties of epoxy resin, is already published (Sajjad et.
al., Polymer International [S3]).

The structure of feather keratin is discussed in chapter 6. This protein can be
divided into three parts, the N-terminus, the hydrophobic core and the C-terminus,
but only the hydrophobic core is visible in SAXS patterns due to its crystalline
structure. This is similar to the nanoparticles used with capping agent molecules on
the surface being nearly invisible in the X-ray due to their low scattering contrast. A
scan along the whole length revealed the stable structure of the feather keratin. To
find a revised model of this protein including N- and C-termini, tension, compression
and rotation tests were carried out. The first part of this chapter, 6.1, is theme of
the paper Pabisch et. al. in Journal of Structural Biology [S4].

Chapter 7 summerizes the investigations and results for the technical material,
the polymer nanocomposites, and the biological material, the avian feather. The
final conclusions of this work complete the last chapter.

1.2 Inorganic-organic nanocomposites

Traditional materials such as metals, ceramics or polymers can be more and more
substituted by novel composites with superior physical properties. Such novel ma-
terials can fulfill similar duties as the traditional ones, but comprise additional func-
tionalities like optical, electronic or magnetic properties. A well-known example
for the need of these novel material class is the replacement of heavy weight ma-
terials by novel light systems and therefore a reduction of the rather high energy
consume in transportation industry (e.g. airplanes) [1]. Here, the promising class
of inorganic-organic nanocomposites comes into play, which incorporates inorganic
building nanoblocks in an organic matrix [2, 3]. The reasons for the recent increasing
interest in polymer nanocomposites can be summarized as follows [4]:

1. In the most cases, nanofillers have properties which are different from the
bulk properties of the same material. This effect allows to design polymer
composites with unique properties.

2. Nanofillers can be seen as small defects compared to micrometer-scale fillers,
which are similar in size to the critical crack size causing early failure [5].
On the contrary, the smaller nanofillers can prevent early failure leading to
materials with enhanced toughness and ductility [6].

3. Nanocomposites have a large matrix volume, which interacts with the nanopar-
ticles and differs from the pure bulk polymer. The interfacial region between
nanofillers and polymer chains can strongly influence thermal, mechanical and
electrical properties of the composite.
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According to the last point, the main characteristic of polymer nanocomposites
is the small size and therefore the huge interfacial area of nanofillers in nanocom-
posites. It therefore provides an opportunity for the development of multifunctional
composites with interesting properties. Transparent conduction polymer composites
containing nanotubes are of high interest for the use as solar cell electrodes [7] as well
as hybrid materials for protective or decorative coatings for widespread applications
in painting industry, weather-resistant and scratch-resistant coatings [3]. Further
examples are the use of inorganic-organic hybrid materials as filling composites in
dental applications [3, 8] or for microelectronics and micro-optics [3].

While there are techniques to tailor the surface chemistry and structure of the
nanoparticles, the influence of the nanofillers on the morphology, dynamics and
properties of the surrounding polymer chains is still difficult to predict, even for
complex computer simulations such as molecular dynamics or Monte Carlo sim-
ulations. This uncertainty is one of the great challenges in developing polymer
nanocomposites for advanced technology applications [4]. An assumption for im-
proved inorganic-organic nanocomposites is the need of a homogeneous dispersion
of the nanofillers in the polymer matrix. This can be difficult due to the incom-
patibility of the different compounds. Therefore, chemical surface tailoring of the
nanoobjects is necessary to enhance the dispersion and to obtain a highly homoge-
neous material. The nanofillers can basically interact in two different ways with the
surrounding polymer matrix: physically or chemically (Figure 1.1) [9]. Figure 1.1a
is an example for only physical interaction between the inorganic and organic com-
pounds, which leads to different final materials properties in contrast to a strong
chemical interaction between the compounds by covalent bonds as sketched in Fig-
ure 1.1b.

Figure 1.1: Inorganic nanoparticles (colored as light grey (left) and black (right))
are embedded in an organic polymer (grey chain). a) only physical in-
teraction is present between the nanoparticle and the polymer chain, b)
chemical interaction is given between the compounds via covalent bonds

[9]-
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Coupling agent molecules are used for the chemical surface tailoring of nanofillers,
which consist of an anchor group, an inert spacer and an end group as shown in
Figure 1.2. The anchor group allows to stabilize the attachment of the organic moiety
of this molecule to an inorganic surface. Examples for typical anchor groups and
their corresponding substrates are alkoxy- and chloro silanes for SiOy (Figure 1.3,
left) [10, 11, 12, 13|, phosphonic acids for TiO, ZrOs (Figure 1.3, right) or Y503
[14, 15|, carboxylic acids for Al,Os3 [16] or sulfonic acids for SiOy or Fe,O3 [17] to
name only the most common ones. The variety of anchor groups allows to control the
strength of interaction to the surface of various inorganic compounds. The end group
can be chemically inert or functional, which allows further chemical reactions [18].
For example, polymerizable end groups allow a covalent linkage between nanofiller
and polymer chain and promote interfacial adhesion. The spacer between anchor-
and end group can be varied in length to increase the compatability of the inorganic,
in many cases hydrophilic, surface from oxide nanoparticles with hydrophobic media
such as solvents or polymers. In many cases, alkyl chains are applied as the organic
moiety for coupling agents.

functional group
\
<

inert spacer

A

I\

y
\\ _~~ anchor group

Figure 1.2: Scheme of a coupling agent molecule.

MeO. -

,§| R

Figure 1.3: Anchor groups of trimethoxysilane for SiOy (left) and phosphonic acid
for ZrO, (right).

1.3 Biological composites and biopolymers

Composite technology is also well-known in nature, as e.g. wood and bones are fa-
mous representatives of this materials class. These two biological materials possess
the ability to adapt to possible changes in combination with the property of re-
sponsive behavior to their environment [19]. In summary, materials used by nature
are limited in the availability of their constituents and their physical environment
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during growth [20]|, which therefore also limits the number of adequate materials
used by nature. Biopolymers, in many cases protein- and sugar-based polymers,
several minerals and ions, or various crosslinking agents belong to nature’s reper-
toire. Despite these limitations, biological materials possess a high variability in
their properties: As example, toughness and stiffness are presented in Figure 1.4
[21], which are the result from various combination of biopolymers and minerals to
form a composite material. Even if the constituents are entirely different, as it is the
case for a number of materials such as cell walls, bone or keratin, both toughness
and stiffness are high. This effect can be obtained through arranging or structuring
the constituents at many hierarchical levels rather than chemical composition [22].

The biocomposites wood and bones are perfect examples for hierarchical struc-
tures in nature, from the molecular level to the tissue level. Wood starts with 2.5
nm thick cellulose microfibrils at the nanolevel, which are embeddded in a matrix
of hemicellulose and lignin. This is the basic material of the cell wall, which is built
up of several different layers.

In the case of bones, such as a human femur, this composite material consists
on the nanoscopic scale of an organic phase, an inorganic mineral phase and water.
The organic phase is built up of a protein in the form of a triple helix, the collagen
type I, which is arranged in an aligned and staggered way and stabilized by covalent
cross-linking between the collagen molecules [19]. The inorganic mineral phase,
carbonated hydroxyapatite, is found in the form of platelets. In combination with
the collagen, it builds up the mineralized collagen fibrils, which are glued together
with a non-collagenous protein and proteoglycans.

But in nature, further hierarchical structures are used to fulfill a variety of dif-
ferent functions: Biopolymers [23]. Thereby, several building blocks (monomers)
are provided as basis of biopolymers, which can be nucleotides, sugar and amino
acids as shown in Figure 1.5. A well-known and well defined example of a linear
biopolymer is DNA, built up by four individual nucleotides. One of the most ver-
satile representatives of biopolymers are proteins, which are commonly composed
of 20 different naturally occuring amino acids. Their specific arrangement allows
to construct myriad of different proteins with unique properties. As proteins are
poly(amino acid) chains, their amino acid sequence is known as primary structure
(Figure 1.6) [23]. The local spatial arrangement of the polypeptide chains describes
the secondary structure, which are a-helices and [-sheets in the most cases. The
3D arrangement of these secondary structures is defined as tertiary structure. In
some cases, the assembly of individual proteins in supramolecular proteins leads to
the quarternary structure.

For example, the well-known protein fiber collagen is a major component of skin,
tendon and bone as mentioned above. Mammals have about 19 collagen varieties
found in different tissues in the same individual. The mechanical properties of the
materials are a direct consequence of collagen-content and -arrangement within the
scaffold [24]. A further hierarchically structured protein, found almost exclusively
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BIOPOLYMER / MATERIAL

APPEARANCE / EXAMPLE

Nucleic acid
monomer: nucleotide

Polysaccharides
monomer:sugar

Proteins
monomer:amino acid

DNA
genetic information

Cellulose
cell walls of plants

Protein Fibers
tendon, hair, silk

Fibrous Proteins

Collagen

Keratin

Fibroin, Spidroin

Skin, Cartilage, Tendon
higher organisms

Hair
higher organisms

Silk
insects, spiders

Figure 1.5: Common biopolymers and their appearence in nature as well as selected

fibrous proteins [23].

/7™, side chain

>»>

I—-

primary structure secondary structure

tertiary structure

quaternary structure

Figure 1.6: The hierarchical structure of proteins: Sequence of amino acid residues

(responsible for subsequent folding processes) defines primary structure,
local conformations such as a-helix or 5-sheets are described by the sec-
ondary structure, the spatial 3D arrangement of an individual protein is
its tertiary structure and the interaction of several proteins its quater-
nary structure (functional multimers) [23].
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in mammals, is the proteinaceous fiber hair, where the helical protein keratin is the
main component. As the a-form of the keratin is mainly found in mammals, where
about 30 keratin variants expressed in a tissue-specific manner exist, the S-form can
be seen as dominant secondary structure in the hard keratins of birds and reptiles
[25, 26]. It is still debated whether a- and p-keratins are historically related or
similar in structure and function. Their basic chemistry is similar, although the
mechanisms differs and furthermore, S-keratins are smaller than a-keratins [27].

Protein secondary structure consists of the regular polypeptide folding patterns
such as helices, sheets and turns [28]. The main chain of a protein, the backbone,
includes the atoms that contribute to the peptide bonds, ignoring the side chains
of the amino acids. The a-helix is right-handed and the arrangement of the back-
bone atoms, carbon, nitrogen, oxygen and hydrogen, results in a strong hydrogen
bond as shown in Figure 1.7. Amino acid side chains are arranged around the back-
bone, projecting away from the helix, and thereby avoid steric interference with
the polypeptide backbone and among themselves. The core of the helix is tightly
packed, so that its atoms are in van der Waals contact. The a-helix, presented
in Figure 1.7, is an example for this structure and explains a segment of sperm
whale myoglobin. A further protein secondary structure, the -sheet, also uses the
full hydrogon-bonding capacity of the polypeptide backbone, however the hydro-
gen bonding occurs between neighboring polypeptide chains rather than within one
polypeptide chain compared to an a-helix. Sheets can be found in two varities: the
antiparallel S-sheet, where neighboring hydrogen-bonded polypeptide chains run in
opposite direction, and the parallel sheet, where the hydrogen-bonded chains run in
the same direction [28]. Figure 1.7 shows a six stranded antiparallel S-sheet from
the jack bean protein concanavalin A.

Figure 1.7: Space-filling models of an a-helix (left) and a S-sheet (right). The back-
bone atoms are colored with carbon in green, nitrogen in blue, oxygen
in red and hydrogen in white. The side chains of the a-helix are yellow,
whereas the R groups of the -sheets are purple [28].

Historically, proteins have been classified as fibrous or globular, which depended
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on their morphology. Fibrous proteins are characterize to often have a protective,
connective or supportive role in living organisms. The already discussed collagen
and keratin are highly elongated molecules, whose shapes are often presented by
a single type of secondary structure. The springiness of hair and wool fibers is a
consequence of the coiled coil arrangement of the a-keratin, as it tends to recover
its original conformation after being untwisted by stretching [28].

Avian feathers are build up by a subclass of p-keratin, while avian claws and
beaks are composed of another subclass, which is slightly larger than in feathers
[27].  Although several studies were made about the structure of feather keratin
[25, 29|, the accurate arrangement of the keratin protein is still unknown.

1.4 Aim of this work

The aim of this work is to reveal the important role of a specific surface-functionali-
zation to link a hard and a soft phase for mechanical and structural properties, both
in technical composites such as polymers with nanoparticles or biological materials
such as feather keratin.

For polymer nanocomposites, the characterization of the inorganic nanofillers
shape and size is crucial, as these parameters play an important role in the com-
posite system: Slight differences in size or shape can cause large differences in the
structural or mechanical properties. After characterizing these parameters, the at-
tention is turned to the surface-functionalization of the nanoparticles, especially the
important role of the spacer length and the influence of polymerizable groups on the
dispersion of the particles in different polymer matrices. The focus is therefore laid
on the effect of different surface-functionalizations of nanoparticles on the structure
of the polymer nanocomposites.

Additionally, mechanical and thermomechanical properties are determined to cor-
relate them to the structure of the nanocomposites, which is proven by hardness
tests and by the increase of the glass transition temperature.

For comparison with the insights obtained from the inorganic-organic nanocom-
posites, feather keratin with its crystalline hydrophobic core and its amorphous ter-
mini is characterized along the whole feather length by small-angle X-ray scattering
to investigate the stability of the structure. The question has to be answered how
the termini influence the structural and mechanical properties of the avian feather.
Therefore, additional in — situ experiments, tension and compression experiments as
well as a rotation experiment, allow to define a revised model of the arrangement of
the basic molecule to form an endless fiber in axial and different hierarchical levels
in lateral direction.






2 Experimental section

Basic concepts of the experimental methods important for the work and their theo-
retical background are discussed in this chapter. Further, additional details to the
methods and mathematical models for the respective material can be found in the
chapters 3-6.

2.1 Wide angle X-ray diffraction

Structural analysis is based on diffraction techniques with X-rays, electrons and
neutrons. In this work, it is focused on X-ray diffraction. Diffraction is produced
by the interference of waves scattered by the periodic crystal and depends on the
wavelength and the crystal structure. To determine the parameters of periodic
lattices, two complementary theories can be used. The Bragg condition indicates
that a maximum of intensity is achieved if every electron of the lattice plane becomes
a source of a scattered wave and if the scattered waves positively interfere. Figure 2.1
shows a schematic drawing of the Bragg law, where the incident angle 6 is consistent
with the integer multiple of the path difference between the two beams [30].

Figure 2.1: Scheme of the Bragg-reflection on the lattice plane [31].

From this follows Bragg’s law
2d-sinf=m- A\ (2.1)

with the lattice parameter d, the wave length A\ and the integer number m. The
Laue theory is independent of the imagination of lattice planes. In pursuance of

11
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this theory the crystal is built up by identical microscopical objects like atoms or
molecules, where the incident X-ray beam is scattered at these objects. Peaks are
expected in certain directions and at constructively wavelengths, when the reflected
waves of all lattice points interfere constructive. The condition for the constructive
interference is derived by Laue and formulated as [31]:

7 (k— ko) = 2rm (2.2)

where ¢ is the reciprocal lattice vector. Thereby, the difference between incident
beam ko and reflected beam k in Eq. 2.2, Ak, is equal a vector of the reciprocal
lattice ¢’ (Eq. 2.3).

k—ky=Ak=¢q (2.3)
This scattering condition is sketched in Figure 2.2 to illustrate the momentum trans-

fer between photon and lattice, if the reciprocal lattice vector ¢'is equal the difference
of incident ko and reflected beam £ [31].

Figure 2.2: Momentum transfer between photon and lattice, if the scattering condi-
tion Ak=k-ko=q is fulfilled.

X-ray crystallography enables the determination of the arrangement of atoms
within a crystal. In the case of powder X-ray diffraction (pXRD), the structural
characterization of the powder sample is possible by the analysis of the angles and
intensities of the diffracted beams. Usually, the diffracted intensity I is presented
as function of the scattering angle 260 or scattering vector ¢ [32, 33]. To obtain the
crystal structure of a material, the data function can be refined by the Rietveld
method!, where a theoretical diffraction pattern is generated to compare it with the
observed data [34]. The height, width and position of the reflections gives informa-
tion about several aspects of the materials structure. One example for a possible
information obtained by the reflection is the crystallite size d as the diffracted beam

!The Rietveld method uses a least squares approach to refine a theoretical line profil to match
the observed data.
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2.2 Small angle X-ray scattering (SAXS)

is broadened when the particle size is small. Therefore, the correlation of the size d
of crystallites with the peak broadening is given by the Scherrer equation [35]:
A
B cost

A is the wavelength of the X-rays, # the Bragg angle and [ the calibrated breadth
of a diffraction peak at half-maximum intensity, while 0.9 corresponds to the shape
factor [32].

Diffraction contrast, using the Bragg condition, is also used in electron micro-
scopes as a powerful tool e. g. for examining local strain fields in crystals.

d=10.9

(2.4)

2.2 Small angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a powerful method to characterize the struc-
ture of materials at the nanoscale. It finds many applications in chemistry, [36]
materials science, [37] or biology [38]. To detect larger lattice spacings, of the order
of tens or hundreds of interatomic lattice distances, which is much larger compared
to the X-ray wavelength, e. g. the CuK,-line with A = 0.1542 nm, the angular
range of the observable scattering has to be very small. As the scattering process
is characterized by a reciprocity law, one obtains an inverse relationship between
size and scattering angle [39]. The scattered intensity from the sample is typically
measured in transmission as sketched in Figure 2.3, however, measuring the reflected
intensity is also possible in GISAXS geometry, where the sample is almost parallel
to the X-ray beam.

X-ray beam 1 diffraction image

at 2D detector

Figure 2.3: Scheme of a small-angle X-ray scattering experiment with a biomaterial
in transmission.

SAXS pattern are typically presented as a function of the scattering intensity in

dependence on the scattering vector
47

| ¢ |= Tsine (2.5)
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2 Experimental section

with A\ being the wavelength of the X-rays and 26 the angle between incident X-ray
beam and detector. The scattering process is caused by electron density inhomo-
geneities in the nanoscale within the sample [40]. The amplitude A of the scattering
process, which cannot be measured experimentally due to the phase problem, is
given by the scattering intensity /(q)

2

I(g,x) o |A] (2.6)

/ p(7) T dr

and contains the electron density p(7). In the case of a two-phase material, the
contrast leading to scattering arises from the difference of the electron densities of
the two components Ap. Towards large q values, the scattering is caused by interface
between the two phases and the intensity drops with the fourth power of ¢, assuming
a sharp interface. This correlation is called Porod’s law [40]:

o) = 2.7
q
In the case of a two phase system with a fractal structure, the intensity slope can
vary between ¢! to ¢~ for a volume fractal or between ¢~3 to ¢=* for a surface
fractal. For a system consisting of a monodisperse collection of identical isotropic
particles, the scattering intensity can be written as [36]

I(q) = ILNV§P(q)S(q) (2.8)

where I is a constant containing experimental parameters due to the setup of the
experiment, N the number of primary particles, Vi = 47r3/3 the volume of a primary
particle, S(q) the structure factor describing the particle-particle interaction and
P(q) the form factor of the particle. For very dilute systems, the structure factor
is equal to 1. Then, the first approach to determine the particle size is the Guinier
approximation [39]. The intensity at small q depends on the radius of gyration R,
of the particle and is described as [41]:

_ (gRg)?

I(q)=1(0)e 3 for ¢—0 (2.9)

The form factor can be calculated by Fouriertransformation for a varity of different
particle shapes. For a sphere with the radius R, the form factor can be analytically
written as [39)]:

_ (,singR —qRcosqR 2
P(q) = (3 (R ) (2.10)

The strong oscillations of the function by Eq. 2.10 are in general smeared out due
to a size distribution of the particles. If the interaction of the particles cannot be
neglected, a structure factor has to be introduced. In the literature, a hard-sphere

14



2.3 Transmission electron microscopy (TEM)

model with the expression for S(g) calculated from the Percus-Yevick approximation
[42] describes the interaction of particles with a hard-sphere radius Ryg and a hard-
sphere volume fraction 7:
1
S =

@) = Tamea @
This equation was derived by Kinning and Thomas [43|, where A = 2Rpgsq and
G(A) is given by:

(2.11)

sin A — Acos A
G(A) =« 1
. _ 2 _
+/82ASH1A—|- (2A3A Jcos A —2 (2.12)
—A*cos A+ 4((3A% — 6) cos A + (A3 — 6A) sin A + 6)
+ VE
with
_ (x2n?
(1 —n)!
(1+n/2)” 2.13
5 = o0/’ 213)
(1 —=mn)*
_
2

For particle systems with anisotropy or polydispersity, other models have to be used.
They are described in detail in chapter 3.

SAXS data can be evaluated either by direct modeling from fitting a mathematical
model to the experimental intensities [39, 36] or indirect modeling as the Indirect
Fourier Transformation (IFT) method introduced by Glatter [44, 45]. The latter one
consists of the Fourier inversion of the experimental scattering curve, which provides
the pair distance distribution function p(r)

p(r) L /000 I(q) - qr - singr - dr (2.14)

~ o2

The basic idea underlying this method is that it allows the evaluation of the particle-
size distribution from the experimental data for uniformly shaped particles and offers
also the possibility for the estimation of the radius of gyration comparable to the
Guinier approximation [44].

2.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a versatile tool for the characterization
of materials with applications in materials science, biology, [46, 47| or nanotechnol-
ogy [48]. An ultra thin specimen is investigated by a beam of electrons, which is
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2 Experimental section

transmitted through the sample and thereby interacts with it. Figure 2.4 demon-
strates the scheme of the complex buildup of a transmission electron microscope and
its focusing mechanism. The wavelength of the electrons is given by the de Broglie
wavelength as de Broglie showed that an electron can be treated as a quantum of
an electron wave. As a consequence and due to the relation E' = hv for light quanta,
which is also valid for electrons, the momentum p' = muv is also related by p = hk
to the wave vector k [49]. The limitations of the TEM image contrast are given by
the adsorption of electrons in the material, due to the thickness and composition of
the sample, as well as by technical limits such as the energy spread of the electron
gun or the aberrations of the objective lens [49].

Electron source —

Condenser lens — . .

Sample > o
Objective lens —» . .

Projector lens e . .

Fluorescent screen — il

Figure 2.4: Scheme of the transmission electron microscope.

High-resolution transmission electron microscopy (HRTEM) uses the effect of a
phase shift due to the interaction of the electron wave with the sample, as the
incident beam is split up into a central beam and diffracted beams. This leads to a

resolution at atomic scale and hence imaging individual atoms or crystalline defects
can be observed [49].

It is also possible to obtain information from the diffraction of a selected area in
crystalline materials (selected area diffraction - SAD). Conclusions about the crys-
talline structure can be made, as the diffraction patterns can be analysed analogous
to X-ray diffraction patterns [49].
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2.4 Scanning electron microscopy (SEM)
2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy is used for the characterization of organic and inor-
ganic materials from the scale of nanometer to micrometer. A scanning electron
microscope (SEM) scans with a focused electron beam across the sample surface to
collect images or focuses at one position for e. g. a chemical analysis. A schematic
sketch of the buildup of a scanning electron microscope is presented in Figure 2.5.
The interaction of the electron beam with the sample produces different types of sig-
nal, caused by the emission of secondary electrons, emission of characteristic X-rays
or the backscattering of incident electrons [50]. The secondary electron emission,
which results from the interactions of the electron beam with atoms at or near the
sample surface, permits images at a resolution of nearly the size of the focused
electron beam, which means in the size range of only a few nanometer. Back scat-
tered electrons are beam electrons, which are reflected from the sample by elastic
scattering, whereas characteristic X-rays are emitted in the case of a removed inner
shell electron from the sample by the electron beam, which causes a higher energy
electron filling the shell and releasing energy.

Electron source —

Magnetic coils —> = =

Secondary =y =, Backscatter

electron detector 4’. ! electron detector
1\_\“:\

-

Figure 2.5: Scheme of a scanning electron microscope.

For imaging in the SEM, the samples have to be electrically conductive, at least at
the surface, and electrically grounded to prevent accumulation of electrostatic charge
at the surface. Nonconductive specimens such as biological materials tend to charge
during the scan by the electron beam, which causes imaging faults. Therefore, these
materials are coated with an ultrathin coating of electrically conducting material,
which can be gold, gold/palladium alloy, graphite or others. Another possibility to
avoid charging of a sample is measuring in near environmental conditions (ESEM).
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2.5 Dynamic light scattering (DLS)

Dynamic light scattering allows a simple and fast determination of the radius of
small particles in suspension or polymers in solutions [51|. This method has a broad
range of further applications, but in this work the determination of the particle size
distribution is of great interest.

A monochromatic light beam hits spherical particles, which rotate, translate and
vibrate by virtue of thermal interactions. Because of this Brownian motion, the
positions of the particles are constantlcy changing, so that the scattered intensity
fluctuates in time [51]. Information about the dynamics of the particles is obtained
from the autocorrelation of the intensity trace, which is defined as:

It)I(t+T71

92(q,7) = % (2.15)
Here, go(q, 7) is the autocorrelation function at a particular wave vector ¢ and delay
time 7 and I is the intensity and measures the similarity between two signals (t)
and I(t + 7). This function allows the determination of the size distribution [51].
By measuring the diffusion coefficient of the particle, the computation of the sphere
size distribution and a description of the particle’s motion in the suspension are
possible. With the assumption of spherical particles, the Stokes-Einstein relation is
used to calculate the hydrodynamic radius Rj:

kT
~ 6mR,

(2.16)

D is the diffusivity, kg the Boltzmann constant, T is the sample temperature in
Kelvin and 7 the viscosity of the solvent.

2.6 Nitrogen sorption (BET)

The theory of Brunauer, Emmett and Teller [52] describes the physical adsorption
of gas molecules on a solid surface and therefore is the basis for the measurement of
the specific surface area of a material. The total surface area S;q

VN s
SBET,total = vV (217)
and a specific surface area S
S ota.
Sppr = Lot (2.18)
a
Vm ... monolayer adsorbed gas quantity (in volume units)
N ... Avogadro’s number
S ... adsorption cross section of the adsorbing species
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2.7 Fourier transform infrared spectroscopy (FT-IR)

V... molar volume of adsorbate gas
a ... mass of adsorbent (in g)

is evaluated from the experimental data. A particle radius can be calculated from
the determined surface area with the assumption of a spherical shape. The technique
of nitrogen sorption is also often used for porous solids to obtain information on the
pore structure and pore diameters by measuring the sorption isotherms [53].

2.7 Fourier transform infrared spectroscopy
(FT-IR)

Infrared spectra result from transitions between quantized vibrational energy states.
Molecular vibrations can range from the motion of two simple coupled atoms of a
diatomic molecule to the more complex motion of a large polyfunctional molecule.
The number of vibrational modes of a molecule is given by the 3N-6 degrees of
freedom? [54]. The frequency of the oscillating motion around an equilibrium posi-
tion is within the infrared region. This is the reason for using infrared radiation to
excite vibrational motions resulting in a change in dipole moment [55]. Within the
mid-infrared region (ca. 4000-400 cm™?) first-order excitations of the vibrations of
small parts of the molecule, the so-called functional group vibrations, can be found.
For example, the stretching of the C-H bonds in a methyl or methylene group are
included in the mid-infrared region containing the functional group vibrations.

2.8 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermoanalytical technique using the
difference in the amount of heat required to increase the temperature of a sample
and reference when the sample undergoes a physical transformation such as a phase
transition. Due to exothermic or endothermic processes changes in heat capacity
are caused, which lead to more or less heat flow to the sample than to a reference
sample to keep both at the same temperature. The difference in heat flow between
sample and reference allows to measure the amount of heat absorbed or released
during a phase transition and therefore to determine the heat capacity and hence
the glass temperature 7 for polymeric materials.

2Molecules consisting of N atoms have 3N degrees of freedom minus three of the translational
and three of rotational motion.
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2.9 Hardness testing

The Vickers hardness test is an indentation method to measure the hardness of
materials. It is based on the principle of the material’s ability to resist plastic
deformation from a standard source. The unit of the Vickers hardness test is known
as the Vickers Pyramid Number (HV) and is determined according to the formula:

1854 F

HV -

(2.19)

F ... force
d ... diagonal of the imprint

The corresponding unit of HV, kilograms force per square millimeter, can be con-
verted into SI units by 9.81 - HV[=2L] = HV[GPa] to calculate Vickers hardness

mm

numbers.
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3 Effect of interparticle
Interactions on size
determination of zirconia and

silica based systems - A
comparison of SAXS, DLS,
BET, XRD and TEM

The aim of this chapter is a systematic comparison of size characterization methods
for two completely different model systems of oxide nanoparticles, i.e. amorphous
spherical silica and anisotropic facet-shaped crystalline zirconia. Size and/or size
distribution were determined in a wide range from 5 to 70 nm using small-angle
X-ray scattering (SAXS), dynamic light scattering (DLS), nitrogen sorption (BET),
X-ray diffraction (XRD) and transmission electron microscopy (TEM). A nearly per-
fect coincidence was observed only for SAXS and TEM for both types of particles.
For zirconia nanoparticles considerable differences between different measurement
methods were observed.

This chapter is based on the work Pabisch et. al. [S1].

3.1 Introduction

Nanoparticles are widely used in research and industry to tailor and improve ma-
terials properties, ranging from ceramics to polymers or biomedicine [1, 56]. An
increasingly important research field is the incorporation of nanoparticles into an
organic matrix to create inorganic-organic nanocomposites as a promising class of
novel materials |2, 3|. Mechanical and physical properties of the resulting materials
depend on the composition, shape, size and size distribution of the incorporated
particles. Therefore, a precise determination of size and size distribution is a major
challenge with regard to reproducibility and structure-property relations.

Among the methods used for the determination of the size and size distribution of
nanoparticles, only a few are applicable in various chemical environments, i.e. small-
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3 Comparison of SAXS, DLS, BET, XRD and TEM for silica and zirconia

angle X-ray scattering (SAXS) and dynamic light scattering (DLS). One particular
advantage of SAXS is that it can be used to analyze dispersions as well as powders
or solids, whereas DLS is limited only to dilute solutions. Comparing SAXS with an
image-guided method like transmission electron microscopy (TEM), SAXS benefits
from a higher statistical quality in the size distribution determination within one
measurement. Additionally, no high vacuum is required, which limits the samples
many times to solid state samples [57]. On the other hand, TEM has its specific
benefits as it delivers direct images and local information on size and shape of
nanoparticles. Therefore, these two techniques are complementary and combining
both methods can lead to superior information with regard to shape and size of
nanoparticles in dispersions or powders [58]. An example for such combined studies
is the kinetics of silica nanoparticle formation in various suspensions [59, 60|. Other
types of particles investigated by SAXS, DLS and TEM were surface functionalized
gold nanoparticles [61] and shell crosslinked nanoparticles [62]. These works further
support the view that comprehensive information on particle size and shape require
the use of more than one characterization technique.

A less common technique to obtain a particle size distribution is the analysis with
nitrogen sorption. The evaluation according to BET theory (Brunauer-Emmet-
Teller) [52] allows to obtain information on the size of non-agglomerated and dense
particles [63, 64]. In many of the cited studies a good agreement between the differ-
ent measurement techniques was found in particular for silica nanoparticles. Differ-
ent to the high number of publications investigating silica, much less information is
available for other oxides such as ZrO, nanoparticles. For this type of particles, DLS
showed the stability of the aqueous suspension for several days and supplementary
measurements by TEM and SAXS were performed to prove the structural com-
position of the ZrOy nanopowder [65]. The increase in size in dependence on the
increasing calcination temperature was investigated for chemically coprecipitated
zirconia powders with TEM, XRD, BET and SAXS [66]. As in most of the previous
studies only one type of material was investigated, the idea of this chapter is to
systematically compare a large number of characterization methods (SAXS, DLS,
BET, XRD and TEM) in detail for two structurally completely different systems,
one being amorphous spherical SiO, and the other crystalline irregularly shaped
ZrQ,. The particles were synthesized under varying processing conditions to cover
a wide size range from 5 to 70 nm.

3.2 Experimental Section

3.2.1 Materials

The solvents (HPLC grade) and chemicals were purchased from Sigma Aldrich and
ABCR. Water was deionized before use. Methanol was purified using a PureSolv
(Innovative Technology Inc.) solvent purification system. All chemicals were used
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without further purification.

Synthesis of silica nanoparticles. Small silica nanoparticles were prepared
applying a literature known procedure [67]. 100 mL Methanol were mixed with 29
mmol water and 0.17 mmol of 33 wt% aqueous ammonia solution. Afterwards 47.45
mmol tetraethyl orthosilicate were added dropwise under stirring in a 250 mL round
bottom flask. The reaction mixture was then stirred at room temperature for 3 days.
The solvent was evaporated and the remaining product was washed 3 times with n-
hexane to destabilize the colloid within the washing step, separated by centrifugation
at 4615 g and dried over P205 at 5 mbar resulting in 2.17 g white powder (each
batch being in a diameter range between 5-10 nm according to SAXS). Larger silica
nanoparticles were prepared by mixing 50 mL ethanol with 11 mmol water and 5
mmol of 33 wt% aqueous ammonia in a 250 mL round bottom flask [67, 68]. A
solution of 50 mL ethanol mixed with 18.05 mmol tetraethyl orthosilicate was then
added slowly under stirring. The reaction mixture was stirred at room temperature
for 16 h. Then the solvent was evaporated and the remaining product was washed 3
times with n-hexane to destabilize the colloid, separated by centrifugation at 4615 g
and dried over P205 at 5 mbar resulting in 0.86 g white powder (each batch being
in a diameter range between 40-60 nm according to SAXS).

Synthesis of zirconia nanoparticles. Small zirconia nanocrystallites were pre-
pared applying a literature known procedure [69]. 13 mL of a 4 M solution of ZrOCI2
were thermally decomposed in water in an autoclave with a 20 mL-teflon-inlay at
200°C. The reaction was carried out for 3 days and the particles were isolated by
precipitation with acetone and centrifugation at 4615 g, washed with a mixture of
water and ethanol (1:5) three times and dried over P205 at 5 mbar to yield 3.50
g of a white powder (each batch in a diameter range between 5-10 nm according
to SAXS). Powder-XRD: 100% crystalline ZrO2, Baddeleyite phase (monoclinic).
Larger zirconia nanocrystallites were prepared by a procedure described in litera-
ture [70] under hydrothermal conditions. A mixture of 19 mmol H20, 7.3 mmol
acetic acid and 2.25 mmol Zr acetate solution (16 wt% in acetic acid) was heated
in an autoclave with 20 mL-teflon-inlay for 16.5 h at 170°C. The resulting stable
particle-dispersion was then destabilized by removing two thirds of the volume by
evaporation and adding 10 mL acetone. The product was separated and washed 3
times with a mixture of acetone:water = 10:1 (centrifugation at 6150 g), then dried
over P205 at 5 mbar to give 0.71 g of a white powder (each batch in a diameter
range between 20-30 nm according to SAXS). Powder-XRD: 100% crystalline ZrO2,
Baddeleyite phase (monoclinic).

3.2.2 Measurement techniques

Powder-XRD-measurements were carried out on a Philips X’Pert Pro instrument
at Cu Kaipha - radiation with a Bragg-Brentano-arrangement with an angle speed
of 6°/min where the sample was carried on Si-single-crystal-wafers under ambient
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conditions. Crystallite size was calculated using the TOPAS software via refinement
using 5 metric parameters. The average crystallite size D was determined from the
broadening of the peaks by Scherrer’s equation D = 0.9)\/(Scosf , where A is the
wavelength of the X-rays, # the Bragg angle and § the calibrated breadth of a
diffraction peak (here the (111) reflection) at half-maximum intensity.

Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020
instrument. The samples were degassed under vacuum at 60°C for at least 8 h prior
to measurement. The surface area was calculated according to Brunauer, Emmett
and Teller (BET) [52].

Dynamic light scattering (DLS) measurements were carried out by non-invasive
backscattering on an ALV /CGS-3 compact goniometer system with an ALV /LSE-
5003 and a multiple tau correlator at a wavelength of 632.8 nm (He-Ne Laser) and
a goniometer angle of 90°. The dispersing media were purified before use with a
syringe-filter (200 nm mesh). The determination of the particle size was carried
out by the analysis of the correlation-function via the g2(t) method followed by a
linearized number-weighting (n.w.) and mass weighting (m.w.) of the distribution
function.

SAXS measurements were performed under vacuum using a rotating anode X-ray
generator with a pinhole camera (Nanostar, Bruker AXS) with Cu K,pn, radiation
monochromatized and collimated from crossed Goebel mirrors and detected by a
2D position sensitive detector (Vantec 2000). The sample-to-detector distance was
varied from 13 cm to 108 cm to cover a wide range of the scattering vector q from 0.1-
15 nm~!. All SAXS patterns were radially averaged and corrected for background
scattering to obtain the scattering intensities in dependence on the scattering vec-
tor q = 4w /Asinf, where 20 is the scattering angle and A = 0.1542 nm the X-ray
wavelength.

TEM images were recorded on a JEOL JEM-100CX and on a FEI TECHNAI G20
transmission electron microscope at the University Service Center for Transmission
Electron Microscopy, Vienna University of Technology. The particle powder sam-
ples were attached to Formvar copper grids by dispersing them in ethanol using a
ultrasound cleaning bath, adding one drop on the copper grid and evaporating the
solvent. The images were evaluated automatically by the software ImagelJ [71] or
manually in the case of a very low contrast. At least 50 particles were measured for
each size and type of particle and spherical equivalent diameters were evaluated.

3.3 Theory

DLS primarily measures time-dependent fluctuations of scattered coherent light, i.e.
the decay of the autocorrelation function, which is caused by diffusive motion of the
particles. The experimentally measured diffusion coefficients can be converted to a
hydrodynamic radius via the Stokes-Einstein equation 2.16 [72].

In contrast to dynamic light scattering, SAXS probes differences in electron den-
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sities. To get information on the size and arrangement of nanoscaled objects from
SAXS data, either direct methods (from fitting the purely mathematical Fourier
transforms to the intensities) [36, 39] or indirect methods (which intend to restore
the distribution function in real space from SAXS data) are available [73, 74, 75].
In this paper, we focus on the first ones, where the scattering intensities of weakly
ordered structures are described in the monodisperse model by the product of form
factor and structure factor, I(q) = IHVZP(q)S(q), with ¢ being the absolute value
of the scattering vector, V4 the volume of the particle, S(g) the structure factor and
P(q) the form factor. I contains experimental parameters such as the scattering
contrast, the beam intensity and additional variables due to the setup of the exper-
iment. In the case of polydispersity, the simplest approach is a formal factorization
with a mean form factor and to replace the structure factor by a so-called effective
one |76].

I(q) = IV P(q,7)Ses4(q) (3.1)

In the case of a Gaussian size distribution of spherical particles, the form factor is
given by

e fan () (52 (et

In the case that the distribution is sufficiently small, the integral can be extended
from minus infinity to infinity and its analytical solution is given in the section 3.7.

For hard spheres, the Percus-Yevick approximation [42] delivers a structure factor
for weakly aggregated systems, which describes the interference of the scattering of
particles with two parameters, a hard-sphere radius Ryg and a mean hard-sphere
volume fraction 7 [43, 77|

1
14 24nG(2Rusq)/(2Rusq)

with the function G(2Rysq) being defined by Kinning and Thomas [43|. The hard-
sphere radius Rpyg gives information on the correlation distance of particles within
a cluster or an aggregate and the hard-sphere volume fraction n on the probability
to find particles in vicinity to each other.

To describe the effect of a small anisotropy of the particles on the scattering
intensity, their interaction can be assumed to be independent of their orientation
and is given by their average size [74]. Therefore, the decoupling approximation can

be used [7§]

S(q) (3-3)

I(q) = IoV5'P(q,7) (1 + Ba)(S(q) — 1)) (3.4)

where 3(q) = (F(q))3/(F?(q))o with an orientational averaged form factor P(q) =
(F?(q))o |78]. In the case of polydispersity, the equations are similar, but the orien-
tational average has to be replaced by an integral taken over the size |77, 78|. For
including the effect of larger polydispersity, the local monodisperse approximation
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is frequently used |77, 79]. It is based on the assumption that a particle of a certain
size is always surrounded by particles with the same size. Therefore, the model
consists of monodisperse sub-systems weighted by the size distribution

1(q) o Io / dRVZ(R)F*(¢, R)S(q, R) (3.5)

An overview on the different theoretical models is discussed in the literature [77].

Different to Eq. 3.2, an unified equation for the form factor has been proposed
by Beaucage (80, 81, 82, 83|, consisting of a Guinier like and a limited power law
regime.

3.4 Results

Figure 3.1a shows the scattering intensities from XRD for silica nanoparticles with
the strong short range order peak from the distance of the silica tetraeder, Figure
3.1b for the zirconia nanoparticles, with broad Bragg reflections typical for nanopar-
ticles. Rietveld refinement revealed a composition of the zirconia nanoparticles of
about 100 % crystalline monoclinic ZrO, (Baddeleyite). The crystallite size was
determined to be 4.5 nm for small ZrO, and 2.9 nm for large ZrO, as evaluated
from the Scherrer equation with an estimated standard error of ten percent. The
surprisingly smaller value for the large ZrO, nanoparticles suggests that they are
built up as aggregates from smaller particles, which is supported by the TEM-images
(Figure 3.2).
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Figure 3.1: XRD of a) silica, (black: 4.3 nm and grey: 53.4 nm) and b) zirconia
samples: 4.0 nm (black) and 33.8 nm (grey) nanocrystallites, diameter
from SAXS evaluation.

In these TEM images it is clearly visible that small zirconia particles consist of
crystal-facet-shaped nanocrystals (Figure 3.2a), whereas the large zirconia particles
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(Figure 3.2b) are built up of aggregates of smaller units. The crystallinity is also
observed in the inserts of Figure 3.2, the selective area diffraction (SAD-) images.
Together with HRTEM images (Figure 3.3) the conclusion from XRD is further
confirmed that small nanoparticles are single crystallites and larger ones are poly-
crystalline aggregates, visible by the presence of different lattice fringes of every
single crystallite in the aggregate (HRTEM images, Figure 3.3b). Different to the
complex shape of zirconia, the silica nanoparticles exhibit a distinct spherical shape
(Figure 3.2c¢). Small silica particles reveal a poor contrast to the carbon coated
copper grid in the TEM micrographs and are therefore not shown.

:'85 ?' S

Figure 3.2: Representative TEM micrographs of a) small ZrO, nanoparticles of a
size of 3.8 nm, b) large ZrO, nanoparticles (15.2 nm) and c) large SiOq
nanoparticles (53.5 nm), diameter from SAXS evaluation. Selective area
electron diffraction images are displayed in a) and b) to confirm the
crystallinity.

Figure 3.3: Representative HRTEM micrographs of a) small ZrO, nanoparticles of a
size of 3.8 nm and b) large ZrO, nanoparticles (15.2 nm), diameter from
SAXS evaluation.

DLS was used to determine the number-weighted and the mass-weighted particle
size distribution of the nanoparticles dispersed in ethanol (SiOs) and water (ZrO,).
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3 Comparison of SAXS, DLS, BET, XRD and TEM for silica and zirconia

According to these DLS-measurements, the number-weighted size distribution of
the nanoparticles is rather uniform as shown in Figure 3.4 (data and figure for
mass-weighted evaluation are found in chapter 3.7). For the samples presented in
Figure 3.4, particle diameters of 7.8 £ 2.3 nm for small and 64 4+ 12.8 nm for large
silica, furthermore 17.8 4+ 3.6 nm for small and 54 + 10.8 nm for large zirconia were
measured with DLS.
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Figure 3.4: Typical number-weighted particle diameter distributions from DLS for
the respective nanoparticle powder dispersed in ethanol (SiOy, diameter
from SAXS evaluation 4.4 and 53.4 nm) or water (ZrO,, SAXS: 4.0 and
33.8 nm).

For comparison to nitrogen sorption, two batches for each oxide were measured.
With the assumptions of a spherical shape and a complete coverage of the surface
with nitrogen molecules, one may derive the particle size distribution. The value
for the specific surface area was 710.6 & 7.1 m?/g for small and 76.2 & 0.8 m?/g for
large SiO5 nanoparticles. As a consequence of the lower specific surface of the large
Si0y nanoparticles, this results in a smaller size of only 34 nm compared with the
size of 53.4 nm from SAXS evaluation. Differently, the specific surface for large ZrO,
nanoparticles is higher than for small ones, i.e. 171.1 4+ 1.7 m?/g in comparison to
140.3 & 1.4 m?/g. This would indicate a smaller size. However, taking into account
the results from TEM and SAXS, this can also be attributed to polycrystalline
aggregates, which build up the large ZrO, nanoparticles.

For each of the batches of nanoparticles prepared, SAXS patterns were collected
and fitted by different models with the software Mathematica™. The form factor
was obtained either by spheres with a Gaussian size distribution and an effective
structure factor, Eq. 3.2 to Eq. 3.3, or the Beaucage model with a lognormal dis-
tribution (Eq. 3.6 to Eq. 3.7 shown in chapter 3.7). Using the decoupling (Eq. 3.4)
or the local monodisperse approximation (Eq. 3.5) led to fit parameters, which did
not differ considerably from the ones of the simple model with an effective structure
factor (shown for selected examples of silica as well as zirconia nanoparticles in chap-
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3.4 Results

ter 3.7). For the Gaussian model, the number length-weighted, the number-weighted
as well as the mass-weighted diameter mean, d; o, dso and dy 3, were calculated [84].
For comparison of the methods, in the following diagrams the number-weighted
mean dz o was chosen and is denoted as dgaxs. Numerical values are also listed in
chapter 3.7: There are certainly some general trends - the relation dy3 > dso >
dy o holds due to the different weight of the distribution and the Beaucage model
gives slightly larger values than the Gaussian sphere model - however, the deviation
between different evaluation methods is within about 30 percent at maximum.

For large zirconia particles, two levels of hierarchy are visible as two characteristic
humps in the scattering intensities and were therefore fitted with a system with
two different radii, i.e. a bimodal size distribution. To our interpretation, the
second maximum at large g-values arises from small crystallites building up a porous
aggregate, as just mosaic crystals with grain boundaries would not have sufficient
electron density contrast to give a second maximum. A typical short range order
distance of 2.7 nm is observed in SAXS, which is similar to the size of 2.9 nm as
obtained from XRD.

The stronger tendency to agglomerate is visible from the more pronounced scat-
tering intensity maximum in particular for small silica (Figure 3.5a). This higher
intensity leads to a higher numerical value for the volume fraction n in the hard-
sphere model, Eq. 3.3. The higher the hard sphere volume fraction, the higher is
the probability to find in the vicinity of a particle another neighbouring one.
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Figure 3.5: Experimental SAXS profiles I(q) (symbols) and fitting curves (solid
lines) of small and large a) silica and b) zirconia using the analytic
approach with spheres and a Gaussian size distribution and an effective
structure factor (Eq. 3.3). The profiles are shifted vertically for better
visibility.

The results for the diameter and the distribution width (standard deviation) of

the different nanoparticles obtained from the respective measurement technique are
presented in Figure 3.6 (TEM, filled squares, DLS, circles, BET, triangles, XRD,
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3 Comparison of SAXS, DLS, BET, XRD and TEM for silica and zirconia

diamonds, only for zirconia), in dependence on the particle diameter dso obtained
from SAXS. For BET and XRD, only the size but not the distribution width is given,
but for both methods a measurement error of at least ten percent is estimated. A
complete list of the numerical data is found in chapter 3.7.
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Figure 3.6: Particle diameter and distribution width (standard deviation) from DLS
(circles), TEM (filled squares), as well as particle diameter from BET
(triangles) and XRD (diamonds, only for zirconia) in dependence on the
particle diameter obtained from SAXS, dsaxs: a) silica and b) zirconia
nanoparticles.

3.5 Discussion

Each of the techniques has its specific advantages: TEM delivers direct images,
from which information on size and shape of nanoparticles is obtained, SAXS is
able to measure powders, solids, and also particles in solution, DLS is a fast and
cheap method to measure a high number of samples, and XRD and BET give the
size of nanoparticles as a by-product from the main aim of the method, e.g. the
determination of phases within a sample or the specific surface.

For silica nanoparticles, all presented experimental methods give a nearly perfect
agreement (Figure 3.6a), with the exception of BET for large silica nanoparticles.
A possible explanation could be microporosity, as micropores were sometimes found
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3.5 Discussion

in large Stober silica particles [17]. DLS gives slightly larger values, but within
the error bars, which is probably due to the hydrodynamic shell. None of the
typical difficulties reported in the literature for TEM might have had an effect,
such as aggregation by capillary forces between the particles during drying [85], or a
collapse of highly hydrous and open-structured silica particles due to the dehydration
and relaxation processes under high vacuum [59]. Whereas in TEM one has to
take care about magnification, imaging type and analysis method, which can affect
the resulting size distribution, especially in case of small nanoparticles [86], the
difficulty in SAXS is that the method relies on mathematical modelling of scattering
intensities, where the choice of the respective analytical or numerical approach is
not always unique. The upper size limit of SAXS in the laboratory is about 50 nm,
and larger objects require USAXS at a synchrotron radiation source. Nevertheless,
SAXS agreed well with the other methods, as the typical oszillations in the scattering
intensities from the narrow size distribution of silica nanoparticles allowed a precise
measurement up to the 50 nm regime.

Differently, zirconia nanoparticles (Figure 3.6b) exhibited a considerable discrep-
ancy. Whereas SAXS and TEM are close to each other, the size of zirconia nanoparti-
cles from DLS exceeds SAXS and TEM by a factor of two to three. The significantly
larger value from DLS might be attributed to the larger hydrodynamic shell, which
probably is dependent not only on the composition (the larger coordination sphere
of zirconia), but also on the shape and roughness of the particle. A complex shape of
particles [87] as well as their interaction [88] could influence the numerical evaluation
from DLS. Also even a small amount of 1-2 vol% of larger particles can significantly
change the DLS derived particle size distribution, whereas SAXS measurements are
less susceptible to the presence of larger aggregates [59].

Furthermore, a higher tendency to agglomerate was observed for silica in compari-
son to zirconia nanoparticles. A possible cause is that the surface energy and surface
charge of silica nanoparticles is relatively high and agglomeration leads to a reduc-
tion of surface and gain in enthalpy. The enthalpy is one of the crucial parameters
controlling the dispersion of nanoparticles in polymers [89]. As the aqueous disper-
sions of zirconia particles have a pH of 4 (large) and 2.9 (small), it is also proven
that the zeta potential of the dispersion of zirconia particles is electrostatically sta-
ble until pH of 7 (see chapter 3.7). This electrostatic stabilization is responsible for
the good dispersion quality of zirconia nanoparticles in water used in this work.

The results from BET coincide with the results from SAXS, TEM and DLS only
for small silica nanoparticles and deviate for large ones, whereas for zirconia a consid-
erable difference was found for small as well as large nanoparticles. This is attributed
in the latter case mainly to effects of a rough and porous surface, which is obviously
the case for the large zirconia particles. Furthermore, small nanoparticles lead to a
high surface area and any mixture of particles of different size is dominated by the
specific surface area of the small particles [66]. The existence of more than one type
of porosities in large nanoparticles cannot be excluded, as the isotherm type can be
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3 Comparison of SAXS, DLS, BET, XRD and TEM for silica and zirconia

classified to be between type II and IV using the IUPAC classification of nitrogen
sorption isotherms [90] and the hysteresis is not of uniform shape (H1-H2 mixed
with H3). Differently, in small nanoparticles only mesopores are present, as they
exhibit type IV behavior with H1 hysteresis (typical isotherms of nitrogen sorption
are found in chapter 3.7). This might be the reason for the good agreement of the
size from BET to the other methods for small as well as the huge difference for large
nanoparticles.

XRD could only be applied to zirconia nanoparticles due to the crystallinity of the
latter. It coincides only for small zirconia, which is attributed to the observation
that large zirconia nanoparticles are built up of smaller crystalline units. It is
therefore natural that the measured diameter from XRD reflects the size of the
small crystallites and not the one of the nanoparticle aggregate.

3.6 Conclusion

Two oxide nanoparticle systems, amorphous SiO, and crystalline ZrOs, were studied
by DLS, SAXS, TEM, BET and XRD (only for crystalline ZrO,). SAXS and TEM
are in nearly perfect agreement for both materials in the whole measured range cov-
ering a nanoparticle diameter from 5 to 70 nm. BET shows large deviations in case
of the large silica nanoparticles and is not applicable to zirconia due to the irregular
shape and the high surface roughness of the latter. DLS leads to a slightly higher
value for the size within the error bars for silica and considerably higher values for
zirconia nanoparticles compared to TEM and SAXS. This is attributed to the influ-
ence of the hydrodynamic shell, and is more pronounced for facet-shaped zirconia
than for spherical silica. XRD can only be used for crystalline materials and gave
a reasonable size only for small zirconia, but clearly not for large zirconia nanopar-
ticles, which were polycrystalline aggregates. In conclusion, one should be careful
with the interpretation of numerical values of the size of nanoparticles from different
methods, as not only the type of material, but also its shape and porosity might
have a considerable influence. An approach using not only one single measurement
method is favourable to obtain general information on size, size distribution and
shape of nanoparticles.

3.7 Supplementary Information

Zeta potential for zirconia

The aqueous dispersions of zirconia particles had a pH of 4 (large) and 2.9 (small),
which is well below the limit of stability of pH of 7, as shown by the zeta potential
measurement in Figure 3.7.
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Figure 3.7: Zeta potential for small (circles) and large (diamonds) zirconia to deter-
mine the isoelectric point.

Isotherms of nitrogen sorption experiments

The isotherm type of the large nanoparticles (Figures 3.8b and 3.8d) can be classified
to be between type II and IV, which is an indication that macro- and mesopores are
present. Also the hysteresis is not from uniform shape (H1-H2 mixed with H3). This
leads to the conclusion that in the case of the larger particles probably two types
of porosity are present. Assuming that one type of porosity is created by the space
between the packed particles, the other type should come from the particle itself.
The isotherms for the small ZrOy and small SiOy (Figures 3.8a and 3.8c) were of
type IV with H1 hysteresis. From the shape of these isotherms it can be concluded
that only mesopores are present, and the existence of micro- or macropores can be
ruled out. These mesopores result from the packing of the particles and are uniform
in size.

Mass-weighted and number-weighted particle size distribution by DLS

The results for the nanoparticle size depend on the evaluation method, whether a
mass-weighted (Figure 3.9) or number-weighted (Figure 3.4 of the article) particle
size distribution is calculated. Mass-weighted evaluation is susceptible to larger par-
ticles or aggregates of particles whereas number-weighted evaluation takes account
of the number of single particles at similar size and is less influenced by aggre-
gates. Both methods show monodispersity. In general, there is the tendency that
the size obtained from the mass-weighted evaluation is higher than the one from the
number-weighted evaluation (see Table 3.1).

Complete list of data for the different methods

Diameter and distribution width (standard deviation) of the different nanoparticles
obtained from the respective measurement technique are presented in Table 3.2. For
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Figure 3.8: Isotherms of nitrogen sorption experiments at 77K for a) small silica, b)
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Table 3.1: Particle size distribution of DLS by the mass-weighted (m.w.) and
number-weighted (n.-w.) evaluation method

Particle dprsn.—w Peak width n.-w. dprgm.—w» Peak width m.-w.

nm nm nm nm
SiO5 small 7.8 2.3 9.4 2.7
4.0 1.2 6.0 2.4

11.1 1.1 13.5 1.1

Si0, large 45.0 4.5 50.0 4.0
54.0 10.8 58.0 10.4

52.0 5.2 58.0 5.8

56.0 5.6 60.0 10.2

54.0 9.2 62.0 11.8

64.0 12.8 72.0 19.4

80.0 8.0 80.0 8.8

ZrQy small 19.8 4.0 24.0 9.1
174 5.2 24.0 9.8

16.8 3.4 22.8 8.9

18.0 3.6 24.0 9.4

20.0 4.0 26.0 9.6

19.2 3.8 26.0 12.0

17.8 3.6 22.0 7.5

ZrOq large 38.0 7.6 37.0 16.5
36.0 7.2 50.0 17.0

54.0 14.6 80.0 35.2

60.0 12.0 68.0 15.7

46.0 9.2 64.0 23.7

54.0 10.8 66.0 19.1
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Figure 3.9: Mass-weighted particle diameter distribution from DLS for the respective
nanoparticle powder dispersed in ethanol (SiO,, diameter from SAXS
evaluation: 4.3 and 53.4 nm) or water (ZrOs, SAXS: 4.0 and 33.8 nm).

BET and XRD, only the size but not the distribution width is given, but for both
methods a measurement error of at least ten percent is estimated.

Mass-weighted and number-weighted particle size distribution by SAXS

The nanoparticle diameter from SAXS has been calculated with respect to number-
or volume weight. As an example, one may distinguish between the first moment of
the Gaussian particle size distribution, the number-length weighted mean diameter
dy o, and the third moment, the number-weighted diameter mean ds, which was in
general used for the figures in the paper. Both these values are number-weighted
mean values, whereas the fourth moment divided through the third moment is de-
noted as the mass-weighted mean d, 5 [84]. Table 3.3 shows the effect of the respec-
tive evaluation method, where the different weight of the distribution leads to the
relation dy 3 > d3 o > dy .

Fits of SAXS patterns with a Gaussian size distribution of spheres or the
Beaucage model with a lognormal distribution
The Beaucage model [81] is here formulated for an arbitrary number n of hierarchical

levels ,
P(q) Z (Gieqzﬁi + B; (erf(ngi/\/é)?’) > (3.6)

=1 q

where (G; and B; are the numerical prefactors, p; are referred to as Porod exponents,
R, are the gyration radii and erf(z) is the error function. The particle radius
rsaxs of spherical particles is obtained by rgaxs = Ry \/% For a lognormal
distribution of the size of particles with p; =4 (a sharp interface), the ratio B/G
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Table 3.2: Particle diameter and distribution width (standard deviation) obtained
from the different measurement techniques SAXS, DLS, TEM, BET and

XRD

Particle

dsaxs[nm]

dprs [nm] drenm [nm]

dgprnm| dxgrp[nm]

Si0Os small

Si0s large

ZrO5 small

71O, large

4.3+ 1.2
4.5+ 1.5
4.3+ 1.7
40.5£ 5.0
474+ 5.9
453+ 64
46.5+ 7.1
50.4£ 9.1
53.4+ 8.8
51.0£ 11.3
3.8+ 1.2
3.7t 1.0
3.8+ 0.9
3.9+ 1.1
4.0+ 1.2
4.3+ 1.0
4.7+ 1.2
15.2+ 6.7
19.2+ 7.6
19.6£ 8.3
185+ 7.2
19.3+£ 5.0
33.8£ 11.2

7.8+t 2.3
4.0+ 1.2
11.1£ 1.1
45.0£ 4.5
54.0+10.8
02.0+ 5.8 47.2 £2.8
56.0£ 5.6
54.0£ 9.2 542 £6.1
64.0+£12.8 60.8 £7.3
80.0+ 8.0
19.8+ 4.0
174+ 5.2
16.8+ 3.4 3.9 £0.9
18.0+ 3.6
20.0+ 4.0
19.2+ 3.8
178+ 36 6.0 £1.4
38.0+ 7.6
36.0£ 7.2
54.0+14.6
60.0+12.0
46.0+£ 9.2
54.0£10.8 38.1+12.1

36.0

19.0 4.5

16.0 2.9
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Table 3.3: Particle size distribution of SAXS given by the number-length, number-
weighted and mass-weighted mean

Particle diosaxs dzosaxs dizsaxs
[nm] [nm] [nm]

Si0O5 small 3.9 4.3 4.9
4.0 4.5 5.3

3.6 4.3 5.3

SiO, large 39.9 40.5 41.6
46.7 47.4 48.8

44.4 45.3 47.1

45.4 46.5 48.6

48.8 50.4 53.5

51.9 53.4 56.2

48.5 51.0 55.6

ZrOy small 3.4 3.8 4.4
3.4 3.7 4.2

3.6 3.8 4.2

3.6 3.9 4.5

3.6 4.0 4.6

4.0 4.3 4.7

4.4 4.7 5.3

71O, large 12.6 15.2 19.5
16.3 19.2 24.0

16.5 19.6 25.0

15.8 18.5 23.2

18.0 19.3 21.6

30.1 33.8 40.1
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allows the calculation of the polydispersity index (PDI) [63]. From the PDI and the
expected value (the mean) (Ry;), the standard deviation s.d. of the distribution is
obtained by

InPDI
g =
12

(1/2)
) and  s.d. = (Ry;) (exp (0 — 1))(1/2) (3.7)

The form factor for spheres with a Gaussian size distribution is Eq. 3.2. In the case
of a significantly small distribution, the integral can be extended from minus infinity
to infinity and analytically solved:

/2

q6
() (1 + ¢ (1® + R?)) + (—1 + ¢*(—3b> — 4b*¢® + R?)) cos (2¢R)
—2q(1 + 2b%¢*) Rsin (2¢R))

P(q, R,b) o | b | e720)

(3.8)

SAXS patterns were fitted by these two models (spheres with a Gaussian size
distribution and with the Beaucage model with a lognormal distribution). Both
models lead only to a slight difference for the diameter and its distribution width,
being shown in Table 3.4.

Table 3.4: Particle size distribution of large zirconia calculated with two sphere radii
with a Gaussian size distribution and the model of Beaucage for multi-
ple levels of hierarchy [81]. The value shown here is the large diameter
(the aggregate diameter, as large zirconia nanoparticles are built up of
small crystalline units). PDI is the polydispersity index, which allows the
evaluation of the standard deviation of the lognormal distribution in the
Beaucage model [63]

Particle d3osaxs S.d.gavss dppavcace S-d.ppavcage PDI
[nm)] [nm)] [nm)] [nm)|

ZrOy large 15.2 6.7 17.4 3.0 3.6
19.2 7.6 19.8 3.7 4.6
19.6 8.3 21.7 4.0 4.9
18.5 7.2 26.3 6.6 134
19.3 5.0 26.9 5.5 6.3
33.8 11.2 34.1 6.5 5.3

Comparison of three different approaches for the structure factor

Three different approaches for the structure factor were compared, the simple model
with an effective structure factor, the decoupling approximation and the local monodis-
perse approximation to include polydispersity [77, 78, 79]. For the fit, the software
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SASFit [91] was used. Additionally the models were calculated with the software
Mathematica [92] for comparison. No considerable differences between the respec-
tive models were observed. The results of SASFit are listed in Table 3.5 and shown
in Figure 3.10.

Table 3.5: Particle diameter D and Gaussian distribution width b as well as hard-
sphere volume fraction 7 and hard-sphere volume radius 2Ryg obtained
from three different models for two selected examples.

Particle Model D b i 2Rps
[nm]  [nm] [nm]
7105 small  simple model 2.80 1.04 0.076 4.54
decoupling 2.84 0.87 0.061 3.00

local monodisperse 2.48 0.99 0.049
SiOy small  simple model 4.84 098 0.193 5.46
decoupling 440 0.58 0.138 6.20

local monodisperse 4.58 0.79 0.157
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Figure 3.10: Fit of small (a) silica and (b) zirconia nanoparticles with different mod-

els, simple model with effective structure factor (red line, Eq. 3.1 of the

paper), decoupling approximation (green line, Eq. 3.4 of the paper),
local monodisperse model (blue line, Eq. 3.5 of the paper).
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4 Nanoparticle assemblies as
probes for self assembled
monolayer characterization: The
correlation between surface
functionalization and
agglomeration behavior

In this chapter, the ordering of dodecyl chains on the surface of zirconia nanoparti-
cles has been investigated in different variation of mixed monolayers of phosphonic
acid capping agents. Therefore, four co-capping agents, methyl-, phenyl-, pyryl-
and tert-butyl phosphonic acid have been used in varying mixing ratios with do-
decyl phosphonic acid. FTIR measurements study the effect of the disorder of the
dodecyl chains due to an increasing amount of co-adsorbed capping agents. By
disordering the dodecyl chains, the agglomeration of the particle decreases, as the
interparticle bilayers, formed via long alkyl chain, are disturbed by co-adsorbed cap-
ping agents. The disturbance and hence disorder have been investigated by SAXS.
Based on the correlation of the order of alkyl chains with the agglomeration behavior
of the zirconia nanoparticles, the particles can be used as probes for self-assembled
monolayer investigation by an indirect method (SAXS) and a routine spectroscopi-
cal method for chemical analysis of surface groups (FTIR).

This chapter is based on the publication Feichtenschlager et. al. [S2].

4.1 Introduction

The surface-modification of nanoparticles with coupling agents is mainly used to
increase the compatibility between inorganic nanofillers and their environment [18].
Coupling agents consist of anchor groups to allow a stable attachment to the nanopar-
ticle surface, a spacer to tune physical parameters and optionally a functional group
to obtain further chemical interactions with the environment such as the copoly-
merization in the formation of nanocomposites [93]. Frequently the spacer is given
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by a long alkyl chain to increase the compatibility of hydrophilic inorganic surface
with non polar media such as common solvents, monomers or polymers. These long
alkyl chains are able to form self-assembled monolayers (SAMs) on plane substrates
[12, 16] on the crystal facets of nanoparticles or even on small facets of clusters
[94, 95, 96, 97]. Ordered surface structures are expected to be responsible for the
formation of alkyl chain bilayer structures between nanoparticles [98, 99, 100| lead-
ing to a formation of nanoparticle assemblies and thermodynamically very stable
agglomerates [96, 101, 102|. This effect should be prevented as it is unfavorable in
the development of homogenous nanocomposites.

Therefore, it has to be investigated how the thermodynamic driving force of such
surface-aggregates can be reduced and how their formation affects the agglomera-
tion of nanoparticles. To investigate the influence of self-assemled monolayer for-
mation, one can disorder the surface bound long alkyl chains by other co-adsorbed
molecules to form mixed monolayers. This was already investigated for macroscopic
substrates by using mixed monolayers of different alkanethiols on gold surfaces to
decrease the alkyl chain ordering [103, 104, 105, 106, 107, 108, 109]. The func-
tionalization of metal oxide surfaces, e. g. by mixed phosphonic acid monolayers
[110], is widely unknown. There is the question whether such a method is trans-
ferable to nanoscopic facets of transition metal oxide nanoparticles and how the
mixed monolayer-formation affects the SAM ordering. Additionally, one can investi-
gate a correlation between alkyl chain modified surfaces and particle agglomeration
behavior. Recent works investigated mixed surface modification of nanoparticles
mostly for mixed alkyl thiols on gold nanoparticles e.g. as emulsion stabilizing
agent [111, 112|, to control the spacing between deposited particles [113], to fine
tune specific physical surface properties [114] or to dilute a surface bound function-
ality for biological applications [115]. For technologically highly relevant transition
metal oxide nanoparticles, such as ZrOs (ceramics, nanocomposites), more knowl-
edge on mixed surface modification and the underlying principles is necessary, as
SAMG@transition metal oxide nanoparticles play a significant role in tuning their
dispersion behavior [116].

A systematic study of different organic moieties, such as aromatic systems and
linear and branched alkanes, and their influence on the ordering of the particle sur-
face SAM was carried out. Hydrothermally prepared ZrOs; nanocrystals were used
as model system in combination with organophosphonate capping agents. Dode-
cyl phosphonic acid was choosen as the self-assembling system because of its non-
crystalline behavior at room temperature [117, 118| contrary to the usually applied
octadecyl capping agents. Feichtenschlager et. al. presented in their work on the
formation of SAMs at nanoparticles that crystalline octadecyl phosphonic acid sys-
tems are qualitatively similar to the non crystalline dodecyl system with respect to
a possible SAM-disordering by a mixed modification with a phenyl-co-capping agent
[119]. Therefore the results obtained by this study can be transfered for other long
alkyl chain systems. For co-adsorbing molecules, methyl-, phenyl-, pyryl- and tert-
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butyl phosphonic acid were used in different mixing ratios with dodecylphosphonic
acid to vary sterical (molecular) properties of the co-capping agent. The monolayer
formation and the agglomeration tendency were investigated by the spectroscopic
method FTIR and the structural method small-angle X-ray scattering (SAXS).

4.2 Experimental Section

Materials. All solvents (HPLC grade) and chemicals were purchased from Sigma
Aldrich. Methanol was purified using a PureSolv (Innovative Technology inc.) sol-
vent purification system. Phenylphosphonic acid was recrystallized from acetonitrile.
All other chemicals were used as received.

Instrumental Analysis. Fourier transform infrared spectroscopy (FTIR) mea-
surements were performed on a Bruker Tensor 27 Spectrometer under ambient air
(64 scans at a resolution of 1 cm™') in transmission mode using KBr (Aldrich) disks
as a sample matrix.

Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-
100CX and on a FEI TECNAI G20 transmission electron microscope. High resolu-
tion TEM (HRTEM) images were recorded on a FEI TECNAI F20 microscope. The
samples were attached to Formvar copper grids by dispersing them in ethanol using
an ultrasound cleaning bath, adding one drop on the copper grid and evaporating
the solvent.

Small angle X-ray-scattering (SAXS) measurements were performed under vac-
uum in transmission geometry using a rotating anode X-ray generator equipped
with a pinhole camera (Nanostar, Bruker-AXS). Cu K, radiation was monochrom-
atized and collimated from crossed Goebel mirrors and detected with a 2D position
sensitive detector (Vantec 2000). Measurements were carried out at two different
distances (13 cm and 108 cm) to cover a wide q range. All SAXS patterns were
radially averaged and corrected from background scattering to obtain the scattering
intensities in dependence on the scattering vector q = 47/Asinf, where 26 is the
scattering angle and A =0.1542 nm the X-ray wavelength.

A detailed description of the synthesis of dodecylphosphonic acid and 1-pyryl
phosphonic acid is found in the publication Feichtenschlager et. al. [S2] as well as
the thesis of Bernhard Feichtenschlager [120].

Preparation of zirconia nanocrystals. The preparation and characterization
of ZrO, nanocrystals with a 22 nm spherical equivalent diameter, from mass weighted
distribution, (18 nm number weighted) according to a literature known procedure
[69] is described in the publication Sajjad et. al. [S3].

Zirconia nanoparticle surface modification reactions were performed as described
in Feichtenschlager et.al. [119], analogous to the well known process for titania sur-
face functionalization [15]. First 5 mL of 10 g/L aqueous nanoparticle dispersion
was prepared by dispersing the zirconia nanoparticle powder for 30 min in an ultra-
sonic bath. Afterwards HCI conc. was added dropwise to the dispersion to adjust

43



4 Surface functionalization and agglomeration behavior of nanoparticles

the pH to 2. The phosphonic acid, e.g. 18.7 mg dodecylphosphonic acid for a 7.5
mM total capping agent concentration, was dissolved in 5 mL methanol, added to
the particle dispersion and stirred for 2 days. The particles were then isolated via
centrifugation at 6000 rpm, washed three times with ethanol (centrifugation at 6000
rpm) and dried over P,O5 at 5 mbar for 24h.

More details about the characterization of the synthesized and modified zirco-
nia nanoparticles with nuclear magnetic resonance (NMR) and thermogravimetric
analysis (TGA) are summerized in the thesis of Bernhard Feichtenschlager [120].

4.3 Theory

The agglomeration behavior of the mixed monolayer endcapped nanoparticle pow-
ders was studied via small angle X-ray scattering (SAXS) using the following model
to describe the agglomerated particle system:

A unified equation for the scattering intensity /(g) has been proposed by Beaucage
[80, 81, 82] to describe two functions, one based on Guinier’s law and the other on
the structurally limited power law 4.1

I(q) = (Ge_qiRg +B (M> ) S(q) (4.1)

q

Here G’ and B are numerical prefactors, p is referred to as Porod exponent, R, is the
gyration radius and er f(x) the error function. The size of spherical particles rgaxs
is related to the radius of gyration by rgaxs = R, \/% For weakly agglomerated
systems, the structure function S(q) [43, 77|

1
1+ 24nG(2Rusq)/(2Rusq)

S(q) (4.2)

describes the interference of the scattering of particles, containing the function
G(2Rpsq) being defined by Kinning and Thomas [43]. Two additional parame-
ters are used, the hard-sphere radius Rpyg, which gives the correlation distance of
particles within a cluster, and a mean hard-sphere volume fraction 7, which gives
the probability to find neighboring particles. The expression for S(q) was derived
from the Percus-Yevick approximation [42|. Fitting was performed by the software
Mathematica™. The hard sphere volume fraction 1 is a numerical value describ-
ing the degree of agglomeration of the modified zirconia nanoparticles - the higher
71, the stronger the tendency to agglomerate. The Beaucage model applied in this
work combines the form factor of spherical particles with a wide size distribution
and a structure factor describing the effect of the capping molecules on the degree
of agglomeration of the nanoparticles.
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4.4 Results

Hydrothermally grown ZrOs-nanocrystals have been used as model systems for
SAM-formation on nanoscopic crystal facets. Characterization by TEM and HRTEM
(Figure 4.1) reveals the single-crystal-nature of the particles. Equivalent spherical
particle diameters of 6 nm are obtained by TEM and SAXS.

Figure 4.1: Representative TEM-image of ZrO, nanocrystals (baddeleyite) and
HRTEM-detail showing the single-crystalline nature of exemplary two
nanoparticles.

Self-assembled monolayer formation on the nanoparticle surface

The disorder in dodecyl phosphonic acid SAMs correlating with an increasing mixing
ratio of co-capping agents can be observed by a typical shift of the methylene C-H-
vibration of the C12-chain-segments to higher wavenumbers in IR-spectroscopy. The
organophosphonates used in this chapter are summerized in Table 4.1. The influ-
ence of the sterical demand of the co-adsorbing molecules was investigated applying
methyl and tert-butyl phosphonic acid as co-adsorbing capping agents. Aromatic
capping molecules were used to study the effect of potential p-p stacking phenomena
(pyryl- and phenylphosphonic acid) on the C12 chain ordering.

The functionalization reaction of the ZrOs nanoparticles with a mixture of DPPA
and further capping agent to form a mixed monolayer on the nanoparticle surface
was carried out by mixing the capping agents in a certain molar ratio (10 mol%, 30
mol%, 50 mol%, 70 mol% and 90 mol% DPPA) to obtain a total concentration of
7.5 mM which is the threshold concentration for a monolayer coverage within this
specific system [119].

FTIR investigation on the mixed self-assembled monolayer structure

The degree of ordering of the surface DPPA molecules has been investigated apply-
ing FTIR spectroscopy. Self-assembled monolayer formation was detected via the
shift of the long alkyl chain methylene group C-H-vibrations to lower wavenumbers
with decreasing number of gauche defects in the alkyl chain. This indicates a higher
ordering and thus a more dense chain packing in the SAM [121, 122| with the asym-
metrical CH-stretching mode being the most sensitive and significant [123]. Four
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4 Surface functionalization and agglomeration behavior of nanoparticles

Table 4.1: List of the studied surface modifying agents.

capping agent formula capping agent name abbreviation
C‘)‘ Al T ™ e TR B g
Ho-R
OH dodecyl phosphonic acid DPPA
2
P
Ho— R
OH methyl phosphonic acid MPPA
@]
1\
Ho-R
Gk phenyl phosphonic acid PhPPA
3 [
i
= L
OH . .
1-pyryl phosphonic acid PyPPA
0 JV
T
Ho-R
OH tert-butyl phosphonic acid ~ tBuPPA

46



4.4 Results

sample series were obtained with DPPA and MPPA, PhPPA, PyPPA, or tBuPPA as
co-capping agent in different ratios. FTIR-spectra of the C-H-stretching region are
presented in Figure 4.2. The asymmetric methylene chain C-H stretching resonance
is visible around 2920 cm™! and the symmetric stretching resonance around 2850
cm ™!, the other two resonance peaks are assigned to methyl-CH-resonances. The
resonance frequencies of the asymmetric methylene C-H-stretching vibration for the
dodecyl-chain in the SAM for every molar percentage of a certain disturbing capping
agent are listed in Table 4.2.

Table 4.2: Methylene C-H-vibration v, of the dodecyl chain for different percentage
of co-capping agent at the zirconia nanoparticle surface.

Mol% DPPA rest MPPA rest PhPPA rest PyPPA rest tBuPPA
1 1 1 1

Vgs CIN™ Vgs CIN™ Vgs CIN™ Vgs CIN™
100 2921.9 2921.9 2921.9 2921.9
90 2922.6 2922.0 2922.7 2922.6
70 2923.4 2922.0 2923.1 2922.6
50 2923.1 2922.6 2923.7 2923.7
30 2923.0 2923.6 2923.8 2924.6
10 2924 .4 2924.9 2924.1 2926.3

SAXS-Investigations on the agglomeration behavior of mixed modified
nanoparticles

The scattering curves of the four different mixed surface layer on the nanocrystal
facets are shown in Figures 4.3a to 4.3d, one diagram for each disturbing co-capping
molecule. The shoulder around q = 1 nm™?, representing the nanoparticle dimen-
sion, clearly shows the trend to be more pronounced with an increased packing
of particles per volume fraction. The peak at q = 12.3 nm~! originates from the
diffraction at the ZrOy (100) crystal planes. XRD could not be used to determine
the degree of order, as one would expect a short range order signal from the alkyl
chains in the range from about ¢ =11 to 13 nm™' [16, 124|, which is unfortunately
masked by the much stronger crystalline zirconia peak. The hard sphere volume
fraction 1 as a numerical parameter calculated from the scattering curves for the
degree of agglomeration and fitted by the Beaucage Model (Eq. 4.1) is listed in Ta-
ble 4.3 for all series. The fit parameters, the radius of gyration R,, the equivalent
spherical radius Ry, the hard-sphere radius Rygs and the Porod exponent p as well
as the hard-sphere volume fraction 1 compared with the actual volume fraction 7;
are listed in Table 4.4.
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Figure 4.2: Infrared spectra of DPPA mixed with a) MPPA, b )PyPPA, ¢) tBuPPA

and d) PhPPA @QZrO,: Methylene C-H shifts to higher wavenumber
at increasing co-capping agent surface concentration. This is indicated

by the arrows, going from right (highest DPPA-content) to left (lowest
DPPA content) [S2].

Table 4.3: Hard sphere volume fraction 7 of zirconia nanoparticle powders with dif-
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ferent percentage of co-capping agent at the surface.

Mol% DPPA rest MPPA rest PhPPA  rest PyPPA rest tBuPPA

U n Ui n
100 0.128 0.128 0.128 0.128
90 0.116 0.105 0.112 0.117
70 0.096 0.107 0.082 0.103
20 0.097 0.079 0.104 0.050
30 0.078 0.055 0.100 0.049
10 0.036 0.035 0.050 0.040
0 0.025 0.025 0.025 0.026
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Figure 4.3: Scattering intensities from SAXS measurements for a) MPPA, b) Ph-

PPA, ¢) PyPPA and d) tBuPPA QZrOs,.
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Table 4.4: List of the fit parameters obtained by the Beaucage model and the equiv-
alent spherical radius Ry as well as the actual volume fraction n;
p Rg Rs RHS n s
mm] [om]  [om]
DPPA /PhPPA 9:1 4.1 250 323 3.31 0.105 0.098
DPPA /PhPPA 7:3 4.0 250 3.23 3.31 0.107 0.100
DPPA /PhPPA 5:5 4.0 251 324 320 0.079 0.082
DPPA /PhPPA 3:7 4.1 243 3.14 3.15 0.055 0.055
DPPA /PhPPA 1:9 4.1 253 329 3.10 0.035 0.042
DPPA/PhPPA 0:10 4.1 256 3.30 298 0.025 0.034
DPPA /MPPA 9:1 4.1 228 294 3.01 0.116 0.109
DPPA /MPPA 7:3 4.1 222 287 3.00 0.096 0.084
DPPA /MPPA 5:5 4.0 221 285 286 0.097 0.096
DPPA /MPPA 3:7 4.0 224 289 282 0.078 0.084
DPPA /MPPA 1:9 4.0 239 3.09 274 0.036 0.052
DPPA/MPPA 0:10 4.0 248 3.20 295 0.025 0.032
DPPA /PyPPA 9:1 4.1 230 297 298 0.112 0.111
DPPA /PyPPA 7:3 4.0 237 3.06 292 0.082 0.095
DPPA /PyPPA 5:5 4.1 243 3.14 3.05 0.104 0.113
DPPA /PyPPA 3:7 4.0 236 3.05 3.01 0.100 0.103
DPPA /PyPPA 1:9 4.1 246 3.18 3.34 0.050 0.043
DPPA /PyPPA 0:10 4.1 246 3.18 241 0.025 0.020
DPPA /tBuPPA 9:1 4.1 227 293 297 0.117 0.112
DPPA /tBuPPA 7:3 4.1 228 294 287 0.103 0.111
DPPA /tBuPPA 5:5 4.1 223 288 3.00 0.050 0.044
DPPA /tBuPPA 3:7 4.1 226 292 3.15 0.049 0.040
DPPA/tBuPPA 1:9 4.1 234 3.02 3.05 0.040 0.039
DPPA /tBuPPA 0:10 4.0 231 298 3.00 0.026 0.026
DPPA 4.1 233 3.01 3.05 0.128 0.123
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Investigation on mixed self-assembled monolayer structure

FTIR investigations (Figure 4.4) showed that for each type of disturbing molecule
(MPPA, PhPPA, PyPPA, tBuPPA), the ordering of dodecyl chains decreases with
increasing percentage of these co-capping agents. This is concluded from the shift of
its methylene vibrational resonance to higher wavenumbers [119]. Though each of
the various molecules lead to a decrease of the alkyl-chain-ordering with increasing
molar percentage, the degree varies from molecule to molecule. All four curves
consist of an approximately linear area in the middle mixing ratio, which means
a content of co-capping agent of 30-70%. At lower and higher percentages, the
behavior is different so that the whole array of curves appears sigmoidal-shaped.
One can observe that the molecules tBuPPA and PyPPA lead to a relatively high
disordering already at low co-molecule percentages, whereas molecules like tBuPPA
and PhPPA show (compared to a linear trend) a relatively increase in disordering
in the higher co-molecule percentage region.

2927

2026 —&— Phenyl |
—&— Methyl

2025 | A= Pynyl

2924

2923 +

chain CH, v,/ cm’

2922

2921 I 1 1 I 1 1
0 10 30 50 70 90 100
% dodecyl, rest other capping agent

Figure 4.4: Methylene C-H-vibration v,, of DPPAQZrO, representing the alkyl
chain ordering degree at different percentages of DPPA in the mixed
monolayer at the nanoparticle surface, the rest to 100% coverage is the
capping agent mentioned in the diagram. Lines are drawn to guide the
eye.

A first conclusion from the maximum of the frequency shift from the FTIR-
experiments (Figure 4.4) is that bulky molecules like tBuPPA have a stronger effect
on disturbing the alkyl-monolayer-ordering in comparison to smaller molecules such
as MPPA. However, the shape of the curve in Figure 4.4 can only be explained by
identifying the structure of each mixed monolayer. Thereby two structure types are
assumed to be present within these mixed monolayers, already reported in the liter-
ature for non-fully covered long alkyl chain monolayers [14, 125, 126]. The first type
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4 Surface functionalization and agglomeration behavior of nanoparticles

describes the randomly mixing of different molecules to form collective monolayers.
This is analogous to incomplete coverage of substrates, which was already observed
for C18 phosphonates [123| and organosilane capping agents [14]. The second type
describes the formation of the molecules to island structures. This was observed e.g.
for octadecylphosphonic acids on mica [126] and has been intensely investigated
for mixed monolayers of thiols on gold surfaces [109]. A formation of preordered
structures in solutions, which adsorb to the nanoparticle surface, also might be
responsible for the separation and can be observed for organosilanes but also for
organophosphonates [123, 127|. However, a gradual mixture of these extreme cases
is more probable for the systems investigated in this work. Furthermore, a general
lower tendency to strong island formation is expected within the investigated sys-
tems, because the C12-chains used in this chapter do not show the same pronounced
high ordering tendency as C18-chains [128]. Island growth seems to be preferred, if
the interactions between molecules are more favored compared to interactions be-
tween two different molecules: Examples for such higher interaction forces can be
the sum of van-der-Waals interactions over a long chain, p-p-interactions of extended
aromatic systems, strong polar or ionic interaction or hydrogen bonds [12, 16].

Taking these structural models into account, the difference in the ordering behav-
ior depending on the mixing ratio can be explained as followed: Small and weak
interacting molecules such as MPPA show a linear like disordering behavior with
increasing molar percentage because of the presence of a randomly mixed SAM
for all mixing ratios. Additionally, Offord and Griffin have suggested for mixed
organosilane-surface layers, that the longer alkyl chains can form ordered structures
around these small molecules, where the chain packing is not dramatically effected
at lower disturbing molecule surface concentration [129]. Another example of a
system behaving like that is the mixture of short and long alkylthiol molecules on
gold [103, 104, 106, 108]. The described behavior would not be the case for the
sterically far more demanding molecule, tBu-PPA. Thus, it can be observed, that
this molecule leads to a sharp increase in disordering at higher molar ratios. The
larger but plane molecule PyPPA does not show a very strong increase of disor-
dering of alkyl chains with increasing mixing ratio PyPPA/DPPA. However, the
slope of the PyPPA trend curve at lower concentrations is the highest compared
to all other molecules. A probable explanation is the existence of randomly mixed
monolayers at low concentrations. The bulky molecules can effectively disturb the
C12-SAM-formation changing to an island like regime for higher concentrations of
PyPPA while the C12-chains can be still moderately ordered in DPPA@ZrO, island
regions. A similar result was observed and discussed by Whitesides et al. for mixed
monolayers of alkylthiols with different chain length on gold. They showed that
the ordering disturbing is most effective for randomly mixed systems [109]. Simi-
larly, Prado and Neves showed for mixed C8 and C18 chain phosphonates that a
complete molecular homogeneous layer is formed, and the chains above a length
of 8 carbon-atoms are expected to be disordered [110]. In an other example, Ver-
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celli et al. have proven a close packed island structure via cyclic voltammetry for a
system where hexylferrocenyl phosphonic acid and dodecyl phosphonic acid where
adsorbed to ITO [130]. The latter is very likely to happen also in the investi-
gated DPPA /PyPPA mixed layers at higher PyPPA concentrations because strong
p-p-interactions are energetically beneficial between neighboring PyPPA molecules.
Finally, the PhPPA-molecule represents a mixture of all these effects.

Until now, mostly the effect of mixing alkyl chain capping agents of different
chain length on the long alkyl chain ordering has been investigated [103, 104, 105,
106, 107, 108, 109]. It has been demonstrated that a variety of non alkyl-chain
moieties can also be applied for this disordering approach, even on the facets of small
nanoparticles, where in most of our investigated cases random mixture is expected
because of the high effectiveness of disturbing the ordering by the co-capping agent.

Agglomeration behavior of mixed monolayer modified nanoparticles

The hard sphere volume factor obtained from SAXS describes the agglomeration
behavior of the nanocrystals. It decreases by nearly one order of magnitude with
increasing concentration of co-capping agent, regardless of which capping agent was
used (Figure 4.5). The trend appears to be in general linear for the various molecules,
but differs for the respective mixed SAM system. The behavior at very low and very
high mixing ratios is rather similar for each co-molecule, but considerable deviations
are observed at a 1:1-mixing ratio. At 50% co-capping agent addition, tBuPPA
shows the highest tendency to avoid agglomeration, followed by PhPPA. PyPPA
and MPPA (Figure 4.5).
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Figure 4.5: Hard sphere volume fraction n representing the agglomeration of the
mixed modified zirconia nanoparticles using different capping agents for
mixed monolayer formation, applied in various mixing ratios. The resid-
ual percentage to 100% coverage is the capping agent mentioned in the
diagram legend. Lines are drawn to guide the eye.
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4 Surface functionalization and agglomeration behavior of nanoparticles

The TEM-images of nanopowders capped with 100% DPPAQZrO, powder (Fig-
ure 4.6) give an impression of the degree of agglomeration for a n-value of 0.13.
The crystals are closely packed and a spacing of approximate 1-2 nm between the
particles is visible, which may origin from the interparticle bilayers (Figure 4.7).
Mixed modified particles are less agglomerated in the macroscopic powder assembly
and thus considered to be easier dispersed using common approaches like soft ultra-
sound. This redispersibility enhancement is from high technological relevance and
has been shown in the work of Feichtenschlager et.al. [119]. The surface-properties,
such as wettability with different solvents and hydrophobicity, also change with co-
adsorbing other molecules. Therefore an optimum composition has to be found for
the dispersion of particles in a specific environment.

Figure 4.6: TEM-Images of agglomerates of 100% DPPA@QZrO, nanocrystals, right:
detail.

i

Figure 4.7: Schematic drawing of two particle facets in particle agglomerates of 100%
DPPA@ZrO; (left) and mixed modified particles (right).

The fact that nanoparticles with higher content of long alkyl chains at the surface
are more strongly agglomerated can be explained by the so called “zipper-effect”
of the surface bound long alkyl chains. Until now, this “zipper-effect” has been
investigated in literature mostly for thiols@gold-nanoparticles [94, 100, 131| and is
hardly known for oxidic nanopowders. One example was published by Sahoo et
al. [116] who attached hexadecyl phosphonic acid to magnetite nanoparticles. For
inorganic nanoparticle systems, a mixed modification approach is mostly used to
tune surface properties like polarity [111]. As shown in the scheme of Figure 4.7, a
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bilayer-structure is formed between two particles. The system is nearly close packed
and thus the agglomerates are difficult to break. This is a well-known phenomenon
for C18 capping agents but it also occurs for C12 chains [118]. The alkyl chain
packing significantly effects the dispersibility of these particle powders and disper-
sion stability [119]. The hypothesis that a decreasing alkyl-chain-“zipper-effect” is
responsible for a decrease in agglomeration with the formation of a mixed monolayer
is also supported by the observation from SAXS. The particles modified with 100%
co-capping agent all show nearly the same agglomeration behavior. Regardless of
the sterical demand of the used capping agent (MPPA or PyPPA), the n values are
nearly identical at this point. Therefore it can be excluded that the observed change
of the hard sphere volume fraction in the mixed samples just results from different
distances of the particles in the agglomerates. It seems that a general property
is changed, which determines the strength of the interaction between two crystal
facets of two different particles “zipped” together. This effect has been investigated
in detail for (non mixed) alkanethiols of different chain length on Au-clusters by
Terrill et al [100]. They show a correlation between the degree of chain packing
and particle agglomeration behavior using DSC, SAXS and AFM-data concluding
that a zipper-effect can also be strong for smaller particles because of their tendency
for surface energy minimization. This effect is also described for gold-nanoparticles
with a surface area of approx. 100 m?/g by Lennox et al. [94, 131] where they
describe an agglomeration structure with higly ordered interparticle alkyl-chains
compared to the dangling chains which are not participating to the “zipper” mech-
anism. For larger facets this effect is considered also to be strong as over larger
facets, the number of interacting alkyl chains is higher. A further question is, why
the trend of a decreasing “zipper-effect” is different for the different used molecules.
The difference in the hard sphere volume fraction between the different series is the
highest at a 50% mixing ratio. In addition, a tendency to a linear trend for dis-
ordering with molar percentage of co-capping agent would be expected for a total
randomly mixed surface layer, but deviations can be observed. This fact can as
well be explained by accounting for two mixing regimes (island like and randomly
mixed), where molecules like PyPPA have a higher tendency to an island-like-SAM
and molecules like tBuPPA tend to a randomly mixed layer.

Correlation of surface-SAM-ordering and particle agglomeration behavior

The main aim is to correlate the molecular parameter, namely the gauche-defects
observed by IR, and the macroscopic parameter, namely particles per volume unit
as investigated by SAXS. This correlation is plotted in Figure 4.8. All series follow a
general trend: With decreasing wavenumber, which means less gauche defects within
the alkyl chains due to higher ordering in the surface-SAM, the agglomeration of
the particles increases. This indicates that these phenomena are linked together
underlining the “zipper-effect”-theory of an interparticle bilayer formation. However,
some data points do not show a strong correlation. In the case of the PyPPA series
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4 Surface functionalization and agglomeration behavior of nanoparticles

correlation even a stronger agglomeration is observed at higher alkyl-disordering.
Reproduction of these outlying points confirmed their significance. This may origin
from strong interaction of pyrene molecules within the bilayer in these regions of
the diagram as pyrene moieties from one particle could interact strongly with others
on the neighbor-particle, which is very likely to occur due to the high tendency for
strong p-p-interaction in such systems. Also the tBuPPA series does not fit into the
scheme at the point of very high disordering (2926.3 cm™!). The agglomeration there
is nearly identical to other molecules with this mixing ratio. This would mean that
at a certain point of disordering or alkyl chain dilution, the agglomeration behavior
does not change, no zipper effect is present and thus further disordering of the alkyl
chains does not further reduce the particle packing.

0.14
—&— Phenyl
0.12 —m— Methyl
—aA— Pyryl
010 | e o tBu
= 008 |

0.06 -
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0.04 | \‘ o
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Figure 4.8: Correlation of hard sphere volume fraction n from SAXS and attached
DPPA-methylene chain asymmetric vibration from FTIR of mixed mod-
ified ZrO5 nanoparticle powders. Lines are drawn to guide the eye.

From the correlation of FTIR and SAXS one can conclude that the structural
phenomenon of agglomeration of alkyl chain modified nanoparticles is strongly re-
lated to the nanoscopic phenomenon of surface ordering, which can be controlled on
a molecular level.

The SAM, consisting of 100% dodecyl-chains, showed moderate ordering with no
full crystallinity of the layer as it would be the case for C18 [119] but far more ordered
than in a liquid state. This is expected and desired in terms of dispersion behavior
of the nanoparticles. With increasing amount of adsorbed co-capping agent, the
ordering of the dodecylchains decreased significantly. This effect was quantitatively
different for different co-adsorbed molecules (Figure 4.9). From this study, one
could deduce that with increasing degree of co-capping agent within one series the
particle agglomeration decreased over nearly one order of magnitude, and thus the
redispersibility properties of the nanoparticle powders are improved (Figure 4.9).
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Figure 4.9: Scheme of the surface SAM-disordering and mixed modified particle ag-
glomeration behavior depending on the nature of the organic moiety of
the used co-capping agent.

4.6 Conclusion

The ordering of dodecyl chains in mixed monolayers of phosphonic acid capping
agents on zirconia nanocrystal(facet)s, prepared by a co-adsorbing approach, has
been investigated by SAXS and FTIR. Different phosphonic acid co-capping molecules
to disturb the long alkyl chain ordering have been studied, namely the small methyl-,
the bulky and planar pyryl-, the sterical demanding tert-butyl-, and the intermediate
phenyl-moiety.

In FTIR-studies, the C-H vibrational resonances of the dodecyl-chain-methylene-
units were used to detect the degree of alkyl chain packing in the self-assembled
monolayer (SAM) via a blueshift with increasing gauche defects. Some moieties as
the small methyl-group showed less tendency to disorder the C12 chains and bulky
moieties like tert-butyl resulted in the highest chain disordering. The fact that
the alkyl chain disordering does change with the mixing ratio with the same trend
for all different co-capping molecules, can be explained by the presence of different
regimes of ordering and disordering: Namely SAM structure types between the two
extrema of a homogeneously mixed monolayer and a island like layer, where the two
molecules are phase separated. Phase separation within the SAM is considered to
be very strong for molecules such as pyrene phosphonic acid, having the tendency
to homo-interact given by the natural p-electron rich molecular structure. For this
reason, this bulky molecule has less influence on the ordering degree of the alkyl
chain e.g. as compared to the smaller phenyl-capping agent.

The agglomeration behavior of the prepared, mixed modified, nanoparticle powder
series has been studied with small angle X-ray scattering (SAXS), calculating a hard
sphere volume fraction number from the scattering curves as a value for the density
of nanoparticle packing. For all different co-capping agent molecule series, a good
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4 Surface functionalization and agglomeration behavior of nanoparticles

correlation between the agglomeration behavior of the nanoparticles and the degree
of ordering of the surface bound long alkyl chains could be found. This observation
allows the conclusion that for the investigated system a stronger alkyl chain ordering
causes higher agglomeration of the particles. This can be explained by a “zipper-
effect” where the nanoparticles agglomerate via alkyl-bilayers between their crystal
facets (Figure 4.7). Pyrene-moieties on the surface show a weaker correlation of
alkyl chain ordering and particle agglomeration, which can be due to a competing
pyrene-pyrene-interparticle-bilayer-formation at the pyrene island regions, leading
to more agglomeration.

These results point out that the well known chemistry of mixed monolayer forma-
tion on macroscopic substrates can be expanded to nanoscopic (metal oxide) crystal
facets resulting in tunable physical surface properties. Until now there has been a
lack of systematic studies on the “zipper-effect” connected to surface functionaliza-
tion of technologically highly relevant metal oxide nanoparticles (nanocomposites,
ceramics). With this study it has been shown how surface tuning on molecular
level impacts nanoscopic surface ordering properties and thus the macroscopical
phenomenon of particle agglomeration behavior. The next step would be to apply
this knowledge to inorganic-organic-nanocomposite technology with the additional
parameter of a polymer matrix.

Additionally, accounting for the correlation between SAM-ordering and particle
agglomeration, the characterization of SAMs at nanoparticles by two fundamentally
different methods could be carried out: Nanoparticles can be used as probes for
SAM-investigations by applying an indirect method (SAXS), which allows to draw
agreement on the SAM-structure from the agglomeration behavior of the nanopar-
ticles. The scattering results are in coincidence with the direct method of FTIR-
spectroscopy, which directly probes the molecular surface structure. It is surprising
that a structural approach (SAXS) shows a comparable sensitivity as a spectroscopic
approach (FTIR).
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5 Influence of varying
surface-functionalizations on the
homogeneity in nanocomposites

In this chapter, the influence of the chemical parameters of the inorganic-organic
building block surface-functionalization on the macroscopic properties of the materi-
als was investigated to give novel insights into the importance of surface-functionali-
zation. Two types of nanoparticles, SiO5 and ZrO,, were synthesized in two different
particle sizes, one in the lower nanometer length scale (5-15 nm in diameter) and
one in the upper nanometer length scale (30-60 nm in diameter). The compounds
prepared and surface-functionalized were incorporated in three different polymer
matrices: polystyrene (PS), presented in chapter 5.1, poly(methyl methacrylate)
(PMMA) in the chapters 5.1 and 5.2 and epoxide resin in the chapters 5.3 and 5.4.
Structural characterization of the resulting nanocomposites is performed by small
angle X-ray scattering (SAXS): From the SAXS intensity, information on the size of
nanoparticles and their agglomeration behavior is obtained. The chapters 5.1 to 5.3
focus on the agglomeration behavior of nanoparticles with different surface-funct-
ionalization and different size embedded in the three different polymer matrices. To
study the influence of the modified nanoparticles on the nanocomposite properties,
mechanical experiment such as hardness tests are presented for the ZrOy/PMMA
system (chapter 5.2) and further mechanical as well as thermomechanical experi-
ments (differential scanning calorimetry) are described in detail in chapter 5.4.

5.1 Control of agglomeration behavior by
surface-functionalization of silica nanoparticles
in polystyrene and poly(methyl methacrylate)
nanocomposites

The chemical parameters of inorganic-organic building block surface-functionalizat-
ion affect homogeneity of polymer nanocomposites and their macroscopic properties
like mechanical characteristics. Therefore, a detailed study of their influence gives
novel insights into the importance of surface-functionalization. SiO, nanoparticles
are synthesized in two different sizes, one in the lower nanometer length scale (5-10
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

nm in diameter) and one in the upper nanometer length scale (50-60 nm in diameter).
The compounds prepared and surface-functionalized are incorporated in two differ-
ent polymer matrices: polystyrene (PS) and poly(methyl methacrylate) (PMMA).
Structural characterization of the resulting nanocomposites is performed by small
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). From
the SAXS intensity, information on the size of nanoparticles and their distribution is
obtained. This allows to characterize the influence of varying surface-functionalizat-
ions on the structural arrangement of nanoparticles in different polymer matrices.
An adapted interface tailoring with respect to polymer type and nanoparticle type
utilizing specific coupling agents leads to an enhanced homogeneous distribution,
which is discussed in detail in this chapter.

5.1.1 Introduction

Polymer nanocomposites and their improved mechanical and structural properties
due to the incorporated inorganic nanoparticles are of great interest for many ap-
plications. Therefore, it is crucial to understand the impact of nanofillers on the
composite properties for the successful development of novel materials and their
application. The answer of how the chemistry and morphology of the polymer ma-
trix reacts with the size, shape and surface chemistry of the nanoparticles to define
mechanical and structural properties is followed by a large number of researchers in
the past few years [2, 132, 133].

Surface-functionalization enables to influence the interaction between the inor-
ganic and organic components and is therefore a helpful tool to obtain homogeneous
distribution of the nanofiller and adhesion, e.g. via a covalent linkage between filler
and polymer [134]. The type of polymer and the incorporated nanofiller can vary
over a wide range, such as zirconium oxo clusters in styrene, [135] well-defined
polymer-grafted-nanoparticles mixed with free chains of polystyrene (PS), [136]
various nanoscale inorganic particles in poly(methyl methacrylate) (PMMA), [137]
spherical magnetic nanoparticles of maghemite in PS [138] or ligand-functionalized
gold nanoparticles in thermally responsive bulk polymer films [139]. Many studies
about nanocomposites with silica as nanofillers were done as silica nanoparticles are
a well known system. Jouault et. al. studied the polymer chain conformation in
model silica/PS nanocomposites for a better overview of adsorption or chain mo-
bility modifications effects [140]. The influence of silica nanoparticles reinforced in
PDMS-based nanocomposites on the nanocomposite strength was determined by
tensile tests, which proves the effect on the mechanical properties [141|. In both
previous studies, small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM) were used to determine the nanocomposite structure. SAXS
can be chosen as complementary method to TEM as it enables the measurement
of a probe volume in the mm?3-range, which is representative for the bulk material,
whereas TEM images in the nm?-range only a small area.
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5.1 Agglomeration behavior of silica in PS and PMMA

In this work, a systematic study of the various effects of the surface-functionali-
zation on the structural materials properties of PS and PMMA was done by SAXS
and TEM. The authors concentrate on two crucial parameters, first the influence of
an additional polymerizable group at the coupling agent, allowing the crosslinking
with the polymer matrix, and second the size of the nanoparticle and its effect
on the dispersion. Furthermore, the influence of the amount of the incorporated
nanoparticles on the dispersion within the polymer matrix was investigated.

5.1.2 Experimental

Materials. Trialkoxysilane coupling agents were purchased from ABCR, except
10-(trimethoxysilyl)decyl methacrylate, which has been self prepared. All other
reagents and solvents (HPLC grade) were purchased from Sigma Aldrich. Water was
deionized before use. Methanol was purified using a puresolv (innovative technology
inc.) solvent purification system. All other chemicals were used without further
purification.

Synthesis of silica nanoparticles. The preparation of small and large SiO,
nanoparticles was carried out applying the Stober-process and is described in chap-
ter 3 as well as in the publication of Sajjad et. al. [S3].

The prepared colloidal dispersions were further used for nanoparticle surface func-
tionalization or isolated as unmodified powders as described in the work of Sajjad
et. al. [S3].

Surface functionalization of silica nanoparticles. The SiO; nanoparticles
were surface modified with organosilane coupling agents by utilizing a method de-
scribed in literature [13], a quasi in — situ modification. Thereby, the nanoparticle
sols with removed NHj, prepared as described in our previous publication [S3] have
been directly used. First, 0.1 mL NH4;OH conc. were added to the freshly prepared
silica sol under stirring, followed by the addition of the trimethoxysilane coupling
agent (e.g. dodecyltrimethoxysilane) to result in a 7.5 mM solution which was stirred
for 48 h. The particles were then isolated by concentrating the dispersion via solvent
removal and centrifugation at 8000 rpm. Afterwards, they were washed three times
with ethanol (centrifugation at 8000 rpm) and dried over P,O5 at 5 mbar for 24 h.

The synthesis of 10-(trimethoxysilyl)decyl methacrylate and preparation of 10-
(trimethoxysilyl)decyl methacrylate (MA-C10-TMS) are described in detail in the
thesis of Feichtenschlager [120].

Preparation of nanocomposites

For the preparation of polystyrene nanocomposites via in—situ bulk polymerization,
3 mL styrene, for each sample, was mixed with 27 mg dibenzoyl peroxide (DBPO),
to obtain a 1 wt% initiator containing solution. Then, the particles were added and
stirred for 1 h for particle surface wetting. Afterwards, the mixtures were ultrasonifi-
cated for 5 min in an ultrasound cleaning bath and heated to 80°C for 16 h to obtain
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

the nanocomposite materials. After removal from the glass vessel, nanocomposite
material samples in form of disks with 2.4 ¢cm diameter and 1.0-1.5 cm height could
be yielded. Characterization details of the polymer matrix obtained by differential
scanning calorimetry (DSC) and gel permeation chromatography (GPC) are listed
in the thesis of Feichtenschlager [120].

For the preparation of PMMA nanocomposites via in — situ bulk polymeriza-
tion, 2.5 mL methyl methacrylate, containing 0.05wt% of the initiator azo-bis-
isobutyronitrile (AIBN) (from a freshly prepared stock solution) were put into the
reaction vessels. Then, the particles were added to this solution and it was stirred
for 1 h for surface wetting of the particles. Afterwards, the mixtures were ultrasoni-
ficated for 5 min in an ultrasound cleaning bath and heated to 55°C for 16 h as a
pre-polymerization phase. Then, the reaction mixtures were heated at 80°C for 24h
to obtain the final materials. After removal from the glass vessel, nanocomposite
material samples in form of disks with 2.4 cm diameter and about 1.0 cm height
could be yielded. Characterization details of the polymer matrix obtained by differ-
ential scanning calorimetry (DSC) and gel permeation chromatography (GPC) are
listed in the thesis of Feichtenschlager [120].

Methods

SAXS measurements were performed under vacuum conditions using a rotating an-
ode X-Ray generator with a pinhole camera (Nanostar, Bruker AXS) with Cu K,
radiation monochromatized and collimated from crossed Goebel mirrors and a 2D
position sensitive detector (Vantec 2000). The sample to detector distance was var-
ied from 13 cm to 107 cm to cover a range of the scattering vector q of 0.05-15
nm~!. All SAXS patterns were radially averaged and corrected for background
scattering to obtain the scattering intensities in dependence on the scattering vec-
tor ¢ = 4m/Asinf, where 26 is the scattering angle and A =0.1542 nm the X-Ray

wavelength.

Ultra microtome-thin-cuts with a thickness of about 100 nm were performed on
“Ultra cut E” (Leica) instrument at room temperature. TEM images were recorded
on a JEOL JEM-100CX and on a FEI TECHNAI G20 transmission electron micro-
scope.

5.1.3 Theory

For the calculation of the particle sizes from the SAXS profile, a simple approach is
a product of a mean form factor and a so-called effective structure factor [36].

I(q) = LoV P(q,7)Sess(q) (5.1)
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5.1 Agglomeration behavior of silica in PS and PMMA

For the mean form factor, a theoretical approach for spherical particles with a Gaus-
sian size distribution can be used.

P(g) o /dR (%R3>2exp (—%(R;—Q"’)ﬁ (3Sian &éﬁcosq}zf (5.2)

The interference of the scattering of particles contributes a structure factor for
weakly aggregated system, in this work delivered by the hard-sphere model by the
Percus-Yevick approximation [42]. Two parameters, the hard-sphere radius Ryg and
a mean hard-sphere volume fraction n [43, 77| are included in the structure factor

1

Slg) = 1+ 24nG(2Rusq)/(2Rusq)

(5.3)

with the function G(2¢Rpys) being defined by Kinning and Thomas [43|. The hard-
sphere diameter 2Rpyg gives information on the correlation distance of particles
within a cluster or an aggregate and the hard-sphere volume fraction 7 defines a
dimension for the probability to find particles in vicinity. Therefore, 1 describes the
degree of agglomeration of the modified nanoparticles - the lower 7, the higher the
homogeneity. Fitting was performed by the appropriate software “Mathematica’.

5.1.4 Results
Nanoparticles

In this chapter, SiOs nanoparticles in two different size ranges with varying surface-
functionalization were applied to study the nanoparticle dispersion structure in PS
and PMMA. To investigate a possible influence of nanoparticle size and curvature
on the agglomeration tendency, a significantly different size with a ratio of about
1:10 was synthesized, i.e. particles with a size of about 5 nm for small and 50 nm
for large silica nanoparticles.

Chemical tailoring of the nanoparticle surface with coupling agents.
For each polymer system, specific organic moieties were attached to the inorganic
particle surface and their effect on the particle-polymer-interface was investigated.
Five chemical types of organic moieties were used for the interface tailoring in the
nanocomposites (three of them for PS and four for PMMA) to obtain a highly
homogeneous dispersion of the particles in the matrix. The organic moieties were
modified using trimethoxysilane as anchor group. All coupling agents and their
corresponding abbreviations are listed in Table 5.1.
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Table 5.1: List of the studied surface modifications.

capping agent formula capping agent name abbreviation
r\“leo\sl/\“\/\\/\\/\\/ﬁ\\/\\
MeO’ by
Dodecyl trimethoxysilane DTMS

=
MeO.. /[\\\_/

¥ 1
MeQ” |

OMe phenyl trimethoxysilane PhTMS
MeO._ . ~
Meo/?lj\r\
OME S (1-(4-vinylphenyl)ethyl) Styr-TMS
trimethoxysilane

MeOsy /\/\/\/\/\/OT(K
|

wl
MeO o

OMe

(10-methacryloyl)oxydecyl ~ MA-C10-TMS

trimethoxysilane
(0]
I\-‘leO\Si/\/\O
MeO' e (3-methacryloyl)oxypropyl =~ MA-C3-TMS
trimethoxysilane

The idea was to use hydrophobizing reagents such as DTMS to adapt the polar
nanoparticle surface to the less polar matrices. Furthermore, the use of chemical
moieties, which resemble structurally to the matrix such as Ph- and Styr- for PS
and MA- for PMMA, should enable a good compatibility of the interface. Further-
more, the use of polymerizable end groups (Styr-, MA-) enables a covalent linkage
between matrix and particles and surface grafting through allows a strong interfacial
compatibility through tethered polymer chains [142]. Finally, the variation of the
spacer chain length (MA-C3-TMS vs. MA-C10-TMS) should allow a fine-tuning of
the particle surface hydrophobicity. The goal is to find out general rules how these
chemical surface parameters influence the nanoparticle dispersion behavior.

Nanocomposites

Characterization of nanocomposites by TEM. PS and PMMA nanocomposites
have been prepared via in — situ polymerization by dispersing the nanopowders in
monomer and subsequent free radical bulk polymerization.

Photographs of typical thus obtained bulk samples with a 10-15 mm thickness
are shown in Figure 5.1. Where the pristine matrices are transparent, the nanofiller
containing samples are non-transparent. This is a clear indication on the presence
of nanoparticle agglomerates. Some samples were pressed into films (30°C above T})
for a more unique comparison of the amount of transparency: Figure 5.2 shows that
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5.1 Agglomeration behavior of silica in PS and PMMA

for 0.25 mm thick films, the MA-C10-TMS-modified particle containing samples are
transparent, whereas the unmodified particle samples are non-transparent and large
agglomerates are even visible to the unaided eye. This single example already gives
a clue on the importance of the chemical surface group for the homogeneity of the
final nanocomposite.

Figure 5.1: Photographs of nanocomposites containing unmodified and modified
small silica nanoparticles leading in some cases to less transparent or
even opaque materials. Upper row: a) PS blank, b) 5 wt% SiOs unmod-
ified, ¢) 5 wt% Styr-TMS@SiO, in PS. Lower row: d) PMMA blank, e)
5 wt% SiOy unmodified, f) 5 wt% MA-C10-TMS@SiO, in PMMA.

Figure 5.2: Photograph of PMMA nanocomposite films (0.25 mm thickness) contain-
ing (from left to right) 0 wt%, 3 wt% MA-C10-TMS@SiO, small, 5wt%
MA-C10-TMS@SiO, small and 5wt% unmodified SiOy small nanoparti-
cle filler.
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

Furthermore, representative TEM images of ultramicrotome thin cuts visualize
the specific influence of the respective surface group on the dispersion quality of the
nanocomposites (Figure 5.3). For PMMA and PS nanocomposites a general trend is
visible: Unmodified large nanoparticles build micron sized agglomerates distributed
over the whole material. Smaller agglomerates were obtained when a surface modi-
fication has been applied to hydrophobize the hydrophilic SiOy surface (DTMS). A
still smaller amount of agglomeration (agglomerate size less than one micron) could
be obtained for the Ph'TMS modification. In this case the phenyl group modified
particles are embedded into the structurally similar PS polymer matrix. When the
surface modification additionally contained polymerizable (methacrylate- or styryl-)
end groups, the dispersion quality was further enhanced significantly. Hardly any
agglomeration could be detected by TEM in this case.

Structural investigations using SAXS. The PS and PMMA nanocomposites
filled with 3 wt%, 5 wt% and 10 wt% of surface modified nanoparticles have been
investigated by SAXS. Typical scattering curves are shown for 5 wt% filler content
as an example, together with the corresponding fit curves using Eq. 5.2 and Eq. 5.3.
are shown in Figure 5.4 for PS and Figure 5.5 for PMMA. The upper limit in the
diagrams is q=5 nm~!, as the only distinct feature up to 20 nm™="! is the short range
order peak of the silica tetraeders within the silica nanoparticles.

From these scattering data, an indicator for the quality of dispersion of nanopar-
ticles, the hard-sphere volume fraction 7, was calculated by combining the form
factor for spheres with a Gaussian distribution and a structure factor as described.
A complete list of the results can be found in Table 5.2.

The hard-sphere volume fractions for different surface-modified silica in PS are
presented in Figure 5.6 and for PMMA in Figure 5.7 to better visualize the influence
of the surface functionalization on the agglomeration behavior: A lower hard sphere
volume factor was observed for the Styr-TMS@SiO, nanocomposite system for both
size ranges (Figures 5.6 a,b). The improvement in dispersion compared with the
similar PhTMS is significant for both the small and the large SiO,/PS system, as
PhTMS and Styr-TMS are only distinguishable by the polymerizable group. Dif-
ferently, DTMS leads even has a negative effect and leads to a higher tendency to
agglomerate.

Silica particles modified with DTMS and PhTMS were also used for PMMA
nanocomposites. Additionally, coupling agents with different alkyl chain length
and a polymerizable group, MA-C3-TMS and MA-C10-TMS, were prepared and
incorporated in PMMA to investigate the effect of polymerizable groups. Figure 5.7
shows that the polymerizable group leads to a better dispersion of the nanoparticles
in PMMA, i.e. a lower hard sphere volume fraction for small as well as large SiO,
nanoparticles.

It is further visible that the length of the alkyl chain controls the agglomeration
behavior: A short alkyl chain with methacryloyl seems to be advantageous for the
SiOy/PMMA systems, independent from the nanoparticle size. If the long alkyl
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5.1 Agglomeration behavior of silica in PS and PMMA

Figure 5.3: Representative TEM-images of ultramicrotome-cuts (100-300 nm thick-
ness) of 5 wt% large SiOy nanoparticle, with different surface modi-
fication embedded in PS and PMMA. a) 5 wt% SiO, unmodified, b)
5 wt% DTMS@SiOq, ¢) 5 wt% MA-C10-TMS@SiO,, d) 5 wt% MA-
C3-TMS@SiOy in PMMA and e) 5 wt% SiO, unmodified, f) 5 wt%
DTMS@SiOs, g) 5 wt% Styr-TMS@SiO, in PS.
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Intensity / a. u.

Figure 5.4: SAXS scattering curves, exemplarily shown
nanofiller content of PS nanocomposites containing a) small SiOy and b)

Intensity / a. u.

Figure 5.5: SAXS scattering curves, exemplarily shown for 5 wt% inorganic
nanofiller content of PMMA nanocomposites containing a) small SiOs
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5.1 Agglomeration behavior of silica in PS and PMMA

Table 5.2: Hard sphere volume fraction values 7 for different amount (in wt%) of
surface modified SiOy nanoparticles in PS and PMMA.

hard-sphere volume fraction n
size  wt% unmodified DTMS PhTMS  Styr-TMS

PS small 3 0.166 0.257 0.168 0.153
) 0.205 0.238 0.152 0.087
10  0.186 0.239 0.159 0.084
large 3 0.266 0.405 0.308 0.268
5) 0.364 0.404 0.327 0.255
10 0.308 0.418 0.311 0.239
wt% unmodified DTMS PhTMS MA-C3- MA-CI10-
TMS TMS
PMMA small 3 0.254 0.128 0.149 0.136 0.165
D 0.237 0.171 0.200 0.166 0.176
10 0.184 0.112 0.170 0.079 0.179
large 3 0.248 0.379 0.283 0.128 0.294
5 0.192 0.351 0.301 0.190 0.271
10 0.230 0.285 0.292 0.112 0.275
o407t I ® slio2 unm;)dified | R 040 v | v Y]
0.35 | v DIMS@sio, - 0.35 | g @ SiO, unmodified
@ PHTMS@SO, m v DTMS@Ssio,
0.30 ¢ StyrTMs@sio, 1 o3 ® m PhTMS@SIO, 8 |
o= 0251 ¥ v v o025t < N @ Styr-TMS@sio, .
020 @ ® 0.20 f
015 @ =] | 0.15 |
010 F o ° o] 010 | b
ST s s 7 s 9 w0 T T
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Figure 5.6: Hard-sphere volume fraction 7 of a) small and b) large SiO5 nanoparticles
with different surface-functionalizations embedded in PS with different
weight percentages.
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chains does not have a polymerizable group, as is the case for DTMS, high values
for n can be observed for the large DTMS@SiOs/PMMA systems.
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Figure 5.7: Hard-sphere volume fraction 7 of a) small and b) large SiO, nanoparti-
cles with different surface-functionalizations embedded in PMMA with
different weight percentages.

5.1.5 Discussion

The effect of surface-functionalization on the dispersion of nanoparticles is directly
visible in the TEM images (Figure 5.3). Whereas PS and PMMA nanocomposites
with unmodified silica nanoparticles show micron sized agglomerates (Figure 5.3a
and 5.3e), samples with modified silica show smaller (Figure 5.3b and 5.3f) or hardly
any agglomerates (Figure 5.3c, 5.3d, and 5.3g). The coupling agents DTMS and
PhTMS reduced the size of the agglomerates, however, agglomeration could not be
completely avoided. A further improvement was the use of polymerizable groups
together with surface-functionalization of nanoparticles, where within the observed
volume of a few nm?, highly dispersed large silica nanoparticles could be observed
(Figure 5.3c, 5.3d, and 5.3g). A possible interpretation is that cross-linking of the
nanoparticles with the polymer matrices was achieved. This overcomes a concur-
rent effect, the minimization of surface energy by denser packing of nanoparticles
themselves. Enthalpy can thereby play a strong role for higher agglomeration as it
is an important parameter for the dispersion of nanoparticles in polymers [89]. The
amount of dense packing is described numerically by the hard sphere volume frac-
tion, but is also directly visible in the SAXS curve by a characteristic hump being
more pronounced the denser the packing (Figures 5.4 and 5.5). The polymerizable
group significantly reduces the amount of agglomeration in the case of Styr-TMS
in the SiO5/PS system (Figure 5.6). Here, the chemical linkage is probably very
effective and leads to a good dispersion of the nanoparticles, which is also visible in
the TEM images in Figure 5.3. The highest value of 7, which indicates the highest
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agglomeration, is found in the DTMS modified systems. It is observed in PS and
for PMMA nanocomposites for small as well as for large nanoparticles. A possible
interpretation of this effect is that the long alkyl chains order on the nanoscopic sur-
face of the particles, which leads to the formation of interparticle bilayers as studied
in the published work of Feichtenschlager et. al. [119] and enhances the interaction
of nanoparticles. This effect is even more pronounced in comparison to unmodified
silica nanoparticles (Figure 5.6).

The formation of bilayers is inhibited by the curvature of nanoparticles, which
is one explanation for the stronger interaction and agglomeration of large nanopar-
ticles in the system DTMS@SiOy in PS and PMMA. However, in the literature,
also the importance of the ratio of particle radius to radius of gyration of the poly-
mer Tperticle/ Ry was pointed out [143, 144]. If 7pgrtice is too large compared to
R, (depending on the molecular weight of the polymer matrix), the matrix macro-
molecules cannot surround the particles and mixing of the two components is hin-
dered [137, 144]. These are possible reasons to explain the observed effect that large
nanoparticles exhibit a higher tendency to agglomerate than small ones.

Similar to Styr-TMS@SiO, in PS, a comparable improvement of the dispersion
quality was obtained in the SiOs/PMMA system by attaching methacryloyl as poly-
merizable group to the alkyl chain of the coupling agent (Figure 5.7). The length
of the alky chain seems to be decisive: Whereas no improvement was found for the
long alkyl chain, this was definitely the case for short alkyl chains with methacryloyl
as polymerizable group in the PMMA matrix. Probably, the long chains are able
to order themselves [143], and despite the polymerizable group this increases the
tendency to agglomerate in comparison to the short alkyl chains, which are advan-
tageous in this case. Differently, PhTMS has nearly no effect on the quality of the
dispersion.

No specific effect by increasing the amount of nanoparticles on the hard-sphere
volume fraction and thus the agglomeration behavior could be found, though it was
varied between 3 and 10 wt%. A possible increases agglomeration at higher weight
percentages may be speculated, but was not investigated in this work.

5.1.6 Conclusion

The dispersion of surface-functionalized silica nanoparticle was investigated in two
different size ranges incorporated in two different polymer matrices, polystyrene and
poly(methyl methacrylate) by TEM and SAXS.

Surface functionalization can increase the tendency to agglomerate as shown for
the DTMS@SiO system in Figure 5.6 for PS and Figure 5.7) in PMMA, probably
by the order of long alkyl chains on the surface of the nanoparticles. Surface func-
tionalization can also decrease the tendency to agglomerate and thus improve the
dispersion behavior, in particular, if polymerizable end groups are attached, which
interact with the polymer (shown for DTMS and PhTMS with polymerizable groups
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such as Styr- for PS and methacryloyl for PMMA).

The tendency to agglomerate is in general slightly higher for large than for small
nanoparticles. This origin could either be enthalpic reasons, which lead to a stronger
interaction between particles than between particle and polymer, or the order of
surface functionalization at the surface of nanoparticles, which is decreased by the
high curvature of small nanoparticles.

Therefore, the optimum choice of the end group of the surface functionalization
is crucial for improving the dispersion of nanoparticles in polymers. This concerns
not only the end group itself, but also the length of the spacer, the size of the
nanoparticle and the radius of gyration of the polymer. In general, polymerizable
groups at coupling agents are advantageous to obtain a higher dispersion quality
than the use of non-polymerizable groups.

5.2 The influence of varying
surface-functionalization of zirconia
nanoparticles on the dispersion quality in
PMMA nanocomposites

An overview is given for Poly(methyl methacrylate) (PMMA) containing surface-
functionalized zirconia nanoparticles prepared by in— situ polymerization of zirconia
dispersions in methyl methacrylate (MMA). To investigate the influence of nanopar-
ticle sizes on the dispersion, two different sizes of zirconia nanoparticles, one in the
lower nanometer range of about 5 nm and one in the upper nanometer range of
about 30 nm, were prepared. The zirconia nanoparticles were surface-functionalized
with two different coupling agents, consisting of an anchor group, a spacer of an
alkyl chain in varying length (C2 and C10) and a methacrylic end group. Structural
investigations were carried out using SAXS and TEM. Homogeneous dispersion of
the zirconia nanoparticles could be observed at lower wt% content with a lost of
transparency at higher wt% due to small agglomerates. SAXS studies verified that
shorter spacer lead to higher dispersion of the nanoparticles in the polymer matrix.
Furthermore, nanoindentation tests were made to study the influence of nanoparticle
size, surface-functionalization and nanofiller content on the hardness.

5.2.1 Introduction

Poly (methyl methacrylate) (PMMA) is a widely used transparent amorphous poly-
mer in research and industry [145, 146]. The use of PMMA as an construction ma-
terial has several advantages such as flexibility, high strength or stability [137, 142].
However, it has limiting properties including a lack of toughness [147] and low heat
resistance [148]. Various inorganic nanofillers, e. g. silica [142], zirconia [146]
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or titania [149], have been used for inorganic-organic PMMA nanocomposites to
enhance several thermomechanical or mechanical properties. The great challenge
has always been a homogeneous dispersion of the inorganic phase throughout the
polymer matrix to obtain nanoparticle related reinforcement effects [150|. This
problem can be solved by using coupling agent molecules attached to the surface
of the nanoparticles, which show structural and chemical similarities to monomer
and polymer and therefore allow an enhanced dispersion due to an optimum inter-
action with the organic phase. An example for anchor groups is phosphonic acid,
forming strong covalent bonds between the metal oxide nanoparticle substrate and
the organic moiety. An advantage of this anchor group, contrary to silane coupling
agents or carboxylic acids, is the adoption for almost every transition metal oxide,
such as TiOq, [15] ZrO,, [14, 151, 152] Y503, [153] or Fe;O4 [116] as discussid in
literature. If a chemical linkage between organic and inorganic part can be obtained,
e.g. via methacrylate endgroup, homogeneity can be further improved due to the
higher possibility of a chemical linkage between polymer chain and surface-modified
nanoparticle during the in — situ polymerization [142, 146|.

Therefore, organophosphorus coupling agents methacrylic acid end groups should
provide good grafting through properties to the inorganic surfaces and thus enable
homogeneity and interfacial adhesion. These molecules have been studied to be used
for ZrO, dental fillers and seem to be highly promising [8]. Furthermore, the varia-
tion of the alkyl spacer chain length should allow a finetuning of hydrophobicity of
the nanoparticle surface and thus of interfacial properties within the nanocomposite
material [154].

In this chapter, PMMA nanocomposites filled with surface-modified zirconia, con-
taining strongly bond methacrylate surface groups, were studied by SAXS, TEM
and hardness tests. The surface of the nanoparticles was modified using phosphonic
and phosphoric acid as anchor groups. The aim is the optimization of the dispersion
structure and mechanical properties by investigation of the role of chemical interface
design in nanocomposite materials.

5.2.2 Experimental

The solvents (HPLC grade) and chemicals were purchased from Sigma Aldrich and
ABCR. Water was de-ionized before use. Methanol was purified using a PureSolv
(innovative technology inc.) solvent purification system. All other chemicals were
used without further purification.

Nanoparticles

Small zirconia nanoparticle powder was prepared according to a literature known

procedure [69] and as mentioned in chapter 3.2.
Diethyl-methacryloxyethylphosphonate was synthesized by a known process de-

scribed by Francova et. al. [127]. The synthesis of 2-Mmthycryloyloxy-1-ethylphos-
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phonic acid and 1-methacryloyloxy decyl-10-phosphoric acid monoester are described
in the thesis of Bernhard Feichtenschlager [120].

Preparation of the nanocomposites

For the preparation of PMMA nanocomposites via in — situ bulk polymerization, 2.5
mL methyl methacrylate, containing 0.05 wt% of the initiator azo-bis-isobutyronitrile
(AIBN) (from a freshly prepared stock solution) were put into small 15 mL flat bot-
tom reaction vessels. Then, the particles were added to this solution and it was
stirred for 1 h for surface wetting of the particles. Afterwards, the mixtures were
ultrasonificated for 5 min in an ultrasound cleaning bath and heated to 55°C for 16
h as a pre-polymerization phase. Finally, the reaction mixtures were heated at 80°C
for 24h to obtain the final materials. After removal from the glass vessel, nanocom-
posite material samples in the form of discs with 2.4 cm diameter and about 1.0 cm
thickness were obtained.

5.2.3 Characterization methods

Transmission electron microscopy (JEOL JEM-100CX and on a FEI TECHNATI G20
transmission electron microscope at the University Service Centre for Transmission
Electron Microscopy, Vienna University of Technology, Austria) was used to inves-
tigate on the dispersion structure of the nanocomposites. Ultra thin sections of
about 80-150 nm thickness were cut using an ultra microtome “Ultra cut E” (Leica)
instrument at room temperature.

Small angle X-ray-scattering (SAXS) measurements were performed under vac-
uum in transmission geometry using a rotating anode X-Ray generator with a
pinhole camera (Nanostar, Bruker-AXS) with Cu KK, radiation. The beam was
monochromatized and collimated from crossed Goebel mirrors and analyzed by a
2D position sensitive detector (Vantec 2000). The sample to detector distance was
varied from 13 c¢m to 107 cm to cover a range of the scattering vector q of 0.1-15
nm~'. All SAXS patterns were radially averaged and corrected from background
scattering to obtain the scattering intensities in dependence on the scattering vector
q = 4w /Asinf, where 20 is the scattering angle and A = 0.1542 nm the X-ray wave-
length. For the calculation of the particle sizes and strength of agglomeration from
the SAXS profile, a theoretical model for spherical particles with a Gaussian size
distribution was used for the form factor [36] in combination with the hard-sphere
model for the structure factor to account for the agglomeration. The Percus-Yevick
approximation [42] allows the quantification of the agglomeration behavior with a
mean radius of hard spheres Rpyg and the hard-sphere volume fraction 7 giving
the probability to find particles in vicinity [43, 77|. Fitting was performed by the
software “Mathematica”.

Hardness was measured with the conventional Vickers hardness tester using a
square-based pyramid diamond indenter with an angle of 136° between the opposite
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faces at the vertex, which was pressed into the surface of the test piece using a small
force of HV1. The force was maintained for 30 s and subsequently the diagonal
lengths were measured. The values were converted to Vickers hardness number. An
average of 10 indents was taken as the representative value for the material.

5.2.4 Results and Discussion

For the preparation of these nanocomposites, coupling agents with additional meth-
acrylate end groups were used, MA-C2-PPA and MA-C10-PA (Table 5.3). MA-C10-
PA is the only used organophosphoric acid used for zirconia as anchor group in this
work, as all the other coupling agents have organophosphonic acid. The reason to
choose a phosphoric acid group was the facileness of the synthesis via phosphoric
acid mono esterification. The result of the attachment of phosphoric acid monoester
molecules is similar to phosphonic acids [155, 156].

To visualize the influence of polymerizable end groups on the dispersion, TEM im-
ages of MA-C10-PA modified ZrOy are compared with DPPAQZrO, in Figure 5.8,
which is of a similar spacer length apart from the methacrylate end group, both
nanoparticles systems embedded in PMMA. DPPA is only shown for demonstra-
tion reasons, as the high tendency for large agglomeration due to SAM formation,
which was discussed in the previous chapters 4 and 5.1, is clearly visible compar-
ing to the MA-C10-PAQZrO, system. There are small agglomerates visible for the
MA-C10-PA@QZrO,/PMMA system, however, in generall the distribution is rather
homogenous.

The nanocomposites, filled with 3, 5 and 10 wt% of surface modified nanopar-
ticles have been additionally investigated by SAXS. The dispersion quality of the
nanoparticles in the polymer matrix is described by the hard-sphere volume fraction
1 which gives information about the probability to find particles in vicinity. The
lower the value for 7, the better the particles are dispersed. As shown in Figure 5.9
nanocomposites with MA-C2 modified zirconia are better dispersed compared with
MA-C10 modified zirconia in both size ranges in PMMA. This result can be ex-
plained by the different length of the alkyl chain spacers. The short alkyl chains
achieve an enhanced dispersion of the nanoparticles in the PMMA, probably due
to a better interfacial adhesion with the surrounding matrix. There is also a higher
probability for longer alkyl chains on the surface of nanoparticles to interact with
the alkyl-chains of the neighbouring particles, which could lead to a higher tendency
to agglomerate [S2]. Not only the surface-modification but also the size of the zir-
conia influences the dispersion quality. A significant difference of the value for 7
between large and small nanoparticles is visible in Figure 5.9. Large zirconia are
generally better dispersed than small zirconia, which can be caused by the ratio of
particle radius to radius of gyration of the polymer 7,4ticie/ Ry [143, 144]. It can be
summerized that the distribution of the particles within the polymer first depends
on their size and second on the length of the polymer chains. A further effect, vis-
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Table 5.3: Organophosphorus coupling agents used for the surface modification of

ZI‘OQ.
capping agent formula capping agent name abbreviation
\ /\/O\rrg
Ho-R
L a 2-(methacryloyloxy)ethyl MA-C2-PPA
phosphonic acid
o)
WO S S TS
Ho—R O)Lf
OH 10-(phosphonooxy)decyl MA-C10-PPA

methylacrylate

Figure 5.8: Representive TEM micrographs of ultra thincuts (about 100-300 nm
thickness) of PMMA /ZrO, large nanoparticle nanocomposites, contain-
ing 5 wt% inorganic filler; left: DPPAQZrO,, right: MA-C10-PAQZrOs,.
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ible in Figure 5.9, is the decrease of n for large zirconia at high filler content of 10
wt%. This can be explained by a possible interplay of viscosity shear force effects
and interparticle interactions in the suspension. Kamibayashi et. al. observed that
the viscosity can increase drastically at high filler contents of above 7 wt%, which
depends on the nanoparticle size and the polymer radius of gyration [157]. There-
fore, due to the increasing viscosity and increasing shear forces, agglomerates can
break, which can result in a homogeneous material. This effect seems to occur for
large nanoparticles whereas the small nanoparticles are rather uneffected and nearly
do not vary in their n values. This was also explained by Kamibayashi et al. as
different nanoparticle sizes result in different viscosities of the suspensions, which
could change the agglomeration behavior [157|. Furthermore, it is surprising that in
this study large nanoparticles are in general better dispersed than small ones. An
assumption is that the large asymmetric nanoparticles like zirconia are in an opti-
mum size range for an enhanced correlation with the surrounding polymer. Smaller
particles could have a higher tendency to accumulate between the polymer chains.
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Figure 5.9: Hard sphere volume fraction n for modified ZrO, embedded in PMMA.

The ability of the material to resist local surface deformation, the hardness, was in-
vestigated by indentation tests for neat PMMA as well as Zirconia/PMMA nanocom-
posites with different wt% of nanofiller content. The results are presented in Fig-
ure 5.10. The four systems, varying in size (small and large) and cappling agents
(MA-C2-PPA and MA-C10-PA), show significant different trends in increasing hard-
ness of the PMMA nanocomposite. PMMA containing small MA-C10-PAQZrO,
result in a high hardness, even constant between 3 and 10 wt% nanofiller con-
tent, followed by large MA-C2-PPA@QZrQO,. In the case of large MA-C10-PAQZrO,,
which show hardly any increase of the hardness between 3 and 5 wt%, an initially
opposite behavior compared with small MA-C10-PA@ZrQO, is visible. Small MA-
C2-PPA@ZrO, give a slight linear increasing trend in hardness. At 10 wt% a nearly
identical hardness for all systems was obtained. Neither size nor surface-modification
or agglomeration behavior seems to have an exclusive influence on the improvement
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of the hardness. It can be assumed that the hardness improvement is a result of
a complex interplay of the various parameters. Hu et. al. described in their work
the effect of 4 nm ZrO; nanoparticles on the hardness of the PMMA nanocom-
posites by a pendulum hardness test. They observed three evolutional regions of
hardness development depending on the nanofiller content. The first two regions,
where the pendulum hardness quickly increases and then stays nearly constant, were
attributed to crosslinking-dominated effects, where nearly all PMMA chains are re-
stricted by the nanoparticles, but the zirconia content is not high enough to cause
a distinct increase of hardness. The third region, a continous raise of the pendulum
hardness with increasing filler content, was attributed to a nanoparticle-dominated
effect, where now a correlation between high ZrO, content and increasing pendulum
hardness is observed. [158]. It has to be investigated in future how surface-funct-
ionalization and nanoparticle size can influence the increasing trends of hardness
due to crosslinking- and nanoparticle-dominated phases. One can assume that at a
nanofiller content of 10 wt% or higher, the nanofiller content is crucial for hardness
improvement, independentof the size or the surface-functionalization.

[ mm MA-C2@small
3 MA-C2@large
m MA-C10@small
L /1 MA-C10@large

o
-
©

o
N
©

Hardness (GPA)

o
-
o

0 2 4 6 8 10
wit%

Figure 5.10: Hardness of PMMA nanocomposites with modified zirconia
nanoparticles.

5.2.5 Conclusion

PMMA nanocomposite samples containing zirconia nanoparticles, which were pre-
pared in two different size ranges and surface-functionalized with two different cou-
pling agents, were obtained by in — situ polymerization. Organophosphoric and
organophosphonic added coupling agents were used, containing C2 or C10 alkyl
chain spacers with a methacrylate end group, to enhance the dispersibility of the
nanoparticles within the polymer matrix. A nearly homogenous distribution could
be obtained for the zirconia nanoparticles modified with methacrylate end groups
as shown by TEM photographs. The dispersion quality was investigated by SAXS,
where the advantage of a shorter C2 alkyl chain in contrary to the longer C10 alkyl
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chain could be observed for small as well as large nanoparticles. Longer C10 alkyl
chains can tend to raise the interparticle interaction due to possible SAMs at the
particle surface, which leads to the formation of agglomerations. The effect of the
surface-modified nanoparticles on the hardness of the material was influenced by
a complex relation between size, surface-functionalization, agglomeration behavior
and viscosity shear forces. At a nanofiller content of 10 wt%, the hardness of all
investigated systems became nearly the same, which can indicate, that at higher
filler content only the amount of zirconia, independent by size or surface-function-
alization, is crucial for the hardness enhancement.

5.3 The influence of interface chemistry on the
dispersion behavior in epoxy resin
nanocomposites

Amorphous spherical silica nanoparticles in two size ranges - one around 6 nm
and the other around 50 nm - and crystalline non-spherical zirconia nanoparticles
of a size of around 5 nm were used in this chapter to study the effect of surface
modification on the homogeneity of epoxy resin nanocomposites. Trimethoxysilane
coupling agents have been applied for the surface modification of the SiO, particles
and phosphonic acid coupling agents were used for the ZrO, surface modification.
For the systematic variation of the interaction strength between the nanoparticles
and the polymer matrix, different end groups have been applied: diethyleneglycol
monomethylether (DEG), 1,2-diol and epoxide. Their effect on the interface as well
as on the dispersion quality were investigated by TEM and SAXS in dependence
on different inorganic nanofiller contents of 3 wt%, 5wt% and 10 wt%. It could
be proven that an optimization by variation of the coupling agent end group leads
to an enhancement of the dispersion quality and therefere, to an homogeneous and
transparent nanomaterial. The relation of particle-matrix interaction to particle-
particle interaction has an enormous influence on the resulting material and can be
controlled by the surface groups and by the nanoparticle type as well as size.

5.3.1 Introduction

Reinforced epoxy resins are widely used in technical applications, such as coating,
because of their ability for good adhesion on various surfaces or the use in compos-
ites for light weight engineering materials, which was of great interest for the last
decades [159]. Inorganic nanobuilding blocks such as nanoparticles or 1D nanoscopic
layered systems [160] were investigated for the reinforcement in polymers to improve
these materials [132]. However, a great challenge is the interfacial incompatibility
of inorganic and organic compounds to mix homogeneously and therefore to achieve
novel mechanical and optical effects [132, 161|. Transparent properties of the ma-
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terial can be retained, even at different refractive indices of polymer and nanofiller,
if the nanofillers are homogeneously dispersed in the polymer matrix [161|, which is
important for epoxy resin materials as coating applications.

In literature, high quality inorganic nanoparticles distributions in organic matri-
ces are shown, which are obtained by powders or suspensions [162, 163, 164, 165|. In
some cases, unmodified nanoparticles can be well dispersable with low effort, how-
ever, a specific organic modification leads to enhanced interfacial match and thus
dispersion quality [136, 166]. Kang et. al. have studied an epoxy/silica system
varying in different nanoparticle surface groups such as epoxides, amino groups or
isocyanate groups resulting in materials with different dispersion quality and inter-
facial adhesion properties [166]. The need for an interfacial match in epoxy resin
nanocomposites was then pointed out in previous studies by Haworth et. al. and
Becker et. al. [160, 167].

The question is how a homogeneous dispersion can be obtained by a chemical tai-
loring of the inorganic-organic interface to maximize the particle-matrix interaction
and minimize the particle-particle interaction. Then only low shear forces within
the component mixture (e.g. magnetic stirring in the laboratory) would be neces-
sary to obtain a high quality of dispersion, which has already been demonstrated in
literature [164].

In this chapter, SAXS and TEM investigations were applied to follow the influence
of the different chemical nanoparticle surface modifications on the dispersion behav-
ior. On the one hand the well-known system of SiO, nanoparticles, which are widely
used in industry, [163, 164, 165, 167, 168, 169| and allow to control the size, on the
other hand, a hard material such as ZrO, nanoparticles with high optical density
and a number of technical applications [152, 162, 170, 171]| were cured in — situ in
the epoxy resin material. The coupling agent end groups were varied for a system-
atical study to investigate strong (covalent) interaction at the interface (epoxy or
OH- groups), medium strong interaction (e.g. hydrogen bonding via OH groups),
and weaker interactions (ethyleneglycol derivatives, polar interactions). The aim is
a correlation of the physico-chemical composition of the inorganic-organic interface
with the results of the dispersion quality observed by SAXS and TEM. The knowl-
edge about this correlation can facilitate the development of novel nanocomposite
systems.

5.3.2 Experimental section

Materials. All solvents (HPLC grade) and chemicals were purchased from Sigma
Aldrich and ABCR. Water was deionized before use. Methanol was purified using
a PureSolv (Innovative Technology inc.) solvent purification system. All other
chemicals were used without further purification.

Instrumental analysis. Transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-100CX and on a FEI TECHNAI G20 transmission elec-
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tron microscope. The powder samples were attached to Formvar copper grids by
dispersing them in ethanol using an ultrasound cleaning bath, adding one drop on
the copper grid and evaporating the solvent.

Small-angle X-ray-scattering (SAXS) measurements were performed under vac-
uum in transmission geometry using a rotating anode X-Ray generator with a pin-
hole camera (Nanostar, Bruker-AXS) with CuK,, radiation monochromatized and
collimated from crossed Goebel mirrors and a 2D position sensitive detector (Vantec
2000). Measurements were carried out at two different distances (13 cm and 108 cm)
to cover a wide q range. All SAXS patterns were radially averaged and corrected
from background scattering to obtain the scattering intensities in dependence on the
scattering vector ¢ = 4w /Asinf, where 26 is the scattering angle and A =0.1542 nm
the X-Ray wavelength.

The trimethoxysilane- and phosphonic acid coupling agent molecules with di-
ethyleneglycol monomethylether moiety have been prepared as described in the pub-
lished work of Sajjad et. al. [S3]. The preparation and characterization of the used
capping agents can be found in detail in the thesis of Bernhard Feichtenschlager
[120]. The nanoparticle synthesis is described in detail in chapter 3.

Silica nanoparticles were modified applying an in — situ approach, directly from
the prepared sols. Zirconia nanoparticles were modified using a post-modification
approach as described in literature for titanium dioxide nanoparticles [15]. More
details about the chemistry behind the surface modification can be found in the
thesis of Feichtenschlager [120].

Amine cured bisphenol-F-based epoxy resin nanocomposites were prepared by a
common procedure described in literature [172]. 2.0 g (7.03 mmol) bisphenol-F-
diglycidylether was molten at 70°C and the particle powder was added, followed by
magnetic stirring at 750 rpm for 2 h. A total of 0.2 g (1.94 mmol) diethylenete-
tramine were afterwards added to the reaction mixture which was immediately cast
on a silicone grease coated stainless steel plate and cured at 120°C for 16 h to give
sample plates of 1.2-1.5 mm thickness and 3-5 cm diameter.

5.3.3 Theory

The agglomeration behavior of the mixed monolayer endcapped nanoparticle pow-
ders was studied via Small Angle X-ray Scattering (SAXS).

Scattering intensities of weakly ordered structures are described by the sim-
plified approach of the product of a mean form factor and a structure factor,
I(q) = IlVZP(q)S(q). For the calculation of the particle sizes from the SAXS pro-
file, a numerical approach for spherical particles with a Gaussian size distribution
can be used for the form factor [36].
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In the hard-sphere model, a structure factor for weakly aggregated systems is de-
livered by the Percus-Yevick approximation [42|, which describes the interference
of the scattering of particles with two parameters, a hard-sphere radius Rys and a
mean hard-sphere volume fraction 7 [43, 77]

1
" 14 24nG(2Rusq)/(2Rusq)

with the function G(2Rysq) being defined by Kinning and Thomas [43|. The hard-
sphere diameter 2Rpyg gives information on the correlation distance of particles
within a cluster or an aggregate and the hard-sphere volume fraction 7 on the prob-
ability to find particles in vicinity. Therefore, n describes the degree of agglomeration
of the modified nanoparticles - the higher n, the stronger the agglomeration. Fitting
was performed by the appropriate software “Mathematica’”.

S(q) (5.5)

5.3.4 Results

The surface-modified nanoparticle model systems use coupling agents to introduce a
specific organic moiety to the nanoparticle surface and study the effect of the organic
moiety at the particle-polymer-interface. Three chemical types of organic moieties
attached to the inorganic particle surface for the interface tailoring in the epoxy
nanocomposites were studied. A highly homogeneous dispersion of the particles
in the matrix by enhancing the particle-matrix interaction have to be obtained for
transparent nanocomposites. Therefore the following coupling agents were applied:

e (i) the diethyleneglycol (DEG) moiety which should allow an enhanced physical
interaction of the modified particle surface with the organic matrix as DEG
and matrix are both polar and (oligo)ethyleneglycols are highly miscible with
epoxy resins [173].

e (ii) the widely used epoxide end groups which show physical properties to
link the inorganic and organic surfaces [11| and, as they can chemically react
with the formed polymer resin during the applied in — situ curing approach,
covalently link the particles to the organic matrix [167]. This should result in
an enhanced dispersion.

e (iii) diol end groups as less reactive analogon to the used epoxide end groups
which are the alcohol-end groups, which can also form a covalent bond to the
epoxy resin during the curing process. Interactions via hydrogen bonds with
the polar organic component are possible, [169] resulting in a intermediate
strong interacting group (between DEG and epoxide).

For SiO, nanoparticle surface modification, the organic moieties were attached
with a trimethoxysilane anchor group and the ZrO, nanoparticles were modified
using phosphonic acid coupling agents. The applied coupling agents are listed in
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Table 5.4. For practical synthetic reasons of the coupling agent molecule, instead of
a glycydoxy-moiety phosphonic acid, a 3-epoxy coupling agent was used. Diol-TMS
is not used as a free coupling agent as it is formed via post-hydrolysis of surface
attached Gly-TMS.

The nanoparticle model system was dispersed in the molten monomer bisphenol-
F-diclycidylether with filler contents of 3 wt%, 5 wt% and 10 wt%. During the
curing procedure, several reactions of the nanoparticle surface with the reaction
mixture, which influence the dispersion structure in the resulting nanocomposite,
are possible: Hydroxygroups from the nanoparticles surface can react with epoxides
of the resin mixture but also epoxide groups from the nanoparticle surface can be
attacked by the hardener molecule to form covalent bonds between the nanoparticles
and the matrix. In other cases, at least strong polar interaction between particle
and resin (DEG) or hydrogen-bond formation (OH) can occur and influence the
later dispersion structure.

Figure 5.11 present photographs of the different materials prepared with an identi-
cal thickness of 1.4 mm to visualize the transparency. Obviously, the materials con-
taining unmodified nanoparticles appeared translucent whereas combinations of sur-
face modifications and nanoparticle type appeared transparent like DEG-PPAQZrO,
or Gly-TMeOs@QZrQO, in the epoxy resin.

For a better insight into the dispersion behavior, representative TEM-images of
ultramicrotome-thincuts (100 to 300 nm thickness) of the nanocomposite materials
containing 5 wt% nanoparticles with different surface modifications are presented.
Figure 5.12 shows TEM micrographs of ZrO,/Epoxy resin nanocomposites and Fig-
ure 5.13 shows TEM images of larger SiOy particles/epoxy resin nanocomposites,
each with epoxy-, diol- and diethyleneglycol-interface prepared as well as without
surface modification. Due to a lack of contrast, TEM images of nanocomposites
containing small SiO, are not shown.

In the case of ZrOs in epoxy resin, the DEG-surface modification results in the best
dispersion quality (Figure 5.12b) compared to the large agglomeration of unmodified
nanoparticles (Figure 5.12a). This corresponds to the observed optical transparen-
cies in Figure 5.11b and d. Nanocomposites with diol-modified ZrOs nanoparticles
show sub micron size particle agglomerates and finally the epoxy end groups causes
strongly phase separated materials. In the case of SiOs nanocomposites, there are
considerable differences of the observations compared to ZrO, nanocomposites as
shown in Figure 5.13. The best results in homogeneity could be observed for the
epoxide end group modification followed by the diol- modification (Figure 5.13c and
d). A pronounced tendency to agglomerate was found for the DEG-TMS modifica-
tion (Figure 5.13b) and even larger for the unmodified systems (Figure 5.13a).

The nanocomposites, filled with 3wt%, 5wt% and 10wt% of differently surface
modified nanoparticles have been investigated by SAXS to support and complete
the results from the TEM studies. It has to be mentioned that results from SAXS
origin from a probe volume in the mm? range and are thus considered to be more
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Table 5.4: List of the studied surface modifications.

capping agent formula capping agent abbreviation
HO'\'\:’/\\/\O/\/O\/\O/
\
OF 1-(3-diethylene glycol DEG-PPA
monomethyl  ether)
propoxy phosphonic
acid
Q
Ho—F “<g
it oxiran-2-ylmethyl Ep-PPA
phosphonic acid
C!'.
Hof_-ﬁ:/\/\o/\r/xOH
Qi o 3-(2,3,- Diol-PPA
dihydroxypropoxy)
propyl phosphonic
acid
MeO\/\‘Si/\/\O/\\/O\/\O/
MeO
il 1-(3-diethylene glycol DEG-TMS
mono  methylether)
trimethoxysilane
MEOS g S N e
MeO e ° :
3-glycidoxy propyl  Gly-TMS
trimethoxysilane
MeO
~ /\\/\
Si O OH
MeO’ e r
-(2,3,- Diol-TMS
dihydroxypropoxy)
propyl trimethoxysi-
lane

84



5.3 Dispersion behavior in epoxy resin

Figure 5.11: Photographs of a) blank epoxy resin and nanocomposite plates contain-
ing 5 wt% of b) unmodified and ¢) DEG-PPAQZrO,, d) unmodified and
e) Gly-TMS@SiO, nanoparticles.
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Figure 5.12: Representative TEM-images of ultramicrotome-cuts (100-300 nm thick-
ness) of 5 wt% a) unmodified, b) DEG-PPA, ¢) Diol-PPA and d) Ep-
PPA modified ZrO, nanoparticles embedded in epoxy resin.
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Figure 5.13: Representative TEM-images of ultramicrotome-cuts (100-300 nm thick-
ness) of 5 wt% larger a) unmodified, b) DEG-TMS, ¢) Diol-TMS and
d) Gly-TMS modified SiOy nanoparticles embedded in epoxy resin.
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representative for the bulk material than TEM results with probe volumes in the
nm?>-range. The scattering curves with the corresponding fit curves for 5 wt% filler

content are shown in Figure 5.14.

From the scattering data, the hard sphere volume fraction 7, which is an indicator
for the strength of agglomeration of the particles in the matrix, has been calculated
with Eq. 5.4 and Eq. 5.5. The results are listed in Table 5.5 and plotted in Fig-
ure 5.15 for better visualization. It is visible that the obtained results from SAXS
correspond to the observations made in the TEM micrographs. Agglomerations
observed in TEM are proven by large values for 7 obtained by SAXS. This fact
is clearly visible for the ZrOs/epoxy systems (Figure 5.15a). DEG-PPA modified
particles give the best dispersion quality with n values close to zero which corre-
sponds to single dispersed particles (especially at low filler content of 3 wt% and 5
wt%). Diol-PPA and Ep-PPAQ@ZrO,, which were expected to enhance the disper-
sion due to the polymerizable end group, even show agglomerates in TEM, result in
high values of 7 as indicator for high agglomeration tendency. The agglomeration
trend for the small SiOs nanoparticles is complementary to the results from TEM
(Figure 5.15b). Low 7 values were calculated for Gly-TMS and Diol-TMS while
DEG-TMS results in high 7 values. Comparing the agglomeration trends for the
small SiOy (Figure 5.15b) with the trends for the large SiO, nanoparticle system
(Figure 5.15¢), it can be concluded that the nanoparticle size also plays a crucial
role in finding the optimum surface modification to yield maximum homogeneity.
It should be noted that a different scale was chosen for Figure 5.15b and c. Large
silica have in general a higher tendency to higher values for the hard-sphere volume
fraction compared with the smaller silica nanoparticles, which could be caused by
enthalpic reasons [89].

Table 5.5: Hard sphere volume fraction values 7 for different percentages of surface
modified SiO5 and ZrO, nanoparticles in epoxy resin matrix.
hard sphere volume fraction n from SAXS
particle type filler vol% unmodified DEG-PPA Ep-PPA  Diol-PPA

small ZrO, 3 0.045 0.001 0.097 0.073
5 0.009 0.001 0.090 0.076
10 0.008 0.020 0.090 0.049
filler vol% unmodified DEG-TMS Gly-TMS Diol-TMS
small SiOq 3 0.132 0.145 0.060 0.025
5 0.131 0.143 0.028 0.032
10 0.121 0.144 0.036 0.042
large SiO4 3 0.174 0.160 0.148 0.099
bt 0.223 0.148 0.121 0.090
10 0.156 0.188 0.079 0.110
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Figure 5.15: Hard sphere volume fraction 7 of a) ZrO, as well as b) small and c)
large SiO5 nanoparticles with different surface modifications and incor-
porated into the epoxy resin matrix with different weight percentages.

5.3.5 Discussion

The effect of the surface-functionalization on the dispersion of the nanoparticles is
directly visible in the TEM studies and proven by SAXS. The question has to be
answered, why varying coupling agents causes different behavior of the nanoparticles
to agglomerate or disperse. SEM-investigations done by Kang et al. support the
necessity of chemical surface tailoring of nanoparticles: Unmodified Stoeber particles
incorporated in epoxy resin showed huge agglomeration compared to epoxide or
amine modified nanoparticles [166|, which react immediately with the surrounding
polymer environment and therefore result in separated particles.

Ep-PPA@ZrO, was expected to result in high dispersion due to the polymerizable
end group as it was the case for SiOoPS and SiO,/PMMA systems in chapter 5.1,
however, high agglomeration was observed by TEM (Figure 5.12c) and SAXS (Fig-
ure 5.15a). One reason can be the presence of a strong interparticle interaction via
co-linkage of surface epoxy group. Even though the modification chemically fits to
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the epoxy resin matrix, particle-particle interaction can not be avoided. In the case
of SiOy nanoparticles, the opposite behavior was observed for epoxide modification.
This fact can be explained by the different nanoparticle shapes of the two systems.
The crystal facet shape of the ZrO, nanoparticles can lead to a strong interaction
between two facets. One can assume that the possibility of irreversible interparticle
co-condensation is higher than for spherical SiO, particles, especially for smaller sil-
ica. A very homogeneous dispersion is observed for SiO, nanoparticles as expected
from the compatibility of epoxide groups with the epoxy resin matrix. This result is
in good agreement with the conclusion in chapter 5.1 concerning the positive effect
of polymerizable end groups on high dispersion. The influence of nanoparticle size
on the dispersion is visible at the example of Diol-TMS, as this surface-modifcation
results in a well dispersed SiO;/epoxy system for small particles whereas larger par-
ticles lead to slight inhomogeneity as shown in Figure 5.13d. This effect can be
related to particle curvature effects as observed for ZrOs.

In general, the hard-sphere volume fraction tend to be higher for silica, especially
in the case of larger silica, than for zirconia nanoparticles when looking at the dif-
ferent scales in Figure 5.15a-c. One reason can be a higher tendency of silica to
agglomerate than zirconia. The agglomeration of SiOs nanoparticles can be sup-
ported by their spherical shape which eases dense sphere packing. This effect for
uniform spherical silica particles could be observed in past studies, even if organic
modifications were used [174]. Nanoparticles try to minimize their surface energy
via agglomeration. This effect seems to be higher in the case of SiOy and enthalpy
can thereby play an important role, which is commonly a crucial parameter for the
dispersion of nanoparticles in polymers [89]. It can be explained as well why the 7
values for small SiO, nanoparticles are generally lower compared to the larger SiO,
nanoparticles. One can summerize that SiOs nanoparticles can be more densely
packed than the irregular shaped ZrO, nanocrystals and thus, if agglomeration can
be observed, the 1 values are higher for the SiO, system.

The surface-modifcation with DEG-PPA and DEG-TMS, which are expected to
interact physically with epoxy resin, results in opposite behavior of the respective
nanoparticle system. Homogeneously dispersion of the ZrO, nanoparticles in the
epoxy resin could be observed (Figures 5.12b and 5.15a) while highly agglomerated
SiO2 nanoparticles were visible in the epoxy resin nanocomposite (Figures 5.13b
and 5.15b, ¢). A possible reason could be that the dispersibility enhancement ef-
fect could not overcompensate a possible interparticle-co-condensation via residual
surface silanol groups in case of the silica.

This allows the assumption that the SiO5 system can be explained by the following
rule:

e The stronger the possible particle-matrix interaction, excluding silanol con-
densation reactions, the more homogeneous the final material (covalent > H-
bridges > polar-polar).

In the case of ZrO, nanocrystals the opposite behavior was observed, which could
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be explained by the rule:

e The particle-particle interaction is predominant to the particle-matrix inter-
action applying strong interacting groups.

Furthermore, a variation of the agglomeration behavior for one type of modifi-
cation with increasing filler degree was visible for all nanoparticle /polymer systems
(Figure 5.15). This can be related to the interplay of two different counteractive phe-
nomena. On the one hand, higher filler degree increases the viscosity, which leads to
an increase of the shear force at the same stirring speed and thus breaks agglomer-
ates. On the other hand, the possibility of two interacting particles increases in thick
suspensions and thereby enhances the formation of agglomerates. This effect can
occur if the particle-particle interaction dominates the particle matrix interaction.
A study in literature on the shear thickening effect of silica nanoparticles in PEO
points out the complex viscosity changing behavior with suspension concentration.
It has been observed that the viscosity drastically increases for higher filler degrees
above 7 %, depending on the nanoparticle size and polymer radius of gyration [157].
Therefore, possible dispersion minima or maxima in the agglomeration curves could
be observed, depending on which of these two effects is predominant and how strong
the matrix-particle interaction is compared to the particle-particle-interaction. A
higher particle-particle interaction, and thus stronger agglomeration, is favored for
plane structures or, in the case of large nanoparticles, for less curvature of the par-
ticles. The correlation between agglomeration, size and viscosity shear force effect
can be investigated for the example of large Gly-TMS@SiO,. The strong interacting
Gly-TMS may lead to higher agglomeration at low filler degrees. The hard-sphere
volume fraction 1 decreases for this system with increasing filler content, which can
be caused by the viscosity shear force effect as this effect should be stronger for
larger particles. Kamibayashi et al. found out that different sizes of particles re-
sult in different viscosities of the suspensions, changing the agglomeration behavior
[157]. The obtained data are considered to be the result of a complex interplay of
the various described phenomena.

5.3.6 Conclusion

The agglomeration behavior of SiO, nanoparticles in two different size ranges, in
a lower (6-10 nm) and upper (60-70 nm) range, and ZrO, nanoparticles with a 22
nm spherical equivalent diameter was studied in epoxy resin matrices using different
surface modifications. Unmodified nanoparticles as well as particles with varying
coupling agents such as diethyleneglycol- 1,2-diol group- and epoxide group have
been prepared to study the effect of different interaction strength between particle
surface and surrounding matrix in the epoxy resin curing process. From TEM and
SAXS data one can conclude that the dispersion quality is given by the interplay of
several effects in these complex systems. On one hand surface groups like epoxides
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allow a covalent interaction with the matrix, which should lead to a better disper-
sion of the particles. On the other hand also homo-linkage between the particles
resulting in agglomeration can occur. This allows the assumption that the effect
of a higher interacting matrix particle system compared to interactions within a
particle-particle system is important when tuning the nanoparticle surface to reach
maximum homogeneity. This effect can be seen in analogy to the copolymeriza-
tion parameters in macromolecular chemistry, whereas in this case, polymerizable
groups are present on the nanoparticle surface representing nanoparticles as one type
of monomer. However, one should not underestimate the influence of the nanopar-
ticle nature and shape. In the case of ZrOs, the overall interparticle interaction can
become very high between two crystal facets due to the high contact area compared
to the interaction between two spheres as in the case of SiOy. Therefore, low in-
teracting modifications such as DEG for ZrO, give an optimum on homogeneity in
the material as the particle-matrix interaction is predominant. Stronger interacting
moieties lead to higher agglomeration due to a dominating particle-particle interac-
tion, as it has been demonstrated for epoxide end groups. Furthermore, suspension
concentration effects can lower the agglomeration if the viscosity increases and thus
the shear forces. On the other hand the probability of two particles agglomerating
can be raised. These effects are expected to depend strongly on the nanoparticle
nature, especially on their size. The dispersion of the nanoparticles within the epoxy
resin has been measured and thus been discussed in this chapter by comparing the
different modified nanoparticle composite systems.

Considering these effects, the dispersibility of oxide nanoparticles could be tuned
applying organosilanes and organophosphonic acids to produce homogeneous nano-
composites via low shear force and thus lower energy effort. However the optimum
surface modification has to be found and modified for each system. Therefore,
SAXS and TEM studies support the development and investigation of well defined
and novel nanocomposite systems.

5.4 The effect of concentration, size and surface
chemistry of zirconia and silica nanoparticle on
the bulk properties of epoxy resin
nanocomposites

Compared to the previous chapter 5.3, where different surface-functionalizations

and their effect on the structural properties of the epoxy resin nanocomposite were

investigated, now the focus was not only on structural, but also on thermomechan-
ical and mechanical properties of these nanocomposites containing DEG@SiO, and

DEG@ZrO, nanoparticles as inorganic building blocks.
Epoxy resin nanocomposites were prepared by curing bisphenol-F with an aliphatic
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amine containing oxide nanoparticles as inorganic nanofillers. Both types of nanopar-
ticle, amorphous, spherical SiO, and crystalline, non spherical ZrO,, were prepared
in two different size ranges, one around 5 nm and the other around 50 nm, to in-
vestigate the influence of size on the dispersion in the nanocomposites. The two
nanoparticle systems were surface-functionalized with novel diethylene glycol based
capping agents to increase the compatibility with the epoxy matrix. Anchor groups,
phosphonic acid for zirconia and trialkoxysilane for silica, were used to attach the
organic functions to the nanoparticle surface. To determine the homogeneity of the
distribution of surface-modified inorganic nanofillers in the organic matrix up to 5.8
vol% in case of silica and 2.34 vol% in case of zirconia, the nanocomposites were
investigated by small-angle X-ray scattering and transmission electron microscopy.
Hardness tests and differental scanning calorimetry helped to define the influence
of the increasing nanofiller content on mechanical properties or thermomechanical
properties.

This chapter is based on the publication of Sajjad et. al. [S3].

5.4.1 Introduction

Due to the promising outlook of generating new properties of polymeric materials,
the development of inorganic-organic polymer nanocomposites by merging organic
polymers and inorganic fillers in one material expanded fast in this research field
[175]. One method, which has been extensively used to tailor the properties of
organic-inorganic composites, is the sol-gel process [176].

Several studies prove the enhanced overall stability and mechanical properties of
polymers by incorporation of metal and metal oxide nanoparticles [162, 177, 178|.
One aim is the homogeneous dispersion of the nanofillers in the polymer matrix,
which thus contributes to theses considerably improved mechanical and thermal
properties of the inorganic-organic nanocomposites. This is achieved using an appro-
priately modified interface [179]. Inorganic moieties can be effectively incorporated
in the organic matrix via covalent linkage [134|, which is achieved by the modifica-
tion of the particle surface applying coupling agents. Thereby, interaction is forced
up and thus dispersibility of the nanofillers within the matrix is promoted. Addi-
tionally, the incorporation of polymerizable end groups in the coupling agents offers
increased interfacial adhesion through copolymerization [180]. These two effects are
advantageous for the improvement of mechanical properties.

Conventional molecules for surface modifications of metal oxides are polymeric
surfactants like poly(ethylene oxides) (PEO), [181] poly(vinyl pyrrolidones) (PVP),
[182] ionic surfactants like organic sulfates of sulfonates or capping agents con-
sisting of an anchor group like alkoxysilanes [180, 183] and chlorosilanes, organo-
phosphorous acids or carboxylic acids [12, 15, 97, 174, 184].

In literature, epoxy resin inorganic-organic nanocomposites usually contain un-
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modified silica particles or clays as fillers [168, 185]. Partially these particles were
also surface-modified with aliphatic amines, alkyl-chain-bearing surfactants, and
silane capping agents containing alkyl-spacer and epoxy end groups, or PEO-based
modifying agents in which the polymer chain interacts with the inorganic surface by
weak chemical interactions [167, 186]. SiOy-Stober-particles were chosen as model
systems because of the excellent control of size and size distribution during synthe-
sis. Due to these properties Stober-particles are ideal candidates for nanocomposite
preparation and the systematic studies for structure-property relationship [187, 188|.
Zirconia nanoparticles were choosen to investigate the enhancement of hardness and
other mechanical properties and thermal stability of classical thermoplastics, espe-
cially for coating applications [189, 190]. Only a few literature reports can be found
about the preparation and characterization of epoxy-zirconia nanocomposites. A
recent study by Medina et. al. shows a significant increase in the mechanical prop-
erties of epoxy with the addition of zirconia [162].

In this chapter, the synthesis and characterization of nanocomposite materials
with two types of nanoparticles incorporated into an epoxy matrix is presented in
detail. Capping agents built up by a diethylene glycol group were attached to the
nanoparticle surface by covalent bonds and therefore contributed to a good interac-
tion between particle and matrix. The main goal of this chapter was the systematic
investigations of structure-property relationships in epoxy resin nanocomposites de-
pending on the composition, size and morphology of the nano building blocks.

5.4.2 Experimental

Bisphenol-F-diglycidyl ether (BFDGE) was purchased from Organica Feinchemie
GmbH. Diethylenetriamine was distilled before AQ3 use, water was deionized, and
methanol was purified using a PureSolv (Innovative Technology Inc.) solvent purifi-
cation system. All other chemicals and solvents (HPLC grade) were purchased from
Sigma Aldrich and ABCR and were used without further purification.

Nanoparticles syntheses

The detailed experimental procedures are included in the thesis of Feichtenschlager
[120] and the publication of Sajjad et. al. [S3]. Silica nanoparticles were prepared in
two different sizes according to literature known procedures applying and tailoring
the Stober process resulting in small [67, 191] and large nanoparticle [68| containing
colloidal sols. The smaller silica nanoparticles exhibited DLS diameters of 942
nm and the larger particles of 72+10 nm. Small and large zirconia nanoparticle
powders were prepared applying hydrothermal conditions according to literature
known procedures |69, 70]. The smaller zirconia nanoparticles exhibited a spherical

equivalent diameter of 22+4 nm and the larger particles of 664+1 nm as measured
by DLS.
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The synthesis of the capping agents - DEGPPA and DEGTMS - and the proce-
dures of the surface functionalization of the nanoparticles are also described in detail
in the work of Sajjad et. al. [S3| and the thesis of Feichtenschlager [120]. Silica
nanoparticles were modified using a quasi in — situ modification approach starting
from the as prepared silica particle sol. Zirconia nanoparticles were modified using
a post-modification approach in accordance to a procedure described in literature
for titanium dioxide nanoparticles [15].

Preparation of epoxy resin nanocomposites

Amine cured bisphenol-F-based epoxy resin was prepared by a standard procedure
described in literature [172|. Bisphenol-F-diglycidylether (BFDGE) (2.0 g, 7.03
mmol) was molten at 70 °C and the particle powder was added, followed by magnetic
stirring at 750 rpm in a flat bottom 15 mL glass vessel for 2 h. Diethylenetriamine
(DETA) (0.2 g, 1.94 mmol) was afterwards added to the reaction mixture, which
was immediately cast on a silicone grease coated stainless steel plate and cured at
120 °C for 16 h to give sample plates of 1.2-1.5 mm thickness and 3-5 cm diameter.

The stoichiometrical ratio of epoxide groups to amine group was selected to be
2.6 to obtain thermoset materials, via the variation of the molar ratio of BEDGE /
DETA.

Nanocomposite materials consisting of 1.7 vol%, 2.9 vol%, 5.8 vol% (corresponding
to 3 wt%, 5 wt% and 10 wt%) of small and large silica and 0.67 vol%, 1.12 vol%,
2.34 vol% (corresponding to 3 wt%, 5 wt% and 10 wt%) of small and large zirconia
were prepared.

Characterization

Ultra microtome-thin-cuts with a thickness of about 100 nm were performed on
“Ultra cut E” (Leica) instrument at room temperature. Transmission electron mi-
croscopy (TEM) images were recorded on a JEOL JEM-100CX and on a FEI TECH-
NAI G20 transmission electron microscope.

Small angle X-ray-scattering (SAXS) measurements were performed under vac-
uum in transmission geometry using a rotating anode X-ray generator with a pinhole
camera (Nanostar, Bruker-AXS) with Cu K, radiation monochromatized and col-
limated from crossed Goebel mirrors and a 2D position sensitive detector (Vantec
2000). Measurements were carried out at two different distances (13 cm and 108 c¢m)
to cover a wide q range. All SAXS patterns were radially averaged and corrected
from background scattering to obtain the scattering intensities in dependence on the
scattering vector g = 47 /Asinf, where 26 is the scattering angle and A =0.1542 nm
the X-ray wavelength.

Temperature modulated DSC thermograms were recorded with a TA Instrument
DSC - Q2000 in a nitrogen gas flow of 50 mL min~! with a heating rate of 3 K
min~!, an amplitude of +0.5 K and a period of 60 s for all materials. The T} of the
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filled epoxy was characterized as the midpoint of the change in specific heat from
DSC scans.

Vickers hardness measurements were done with a load of 0.98 N. At maximum
load a dwell time of 30 s was chosen.

5.4.3 Results and Discussion
Structural investigation of nanoparticles and their surface functionalization

The prepared silica particles were amorphous while the zirconia powders consisted
of about 100 % crystalline monoclinic ZrO,. Both particle types have been synthe-
sized in the lower (about 5 nm) and upper (about 50 nm) nano range to investigate
size effect of nanofillers in nanocomposite formation. TEM images shown in Fig-
ure 5.16 display crystal-facet-shaped small zirconia nanocrystals (Figure 5.16a) and
the polycrystalline large zirconia nanoparticles (Figure 5.16b), both with aspect ra-
tio of about two. The prepared silica particles as presented in the Figures 5.16¢ and
d had a spherical shape. Size analysis was carried out manually if the contrast was
not sufficient enough for an automatic evaluation. In case of the irregularly shaped
zirconia, the equivalent circle diameter is given in Table 5.6 for a better comparison
with spherical silica particles. The size distribution of all synthesized nanoparticles
is rather uniform, which was also confirmed by DLS measurements.

SAXS was additionally used to determine the particle size. The SAXS intensities
and fit curves are shown in Figure 5.17. The fit curves describe spheres with a Gaus-
sian size distribution [36]. As in the SAXS curves peaks are visible, which are due to
agglomeration, a structure factor has to be introduced. In the hard-sphere model,
the Percus-Yevick approximation [42] allows the quantification of the agglomeration
behavior with a mean distance of the spheres Dyg and the amount of filled volume,
the hard-sphere volume fraction 7 [43, 77|. The larger the tendency to agglomerate,
the higher the value of 7. The hard-sphere model in SAXS was used not only for
spherical silica, but also for platelet-shaped zirconia nanoparticles: The diameters
obtained from SAXS (from the hard-sphere model) and TEM (equivalent circle di-
ameter) are in perfect coincidence [S1]. However, one has to admit that the use of
the hard sphere model for platelet-shaped particles is only a first approximation,
and the intensities do not generally factorize into a product of structure factor and
form factor for polydisperse objects with an ellipsoidal shape [192]. The fit parame-
ters for SAXS (size and distribution width of spherical particles as well as distance
and hard sphere volume factor) are summarized in Table 5.6 together with the size
obtained by DLS and TEM.

It should be noted that the wiggles in the SAXS intensities of the large silica
particles towards very low g-values are due to the form factor of spheres and only
observed in the case of extremely narrow size distributions. This directly confirms
the quality of the Stober process. For large zirconia particles, two peaks are observed
and were fitted with two Gaussian size distributions. The reason is that the large
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

Figure 5.16: TEM micrographs of small (a) and large (b) ZrO, and small (c¢) and
large (d) SiO5 nanoparticles.
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zirconia particles are built up of smaller subunits, which is also visible in the TEM
image Figure 5.16b.
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Figure 5.17: Experimental SAXS profiles I(¢q) (symbols) and fitting curves (solid
lines) using the numerical approach with spheres with a Gaussian size
distribution and a hard-sphere model for the structure factor. The
profiles are shifted vertically for better visibility.

Table 5.6: Fitting parameters of SAXS profiles and particle size from DLS (from
mass weighted size distribution, error from peak width) and TEM (error
from standard deviation) for neat SiOs and ZrOs.

particle particle Gaussian  hard- sphere to particle particle

type diameter  distri- sphere sphere diameter  diameter
dsaxs [nm] bution volume distance  drgy [nm] dprg [nm]

width fraction . Dyg [nm]

SiO4 small 54 +0.85 0.13 6.5 5+1 942

Si0O, large 58.0 +£3.80 0.13 69.0 61+£7 72419

ZrO5 small 6.0 +0.65 0.02 6.7 6+1 2248

ZrO, large 34.0 +£3.70 0.05 41.0 38+12 66419

The distance of hard spheres is slightly larger than their size, which is attributed
to some intermediate material and the asymmetry of particles. Silica nanoparticles
exhibit a higher tendency to agglomerate than zirconia nanoparticles, which is visible
by the higher hard sphere volume fraction observed for the nanocomposites in this
case (Figure 5.21). This is possibly due to enthalpic reasons, which is commonly
seen as a crucial parameter for the dispersion of nanoparticles in polymer [89].
The surface energy of silica nanoparticles in solution is probably relatively high in
comparison to zirconia, supported by their spherical shape, whereas large zirconia
particles are more porous clusters built up from smaller units (Figure 5.16). The
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

agglomeration of silica nanoparticles should therefore reduce the surface and thus
leads to a gain in enthalpy, which is much less pronounced in the case of zirconia.

For the incorporation of the inorganic metal oxide particles (polar) into the
bisphenol-F-based epoxy resin matrix, the particles have been surface modified with
phosphonic acid (anchor group for ZrOs) and trimethoxysilane (anchor group for
SiOq) capping agents. The two capping agents used are listed in Table 5.7. Silane
capping agents of the type R-SiX3 (X = -halogen, -alkoxy) covalently bind to the
silica surface [10, 12| while phosphonic acids covalently bind to zirconia surfaces
analogously as to titania [193].

Structural investigation of the nanocomposites by SAXS

The prepared epoxy-resin nanocomposite samples, having a thickness of 1.2-1.5 mm,
appeared all macroscopically homogeneous, translucent in the case of all used sil-
ica particles and transparent in the case of surface-modified zirconia nanoparticles
(Figure 5.18). Surface modification seems to result in a more transparent material,
whereas neat unmodified particles lead to more turbid nanocomposites.

The sample turbidity can be attributed to different agglomeration behavior of
the inorganic particles in the organic matrix and was verified by TEM on different
ultra microtome thin cuts of the nanocomposite samples (Figure 5.19). Zirconia
particles (Figure 5.19a and c¢) are obviously better dispersed than silica nanoparticles
(Figure 5.19b and d). Surface modified ZrO, nanoparticles (Figure 5.19¢) show no
agglomeration, whereas the effect of the surface modification on SiOy nanoparticles
is much less pronounced and large agglomerates are still visible (Figure 5.19d). The
TEM images of nanocomposites containing small SiO, nanoparticles are not shown
due to the poor quality caused by the small size of the nanoparticles and the low
contrast between epoxy resin and amorphous SiOs.

Even a higher percentage of surface-functionalized zirconia nanoparticles (2.34
vol%) resulted in homogeneous and transparent materials and is thus considered as
the most promising system in this work for technical applications such as transparent
coatings due to its good adhesive properties.

The scattering intensities with the corresponding fit curves for the nanocompos-
ites with different vol% filler content are shown in Figure 5.20. The data support
the fact that zirconia nanoparticles are nearly not agglomerated and exhibit a much
better dispersion than silica nanoparticles. The agglomeration behavior, described
by the hard sphere volume fraction and calculated from the SAXS scattering profiles
for both particle types is shown in Figure 5.21 and numerical values are listed in
Table 5.8). Neither the surface-functionalization of SiOs particles nor the amount of
nanoparticles affect the agglomeration significantly. However, the size of the parti-
cles shows a clear influence as high values for n were obtained for large nanoparticles.
This is a clear sign for the higher possibility of a larger particle to interact with a
neighbour particle than with the polymer chains.
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Table 5.7: Organophosphorus coupling agents used for the surface modification of

ZYOQ.
capping agent formula capping agent abbreviation
HO’\'\::/\/\O/\/O\/\O/
OH diethylene  glycol DEGPPA

monomethyl ether
phosphonic acid

MeO
i diethylene  glycol TMSPPA
monomethyl ether
trimethoxysilane

epoxy resii
nano
composites

Figure 5.18: Zirconia-epoxy-resin nanocomposite samples (1.2-1.5 mm thickness):
upper row from left to right: neat matrix, 0.67 vol% DEGPPAQZrO,
small, 1.12 vol% DEGPPAQZrO, small; lower row from left to right:
0.67 vol% neat ZrO, small, 1.12 vol% neat ZrO, small.
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5 Influence of surface-functionalization on the homogeneity in nanocomposites

Figure 5.19: Representative TEM micrographs of ultramicrotome cuts of epoxy resin
nanocomposites containing 3 wt% inorganic fractions: (a) unmodified
ZrO4 small; (b) unmodified SiO, large; (¢) DEGPPAQZrO, small; (d)
DEGTMS@SiO, large.
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Figure 5.20:

Experimental SAXS intensities (symbols) and fit curves (solid lines)

are shown for different vol% inorganic nanofiller content of epoxy resin
nanocomposites containing (a) small SiOq; (b) large SiOs; (c) small

ZrOs; (d) large ZrOs.

The profiles are shifted vertically for better

visibility.
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Figure 5.21: Hard-sphere volume fraction n for unmodified and modified SiO, par-
ticles (a) and ZrOs particles (b) for different amounts of particles em-
bedded in epoxy resin. Note that the scale of the ordinate is different
in (a) and (b). The error is the fit error at a confidence interval of 0.95
and does not include uncertainties from the choice of the hard-sphere

model.

Table 5.8: Hard sphere volume fraction values 7 for different percentages of unmod-
ified and surface modified SiO, and ZrO, nanoparticles in epoxy resin

matrix

unmodified ZrO, small b
unmodified ZrO, large
DEGPPA@ZrO, small
DEGPPA@ZrO, large

©
€
OX ROX 2

L

T ‘

6 0810121416 18 20 22 24

vol% of ZrO,

particle type filler vol%

n of unmodified 7 of DEGPPA

small ZrO, 0.67 0.040 0.010
1.12 0.021 0.010
2.34 0.050 0.030
large ZrQO, 0.67 0.111 0.031
1.12 0.101 0.107
2.34 0.080 0.097
filler vol% 1 of unmodified 7 of DEGPPA
small Si09 1.7 0.132 0.145
2.9 0.131 0.143
5.8 0.060 0.144
large SiOq 1.7 0.174 0.160
2.9 0.223 0.148
5.8 0.236 0.188

Differently, there is a considerable influence of the surface-functionalization on the
hard sphere volume fraction for ZrO, particles: In particular for small ZrOy doped
nanocomposites capped with DEGPPA no agglomeration is observed, and also for
large particles, the tendency to agglomerate is strongly reduced for the lower amount
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of particles within the matrix. Only for the high amount of zirconia particles, no
difference between unmodified and modified particles was found.

The two types of nanoparticles, SiO5 and ZrO,, obviously show different agglom-
eration behavior inside the polymer matrix, even for similar volume percentage.
Zirconia particles show less agglomeration in general, and small zirconia particles
with surface-functionalization are perfectly randomly distributed in the matrix. Due
to the better distribution within the matrix, we restricted ourselves to investigate the
thermal and mechanical properties only of epoxy-resin nanocomposites containing
modified SiOy and ZrO, particles.

Thermo-mechanical and mechanical behavior of modified nanocomposites

The effects of the filler size and filler content on the glass transition temperature
T, of the polymer composites were studied by DSC and are shown in Figure 5.22.
A decrease of T, was observed with increased filler content. There is only a slight
decrease for small particles, but a considerable higher decrease for large ones. The
T, of the nanocomposites with zirconia particles is less affected by increasing filler
content in comparison to the silica/composite system. Considering the same vol-
ume fraction of the two nanofillers, it is obvious that the decrease in T} is less in
case of the zirconia/epoxy system as compared to the decrease in case of the silica
system. The change in 7T, for nanofiller composites is often and, in addition, quite
controversially discussed in literature. Several authors have reported an increase of
T, as a function of the filler loading [194, 195] whereas others have observed the
opposite [196, 197]. Some authors have suggested that phase separation is respon-
sible for the decrease which is due to the lack of adhesion between the filler and
the epoxy groups. Other authors have related this decrease to the increase in free
volume as unrestrained epoxy molecular chains move easily upon heating. Becker et
al. attributed the reduction of T, to a possible lower crosslink density around clay
particles, maybe due to the perturbing effects of the clay, even if the presence of the
clay encourages higher conversion of epoxy [198]. Thus, the clay may change the
chemistry of the reaction. A negative effect on 7, was observed for epoxy resin filled
with carbon black nanoparticles, which is attributed to increasing chain mobility
due to the dramatically increasing interfacial area between fillers and polymer ma-
trix [195]. In the study of Huang et al, the decrease of T} is related to the reduced
crosslinking density in the vicinity around the silica nanoparticle [199]. One possible
reason can be entropic reasons: Whereas small nanoparticles can easily be incor-
porated into the polymer, larger nanoparticles lead to a polymer chain expansion
and a loss of entropy, which is called “stretching free energy cost” [89]. This is seen
as the main reason for the nondispersibility of larger nanoparticles [89]. The en-
tropic contribution of the polymer has been extensively discussed in literature [200].
On the one hand the higher penalty in the entropic contribution should lead to a
higher agglomeration of larger nanoparticles (a higher hard sphere volume factor,
Figure 5.21). On the other hand it should change the flow characteristics in the

105



5 Influence of surface-functionalization on the homogeneity in nanocomposites

surrounding of these large nanoparticles so that the chain mobility is increased and
the glass transition shifts towards lower temperatures.

Another explanation can be the influence of nanoparticles on the curing behavior
of the composite. Whereas the small particles do nearly not hinder the develop-
ment of the network to a large extent, larger nanoparticles are stronger obstacles.
Therefore, an important parameter is the ratio of particle diameter to the radius of
gyration R, of the uncured resin. Assuming a R, value of about 10 nm, it can be
expected that in the uncured network the statistical arrangement of the molecules
is much more disturbed in the case of larger nanoparticles, having a size of about
five times higher [201|. Furthermore, if one considers the higher tendency of SiO,
to agglomerate even in the surface modified state (Figure 5.19d), regions with very
low interparticle distances inside the agglomerates can exist. It was proposed by
Chen et al. for layered silica that an interphase forms between the silicate layers
which lead to a shift of T, to lower temperatures [202]|. Similar to the silica layers,
this could also be the case within the agglomerates in the materials discussed in this
work.
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Figure 5.22: Glass transition temperature T, of modified epoxy nanocomposites with
different filler content.

The hardness impression did not show cracks at the edges. The hardness increases
with increasing nanoparticle content up to 142 % for the sample containing 5.6 vol%
large silica nanoparticles as shown in Figure 5.23. The zirconia nanocomposites show
a significant increase in hardness. In the case of both nanoparticle types, the effect is
more pronounced for large particles than for small ones, in particular at higher filler
content. This is due to the fact that hardness is dependent on the flow properties
of the polymeric matrix. High local stresses are induced for hardness. Thus, it is
expected that small nanoparticles are less effective as obstacles, whereas the opposite
is the case for larger nanoparticles. In the case of a similar size of particle and domain
range of the polymer coil, unique interaction behavior of inorganic and organic parts
can take place manifesting in unexpected effects on the mechanical property of such
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nanomaterials [200, 203]. An extended interfacial region in case of large particles is
additionally one of the reasons for large effect on hardness in both cases.
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Figure 5.23: The effect of a) DEG-TMS modified SiO; and b) DEG-PPA modified
71O, nanoparticles on the hardness of epoxy nanocomposites.

5.4.4 Conclusion

Epoxy nanocomposite films with SiOy and ZrO, nanoparticles were prepared via
in — situ curing using novel capping agents to enhance the dispersion quality. The
strong bonding of this surface modification sustains the high temperature curing
conditions. The inorganic moieties were homogeneously dispersed throughout the
matrices and composite films retained good optical transparency. In the case of ZrO,
nanocrystals the composite materials were highly homogeneous at the nanoscale,
whereas in particular large spherical SiOs-nanoparticles showed higher agglomera-
tion. Modifying their surface with immobilized oligo ethylene glycol-chains, trans-
parent epoxy resin nanocomposites were synthesized for variable inorganic contents.
The addition of nanoparticles leads to a decrease in glass transition temperature,
which is less pronounced for small zirconia than large silica nanoparticles. The
hardness also increased for all investigated nanocomposites systems with increasing
nanoparticle content. In this case, the incorporation of the larger nanoparticles leads
tendencially to higher values compared with small particles.

107






6 The structure of feather keratin

In the first part of this chapter, the stability of feather keratin was confirmed by
scanning the rachis of a blue and a white peacock feather along the whole length
of the fiber. The second part describes different in — situ SAXS measurements to
determine a more detailed image of the arrangement of the keratin proteins within
the filament.

6.1 Keratin homogeneity in the tail feathers of
Pavo cristatus and Pavo cristatus mut. alba

The keratin structure in the cortex of peacock’s feathers is studied by X-ray diffrac-
tion along the feather, from the calamus to the tip. It changes considerably over
the first 5 cm close to the calamus and remains constant for about 1m along the
length of the feather. Close to the tip, the structure loses its high degree of or-
der. We attribute the X-ray patterns to a shrinkage of a cylindrical arrangement of
[-sheets, which is not fully formed initially. In the final structure, the crystalline
beta-cores are fixed by the rest of the keratin molecule. The hydrophobic residues
of the beta core are locked into a zip-like arrangement. Structurally there is no
difference between the blue and the white bird.

This chapter is based on the publication [S4].

6.1.1 Introduction

Recently the evolutionary development of feathers, the transition from Reptilia to
Aves, and the associated capacity of flying [204, 205, 206, 207, 208| have received
considerable attention. The evolutionary question is paralleled by the chemical
one, the dichotomy between “hard” alpha-keratin in mammalia, and “soft” feather
beta-keratins in reptiles and birds [209]. Concerning the nomenclature, there is
some confusion in the literature. Astbury [210] stretched alpha-keratin to what
he called a beta-form. Obviously their alpha- and beta- keratins have the same
chemical composition, differing only in structure like two phases under stress. The
feather beta-keratin is chemically different, but gives similar diffraction patterns to
Astbury’s stretched alpha [25].

The increased interest in feathers in general has led Weiss and Kirchner [211] to
investigate one particular type in one particular bird, the tail covert feathers of the
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6 The structure of feather keratin

peacock, both blue and white. The chemical, biochemical and mechanical differences
between the blue and the white animal are but little. Pavo cristatus and Pavo
cristatus mut. alba belong to the same species, the latter is a subspecies and not an
albino form. White parents beget white offspring, blue parents blue offspring. The
tail feathers are not used for flying but serve for sexual display. For that purpose they
are long and thin, mechanically speaking they are slender beams. They consist of an
outer cortex in the form of a circular hollow self-similar cone, filled by a low density
foam, the medulla. Both are made of the same keratin, which is subsequently called
peacock keratin. In what precise sense this is identical to commonly called beta-
keratin or not, is a delicate question [212]. Chemically however, Weiss and Kirchner
[211] have ascertained that the composition of our peacock keratin is identical to the
F-keratin from Larus novae-hollandiae (Silver gull) [213|. Polarized light microscopy,
Figure 6.1, reveals that the cortex is not uniform in the radial direction, but is a
multilayer structure. This has been anticipated on the diffraction level by Busson
et al. [214].

Figure 6.1: Polscope (Cri Abrio System, L.O.T. Oriel, Germany) image of a rachis
cross-section. Below the diagonal the foamy medulla structure (M) can
be seen. It is surrounded by the cortex (C) of varying thickness, ap-
pearing moon-shaped. This is sub-structured into layers. Towards the
top left, the cortex is covered by protective, presumably lipid, layer (L).
Birefringent retardation (0-93 nm) is colour coded.

Each such feather (Figure 6.2A) of about 2 mm diameter at the base and 1m
length is produced once a year, amounting to a production rate of about 1 cm/day
during the winter-spring growth period. The diameter of the feather keeps increas-
ing (Figure 6.2B), which amounts to ever increasing production volumes per day.
Although the geometry changes considerably, the quality of the material produced
remains surprisingly uniform. Weiss and Kirchner [211] showed that Young’s mod-
ulus of the cortex varies at most ten percent between tip and calamus, say between
November and March. The purpose of this note is to check how the mechanical
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constancy is based on structural constancy. Is the keratin and its structural ar-
rangement the same between tip and calamus? Does the diffraction pattern change?
The structure of the feather keratin molecule is not perfectly known. Moreover, the
arrangements of the crystallized -sheets [215] concerns from proline to proline only
31 amino acids (3.3 kDa) of the 98 amino acids (9.8 kDa) of the entire molecule. If,
and how the rest of the molecule, after all two thirds and consisting of a 20 amino
acids long N-terminus and a 47 amino acids long C-terminus, are crystallized and
leave a mark on the diffraction pattern has remained open to speculation.

Cortex+—= Rachis

Medulla =

“Cortex ===

Figure 6.2: (A) The tail cover feather of Pavo cristatus sub. alba subjected to X-
ray investigation. The arrows indicate approximately the multiple beam
positions. (B) Sketch of the conical shape of the rachis. Both outer
diameter and cortex thickness decrease linearly from the calamus to the
tip, forming a self-similar cone filled by the medulla. Diffraction patterns
were taken from the cortex only.

Avian feathers are strongly textured, the axes of the fibrous protein and of the
rachis being parallel. Early X-ray diffraction favoured an arrangement of pleated
sheets [216] with a helical structure [217, 218]. The structure of the molecule was
identified from X-ray diffraction patterns of a seagull feather [29] as a helical arrange-
ment of four repeating units per turn with a pitch length of 9.5 nm. Two twisted
[-sheets are aligned along a perpendicular diad in a left-handed way, whereas the
twist in the sheets is opposite to the one of the helix [29]. Fraser and Parry [219]
showed that within each [-strand a well-defined oscillation in hydropathy exists,
which is consistent with the residues alternating between inner and outer surfaces
of the residues. These authors refined the original model and proposed two pos-
sible configurations for hairpin turns in the [-sheets and a high concentration of
hydrophobic residues in the interface between the sheets related by the diad [215].
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In one of the models, there is a strong interaction of the two components within the
helix with a smaller distance of arginine sidechains of only 0.4 nm, whereas in their
complementary model the distance is 0.68 nm [215]. Due to this smaller distance,
which facilitates dimerisation, they favoured the first model, but they concluded that
a stabilizing influence from the formation of disulfide linkages is rather unlikely as
the cysteine residues are not close enough. The longitudinal texture of swan, goose,
and ostrich feathers was studied by synchrotron radiation along the feather from
the calamus to the tip [220]. The observed decrease of half-width of three specific
reflections (i.e. a higher axial alignment of the keratin molecules with respect to the
feather axis) was related to an increase of the Young’s modulus for the two flying
birds [220]. This was the starting point for the present work. We focus on a precise
determination of the structure along the length of a peacock’s feather, between the
calamus and the tip with the eye of the feather.

6.1.2 Experimental

The tail covert feathers of a white and a blue peacock were obtained commercially
(Claude Nature, Paris, France). Different feathers of the same peacocks were used in
Weiss and Kirchner (Weiss and Kirchner, 2010a) and the present research. Feathers
were stored at 24°C in a laboratory environment of 45% rel. humidity before testing.
Small angle X-ray scattering (SAXS) measurements were performed with Cu K,
radiation from a rotating anode generator (Nanostar, BRUKER AXS) equipped
with a pinhole camera and an area detector (VANTEC 2000). The samples were
mechanically cleaned from the medulla foam, cut into stripes of about 4 cm in
length and single strips were measured at a sample to detector distance of 14 cm.
The exposure time for each pattern was 1800 seconds and the beam diameter at
the sample was 0.5 mm. The distance of the measured spots was reduced to 5
mm for the piece close to the calamus for higher positional resolution. The SAXS
intensity patterns were averaged to obtain the scattering intensity I(q), where ¢ =
(4w /X)sind is the scattering vector, 26 the angle between incident and diffracted
beam, and A = 0.1542 nm the X-ray wavelength. Precisely, the two-dimensional
X-ray patterns were evaluated according to the inserts in Figure 6.3, left image:
For the lateral (equatorial) and the axial (meridional) reflections, the intensity was
projected to the respective axes (qy in equatorial direction, ¢, in meridional direction,
where the latter coincides with the long axis of the filament and the length of
the rachis). To determine the intensity distribution with respect to the azimuthal
angle y, the 2D-patterns were integrated in the regime of each of the reflections,
respectively. Background correction was performed by integrating the same regions
without sample, subtracting these integrated intensities and taking into account the
absorption of the respective sample. The intensities of the reflections were fitted
with Gaussian functions to determine the maxima and the half-widths in reciprocal
space and then converted into distances and distributions in real space. Differently,
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for the intersheet distance/interchain distance reflection, the center of gravity of
the peak was evaluated, as the shape of the reflection was more rectangular than
Gaussian.

Four reflections of the diffraction patterns exemplarily shown in Figure 6.3 were
evaluated:

e (A) The axial reflection of the fourth layer line. It corresponds to the length
of the repeating units, about 9.5 nm, which is the pitch of the helix.

e (B) The first lateral (equatorial) reflection. It corresponds to the distance
between packed filaments.

e (C) The intense axial reflection from the tenth layer line. From its splitting
the approximate radius of the helix can be determined by searching for the
first maximum of the appropriate Bessel function [221] J,(27Qrey,). Q is the
position of the maximum in reciprocal space and r.,; the radius of the cylinder.
The order n of the Bessel function, n = 2, follows from the selection rule for
feather keratin (I = n + 4m, Fraser et. al. [29], with [ = 10 being the layer
line index, for possible integers n and m). Fraser et al. [29] observed that
this reflection is absent in keratin denaturated by steam; they attributed it
therefore to the outer parts of the molecule, which are less stable than the
central crystalline beta-core.

e (D) The broad equatorial peak. It was attributed to the interchain distance
[217] or the intersheet distance [29]. We follow here the latter interpretation,
evaluated the centre of gravity @) of this reflection and converted it to a ra-
dius 7.0 by using the second maximum of the Bessel function of zero order,
Jo(2mQreore). The intersheet distance is then twice this value, 2 7.

The justification to use two different radii for the structure, 7., and 7.y, is that
Fraser et al. [29] observed the tenth reflection only in the native, unsteamed keratin.
As mentioned above, they argued that it stems from the outer parts of the molecule,
as the pleated sheet portions of the molecule are more resistant to denaturation due
to the regular two-dimensional arrays of hydrogen bonds. The two different radii
correspond therefore to the radius of the crystalline beta core and the outer parts
of the molecule, respectively [29].

For clarity the evaluated reflections (A), (B), (C), (D) as well as the offset angle
between the axial and the lateral reflection are marked in the left part of Figure 6.3.
The central part shows the distances in real space inserted into the structure pro-
posed by Fraser and Parry [219]. All error bars in Figures 6.4-6.8 are the sum of fit
errors and the positional uncertainty (the finite sample thickness divided through
sample-to-detector distance). FErrors of wavelength and detector resolution were
neglected, as they are either small or do not shift the maximum of the peaks con-
siderably.
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Figure 6.3: The four reflections analyzed, (A), (B), (C), (D), are indicated on a typ-
ical diffraction pattern. Corresponding real space arrangement proposed
by Fraser and Parry [219] for avian keratin. Three typical scattering im-
ages along the length of a white peacock feather, from the regions close
to the calamus, the centre and close to the tip.
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6.1 Keratin homogeneity in the tail feathers of peacocks

6.1.3 Results

Three examples of scattering images are shown at the right of Figure 6.3. These
are for the white peacock, one from the region close to the calamus, one in the
centre and one close to the tip of the feather. The images clearly show the higher
orientation with respect to the filament axis in the centre region (which covers most
of the feather’s length), as the azimuthal spread of these reflections is significantly
smaller. Evaluation of the axial (A) and the lateral reflection (B) leads to Figure 6.4:
the triangles, the distances in axial direction, are obtained from the 4th layer line
(A). Four times this value is the length of the repeating unit of about 9.5 nm. The
lateral packing (circles) is obtained from the lateral reflection (B). Gray symbols are
for the blue, open symbols for the white peacock. The abscissa is divided into two
parts to allow for the strong change in the region close to the calamus. The ordinate
has two separate regions for the respective reflections. The lateral packing distance
decreases over the first 50 mm from the calamus, whereas the axial distance first
increases and then decreases again. This means that the pitch of the helical structure
increases first and then decreases, whereas concomitantly the lateral distance in the
perpendicular direction continuously shrinks.

Figure 6.5 shows the mean misorientation angle (the intensity spread of the reflec-
tion with respect to the azimuthal angle y, described by the Gaussian half-width) for
the axial (A) and lateral (B) reflections. Their cause is the misorientation between
keratin filaments and rachis axis. Over the first 50 mm the misorientation angle
of the structure decreases, but remains unchanged for most of the length, between
30 and 800 mm. Near the tip, the half-widths increase again. The spread in the
azimuthal angle (B) is mainly controlled by the mosaicity of the structure. This
suggests that the two strands forming the helix increasingly align with the filament
and rachis axis and form a highly oriented structure beyond about 50 mm from the
calamus.

Another significant change concerns the angle between the first axial (A) and
lateral (B) reflections, Figure 6.6. It stems from the orientation of the keratin
filaments along the long and the perpendicular axis, respectively. The angle strongly
decreases over the first 50 mm of the rachis, beyond it remains constant at a value
of 90°. This clearly indicates that the arrangement of the filaments at first is not
perpendicular to their long axis, but differently inclined, until the length axis of the
filament is perfectly perpendicular to their arrangement in the lateral direction.

Due to the helical structure, the 10" layer line (C) is split. From the distance
between the maxima an approximate radius of the cylindrical helix can be found
by searching for the maximum of the appropriate Bessel function [221]. Figure 6.7
shows this cylinder radius 7., along the length of the feather evaluated from the
tenth layer line. It first increases and then decreases to a final value of r.,;=1.6 nm,
where twice this value - the cylinder diameter - is slightly smaller than the cylinder
distance from the first lateral reflection (Figure 6.3).

The core radius 7.,.., where twice this value is the intersheet distance, was ob-
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Figure 6.4: Positional change of the fourth layer axial reflection (axial - triangles)
and the first lateral reflection (lateral - circles) along the length of the
rachis of the feather: Open symbols, white peacock, gray symbols, blue
peacock. Note that the abscissa is broken to allow for the strong change
in the region close to the calamus, the positions 0-30 mm.

tained from the diffuse and broad lateral reflection (D) and is shown in Figure 6.8,
also by searching the corresponding maximum of the appropriate Bessel function as
described in chapter 6.1.2. It is constant along the whole length of the rachis. The
alternative interpretation as interchain distance [217] leads to the same conclusion
that the crystalline core beta structure is nearly identical over the whole length of
the rachis.

6.1.4 Discussion

The X-ray diffraction data show that over the 50 mm close to the calamus the
degree of order increases, but the final stable structure is only reached beyond this
point. In particular, a significant shrinkage of the cylinder radius from 1.8 to 1.6
nm is observed (Figure 6.7). This is consistent with the shrinkage of the lateral
distance between filaments to approximately 3.4 nm, roughly twice the value of the
cylinder radius of the filaments (Figure 6.4, circles). Simultaneously, an orientational
change of the filaments from an obtuse angle to a perfect perpendicular geometry is
observed (Figure 6.6). Also the misorientation angle of the filaments with respect
to the length axis of the rachis decreases considerably (Figure 6.5). However, only
a small decrease of only 1% of the length of the repeat unit (the pitch of the helix
in axial direction) was observed (Figure 6.4, triangles). The pitch, which is four
times the d-spacing of the fourth layer line, is 9.5 nm and agrees well with the value
measured in seagull feather keratin [29]. Likewise, the intersheet distance (twice the
value of 7., Figure 6.8) remains also nearly constant.

For the structural development we propose therefore the model of Figure 6.9: Dur-
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6.1 Keratin homogeneity in the tail feathers of peacocks

Figure 6.9: Structural change from the calamus to the central region: Close to the
calamus, (a), the S-sheets are misoriented with respect to the filament
axis. Away from the calamus, (b), they are increasingly aligned and form
a highly oriented structure with filament axis and lateral packing being
perfectly perpendicular. The grey bars symbolize the outer parts of the
molecule, which are not organized in pleated sheets. Both the diameter
of the filaments and their distance decreases.

ing growth, the pairs of S-sheets forming the filament are already present, but their
initial orientation with respect to the helix is not well fixed over the first 50mm from
the calamus. Beyond they fall into a highly aligned and oriented structure. The
half-widths of both the axial and lateral reflections decrease. The strong increase
in alignment is accompanied by only a small shortening of the axial repeat unit,
and no change of the intersheet distance. This leads to the conclusion that topo-
logically the crystalline beta structure of the strands is formed early on. Only some
small rotations are needed to fix the structure in a zip-like mechanism, where the
sidechains perfectly interleave along the filament axis [215|. The high concentration
of hydrophobic residues between the two strands and their interaction is important
for the assembly process. They stabilize the final structure [215].

The main shrinkage appears in the so-called “matrix”, the portion of the molecule
not forming the core beta structure. It may be speculated that these outer portions
of the molecule, 67 of 98 amino acids, surround the crystalline core beta structure
and lead to a contraction of the structure as a whole. Since the shrinkage is deduced
from the tenth layer line (C), known to be sensitive to denaturation [29], we suspect
that it can be attributed to the end parts of the molecule. The 10% “matrix”
shrinkage is accompanied by a change of the offset angle between the filament axis
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6 The structure of feather keratin

and the lateral packing of the filaments. It changes from 100° to 90° within the
first 50 mm from the calamus. One can imagine a structure with a hard and stiff
crystalline core of 31 amino acids (3.3 kDa) wrapped into the 67 amino acids (6.5
kDa) of the tails.

6.1.5 Conclusion

The structural development of the keratin filament within a peacock’s feather is
studied by X-ray diffraction along the length of the feather, from the calamus to
the tip, where the eyes are located. The structure changes considerably over the
first 50 mm and then remains constant over almost the total length (1 m) of the
feather. Close to the tip, the structure loses its high crystallinity, probably because
there the cortex function ceases to be mechanical, but serves to organize the optical
eye patterns. We propose an explanation based on structural models in the litera-
ture [29, 215, 219|. Whereas the crystalline core is nearly unchanged (first a small
increase and then a decrease of the helical pitch), the distance between neighbour-
ing filaments decreases significantly. Concomitantly, the cylinder radius decreases if
evaluated from the tenth layer line, which is nearly absent in denaturated keratin.
This leads to the interpretation that the inner crystalline core is very stable, whereas
the outer portions of the molecule possibly surround the inner core and stabilize the
structure as a whole. Concomitantly with the shrinkage, also visible by the decrease
of the distance between the filaments, the angle between the filament axis and the
lateral packing approaches the perfect perpendicular arrangement of 90°. It may be
speculated that this structure resembles stiff columns built up from small crystallo-
graphic units, which are joined together and stabilized by the tails of the molecules
wrapped around them, the “matrix”. This might increase the bending resistance of
the structure. Finally, it is worth noting that for quill embroidery [222]| artisans use
only strips cut from the central part (30 to 80 cm) of the feather.

6.2 The lateral and axial structure of feather
keratin

Feather keratin is a highly conserved protein of 98 amino acids synthesized intra-
cellularly in aves. In the cortex of the tail covert feathers of the peacock it forms
a crystalline structure. We suggest that the structure is linked by disulfide bonds
between the nine cysteines of the molecule. The molecule is probably not embedded
in a noncrystalline matrix, but parts of the molecule act as stiff crystalline fibers
and others form a less ordered material surrounding the crystalline core. In — situ
tension and compression tests as well as rotation experiments were performed to
investigate the changes in axial and lateral structure and therefore, based on these
X-ray diffraction data from Pavo cristatus feathers, to develop a revised model
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6.2 Lateral and axial structure of feather keratin

for the molecular assembly of F-keratin, which integrates biochemical structure and
mechanical experiments.

6.2.1 Introduction

From the biological point of view, the F-keratin molecule is small (98 amino acids,
9.8 kDa) compared with other molecules such as collagen, which can consist of up
to 600-3000 amino acids. Chemically its most prominent feature is the presence of
9 cysteins and the complete absence of relatively large amino acids such as Trypto-
phan. Fully stretched this protein would take up a length of 35 nm. Evolutionary, it
is a lately invented protein, from 200-180 Million years ago, when skin and agumen-
tae of reptiles transformed into feathers. Mechanically it is not superior to bone,
which existed before. In avae, unlike bone, it is renewed annually by molting. Unlike
bone, once produced, it cannot be repaired, being biologically an inert matter.
From the structural point of view, feather keratin is extremely conservative be-
tween species and within one animal [S4|. The quantitative biochemical analysis of
peacock feather keratin can be found in the work of Weiss and Kirchner [222] and
is presented in Figure 6.10, which agrees with the composition of seagull keratin
[213] and allows also the conclusion that the sequence of 98 amino acids is the same
as in the seagull. For the underlined block, Fraser and Parry proposed a crystallo-
graphic arrangement of beta-barrels and relegate both N-terminus (from alanine to
glutamic acid, positions 1 to 20 in Figure 6.10) and the C-terminus (from, glutamine
to cysteine, positions 52 to 98 in Figure 6.10) to an amorphous matrix, akin to the
situation in silk [215]. Despite the biological importance of the molecule, its spa-
tial structure has not yet been determined. So far all attempts |29, 215] have been
guided by the idea that its structure and microstructure are similar to silk. The
existing model is mainly based on calculations described by Fraser et. al. [29], who
concluded from polarized infra-red spectra that 28% of residues sit in an antiparallel
chain pleated sheet conformation. The calculated number of chains in the repeating
units of Fraser et al. is 4, and the number of residues per chain is 8 [29]. Therefore,
they assigned the observed signals to the most conserved central 32 amino acids
(21-51), underlined in Figure 6.10. The crucial point in the model of Fraser et. al.
is that the authors expect the pleated sheet portions of the molecules to be more
stable due to the regular two dimensional array of hydrogen bonds [29]. However,
the molecule contains a total of 9 cysteins, of which only 2 sit at positions 22 and 26
within the presumably crystalline part of the molecule, visualized by gray shading
in Figure 6.10 [213]. The other 7 are located at positions 1, 6, 9 and 18 of the N-
terminus, and 88, 95 and 98 of the C-terminus. The high activation energy (1.78 V)
and small activation volume (0.83 nm?) of plastic deformation [223| rules out hy-
drogen bonds and indicates breaking of disulfide bonds formed somewhere between
cysteins. We propose therefore that the geomatrical arrangement of the cysteines
has an important mechano-chemical role and is not a purely random distribution
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6 The structure of feather keratin

within the amino acids sequence. They link the molecules to form a macroscopic
material and to provide a certain but limited plasticity. This is different than in
other biological materials: In silk, thought to consist of 25 vol% of stacks of beta-
sheets embedded in some matrix [224], the beta-blocks provide strength and the
matrix provides toughness [225]. In F-keratin, the central 32 amino acids suppos-
edly stacked in beta-barrels, have tentatively been placed in a matrix made up of N-
and C-termini. The implied structural similarity between silk [225] and F-keratin
is not reflected in a mechanical similarity, though: Young’s moduli are 22GPa for
silk and 3GPa for F-keratin, the yield stresses are 3 GPa at 50% strain [226], and
100 MPa at 5%, respectively. There is little functional similarity between silk and
F-keratin, also cellular production and function of the two are very different. These
observations deemphasize the role of a matrix, even questions its existence.
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Figure 6.10: Sequence of amino acids of the feather keratin.

Based on previous mechanical work [222, 223| on the tail covert feathers of the
peacock, Pavo cristatus and Pavo cristatus mut. alba, further structural and me-
chanical work, obtained by in — situ small-angle X-ray scattering, is presented. Our
research focused on the role of the N- and C-termini emphasize the role of the cys-
teines. In—situ experiments also allow to compare the strain at the nanoscopic level
with the macroscopic one. This enables to reveal a possible hierarchical structure
as found for many biological tissues. In particular, the experiments may elucidate
the absence or presence of a matrix.
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6.2 Lateral and axial structure of feather keratin

6.2.2 Experimental

The rachis was broken in liquid nitrogen and then coated with a 3.5 nm layer of
gold/palladium alloy for characterization by scanning electron microscopy using a
Zeiss Supra 55 VP microscope equipped with two secondary and one backscatter
electron detector. Images were recorded with a gun accelaration voltage of 2.00 kV,
using a magnification of times 100 to 10° and a resolution of 200 nm - 200 pm.

For the X-ray experiments, the samples were measured in vacuum in transmission
geometry using a rotating anode X-ray generator with a pinhole camera (Nanostar,
Bruker AXS) and CukK, radiation monochromatized and collimated from crossed
Goebel mirrors. The X-ray patterns were recorded with a 2D position sensitive
detector (Vantec 2000) at a sample to detector distance of 13 cm. Measurements
were performed first with a beam perpendicular to the length axis of the rachis, the
preferred orientation of the structure, which is called “fiber geometry”. Then, the
sample was rotated for 90° and images were taken parallel to the length axis of the
rachis (“parallel geometry”). For the fiber geometry, intensities were projected to
the z-axis (length axis of the fiber in real space and in reciprocal space). For the
parallel geometry, intensities were radially averaged. Both intensities were corrected
from background scattering to obtain the scattering intensities either in dependence
on ¢,, the component of the scattering vector in z-direction, or in dependence on the
absolute value of the scattering vector ¢ = 47/ sinf, where 26 is the scattering angle
and A = 0.1542 nm the X-ray wavelength. In a second experiment, X-ray patterns
were taken in perpendicular geometry in — situ during loading in a self-constructed
test equipment. For the tension experiments, a sample geometry of 40 mm length
and 2.5 mm width was chosen with the thickness being the natural grown rachis of
about 0.1 mm. The samples were glued with epoxid resin between two copper plates,
clamped with both ends, which led finally to a gage length of d(0) = 27.5 mm. For
the compression geometry, the gage length was reduced to 6 mm to avoid kinking.
The time required to take one X-ray image was 300 seconds, and about 20 load
steps could be measured up to the fracture of a sample. The macroscopic strain was
measured from the cross-head displacement. For a crystalline structure such as the
rachis of feather keratin, the distance of the repeating units could be calculated from
the position of the peak maximum in reciprocal space e.g. for the axial reflection
by dax = 27/ Gmaz.az- The nanoscopic strain €,4,, in the respective direction is then
obtained by the shift of the position of the respective reflection with load or stress:

daz(0) — das(0)

A4z (0)
Differently, the macroscopic strain is obtained from the crosshead displacement D
of the tension test equipment by

(6.1)

€nano (0> =

D(o) — D(0)
D(0)

A compliance correction was not required as its effect is significantly less than 1%.

(6.2)

€macro (0) =
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6.2.3 Results

The first part concerns the longitudinal structure of the peacock feather, which is
discussed on the basis of the results from the in — situ tension/compression experi-
ments. The second part is based on the rotation experiment and SEM measurements
to characterize the lateral arrangement of the keratin filaments.

Axial structure of the keratin

The strain evaluation focuses on the two reflections with the highest intensities,
which are the so-called 4" layer line (the first strong reflection in axial direction,
with the distance of 2.4 nm, which is one fourth of the axial repeating unit of
about 9.5 nm [29]) and perpendicular to it, the first lateral reflection (the repeating
distance in lateral direction), both described in detail in chapter 6.1.2. The change
of these two distances, the axial and the lateral distance, allows the calculation of
the nanostrain. The nanostrain is the normalized measure of deformation at the
molecular level. It is shown in Figure 6.11 in dependence on the macrostrain, the
deformation of the whole sample at the mm-level. A slight anisotropy between
tension and compression can be observed. The increase of the nanoscopic strain in
axial direction after exceeding a macroscopic strain of 0.05 percent in compression
is the consequence of macroscopic buckling of the sample. This was also visible
by a close inspection by the naked eye. The nanoscopic buckling is visible in the
broadening of the half width at half maximum (mean misorientation angle) of the
lateral as well as the axial reflection shown in Figure 6.12. Due to the vanishing
intensity of the axial reflection during compression, only a few data points could be
plotted.

Also the intensities of the axial and lateral reflection behave surprisingly under
load. Indeed, Figure 6.13 shows that the intensity of the longitudinal peak decreases
with increasing deformation during the tension test and compression. This could be
interpreted as an increase in lateral order. The opposite behavior, a decrease in in-
tensity, was observed for the axial nanostrain. This decrease indicates an increasing
disorder, both in tension and compression during loading.

In cooporation with our partners from the Leibniz Institute of New Materials,
Ingrid Weiss and Helmut Kirchner, the arrangement of amino acids was modeled
taking restrictions from biochemistry into account. The N-terminus could be ar-
ranged in a hairpin configuration as shown in Figure 6.14. This could be possible
due to a turn caused by the proline-threoline-proline (Pro-Thr-Pro) configuration
and would therefore generate two new cysteines pairing that are linked by disulfide
bonds. One has to be aware that two cysteines, on positions 9 and 26, are still not
bonded and are available for further linking.

The crystalline -core, consisting of several prolines, can be formed by 2 turns in
a S-shaped configuration as presented in Figure 6.15 and therefore differs from the
pleated [-sheets proposed by Fraser et. al. [29]. Mechanically, this arrangement
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Figure 6.11: Nanoscopic axial and lateral strains, as calculated from the shifts of the
strong 2.45 nm axial reflection, the “fourth layer line” (triangles), and
the first lateral reflection at 3.4 nm (circles). Left part of the figure
refers to axial compression, right part to axial tension. The abscissa
shows the macroscopic longitudinal strain, €,,,..,, calculated from the
macroscopic length change.

could explain the slight compression-tension asymmetry on the nanoscale, as it could
be rotated as a whole or the “S” could be differently deformed due to its intrinsic
anisotropy.

Chemically remarkable is the amino acid sequence of the C-terminus. In the first
part of this terminus (right image in Figure 6.16), the relative abundance of glycines
and serines suggests a high flexibility. Due to its geometrically similarity with a
rope, it can be suspected that its mechanical function is similar to the function of a
rope to be inextensible, but slag in compression. The middle part of the C-terminus
(Figure 6.16, middle) contains 3 aromatic rings, which is therefore of interest, as
these aromatic rings can be available for possible cross-linking or hooking functions.
In the last part of the C-terminus (Figure 6.16) three further cysteines are contained,
still available for disulfide bonds, as well as two further aromatic rings.

Lateral order of the keratin filaments

Figure 6.17 shows the 2D X-ray patterns in fiber geometry versus parallel geometry.
The strong preferred orientation along the z-axis is visible on the left of Figure 6.17
and in Figure 6.18, and the structure is rotated around this axis of symmetry as can
be concluded from the Debye-Scherrer rings on the right of Figure 6.17. Whereas
the high number of peaks in Figure 6.18 are the consequence of a pronounced crys-
tallinity and a long range order with a distance of the repeating units of 9.5 nm
[S4, 29], the diffuse outer and the relatively sharp inner ring in the right part of Fig-
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6.2 Lateral and axial structure of feather keratin

Figure 6.14: Molecular model of the N-terminus of the feather keratin.

Figure 6.15: Molecular model of the crystalline S-core of the feather keratin.

Figure 6.16: Molecular model of the C-terminus of the feather keratin, due to its
length shown in three parts. On the left, position 98 with a cysteine
at its end is visible, on the right, the connection to a part of the folded
crystalline §-core is shown.
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ure 6.17 as well as the relative weakness of distinct higher order reflections (visible in
Figure 6.18) indicate a short range order with a relative broad distribution of about
1 nm and a slight long range order of units or a weakly ordered one-dimensional
chain with a distance of about 3.4 nm in lateral direction.

For SEM imaging, the outer rachis of the peacock feather was broken in liquid
nitrogen to obtain fracture surfaces. The feather was manually bent in the liquid
nitrogen in two different directions to result in two different fracture surfaces, one
with a crack propagating perpendicular to the feather axis and the other propagating
along. It is visible in the top of Figure 6.19 that - though one would expect a brittle
crack under liquid nitrogen conditions - no straight crack could be achieved. In the
contrary, the crack is strongly deflected and the fracture surface appears as many
long and extended triangles. In the two figures at the bottom of Figure 6.19 it is
clearly visible that there are two layers in the outer rachis with different structure.
The outer part has a thickness of about 15 microns and is amorphous as measured by
scanning across the thickness with a synchrotron radiation beam [214]. The second
part is the crystalline highly structured one [214|, with a thickness of approximatly
60 microns. Figure 6.20 is an enlargement of Figure 6.19, where on the tip of
the triangle-shaped fracture surface small bundles with a diameter between 50 and
200 nm can be observed, which form a further structural level with a size of about
one micron. This lateral organisation is probably the reason for the strong crack
deflection even at liquid nitrogen temperature, but further experiments have to
investigate this theme more in detail to clarify the specific role of each structural
level on the direction of crack propagation.

6.2.4 Discussion
Model for the feather keratin filament

Calculating the initial slope from Figure 6.11, the result is that the initial nanostrain
is about 80% of the macrostrain. Taking into account that the material is mainly
crystalline but in the cross-section there are additionally less crystalline and even
amorphous regions [214], which might contribute less to the elastic behaviour of the
composite, two fundamental statements can be made:

1. There is no intermediate hierarchical level in axial direction, so that macros-
train and nanostrain are to a good approximation identical. This is clearly dif-
ferent to the majority of biological structures, such as bone or wood [19, 20, 22],
two prominent examples for biological tissues.

2. The material is a molecular crystal, certainly determined here at the level of
the beam size with 0.5 mm diameter, but very probably along the total length
of the rachis of 1 m, as the structure is nearly identical along the whole rachis

[94].
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Figure 6.17: Scattering patterns of the feather keratin during rotation from a perpen-
dicular position of the feather to the X-ray beam to a parallel position.
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Figure 6.18: Scattering intensities of the lateral structure of the feather keratin dur-
ing rotation from a perpendicular position of the feather to the X-ray

beam to a parallel position in 10 degree steps.
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6 The structure of feather keratin

Figure 6.19: SEM images of a peacock feather, broken in nitrogen perpendicular to
the feather axis (top) and along the feather axis (bottom left) with an
amorphous outer part of the rachis (bottom right).
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Figure 6.20: SEM imaging of the lateral feather structure.
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6 The structure of feather keratin

With the knowledge of the strain in load direction (along the length axis of the
rachis) and perpendicular to it, one can calculate the Poisson ratio in tension and
compression from the negative ratio of lateral to axial strain. Surprisingly, the
Poisson ratio is calculated with about 0.75 in tension and 0.1 in compression, where
only the part of the stress-strain curve before macroscopic buckling was taken into
account. An explanation for this behavior can be given, when considering the N- and
C-termini presented in the Figures 6.14 and 6.16, which are proposed to be crucial
for the 3D arrangement. The end segment of the C-terminus can be linked in good
accordance with two of the remaining cysteines of the N-terminus, which is shown
in Figure 6.21. A strongly linking in axial direction is achieved as 8 of 9 cysteines of
the keratin protein are used to form 4 disulfide bonds. Only one of 9 cysteine can be
used for lateral linking to another cysteine of a neighboring filament and therefore
provide a weak linkage between the filaments in lateral direction. This arrangement
of N- and C-termini explains the high Poisson ratio in in tension, as there is now
an endless molecule in axial direction and no dense packing of the filaments and
it explains the low Poisson ratio in compression and the buckling on the nanoscale
supported by the broadening of the peak (the increase of HWHM) in compression
(Figure 6.12).

s

Pro Tyr Cys | Arg Gly Ser Phe Cys

R

Thr

Pro

 Ser Ala Leu

Figure 6.21: Possible model of a link of the end part of C-terminus to the cysteines
from N-terminus.

The construction of a model with all amino acids visualizes the structure and
helps to understand the 3D steric restrictions, as large residues take more space
than small ones. It also indicates the geometry of certain sequences, such as a stiff
and angular one (Pro-Thr-Pro in the N-terminus) or obviously soft ones (like the
first part of the C-terminus). Furthermore, it helps to clarify the possible occurence
of intramolecular or intermolecular disulfide bonds between the hairpin and the
end of the C-terminus of the same or next nearest filament. As buckling occured
in compression, one can assume that the C-termini link intramolecular within the
filament and hardly intermolecular to neighboring filaments. The hooklike activity
of aromatic rings, located in the C-terminus, can also not be underestimated, as it

132



6.2 Lateral and axial structure of feather keratin

could guide the cysteines to form the disulfide bonds.

Model for the lateral arrangement of the keratin filaments

The rotation experiment allows to investigate the lateral order of the filaments.
A slight long range order is observed as visible in Figure 6.18. This experiment
supported the view of a 1D folded chain as sketched in Figure 6.18b. Due to the
few observed higher order lateral reflections, it may be speculated that the filaments
are arranged like a spiral, a so-called “bamboo roll”, presented in Figure 6.22c. The
bamboo rolls build up the 50-200 nm bundles, which furthermore build up the larger
bundles of a diameter of about 1 gm. Therefore, a hierarchical structure is expected
in lateral direction.

One can also speculate, how the axial and lateral arrangement of the keratin fila-
ments influences the crack behavior of the peacock feather. A possible interpretation
could be the bundle arrangement on the microlevel causing the triangle-shaped frac-
ture. Further investigations have to be made to answer this question.

6.2.5 Conclusion

A peacock feather was investigated by tension and compression tests as well as
via rotation with ¢n — situ small-angle X-ray scattering. The tension tests led to
the conclusion that a hierarchical structure in axial direction can be excluded, as
nanostrain and macrostrain were nearly identical. The structure of the feather can
be seen as molecular crystal without any hierarchical levels. Furthermore, the lateral
arrangement of the keratin filaments was described by scanning electron microscopy
and the rotation experiment by SAXS as built-up of several hierarchies from the
nano- to the macrolevel. On basis of the experiments, a modified model is presented,
which points out the important role of the termini to build up an endless structure
in axial and link these columns in lateral direction. This model leads to the following
improvements in comparison to the model proposed by Fraser et. al. [29].

e C- and N-termini are central for building up the structure.

e The hook-like configuration of the N-terminus leads to an endless molecule.
Therefore, nanostrain is nearly the same as macrostrain.

e The linkage of the C-terminus with the hook-like N-terminus stabilizes the
structure in axial direction. This results in an endless, fiber-like molecule.
Furthermore, 8 of 9 cysteine amino acids are required to form disulfide bonds
within this configuration.

e The last remaining cysteine is able to link the columns to each other. In lateral
direction, several hierarchical levels from the nano- to the macroscale build up
the peacock feather.

133



6 The structure of feather keratin

a)

side view

b) 3.4 nm

topview QOGO 0O0000000
c) 1 OO

“bamboo” roll ~50-200 nm %)

v 34 nm

Figure 6.22: Schematic model of the lateral structural level in the feather keratin.
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6.2 Lateral and axial structure of feather keratin

This model is a first approximation of the keratin arrangement, however, further
investigations have to be made to shed light on the final structure of the feather
keratin protein.
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7 Summary

The aim of this thesis was the characterization of nanocomposites and biomaterials
by small-angle X-ray scattering to reveal the influence of size and shape of nanosized
particles and their interaction with a polymer matrix on the structural and mechan-
ical properties. On the one hand, oxide nanoparticles, SiOs and ZrOs, in different
size ranges (5-50 nm) were surface-functionalized for an enhanced dispersion in an
organic polymer matrix and in addition, the nanocomposites were investigated by
mechanical or thermomechanical tests. On the other hand, feather keratin, consist-
ing of a hydrophobic core and two termini, was studied by several in — situ SAXS
experiments as well as scanning electron microscopy to develop a model for the
structure and a possible solution for the arrangement of its termini.

The two oxide nanoparticle systems, amorphous, spherical SiO5 and crystalline,
irregular-shaped ZrO,, were studied in detail by SAXS, TEM, DLS, BET and XRD
to determine the “true” size of the nanoparticles. Different nummerical values from
the respective method as well as a considerable influence of the nanoparticle type
could be found. SAXS and TEM exhibited a nearly perfect coincidence in the results
for the size. Large differences were found for the BET method, as large silica exhib-
ited a slight microporosity and zirconia nanoparticles an irregular shape and a high
surface roughness. DLS leads to slightly higher values for silica and considerably
higher values for zirconia compared to SAXS and TEM, which was attributed to
the effect of the hydrodynamic shell. This effect was even more pronounced for the
irregular-shaped zirconia than for silica. Last but not least, XRD gave reasonable
results for the size of small zirconia and delivered the correct size of the small crys-
tallites, which built up the larger particles consisting of polycrystalline zirconia. As
considerable differences between the test methods were found, the respective result
for the size of a nanoparticle has to be taken with caution. As shape and porosity
have an influence on numerical results, more than one test method is favourable.

A central theme of the thesis was the surface-functionalization of nanoparticles
and its effect on the agglomeration behavior. Alkyl chains, often used as coupling
agent systems in research, were attached to the surface of the zirconia nanoparticles
with a size of 6 nm and were subsequently investigated by SAXS and FTIR. The or-
dering of these alkyl chains as self assembled monolayers (SAM) at the surface could
be disturbed by four co-capping molecules of different shape: An increasing amount
of co-capping molecules led to an increased disorder of the SAMs. The disorder
in turn causes a blueshift of the C-H vibrational resonances of the dodecyl-chain-
methylene-units in the FTIR spectra. The influence of the ordering of the alkyl
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chains at the nanoparticle surface was also visible by SAXS as a “zipper” effect with
neighboring particles. Thereby, zirconia nanoparticles formed agglomerates due to
bilayer formation of the SAMs between the particles. Disorder of the SAMs led to
less agglomeration, which could be followed by SAXS as the decrease of the hard-
sphere volume fraction, i. e. the decrease of the probability to find an other particle
in vicinity. The degree of the disorder depended not only on the amount, but also
on the type of the added co-capping agent: The small methyl-moiety showed less
disorder for a small amount of co-capping agent and also only a slight disorder of
the alkyl chains. The planar pyryl-moiety disturbed the order of the alkyl chains
moderately although it is of bulky shape. An explanation for this behavior was that
it ordered itself and formed islands, which are alternating with the alkyl chains.
The co-capping agent phenyl presented an almost linear trend of disordering with
increasing amount. The most effective disordering was obtained by the sterical de-
manding tert-butyl-moiety. In conclusion, a clear correlation between blueshift and
particle agglomeration was observed by two fundamentally different methods: the
spectroscopic method FTIR, which directly probes the molecular surface structure
and the structural method (SAXS), which determines the degree of agglomeration
of the nanoparticles.

Varying surface-functionalizations had not only influence on the agglomeration be-
havior but also on the dispersion of the nanoparticles in the polymer matrices. It was
found that the interplay between nanoparticles, surface-functionalization and poly-
mer is crucial for a homogeneous material. Unmodified and modified silica and zir-
conia nanoparticles were embedded in three different polymer matrices, polystyrene,
PMMA and epoxy resin, and systematically investigated by SAXS and TEM.
First, silica nanoparticles were functionalized with dodecyl chains and incorporated
into PS and PMMA. A high tendency to agglomerate was found compared with
unmodified silica, whereas surface-functionalizations with polymerizable end groups
enhanced significantly the dispersion of the particles. This enhancement was shown
for dodecyl- and phenyl-moieties with polymerizable end groups such as Styr- for
PS and methacryloyl for PMMA. A further effect visible for silica in PS and PMMA
was the enhanced tendency of larger nanoparticles to agglomerate compared with
small ones. Enthalpic reasons correlated to a stronger interaction between parti-
cles than between particles and polymer, however the relation of particle radius to
radius of gyration of the polymer played a crucial role for the dispersion of the par-
ticles. Therefore, an optimum choice of the capping agent molecule, the size of the
nanoparticles and the polymer itself and its radius of gyration are important for a
homogeneous dispersion of the nanofillers in these polymer matrices.

Second, zirconia nanoparticles were surface-functionalized with two different capping
agents of varying spacer length but the same polymerizable end group, methacrylate,
and then incorporated in PMMA. A nearly homogeneous distribution was obtained
for the modified zirconia nanoparticles proben by TEM photographs and SAXS
measurements, however, a shorter spacer length leads to even better dispersion.
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Mechanical tests prove the enhanced hardness of these nanocomposites, especially
for a nanofiller content of 10 wt%, wherefore the complex relation between size of the
nanoparticles, their surface-functionalization, agglomeration and possible viscosity
shear forces during preparation were responsible.

Third, a comparison of varying surface-functionalizations on the dispersion of the
nanoparticles, was also performed for silica and zirconia in epoxy resin. The dis-
persion of the nanoparticles depended on an interplay of several effects in these
systems. Polymerizable end groups such as epoxides were used to link covalently
with the matrix, however, in the case of zirconia nanoparticles, high agglomeration
was observed due to a homo-linkage between the particles. The interparticle inter-
action between the crystal facet shaped zirconia was more dominant compared to
the particle-matrix interaction. Therefore, a low interacting modification such as
diethyleneglycol on the surface of zicronia was favored to obtain high homogeneous
nanocomposites. Contrary to that, the capping agent diethyleneglycol did not have
any effect on an enhanced dispersion of the silica particles. An enhanced interpar-
ticle interaction was also observed for large silica nanoparticles with less curvature,
however, small silica nanoparticles modified with capping agents using polymeriz-
able end groups were highly dispersed in epoxy resin.

Fourth, the effect of different filler content on the thermomechanical and mechanical
properties of epoxy resin nanocomposites was investigated in detail for diethyleneg-
lycol modified silica and zirconia nanoparticles. The glass transition temperature
decreased due to the addition of nanoparticles, however, the decrease depended on
the type and size of particles. The hardness increased with increasing nanoparti-
cle content for all investigated systems, especially with the incorporation of large
nanoparticles.

A peacock feather was also characterized with small-angle X-ray scattering to
determine the structure of the complex protein keratin. The scan along the feather
axis allowed to identify changes in the structure over the first 50 mm, while the
rachis remained stable over the whole length (ca. 1 m). Close to the calamus,
the crystalline core of the molecule was nearly unchanged, however, the distance
between the filaments decreased significantly. Similarly, the cylinder radius also
decreased, which can be interpreted that the inner crystalline core is very stable,
whereas the outer portions of the molecule surround the inner core and therefore,
stabilize the structure over the whole feather length. According to this shrinkage,
the filament axis arranged perfectly perpendicular to the lateral packing. The results
from in — situ tension and compression tests by SAXS of the peacock feather allowed
to propose a modified model of the keratin protein. The advantage of this new
model is that the N- and C-termini of the protein are now included in the model.
Furthermore, the model gives a mechanism to form an endlessly columnar structure,
which explains that macrostrain and nanostran are nearly equal in the tension and
comprassion experiment. The rotation experiment as well as the SEM measurements
let to the conclusion that in lateral direction many hierarchical levels exist.

139



7 Summary

7.1 Main conclusions

The final conclusions of this thesis are summarized in the following:
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The type and shape of nanoparticles as well as other parameters such as possi-
ble porosity lead to different numerical values for the size of the nanoparticles
by different measurements methods. Therefore, the combination and compar-
ison of different measurement techniques is helpful to find the “true” values.

Alkyl chains build a self-assembled monolayer on the surface of crystal-faceted
zirconia nanoparticles, which enhances the agglomeration behavior of the par-
ticles or diminishes it in case of the addition of co-capping agents. Two funda-
mentally different methods, FTIR spectroscopy probing the molecular surface
structure and the structural method SAXS determing the degree of agglomer-
ation, both allow to follow the effect of the co-capping agent on the order of
the SAMs.

The optimum choice of surface-functionalization for the respective type of
nanoparticles to prepare homogeneous nanocomposites is strongly dependent
on the polymeric matrix: The reason is that the matrix can either interact
chemically (e. g. by polymerizable groups) or physically (e. g. controlled by
varying spacers) with the nanoparticles.

Mechanical properties of the nanocomposites such as hardness are enhanced
by homogeneously dispersed nanoparticles, depending on their size and type.

Peacock feather keratin arranges into a stable position during the first 50 mm
of feather growth due to a probably shrinkage of the outer portions of the
molecule surrounding the inner crystalline core. It remains stable over a length
of 1 m.

No hierarchical levels within the feather keratin were found in axial direction,
as macrostrain and nanostrain from SAXS coincide in in — situ tension tests.
Differently, rotation experiments in SAXS as well as SEM revealed different
hierarchical levels in lateral direction.
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