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“If more of us valued food and cheer and song

above hoarded gold, it would be a merrier world.”
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Summary Xl

Summary

The interaction of small nanopatrticles (< 10 nm) with their surrounding medium, such as
water, mainly determines their functionality and efficiency in applications such as catalysis
or medicine. This interaction depends on material properties like atomic composition,
crystal structure, and surface functionalization. However, despite the common usage of
nanoparticles, the exact impact of each of these parameters is still largely unknown and
requires further investigation. The aim of this thesis is to systematically analyze the crystal
structure, surface functionalization, and hydration shell structure, with respect to atomic
composition, nature of organic surface stabilizers, synthesis route and nanoparticle shape

of spinel ferrite nanoparticles (MFe204; M = divalent metal cation).

Highly colloidally stable and crystalline spinel ferrite nanoparticles with the general formula
MFe204 (M = Co?*, Mg?*, Ni?*, or Zn?*) and mean diameters of 3 — 5 nm were synthesized
using an optimized, simple, and reproducible polyol method in diethylene glycol (DEG).
The synthesized spinel ferrite nanoparticles were post-synthetically surface modified with
biocompatible molecules such as citrate, betaine, and phosphocholine to ensure their
stability. The particle size and particle size distribution were determined using small-angle
X-ray scattering (SAXS), transmission electron microscopy (TEM) and dynamic light
scattering (DLS). Different shapes of spinel ferrite nanoparticles were realized by the

syntheses of cubic and rod-shaped CoFe204 nanoparticles.

The elemental composition of the spherical spinel ferrite nanoparticles was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES), confirming a Fe3*
to M?* ratio of 2 to 1, except for ZnFe204 nanoparticles, which had a Fe3* to Zn?* ratio of
3 to 1. Crystal structure analysis using pair distribution function (PDF) and X-ray diffraction
(XRD) confirmed a monocrystalline structure of the synthesized nanoparticles. The finite
size of the spinel ferrite nanoparticles resulted in disorder and vacancies on the octahedral
coordinated metal positions in the cubic Fd-3m crystal structure. Magnetism analysis of
the different spinel ferrite nanoparticles using superconducting quantum interference
device (SQUID) measurements revealed superparamagnetic behavior and a dependence
of saturation magnetization (Ms) on the incorporated metal ion. For related iron oxide

nanoparticles (IONP) synthesized in DEG by Ms. Sabrina Thoma (University of Bayreuth),
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the PDF structure analysis revealed difficulty in distinguishing between a tetragonal or
cubic space group due to the high disorder of the small nanoparticles. However, the model
based on the cubic Fd-3m space group best described both spinel ferrite and iron oxide
nanopatrticles. In contrast, MnFe204 nanoparticles synthesized via a microwave assisted
synthesis route by the group of Prof. Marschall (University of Bayreuth) and Co2FeOa
nanoparticles synthesized via co-precipitation by the group of Prof. Behrens (formerly at
the University of Duisburg-Essen, now at the Christian-Albrechts-Universitat zu Kiel)
deviated from the crystal structure of the spinel ferrite nanoparticles synthesized in DEG.
Both MnFe204 and Coz2FeOs nanoparticles underwent temperature-dependent phase
transitions between 400 and 900 °C. The spinel structure of MnFe204 nanoparticles
converted to a-Mn20s and a-Fe20s, while Co2FeOs nanoparticles only emerged at
calcination temperatures higher than 900 °C. At lower temperatures, the crystal structure

was divided in a cobalt-rich CozO4 and an iron-rich CoFe204 phase.

Furthermore, the surface of the spinel ferrite nanoparticles synthesized in DEG was
investigated. Due to the surface modification uncovering of the surface chemistry proved
to be challenging. By the combination of thermogravimetric analysis (TGA) and elemental
analysis (CHN), it was possible to reveal the surface chemistry of the spinel ferrite
nanoparticles. Fourier transform infrared (FT-IR) analysis was used to analyze the
coordination geometry of the stabilizer molecules on the nanoparticle surface. The surface
modification ensured the long-term colloidal stability of aqueous dispersions of the spinel

ferrite nanoparticles up to concentrations of 100 g L ! for three months.

In general, this thesis demonstrates that the structure of spinel ferrite nanoparticles can
be very similar with different atomic compositions (e.g., CoFe204 and NiFe204) or it can
vary in terms of particle size and structure (e.g., MgFe204 and ZnFe204). The synthesis
route also significantly influences the final structure of the nanoparticles. Additionally, it
proves the capability and versatility of the PDF analysis, enabling the investigation of the
short and middle-range order of spinel ferrite nanoparticles. It is shown that the
combination of FT-IR, TGA and CHN is a powerful approach for characterizing the surface
composition of inorganic nanoparticles. By double-difference PDF (dd-PDF) analysis of
spinel ferrite nanoparticles in aqueous dispersions different bonding dintances are

extracted for different atomic compositions. Restructured water molecules at the
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nanopartilce-water interface possibly contribute to these signals. Thus, a thorough study

of the origin of the results of this dd-PDF analysis is requried in future.

These insights may lead to controlled developments of nanoparticlar catalysts, for

example. They may be transferred to other types of nanoparticles, as well.
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Zusammenfassung

Die Wechselwirkungen von kleinen Nanopartikeln (< 10 nm) mit dem umgebenden
Medium, wie z.B. Wasser, bestimmt hauptsachlich die Funktionalitat und Effektivitat in
den unterschiedlichen Anwendungsgebieten wie der Katalyse oder Medizin. Diese
Wechselwirkungen  sind  abhé&ngig von den  Materialeigenschaften  wie
Elementzusammensetzung, Kristallstruktur und Oberflachenfunktionalisierung. Trotz der
haufigen Verwendung von Nanopartikeln ist der genaue Einfluss dieser Parameter auf die
Funktionalitat kaum untersucht. Das Ziel dieser Dissertation ist daher, die systematische
Analyse der Kristallstruktur, der Oberflachenfunktionalisierung und der Struktur der
Wasserhille in Abhangigkeit von der Elementzusammensetzung, der Art der
Oberflachenmodifikatoren, der Syntheseroute und der Nanopartikelform von

Spinellferrithanopartikeln (MFe204; M = zweiwertiges Metallkation).

Kolloidal sehr stabile und hochkristalline Spinellferrithanopartikel mit der Summenformel
MFe204 (M = Co?*, Mg?*, Ni?*, oder Zn?*) und Durchmessern von 3 — 5 nm wurden mittels
einer optimierten, einfachen und reproduzierbaren Polyolsynthese in Diethylenglykol
(DEG) hergestellt. Die direkt nach der Synthese stattgefundene Oberflachenmodifizierung
mit den umweltvertraglichen Molekilen Citrat, Betain und Phosphocholin garantiert die
Stabilitat der Spinellferritnanopartikel. Die Grof3e und GrélRenverteilung der Nanopartikel
wurden mittels SAXS, Transmissionselektronenmikroskopie (TEM) und dynamischer
Lichtstreuung (DLS) bestimmt. Unterschiedliche Formen von Spinellferrithnanopartikeln
wurden durch die Synthese von stéabchenférmigen und kubischen CoFe204 Nanopartikeln

realisiert. Die Grol3e dieser Nanopartikel wurde mittels TEM und SAXS bestimmit.

Die Analyse der Elementzusammensetzung der spharischen Spinellferrithanopartikel
erfolgte mittels optischer Emissionsspektrometrie mit induktiv gekoppeltem Plasma (ICP-
OES). Diese Analyse bestatigte das Verhaltnis von Fe3* zu M?* von 2 zu 1 mit Ausnahme
der ZnFe204 Nanopartikel, die ein Verhaltnis von Fe3* zu Zn?* von 3 zu 1 haben. Die
Analyse der Kristallstruktur mit der Paarverteilungsfunktion (PDF) und der
Rontgendiffraktion (XRD) bewies die Einkristallinitat  der  spharischen
Spinellferritnanopartikel. Die Unordnung, die durch die begrenzte GrofRe der

Nanopartikeln  hervorgerufen wird, fuhrt dazu, dass Leerstellen auf den
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Oktaederpositionen im kubischen Kristallsystem Fd-3m entstehen. Magnetmessungen
mit einem  supraleitenden  Quanteninterferenzgerat (SQUID) zeigten das
superparamagnetische Verhalten der Spineliferritnanopartikel. Die
Sattigungsmagnetisierung (Ms) ist dabei abh&ngig von der Art des zweiwertigen Kations.
Der Transfer dieser Erkenntnisse auf die PDF Analyse von 3-5nm grof3en
Eisenoxidnanopartikeln (IONP) hergestellt von Fr. Sabrina Thoma (Universitat Bayreuth)
zeigte, dass eine klare Unterscheidung zwischen einer kubischen und tetragonalen
Raumgruppe bei kleinen Nanopartikeln nur schwer maoglich ist. Letztendlich ergab die
Strukturanalyse, dass fuir die IONP wie auch fir die Spinellferritnanopartikel das Modell,
welches auf der kubischen Fd-3m Raumgruppe basierte, am besten passte. Im Kontrast
dazu weicht die Kiristallstruktur von MnFe204 Nanopartikeln, die Uber eine
Mikrowellensynthese von der Arbeitsgruppe um Prof. Marschall (Universitat Bayreuth)
hergestellt wurden, und von Co2FeOs Nanopartikeln, die Uber eine Ausfallungsreaktion
von der Arbeitsgruppe um Prof. Behrens (friher: Universitat Duisburg-Essen; jetzt:
Christian-Albrechts-Universitat zZu Kiel) hergestellt ~ wurden, von den
Spinellferritnanopartikeln, die in DEG synthetisiert wurden, ab. Beide, MnFe204 und
Co2FeO4 Nanopartikel erfahren eine temperaturabhéngige Phasenumwandlung in einem
Temperaturbereich von 400 — 900 °C. Zwischen 400 und 600 °C wandelt sich die
Spinellstruktur der MnFe204 Nanopartikel in a-Mn203 und a-Fe203 um. Reine Co2FeOs4
Nanopartikel hingegen entstehen erst bei Kalzinierungstemperaturen oberhalb von
900 °C. Bei niedrigeren Temperaturen liegt ein Phasengemisch von kobalthaltigem Co304

und eisenhaltigem CoFe20a4 vor.

AuBerdem wurde die Oberflache der spharischen Spinellferritnanopartikel, die in DEG
synthetisiert wurden, naher untersucht. Durch die Oberflachenmodifizierung ist die
Analyse der Oberflachenzusammensetzung herausfordernd, da viele organische
Molekilspezies nebeneinander existieren konnen. Durch eine Kombination aus
thermogravimetrischer Analyse (TGA) und Elementaranalyse (CHN) war es mdglich,
diese Oberflachenzusammensetzung der Spinellferrithanopartikel aufzudecken. Mithilfe
von Fourier-transformierten Infrarotspektroskopiemessungen (FT-IR) war es aul3erdem
moglich, die  Koordinationsgeometrie  der  Stabilisatormolekile  an  der

Nanopartikeloberflache zu untersuchen. Diese Oberflachenmodifikation garantiert die
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Langzeitstabilitat kolloidaler Dispersionen selbst bei hohen Konzentrationen bis zu

100 g L™ fur mindestens drei Monate.

Im Allgemeinen zeigt diese Arbeit, dass die Struktur von Spinellferrithanopartikeln bei
unterschiedlichen atomaren Zusammensetzungen sehr &hnlich sein kann (z.B. CoFe204
and NiFe204) oder sich hinsichtlich Partikelgrof3e und Struktur unterscheidet (e.g.,
MgFe204 and ZnFe204). Auch die Syntheseroute beeinflusst die endgultige Struktur der
Nanopartikel signifikant. Dartber hinaus belegt sie die Fahigkeit und Vielseitigkeit der
PDF-Analyse, die die Untersuchung der kurz- und mittelreichweitigen Ordnung von
Spinellferritnanopartikeln ermoglicht. Ferner wird gezeigt, dass die Kombination von FT-
IR, TGA wund CHN ein leistungsfahiger Ansatz zur Charakterisierung der
Oberflachenzusammensetzung anorganischer Nanopartikel ist. Durch die Analyse von
Spinellferritnanopartikeln in wassrigen Dispersionen mittels doppelter Differenz-PDF (dd-
PDF)-Analyse werden unterschiedliche Bindungsabstande fir verschiedene atomare
Zusammensetzungen ermittelt. Restrukturierte Wassermolektle an der Grenzflache
zwischen Nanopartikeln und Wasser konnten mdglicherweise zu diesen Signalen
beitragen. Daher ist in Zukunft eine grindliche Untersuchung der Herkunft der Ergebnisse

dieser dd-PDF-Analyse erforderlich.

Ubertragen auf weitere Nanopartikelsysteme kénnen diese Erkenntnisse in Zukunft zur
kontrollierten Synthese von einer Vielzahl von exakt angepassten Nanopartikel-
Katalysatoren fiihren, da durch geringe Anderungen der Synthese bzw. der
Zusammensetzung die Oberflacheneigenschaften eingestellt werden kénnen.



1 Motivation

Spinel-type ferrite nanoparticles with the chemical formula MFe204, where M is a divalent
metallic cation such as Co?*, Mg?*, Ni?*, or Zn?* are in particular promising for applications
ranging from biomedicine,’®10 ferrofluids!*'12 to photocatalytic applications like the
degradation of environmental pollutants or water splitting3-1% and heterogeneous
catalysis.[*6-18] This interest arises due to their unique properties like finite size and surface
effects, their high saturation magnetization as well as their superparamagnetism.[
Particularly, the adjustability of these properties by readily changing the metal ion
composition or the occupancy of the tetrahedral and octahedral sites in the spinel Fd-3m
crystal structure provides a highly tunable and thus, thoroughly studied and investigated
class of material,® 29-231 which is highlighted in the increased total number of publications
in this field in the last 20 years (Figure 1). Especially cobalt, zinc, magnesium and nickel
ferrites, attract the attention of many researchers. In contrast to mixed ferrites, which also
gain a lot of attraction in these days, they are perfectly suited to study the interplay of the

trivalent iron ions and the respective bivalent metal ions and, concomitant, onto the

18000 - oy niFe,0,
16000 [ MgFe,O,
14000 [ HEM ZnFe,0,
12000 [ N CoFe.0,
10000 [
8000 [
6000 |
4000 |
2000 |

5 L

number of publications
on ferrite nanoparticles

year

Figure 1: Progress of publication numbers on ferrite nanoparticles in the last 20 years. Until 2016 the total
number of publications is shown in grey. From 2017 on, the column is split in fractions of publications on cobalt
(red), zinc (blue), magnesium (purple) and nickel (green) ferrites. All publications of other ferrites are displayed in
bright grey. Statistics were evaluated by Google scholar on 21.02.2022.
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structure and chemistry of the ferrite nanoparticles. In biomedicine and ferrofluids
throughout, the ferrite nanoparticles are used in dispersed state, which requires a very
high colloidal stability (over months) at high concentrations (100 g L) while being
biocompatible. Thus, a thoroughly examination of the crystal structure as well as the
surface composition of cobalt, zinc, magnesium and nickel ferrite nanoparticles is

presented in this thesis.

Since dispersion of nanopatrticles forces them to interact with the surrounding solvent, the
solvent molecules undergo a restructuring process close to the nanoparticle surfaces.
Just recently, atomistic insight into the molecular and dissociative adsorption of water
molecules on facetted hematite nanoparticles was achieved theoretically by molecular
dynamics (MD) simulations.[?4-25] Experimentally, the restructuring of organic solvents and
water at ZnO nanoparticles was proven by pair distribution function (PDF) analyses.[?6-27]
By means of PDF analysis in combination with X-ray absorption spectroscopy at 7 and
15 nm citrate-stabilized iron oxide nanoparticles (IONP) it was shown, that it is not
possible to identify hydration shells around those nanoparticles. Instead, short-range
ordered motifs of ethanol-water molecules form within the dispersion which are different
from ethanol motifs in bulk ethanol.’8l The crystalline nature and shape of the
nanoparticles determines the characteristic restructuring of water at such metal oxide
nanoparticle surfaces.l?* 2°1 This opens multiple questions regarding the influence of
particle size, atomic composition and surface functionalization of nanoparticles, which are

targeted in this thesis.
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2 State of the Art

In recent years, much progress was made in the synthesis of spinel ferrite nanoparticles
to control the size, the shape and the structure as well as in the characterization of these
type of material. In comparison to their bulk state, nanopatrticles are less ordered due to
their finite size and commonly used methods for the structure analysis of bulk materials,
like XRD, are limited. First, the class of spinel ferrite nanoparticles is introduced and recent
research summarized and, second, the benefits of the pair distribution function (PDF) for
the characterization of materials which only have a short range order, like e.g.
nanoparticles, glasses or liquids, is demonstrated. Finally, the procedure of the
restructuring effect of solvent molecules around metal oxide nanoparticles and its

elucidation by means of PDF analysis is presented.

2.1 Spinel Ferrite Nanoparticles

The structure of spinel ferrite nanoparticles with the sum formula MFe204, where M stands
for a bivalent transition or post-transition cation like Mg?*,3% Zn2* 31 Nj2* 1321 Mn2* [32]
Cu?*,134 Ca?* or Co?*,135-38] js related to the iron oxides magnetite and maghemite, where

M in the formula would represent Fe2* or a combination of Fe3* and vacancies. The oxygen

ions form a face-centered cubic crystal structure, where the metal ions occupy % of the

octahedral and % of the tetrahedral sites. More exactly, one unit cell consists of 32 oxygen

ions, which create 32 octahedral and 64 tetrahedral sites, where 16 and 8 are occupied
by metal ions, respectively (see Figure 2).37-38l |n bulk materials, the probability which
metal ions occupy tetrahedral or octahedral sites is defined by the ligand field theory
(LFT), the cation radii and the electrostatic contribution to the lattice energy.!*? This results
in three different occupation states which are classified in normal, inverse and mixed

spinel structure and can be illustrated by the sum formula
(M%i—XFe)?;-F)T[M§+Fegtx]004'

Parentheses marked with “T” represent tetrahedral and square brackets indexed with “O”

represent octahedral sites. If x = 0, the normal spinel structure is present, e.g. ZnFe204,1
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and the M?*ions are located at the tetrahedral sites and Fe3* ions only at the octahedral
sites. In the inverse spinel structure (x = 1), M?* ions occupy half of the octahedral sites
and Fe** ions are located at residual half of the octahedral and all tetrahedral sites. Inverse
spinels are e.g. CoFe20a4, NiFe204 and also Fesz04.14143 For 0 < x < 1, e.g. in MgFe204,44
the mixed spinel structure is present. However, when it comes to nanomaterials it is known
that the inversion degree doesn'’t stick to the predefined state from their bulk materials

and mostly crystallize in a mixed spinel structure.®]

The present superexchange interactions between metal ions at the tetrahedral sites (T-
T), between two octahedral sites (O-O) and between tetrahedral and octahedral sites (T-
0) is accountable for variable properties of the spinel ferrites.[*6] Most spinel ferrites show

ferromagnetic ordering in the direction of the octahedral magnetic moment, as the T-O

C

Figure 2: Schematic illustration of one unit cell of the cubic spinel structure Fd-3m. Tetrahedral and octahedral
cation sites are displayed in light blue and green, respectively. The red dots at the edges of the polyhedra mark the
position of the oxygen ions.



State of the Art 5

superexchange leads to antiparallel alignment of the magnetic moment on T and O sites
and the fact that there are double the amount of O sites occupied by metal ions.” 451 Not
only the size and shape of the nanomaterial and the kind of bivalent metal ion but also the
distribution onto the different vacancies defines the magnetic, electric and chemical nature
of this material. As in nanoparticles synthesis many parameters can be varied which
influence the final product properties, a highly reproducible and controllable synthesis
pathway is required for the synthesis of spinel ferrite nanopatrticles.

2.1.1 Polyol Synthesis of Spinel Ferrite Nanoparticles

According to literature, much progress was made in the synthesis of nanoparticles in
polyol media, esp. spinel ferrites and relative oxides, recently.!> 47481 The properties which

make polyols highly suitable for such a synthesis are their

e high bowling point,
e high permittivity, and

e complexing ability.

The high bowling point enables reaction temperatures > 200 °C, which leads to highly
crystalline particles and therefore higher Ms.[#%-50 Their high permittivity in comparison to
other organic solvents with a high bowling point permits access to ionic inorganic
precursors like nitrates, acetates or chlorides.® Because of the existence of neighboring
functional groups like alcohols or ethers like in e.g. 1,2-diols or etherglycols (Figure 3),
polyols form complexes with precursor species and also stabilize the surface of the
growing nanopatrticle. This prevents Ostwald ripening and particle aggregation during the

synthesis and, thus, leads to small particle size polydispersity.54

A) B)

OH OH

Figure 3: Valence formula of A) 1,2-diols and B) etherglycols. R may be any organic structure.

The benefits of the polyol synthesis route for nanoparticles were first observed in the

1990’s in the synthesis of small copper, silver and gold particles.[?5 The use of ethylene
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glycol led to the development of highly controllable synthesis route for different shapes of
silver nanomaterials.[®>%¢1 Then, Feldmann et al. transferred the knowledge from metal
and noble metal nanoparticles to metal oxides. They realized that for metal oxides the
hydrolysis and not the reduction, as it is for noble metal nanoparticles, is the key step in
the synthesis. Thus, a certain amount of water is needed in the reaction.”! Inspired by
those studies, Ammar and Caruntu et al. started to design a synthesis route for spinel
ferrite nanoparticles in 1,2-propanediol and diethylene glycol, respectively. Those
nanoparticles show a very low polydispersity in combination with a very high degree of
crystallinity, which could be referred to the affinity of 1,2-diols or etherglycols (Figure 3) to
form complexes and coordinate to the freshly emerged spinel ferrite nucleus and the high
achievable reaction temperature.[® 48 Despite this considerably high affinity of the polyol
molecules to the ferrite nanopatrticle, the interaction is weak enough for stronger stabilizers
to replace the polyols. Such stabilizer involve long-chain fatty acids or carboxylic acids,
for instance.[*”] A post-synthetic ligand-exchange provides the opportunity to easily
functionalize the particle surface to control dispersibility in polar or non-polar solvents or

direct reaction pathways in catalysis. [
2.1.2 Colloidal Stability of Nanoparticles

In many applications where nanoparticles are used in dispersion, e.g. ferrofluids and
biomedicine,* 59 a high colloidal stability is required to prevent coalescence and Ostwald
ripening and thus, the growth of the nanoparticles which is inevitable followed by
precipitation of the particles. To provide this colloidal stability three different methods can
be applied, which are schematically visualized in Figure 4. The nanoparticles can be
stabilized by an electrostatic layer, which contains counter-ions of the surface charge, e.g.
Cl- ions at a positive surface, or sterically by bulky molecules, e.g. oleic acid.l% Also a
combination of both methods, the electrosteric stabilization is possible by using smaller
and charged molecules like citrate. When bulky or charged molecules are used, they need
to possess a moiety which shows attractive interactions with the nanoparticles surface.
This required kind of moiety may change due to the existing nanoparticle. For noble
metals, 1r-backbonding capable groups like thiols (-SH) or phosphines (-PH3) show a high
attraction to the nanoparticle surface. In case of metal oxides and spinel ferrite

nanopatrticles, carboxyl, hydroxyl, amine and phosphoryl containing molecules are
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favored. Due to the nature of transition metals, they act as Lewis acids. In aqueous
solutions this will automatically lead to the dissociation of the water molecules close to the
surface and to hydroxylation of the metal surface species. Depending on the pH of the
solution a negative or positive charge of the adsorbed water molecule will contribute

electrostatically to the stability of the nanopatrticle. 51

A) ® @
.. ® ...
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Figure 4: Schematic illustration of the A) electrostatic, B) steric and C) electrosteric stabilization of
nanoparticles. In the electrostatic stabilization, counter-ions of the nanoparticle surface charge are increased in the
Debye layer, which causes electrostatic repulsion. Steric stabilization is achieved by bulky molecules possessing an
anchor group to coordinate to the nanoparticle surface. The combination of both is the electrosteric stabilization, where
smaller but charged molecules are used.

Experimentally, the stabilization of nanoparticles is mostly done by a post-synthetic
surface functionalization step. This could be straightforward with a one-pot strategy,
where directly after the nanoparticle synthesis the desired stabilizer molecule is added to
the reaction mixture and displaces the present surface species, which remains from the

reaction.l®1 Also, strategies with solvent mixtures or multistep “click-on” reactions are
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applied to change the dispersibility of the nanoparticles from polar to non-polar solvents
or to add additional functional moieties. In general, any desired functionality can be
created, if the capping agent possesses a moiety with binding affinity to the nanoparticle
surface. For iron oxide nanoparticles, Qu et al. identified various stabilizers, which in turn
were accessible for further bioconjugation chemistry to load the nanoparticles with e.g.
drugs, antibodies or cancer cells.*”] The surface modification of ferrite nanoparticles
published by Shaikh et al. highlights the important role of the modifier species in catalytic
reactions, as different surface modifiers lead to different selectivity and yield in solvent-

free synthesis of 5-hydroxymethylfurfural .58l

A high colloidal stability of nanoparticles in aqueous dispersion is in evitable to realize
high concentrations of such dispersions. In case of magnetic nanoparticles, the magnetic
response of such dispersion can be adjusted via the concentration.['2 62631 However, in
many publications, which highlight the colloidal stability of their synthesized nanopatrticles,
the proof of the stability at high concentrations or for longer time periods is missing.[10 62
64-67] There, mostly dynamic light scattering (DLS) is used to demonstrate the colloidal
stability, which, however, can only be performed at quite low concentrations (~5 g L?), as
partial transmission of the light through the sample needs to be guaranteed. Examples
can be found in literature. The stability of dispersions of phosphonic acid-stabilized cobalt
ferrite nanoparticles was shown with DLS, but the measurements parameters, like
concentration, were not given.!%® Dispersions of Polyethylene glycol (PEG) stabilized iron
oxide nanoparticles (IONP) were tested for their colloidal stability at c = 1.0 g L™ over time
and temperature with DLS. At RT, they are stable for a minimum of 4 months. The
temperature can be increased until 90 °C before their diameter increases. They even state
the dispersibility of the freeze-dried powder. However, no proof was given and also no
measurements at higher concentrations were made. The strong bond between the oxygen
of the catechol groups with the surface metal ions of the nanoparticle and the overall high
density of stabilizer molecules at the nanoparticles surface are responsible for the colloidal
stability.’% The fact that colloidal stability is also depending on pH and stabilizer
concentration is also shown by Hajdu et al. on polyanion stabilized magnetite
nanoparticles. The proof was given at a low concentration of 0.1 g L** and a long-term
study is missing.[%”] Particle concentrations of 300 g L"* were achieved by Fan et al. They

used viologene to stabilize their nanoparticles, impeding their use in biological



State of the Art 9

applications due to the toxicity of viologene. However, an analytical proof of the colloidal

stability was not addressed at all.[©6]

The surface characterization after the functionalization step is another critical point in
colloidally stable nanoparticles. The quantity, identity and arrangement of the molecules
on the nanoparticle surface highly affects the nanoparticle chemistry.l68 Stabilizer
molecules, solvent molecules, reaction byproducts or precursor residues can be located
at the surface. This diversity makes the quantitative and qualitative surface analysis
challenging. The estimation of the surface coverage of inorganic nanopatrticles is mostly
done by thermogravimetric analysis (TGA). The mass loss is then attributed to the organic
molecules and converted into molecule quantity per nm2 nanoparticle surface. However,
the decomposition products are not further analyzed, with e.g. gas chromatography or
mass spectroscopy, and thus, the organic species remains unknown. Another approach,
which is widely used, is the assumption that only the deployed amount of stabilizer
molecules is entirely coordinated to the nanoparticle surface.*’! In fact, it is well known,
that there is an equilibrium between stabilizer, solvent and other molecules, which leads
to remaining uncoordinated stabilizer molecules in the solution as well as solvent
molecules, esp. polyols, coordinating to the nanoparticle surface.l®2 61 The most
promising strategy is the combination of different methods like nuclear magnetic
resonance, elemental analysis, optical spectroscopy and X-ray photoelectron
spectroscopy. However, as not all nanoparticle cores and stabilizer molecules are suitable

for a certain method, the experimental constraints need to be evaluated.
2.1.3 Anisotropic Spinel Ferrite Nanoparticle

Alongside size and structure, the shape of nanomaterials highly affects their physical and
chemical properties. Especially ferroelectricity, piezoelectricity, optical behavior and
magnetism are dependent on the symmetry of the nanomaterial. However, as symmetry
and the minimization of the surface energy is commonly thermodynamically favored,
smart synthesis routes need to be designed to obtain stable anisotropic nanoparticles.
When talking about the shape of nanomaterials, four different main classes are defined.
They include spherical (OD), elongated rod- or wire-like (1D), plate-like (2D) and complex

3D shapes like hexagons, cubes, stars, octahedra, etc.
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Experimentally, the shape of the nanomaterials can be controlled by various physical,
biological or chemical methods. In this thesis, the focus will be on the chemical driven
shape control. To direct the shape of nanostructures during wet-chemical synthesis
according to the LaMer mechanism,®! the control of the growth step (111 in Figure 5) is
crucial. While at high concentrations the growth step is limited by the diffusion of the
monomers which supports the formation of spherical nanoparticles, at low concentrations
the surface reaction is kinetically directing, which supports the growth of certain crystal
lattices, depending on the existing crystal structure.l’® Another approach is the use of
surface coordinating solvent or ligand molecules, which favor specific lattice planes of the
desired crystal structure. By the coordination the crystal growth at this lattice plane is
hindered or at least slowed down, which results in an anisotropic growth as the crystal
growth in the other direction is favored.[’] Nowadays however, it is well known, that the
nanoparticle growth is a competition of different mechanisms including diffusion growth,
Ostwald and digestive ripening, Finke-Watzky mechanism and coalescence. Considering

all the thermodynamic and kinetic effects directing the growth mechanism during

A
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Figure 5: lllustration of the classical LaMer mechanism.[®l The concentration of monomers depending on reaction
time is shown. Referred to spinel ferrite nanoparticles, the monomers are oxides and hydroxides of iron(lll) the
respective bivalent metal ion. First, their concentration increases by hydrolysis and reaches the critical oversaturation
(1). There, spontaneous nucleation takes place at leads to a decrease of the monomer concentration (I11). Once the
monomer concentration drops under the critical nucleation concentration, no further nuclei are formed and the existing
nuclei undergo diffusion controlled growth until the monomer concentration drops to the saturation concentration (I11).
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nanoparticle synthesis, shape controlled nanoparticle synthesis is a very challenging task
and the final shape is hard to predict. Yet, a full understanding of the general mechanism

is still missing.[-73]

Most shape-selective synthesis for metal oxides owing a spinel structure are applied for
magnetite or related iron oxides. In the field of spinel ferrites, CoFe204 and MnFe204 are
the most studied materials in recent years. Zeng et al. reported a seeded growth synthesis
of MnFe204 polyhedra using a mixture of 1,2-hexadecandiol, oleic acid and oleylamine in
benzyl ether as shape controlling ligands. In contrast, they were able to control the shape
from spherical to cubic in a one pot synthesis. They used the same ligands but varied the
precursor to ligand ratio. Increasing the amount of ligand leads to cubic nanoparticles,
whereas a decrease results in spherical nanoparticles.’”l A similar approach was
published by Song et al. on CoFe204. However, they obtained a cubic shape of their
nanoparticles despite very similar parameters.[”®! Lalwani et al. and Ji et al. synthesized
CoFe204 nanorods by the use of oleic acid and cetyltrimethylammonium bromide as
surface active ligand, respectively.[’877] Both ligands bind preferably to specific crystal
facets leading to a 1D crystal growth. Those practical examples indicate that, despite the
various theoretical possibilities, the most common and predictable way to control the
shape of spinel ferrite nanoparticles is the manipulation of the surface energy during
particle growth by the incorporation of surface active ligands. As shown above, mixtures
of ligands with different functional groups like diols, amines and carboxyls may favor a

defined anisotropic particle growth.
2.1.4 Structure of Iron Oxide Nanoparticle

Iron oxides and especially iron oxide nanoparticles (IONP) attract a lot of interest in these
days. Due to their biocompatibility, magnetic properties and low costs they are versatilely
applied in biomedicine as e.g. drug carriers,[”8 contrast agents in magnetic hyperthermia
imaging!™® or hyperthermia cancer therapy.[® The iron oxides maghemite (y-Fe203) and
magnetite (FesOa4) are related to spinel ferrite nanoparticles, as they are based on the
similar cubic crystal structure. As already mentioned in chapter 2.1, maghemite and
magnetite differ in the oxidation state and the number of the iron ions in the unit cell, which

consequently leads to vacancies in the maghemite structure in comparison to magnetite.
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Those vacancies and their distribution in bulk maghemite were topic in many studies and
were researched intensively. Four possible structures for maghemite were reported in the
last decades. The most straightforward approach is based on the cubic magnetite crystal
structure (Fd-3m) with a statistical distribution of the vacancies on the octahedral sites
(Figure 6 B).BY Secondly, Shmakov et al. proposed a related cubic crystal structure
(P4332) with a vacancy on exactly one of two possible octahedral sides.!®? According to
Greaves, the vacancies are on one of three possible sites in a tetragonal P43212 crystal
structure (Figure 6 A).18 Finally, Shmakov et al. and Jorgensen et al. proposed a P41212
space group with a more complex vacancy ordering, which is a superstructure of three of

the before mentioned P432:2 unit cells.[82 84]

Due to the rather different structure solutions of even bulk maghemite, the task to elucidate
the structure of a maghemite nanomaterial is even more challenging. Due to additional
disorder, finite size and surface effects the significance of commonly used crystallographic
characterization methods like XRD are limited. Additionally, in case of XRD, the occurring
fluorescence by the use of the most common Cu Ka X-ray source and the nearly identical

scattering power of Fe?* and Fe3* makes a structure solution on a nanometer scale hardly

‘e,

P4,2,2 Fd-3m

Figure 6: Schematic illustration of A) a P4s2:12 and B) Fd-3m unit cell of maghemite.[sl Octahedral sites are green
and purple and tetrahedral sites are light blue. Red balls represent oxygen ions. In A), the one vacancy can occur
randomly on exact one of the purple highlighted octahedral sites. In structure B), the vacancies are distributed
completely randomly on all octahedral sites. Mercury was used as software for the visualization of the crystal
structures.
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possible. Thus, in most studies a clear structure solution is mostly missing and the
nanomaterials are classified simply as IONP.% Recently, by the use of the pair
distribution function (PDF) milestones in the characterization of IONPs were achieved.
Cooper et al. reported that in 3-10nm IONP, synthesized by continuous growth
synthesis, vacancies not only occur at octahedral sites but as well on tetrahedral sites.
Their nanopatrticles are a mixture between maghemite and magnetite. This ratio shifts
towards the oxidized maghemite structure depending on the storage time in air at room
temperature. This oxidized structure likely exists preferential at the nanoparticle surface
leading to a gradient of oxidation in the nanoparticles from the surface to the core.!®
Andersen et al. reported a combination of neutron scattering, synchrotron X-ray scattering
and PDF analysis of IONP synthesized by a solvothermal flow synthesis. As a two-phase
modelling of a magnetite (Fd-3m) and a maghemite (P432:12) phase to the experimental
data did not yield in a satisfying structure solution, they assume a compositional gradient
from a Fe-rich core to a more oxidized surface region.?® Those studies are just two

examples for the capabilities of PDF analysis.

2.2 The Pair Distribution Function

The PDF analysis is a powerful tool for the study of the structure of semi-crystalline or
disordered materials like glasses, liquids or nanoparticles. Despite it is known and applied
for many decades, the rise of the PDF analysis just started in the 2000’s with pioneering
works from the workgroups of Billinge, Petkov and Neder to name some examples.[86-88]
As the PDF will be the most intensively used characterization method in this thesis, the
theoretical principles, experimental implementation and final data evaluation will be

presented in this chapter.
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2.2.1 Theoretical Background

The PDF corresponds to a histogram of all interatomic distances in a sample as a function
of the distance r in real space. Figure 7 shows this exemplarily on a simplified section of
the CoFe204 (Fd-3m) crystal structure. The distances from each single atom to all other

G(r) (a.u.)
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Figure 7: Schematic illustration of the content of a PDF on the example of a simplified section of the CoFe204
crystal structure. Light blue and green balls stand for tetrahedral and octahedral sites, respectively. Red balls
represent oxygen atoms. The tetrahedral sites are out of plain. G(r) describes the possibility of the existence of an
atom pair with a certain distance r. If G(r) = 0, this possibility is equal to a completely amorphous structure. Maxima
and minima correspond to an increased and decreased possibility, respectively.
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atoms are summed up and displayed as G(r), which gives the possibility of the existence
of a certain interatomic distance r in the sample. The theoretical calculation of G(r) is given

in Equation 1.[8]

fnfm Eq. 1
G(r) = zz <f)2 — Tam) | — 4mpor a

The sum of all interatomic distances ram between the atoms n and m is weighted by the
atomic form factors f. The factor rtis a normalization and stems from the convolution of
G(r) with the termination function sin(Qmax4r)/Ar, which accounts for the limited range in
Q. It corresponds to an additional broadening function.® With the subtraction of the term
4rpor, with po as the average number density of all atoms in the sample, a r-depending

baseline is introduced. This leads to an oscillation of the final PDF around 0.[99

For G(r) = 0 this probability corresponds to a complete randomly organized statistical
structure. Thus, peaks and minima give a higher and lower possibility of a certain
interatomic distance, respectively. In this specific example of the CoFe20a4 structure, the
peak at 2.0 A corresponds to the Co/Fe-O distance. The next peaks at ca. 3.0 and 3.5 A
display the two closest interatomic distance between metal atoms divided in the O-O and
O-T distance, respectively. In between, no pair of atoms exists, resulting in a negative
G(r). As the PDF is normalized to the atomic form factors, the peaks for the distance
between metal atoms have a higher intensity than the peak of an atom pair which contains

an atom of a lower order, e.g. oxygen.
2.2.2 Experimental Implementation

Experimentally, the PDF is gained by the sine Fourier transform of the normalized
scattering intensity S(Q) by Equation 2.

Qmax

2
6y == f 0[S(Q) — 1] sin(Qr) dQ Eq. 2

Qmin

S(Q), also called total structure function, is experimentally accessible through X-ray,
electron or neutron diffraction and includes not only the information from the Bragg peaks
but also the diffuse scattering signal, which arises especially from non-crystalline and
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amorphous structures. Because of this, PDF analysis is also called a total scattering
method. Q is the wave vector and depending on the wave length 2 and the scattering
angle 6 (Equation 3).18¢l

_ 4nsind Eq. 3
A

Equation 2 implies that the best resolution of the final PDF data would be given for Q = .
However, as this is experimentally not possible, the Q space is cutoff at a certain point.
This leads to a decrease in the real space resolution and also causes the so called
termination ripples, which are visible in Figure 7 between Q = 0 — 1.6 A. They are residues
from the Fourier transformation, which can be dampened by different approaches to avoid

misinterpretation of the data.l!

As mentioned above, a high Q — range is necessary for achieving a high resolution in r.
According to Equation 3, this is possible by the use of a shorter wavelength and thus, a
higher energy of the incoming X-ray or neutron beam. At a laboratory X-ray device, this
can be achieved by the use of Mo (ca. 17 keV) or Ag (ca. 22 keV) X-ray sources. Even
more suitable are high energy synchrotron beamlines, where energies up to 100 keV can
be achieved. However, only high energy does not satisfy the needs for an optimal PDF
quality. Due to technical limitations in detector pixel size, the resolution of Q decreases
with increasing energy of the incident beam and leads to a r-dependent dampening of the
PDF peaks. Consequently, before every PDF measurement a compromise between the
best possible resolution, a sufficient peak intensity and sufficient Qmax must be

evaluated.l®?

2.3 Restructuring of Solvents at Nanoparticle Surfaces

In recent years, the experimental proof of the restructuring of polar and non-polar solvent
molecules around metal oxide nanoparticles in dispersions was given by means of PDF
analysis. In detail, primary alcohols, water and hexane tend to form up to three distinct
shells of solvent molecules, which reach up to ca. 2 nm from the nanoparticle surface.2¢-

27 Transferred to IONPs in aqueous dispersions, molecular dynamics (MD) simulations at
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Figure 8: Scheme of the assignment of interatomic distances extracted by MD simulations to three different
binding modes in the adsorbed water layer at hematite nanoparticles.!*l The three distances are highlighted by
three different colors and assigned to the hematite surface with the same color.

the 001 surface of hematite nanoparticles predict 3 distinct hydration layers up to 3 A from
the surface, which can be assigned to hydroxyl groups bound to surface iron ions,
molecular water interacting with adsorbed hydroxyls, and molecular water interacting with
surface iron ions (Figure 8). Between 4 and 20 A, three to five loosely bound hydration
layers exist.[* 24l For 7 and 15 nm IONP stabilized with different organic molecules, such

distinct hydration layers couldn’t be revealed.[?8l

For iron oxide related nanopatrticles like spinel ferrite nanoparticles, the influence onto the
nature of the hydration shell caused by the substitution of Fe2* ions by other bivalent metal
ions like Mg?*, Co?* or Ni?* is still unknown. Only Kumar et al. reported a theoretical study
based on the density functional theory with on-site correction that the incorporation of
nickel ions favors the dissociation of water molecules at the (111) surface of NiFe204

surfaces in comparison to the (111) Fe3Oa surface.!

For gaining the insight into the hydration shell experimentally, it is necessary to measure
at least one complete dataset composed of the nanoparticle dispersion, the pure solvent
and the dry nanoparticle powder. It is very important that the instrumental measurement

parameters are equal to eliminate the instrumental impact. To extract the hydration shell
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signal, first the signal from the pure solvent is subtracted from the signal of the
nanoparticle dispersion. This results in the difference-PDF (d-PDF), which now contains
the signal of the nanoparticle powder and the hydration shell. Second, the PDF from the
dry nanoparticle powder is normalized to the d-PDF at large distances at Q = 20 A. At this
distance, no signal of the hydration shell is expected. The normalized nanoparticle PDF
is then subtracted from the d-PDF, resulting in the double-difference PDF (dd-PDF), which
now only contains the signal of the hydration shell.[?8] Thus, the majority of the overall
intensity is subtracted in this approach, as the hydration shell signal is less than 1 % of
the initial signal of the dispersion. Thus, high accuracy and diligence is needed to perform

this kind of measurement.
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3 Experimental

3.1 Instruments and Software

TEM measurements were performed with a JEOL JEM-2200FS field emission energy
filtering transmission electron microscope (FE-EFTEM) operated at an acceleration
voltage of 200 kV. Zero-loss filtered micrographs (AE ~ 0 eV) were recorded with a
bottom-mounted CMOS camera system (OneView, Gatan) and processed with DM 3.3
image processing software (Gatan). For each sample, 4 uL of very diluted nanoparticle
dispersion was drop-casted on a carbon-coated meshed copper grid and dried in air.

Particle sizes were obtained by counting 100 particles from at least three images.

Evaluation of the hydrodynamic diameters and zeta potential of the nanoparticles was
performed with a Particle Analyzer Litesizer 500 (Anton Paar, Germany) at 25 °C in the
automatic mode with a wavelength of 660 nm. The concentration of the nanoparticles was
adapted so that the intensity was at least 300 kcounts sect, which was ca. 0.5 wt%.
Calculation of the number-weighted hydrodynamic radii was based on refractive indices
and absorption coefficients from [ The zeta potential was calculated via the

Smoluchowski approximation.

Small angle X-ray scattering patterns were recorded with the laboratory SAXS system
“Ganesha-Air” from (SAXSLAB, Xenocs) by Dr. Martin Dulle at Forschungszentrum Jilich
GmbH. The X-ray source is a D2-MetalJet (Excillum) operating at 70 kV and 3.57 mA with
Ga-Ka radiation (A =0.1341 nm) providing a very brilliant and a very small beam
(< 100 pm). The beam was focused with a focal length of 55 cm using a specially made
X-ray optic (Xenocs). Measurements were done in 2.1 mm borosilicate glass capillaries
(Hilgenberg), code 1409364, Germany) at room temperature, and the transmitted intensity
data were recorded by a position-sensitive detector (PILATUS 300 K, Dectris). To cover
the range of scattering vectors between 0.026 and 3.0 nm™, different detector positions
were used. The circularly averaged data were normalized to incident beam, sample
thickness, and measurement time before subtraction of the solvent. All measurements
were put on an absolute scale by standard-less absolute intensity calibration. Dispersions

for SAXS measurements had typical concentrations of 5 g L* and high concentration
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measurements were performed at 50 and 100 g L. Fitting of the data was performed
using SASView 4.2.2194 and JScatter!®s,

Powder X-ray diffraction was carried out at room temperature with a STOE STADI P
Mythen2 4K diffractometer (Ge(111) monochromator; Ag Kal radiation, A = 0.5594 A)
using four Dectris MYTHEN2 R 1K detectors in Debye—Scherrer geometry in moving
mode. The Q-range was 0.4 to 20.4 At with a step size of 0.015 A1, Samples were
measured in 0.5 mm diameter glass capillaries purchased from Hilgenberg (special
purpose glass number 10). For more information on this dedicated diffractometer for pair

distribution function analysis, see [,

PDF data were collected at the above mentioned laboratory diffractometer.
Measurements times were between 14 and 24 h to achieve a satisfying signal to noise
ratio for the Fourier transformation. PDF data were also collected at dedicated PDF
beamlines at synchrotrons in Hamburg (PETRA lll, beamline P21.1, E = 101 keV) and
Grenoble (ESRF, beamline ID31, E = 65 keV). Samples were measured in 1.0 mm
diameter Kapton® capillaries (wall thickness 50 um) purchased from Goodfellow. For data
collection a Pilatus2M CdTe area detector from Dectris was used. The detector and
beamstop alignment was done to achieve a minimum Q-range of 0.5 to 20 Al
Measurement times are sample dependent and were chosen to get a sufficient signal-to-
noise ratio. At PETRA Ill, powder samples were measured up to 200 s and liquid samples
up to 1200 s. At ID31, powder samples were measured for 10 s and liquid samples for
total times of 30 to 60 s.

PDF data processing was carried out with xPDFsuitel®’]. The applied Qmax is sample
dependent and ranges from 12.6 to 24.2 Al in this thesis. Fitting was done with DiffPy-
CMI8 and PDFguil®®l. For the lab instrument data, NIST LaBs standard measurements
and for synchrotron data NIST Ni or Si (PETRA Ill) and CeO:2 (ESRF) standard
measurements were used to calibrate geometrical parameters (Table A 1). Instrumental
resolution parameters Qdamp and Qoroad fOr each beamtime, resp. instrument were

determined by a refinement of the standard sample (Table A 2).
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Thermogravimetric analysis measurements were performed from 30 — 1000 °C on a
STA PT16000 (Linseis, Germany) with a heating ramp of 10 °C min' under argon
atmosphere.

Elemental analysis of the nanoparticle powders was conducted with a Elementar vario
EL 1ll. 2 mg of dry nanoparticle powder was used per sample run.

Samples for ICP-OES were prepared by dissolving 0.1 gL' of the synthesized
nanoparticles in an aqueous solution of 37 % HCI. The measurements were performed
with a Varian Vista-Pro equipped with an ASX-510 autosampler.

Infrared spectra were collected with a JASCO FT/IR-6100 Fourier transform infrared (FT-
IR) spectrometer with attenuated total reflectance (ATR) unit. Before the measurement,
the instrument was flushed with nitrogen for 30 min. The spectra of an aliquot of dry
nanoparticle powder were collected from 4000 — 400 cm™* (0.25 cm™ step size) and

normalized to the transmittance at 4000 cm™.

Magnetic measurements were collected using a superconducting quantum interference
device (SQUID) MPMS-XL5 instrument from Quantum Design. The field measurements
at 300 K were performed in the hysteresis mode, in steps of 500 Oe from 100 Oe to 30
000 Oe and then down to -30 000 Oe. The samples were prepared in gelatin capsules
held in a plastic straw. The raw data were corrected for the diamagnetism of the sample
holder.

3.2 Synthesis of Spherical Spinel Ferrite Nanoparticles

3.2.1 Standard Synthesis in Polyol Solvents

Spherical, water-dispersible ferrite nanoparticles (MFe204; M?* = Co?*, Fe?*, Mg?*, Mn?*,
Ni2*, Zn?*) with diameters ranging from 3 — 5 nm were synthesized, their structure and
surface analyzed and the interaction with surrounding water molecules in colloidally stable

aqueous dispersions investigated.



22 Experimental

Chemicals for the nanoparticle synthesis were purchased and used without further
purification: ethanol absolute (VWR), diethylene glycol (99 %, Alfa Aesar), sodium
hydroxide pellets (Merck), hydrochloric acid solution (in water 1 M, Grissing GmbH),
acetone and ethyl acetate (analytical grade, Fisher Scientific), cobalt(ll) chloride
hexahydrate (ACS reagent, 298 %, Merck), nickel(ll) chloride hexahydrate (=98 %, abcr),
iron(ll) chloride tetrahydrate (Glentham Life Sciences), magnesium hexahydrate (BioXtra,
=298 %), zinc(ll) chloride (puriss., 298 %) and iron(lll) chloride hexahydrate (puriss. p.a.
reag., 299 %, all Sigma Aldrich). Ligands for the nanoparticle surface modification were
obtained as follows: phosphocholine chloride calcium salt tetrahydrate (98 %) from abcr,
betaine anhydrous (98 %) from Alfa Aesar and trisodium citrate dihydrate (99 %) from

Griussing GmbH. Milli-Q water was used for the preparation of all dispersions.

Water-dispersible spinel ferrite nanoparticles with diameters of 3 to 5 nm were obtained
via hydrolysis of diethylene glycol (DEG) chelate complexes of Fe3* and M?* (M?* = Mg?*,
Co?*, Ni%*, Fe?* or Zn?*) according to Caruntu et al.! In a standard synthesis, MCl2-n H20
(2 mmol) and FeCls 6 H20 (2 mmol) were dissolved in DEG (20 g). A solution of NaOH
(8 mmol) in DEG (40 g) was added. The reaction solution was then degassed with argon
for 2 hours and subsequently heated to 220 °C with a heating rate of 2.17 K min-t. The
temperature was kept constant for 1 hour and then cooled to about 100 °C. Solutions of
3 mmol capping agent in DEG/H20 mixtures were prepared (Table 1) and added to the

reaction.

Table 1: DEG and H20 volume for capping agent solutions.

capping agent Voec (ML) V2o (ML)
citrate 15 15
betaine 3 1
phosphocholine 3 4

It was stirred for another hour while cooling to room temperature. The nanoparticle powder
was precipitated by addition of acetone and isolated with a permanent magnet. For
purification, the powder was washed with acetone and absolute ethanol three to five times
and dried at room temperature. All nanoparticle powders are redispersible in water or HCI

solution (see Table A 3) up to a concentration of 100 g L, at least.
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The content of the organic stabilizer molecules for citrate- and phosphocholine-stabilized
samples was reduced by dialysis against H20. Therefore, a nanoparticle dispersion (c =
10 g L) was placed in a dialysis hose (Nadir®, cellulose hydrate; Roth) and sealed. For
each 10 mL of nanoparticle dispersion, a beaker was filled with 1.0 L H20 and the dialysis
tube was placed in the beaker under gentle stirring for 16 h. The nanopatrticle dispersion

was filtered by a syringe filter (Chromafil® Xtra; PA, 0.2 um pore size) and freeze dried.
3.2.2 Synthesis Variations for Larger CoFe204 Nanoparticles

Different approaches for obtaining larger 8 — 10 nm spinel ferrite nanoparticles were
realized to investigate nanoparticle properties as function of the size. As the synthesis
route mainly impacts the structure of the resulting nanopatrticles,3! the presented polyol
route using DEG as solvent was altered step-by-step. All results are summarized in Table
5.

Alteration of the temperature, heating ramp and holding time was done according to Table

2. All other parameters were set constant.

Table 2: Variation of temperature, heating ramp and holding time.

sample heating ramp Tmax holding time
(K min) Q) (h)

tl 2.17 220 16

T1 2.17 240 1

T2 2.17 180 1

R1 1.08 220 1

R2 4.34 220 1

At first, the ageing time at Tmax was elongated from 1 to 16 h to further enhance ageing of
the nanoparticles (sample tl). This resulted in only slightly larger particles with
doLs = 6.5 nm (PDI: 0.26). Variation of Tmax to higher (240 °C, T1) and lower (180 °C, T2)
temperatures lead in both cases not to the formation of CoFe204 nanoparticles likely to
side reactions due to decomposition of DEG and insufficient nucleation rate, respectively.

Lowering the heating ramp should lead to a lower concentration when nucleation of the
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nanoparticles starts and thus, according to LaMer et al.®l, less nuclei should be formed
but the growing of those nuclei should be increased. This should overall result in larger
nanoparticles. On the opposite, enhancement of the heating ramp should lead to a higher
concentration of precursor ions and, according to LaMer et al., to more nuclei, which grow
less. This should result in overall smaller nanoparticles. Both was experimentally tested
and the lowering of the heating ramp to 1.08 Kmint (R1) resulted in CoFe204
nanoparticles but with a diameter equal to the standard synthesis (doLs = 4.3 nm (PDI:
0.21)). As expected, the enhancement of the heating ramp to 4.34 K min (R1) resulted
in very small amorphous nanoparticles (do.s = 1.8 nm (PDI: 0.23)).

The theory by LaMer was also tested by the variation of the initial precursor concentration.
As already discussed above, lower concentrations should result in larger and higher
concentrations in smaller nanopatrticles. For all four syntheses (C1 - C4), the resulting
nanoparticles diameter didn’t differ from the nanoparticles obtained by the standard
experiment. No correlation between the starting precursor concentration and the final
nanoparticle diameter could be made. This could be an indication that this hydrolysis
controlled synthesis didn’t follow the LaMer theory. For all obtained diameters see Table
5. For testing different precursor concentrations, the volume of DEG was set constant and
different amounts of precursor, which is shown in Table 3, are used.

Table 3: Precursor amount used for studying the impact of the precursor concentration on the nanoparticles
size.

sample  ncoci2 NFecI3 NNaOH
(mmol) (mmol) (mmol)

C1l 0.4 0.8 3.2

C2 0.6 1.2 4.8

C3 0.8 1.6 6.4

C4 1.2 2.4 9.6

Another possibility to vary the final nanoparticle diameter is to control the hydrolysis, which
is the main reaction step in this nanoparticles synthesis (Scheme 1), by the addition of
water to the reaction mixture (Table 4). As shown in Table 4, the addition of water lead to

a decrease in the reachable Tmax, as the addition of H20 lowers the boiling point of the
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DEG/H20 mixture. For W3 and W4, this yielded in larger nanoparticles according to DLS

measurements (doLs = 7.1 and 8.9 nm). Despite the maximum reaction temperature was

not reached, the nanopatrticles clearly consisted of crystalline CoFe20a4 (Figure 9). For

W3, reflections from a residual crystalline citrate phase, which was used as stabilizer, was

present.

Table 4: Amount of H20 added to the standard synthesis and the corresponding Tmax for this synthesis.

sample VH2o (ML) Tmax (°C)
W1 0.5 220
w2 1.0 219
W3 2.0 209
w4 5.0 176

T

Q) (a.u.)

CoFe,0, - dp g = 7.1 nm (W3)

QAT

Figure 9: Background-corrected XRD patterns of dry powders of 7.1 (red, W3) and 8.9 nm (black, W4) citrate-
stabilized CoFe204 nanoparticles according to DLS measurements (background = empty capillary; patterns
stacked for clarity). The nanopowders are crystalline and can be indexed with the cubic spinel structure Fd-3m. In
the red pattern for sample W3, small sharp peaks stem from residual citrate. Data were collected STOE STADI P.

PDF analysis (Figure A 1 and Table A 4) of sample W4 revealed an average crystallite
size of 4.5nm, which is distinctly smaller than the diameter obtained from DLS

measurements. As DLS shows the hydrodynamic particle diameter including a bound

hydration layer, a larger diameter of ca. + 1 nm was expected. However, the difference
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between PDF and DLS diameter of the CoFe204 nanopatrticles shown here is 4.4 nm and
far too large for a bound hydration layer. This shows that the addition of water and hence,
the increase of the hydrolysis rate lead to coalescence of the nanoparticles, as the
average nanoparticle likely wasn’t single crystalline but consists of 2 to 3 coherent
crystallites. The XRD pattern of the cobalt ferrite phase in W3 and W4 are very similar
and both 311 reflections at Q =2.67 A1 have a FWHM of 0.148 Al. Therefore,

coalescence was also expected for sample W3.

The hydrolysis step can also be influenced by the variation of the complexing agent of the
metal ions, which in this case was also the solvent. Partial and full replacement of DEG
by NMDEA was suggested by Caruntu et al. to control the size of IONP, as their physical
properties are similar but their complexing properties are different.[®4 Due to the higher
electron donor ability of NMDEA, hydrolysis should occur at higher temperatures and at a
slower rate. This leads to less oversaturation, thus less nuclei and larger particles. Both
approaches were tested twice with NMDEA from different supplier in the cobalt ferrite
nanoparticles synthesis and none of them yielded nanoparticles. It has to be noted that
Tmax Of 220 °C wasn'’t reach in either of the two approaches. Experimentally, for the
DEG/NMDEA mixture (S1), the metal precursors were dissolved in a mixture of 10 g DEG
and 10 g NMDEA and the NaOH was dissolved in 20 g DEG and 20 g NMDEA. Holding
time at Tmax was 3 h. For pure NMDEA (S2), precursors were dissolved in 20 g NMDEA
and NaOH in 40 g NMDEA and the holding time at Tmax was 4 h. In the DEG/NMDEA
mixture (S1) 205 °C and in pure NMDEA (S2) 195 °C were achieved. Likely, both batches
of NMDEA had a certain amount of impurity with a lower boiling or degradation

temperature, which hindered the reaction temperature to rise until 220 °C.
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Table 5: Summary of different approaches to obtain larger CoFe204 nanoparticles via the polyol synthesis route.

sample varied parameter result
tl ageing time at Tmax = 16 h  slightly larger crystalline CoFe204 NPs
doLs = 6.5 (PDI: 0.26)
T1 Tmax = 240 °C no formation of CoFe204 NPs
T2 Tmax =180 °C no formation of CoFe204 NPs
R1 decreased heating rate crystalline CoFe204 NPs
(1.08 K min?) dos = 4.3 (PDI: 0.21)
R2 increased heating rate amorphous smaller CoFe204 NPs
(4.34 K mint) do.s = 1.8 (PDI: 0.23)
C1 decreased precursor crystalline CoFe204 NPs
concentration (factor: 0.4)  dows = 5.5 (PDI: 0.26)
C2 decreased precursor crystalline CoFe204 NPs
concentration (factor: 0.6)  doLs = 4.6 (PDI: 0.23)
C3 decreased precursor crystalline CoFe204 NPs
concentration (factor: 0.8)  doLs = 5.5 (PDI: 0.24)
Ca increased precursor crystalline CoFe204 NPs
concentration (factor: 1.2)  dos = 4.5 (PDI: 0.21)
w1l addition of 0.5 mL H20 crystalline CoFe204 NPs
dois = 4.7 (PDI: 0.28)
w2 addition of 1.0 mL H20 crystalline CoFe204 NPs
doLs = 4.9 (PDI: 0.28)
W3* addition of 2.0 mL H20 crystalline CoFe204 NPs
dos = 7.1 (PDI: 0.32)
w4* addition of 5.0 mL H20 crystalline CoFe204 NPs
doLs = 8.9 (PDI: 0.25)
S1 DEG/NMDEA mixture no formation of CoFe204 NPs
S2 pure NMDEA no formation of CoFe204 NPs

* Tmax Was not achieved.
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Another approach tested is the seeding growth method, which was published by Cheah
et al. for IONP.[0% |n this thesis, cobalt ferrite nanoparticles obtained from the standard
synthesis without ligand exchange were used as initial seeds and added to three different
growth solutions containing CoCl2 and FeCls in DEG (G1 - G3). They were heated
according to the standard reaction protocol. Experimental details and the final particle
diameters and distributions are summarized in Table 6 and Table 7, respectively. Instead
of nucleation, the additional precursor should crystallize on the surface of the seeds and
end up in larger, size-adjustable nanoparticles. However, the diameter of the
nanoparticles obtained didn’t differ much from the standard synthesis according to DLS
analysis. Additionally, no correlation between the precursor concentration and the final

nanoparticle diameters could be made.

Table 6: Amount of precursors and solvent for the preparation of the initial seeds and the growth solutions for
seeding growth experiments. The mass given for DEG is divided in the amount used for the NaOH and the precursor
solution, respectively.

Ncocl2 NFeCI3 NNaOH MDEG
(mmol) (mmol) (mmol) (9)
initial seeds 0.5 1.0 4.0 20 + 10
growth solution
Gl 0.5 1.0 4.0 20 + 10
G2 0.75 1.5 6.0 20 + 10
G3 1.0 2.0 8.0 20 + 10

Table 7: Summary of seeding growth approaches to obtain larger CoFe204 nanoparticles via the polyol
synthesis route.

sample result
G1 crystalline CoFe204 NPs ; dos = 6.3 (PDI: 0.13)
G2 crystalline CoFe204 NPs ; doLs = 5.3 (PDI: 0.20)

G3 crystalline CoFe204 NPs ; doLs = 5.7 (PDI: 0.20)
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In summary, despite there are some published synthesis routes to control the size of
IONPs, like the substitution of the complexing agent or the seeding growth method, those
synthesis routes didn’t work for CoFe204 nanoparticles. The variation of the parameters
like heating ramp, aging time, Tmax and the precursor concentration couldn’t be correlated
with the final overall nanoparticles diameter. It can be suggested that the polyol synthesis
of spinel ferrite nanoparticles didn’t follow the LaMer theory and was driven by other
forces.'9% |n fact, the only synthesis route shown here which lead to an increased
nanoparticle diameter is the addition of H20 to enhance the hydrolysis reaction. However,
as the addition of water decreased the achievable Tmax this synthesis was limited at

approximately 5 mL of additional water. Otherwise crystalline side phases could occur.

3.3 Synthesis of Anisotropic CoFe,O, Nanoparticles

Cubic and rod-like CoFe204 nanoparticles were prepared by Ms. Denise Schweser

(University of Bayreuth) during her bachelor thesis.

Chemicals for the nanoparticle synthesis were purchased and used without further
purification: cobalt(ll) acetylacetonate (>99 %) and iron(lll) chloride hexahydrate (puriss.
p.a. reag., 299 %, Sigma Aldrich), iron(lll) acetylacetonate (>97 %, Fluka), diphenyl ether
(99 %), dibenzylether (>98 %), 1-octadecen (tech., 90 %), 1-octadecandiole (97 %), oleic
acid (tech., 90 %, all Alfa Aesar), 1,2-hexadecandiol (>98 %) and sodium oleate (>97 %,
TCI), oleylamine (80 — 90 %, Acros), ethanol absolute and n-hexane (analytical grade,
VWR), cobalt(ll) chloride hexahydrate (ACS reagent, 298 %) and sodium hydroxide
pellets (Merck), acetone (analytical grade, Fisher Scientific). Ligands for the nanoparticle
surface modification were obtained as follows: phosphocholine chloride calcium salt
tetrahydrate (98 %, abcr), trisodium citrate dihydrate (99 %, Grissing GmbH) and
polyethylene glycol (MW 20000, Alfa Aesar). Milli-Q water was used for when the use of

water is mentioned.
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3.3.1 CoFe20O4 Nanocubes

Co(acac)z, Fe(acac)s, dibenzyl ether, 1,2-hexadecanediol, oleic acid and oleylamine were
heated (8 K min) to 110 °C and degassed with Argon for 1 h. After heating up to 210 °C

(8 K min') for 2 h, the temperature was raised to 295 °C (4 K mint) and kept constant for

2 h. A severe reaction takes places due to emerging gas during the reaction. The mixture

was allowed to cool to RT and the nanocubes were precipitated and washed three times

with EtOH with assistance of a permanent magnet.

Table 8: Reactant quantity for the synthesis of CoFe204 nanocubes.

reagent n (mmol) m (g9) V (mL)

Co(acac): 1.0 0.257

Fe(acac): 2.0 0.706

dibenzyl ether 20.0 (c1)
25.0 (c2)

1,2-hexadecanediol 10.0 2.584

oleic acid 6.0 1.690

oleylamine 6.0 1.606
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3.3.2 CoFe204 Nanorods

CoFe204 nanorods were synthesized by the co-precipitation route according to the
synthesis of ZnFe204 nanorods from Kmita et al.l'%d Two solutions were prepared, a
precursor solution containing CoClz - 6 H20 and FeCl3- 6 H20in 6.25 mLH20andal1l.5M
NaOH solution in 6.25 mL H20. Simultaneously, both solutions were added dropwise (1 -
2 drops mint) to 60 mL H20, preheated to 50 °C under vigorous stirring. The mixture was
allowed to stir at 50 °C for 6 h. 4 mL of an aqueous solution of the desired capping agent
(citrate or phosphocholine) was prepared and added to the reaction mixture. After 60 min,
the particles were precipitated, separated and washed with acetone in assistance of a

permanent magnet.

Table 9: Reactant quantity for the synthesis of CoFe204 nanorods.

reagent n (mmol) m (g)
CoClz - 6 H20 4.125 0.981
FeCls - 6 H20 8.375 2.263
NaOH 9.4 0.374
Nas(cit) - 2 H20 * 12.5 2.584
Ca(phos)Cl - 4 H.O* 12.5 1.690

* citrate or phosphocholine was used.
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3.4 Characterization

3.4.1 SAXS Analysis

For SAXS analysis in SASView 4.2.219% and JScatter(®), a spherical hard sphere shape
model was applied for the modelling of the nanopatrticles. The standard fit range was Q =
0.2 to 5 nm, if not mentioned. Q is the wave vector transfer, calculated as Q = 41t sin(6)/A,
with the wavelength A and the scattering angle 26. Where a bimodal size distribution is
observed, two hard sphere shape models were applied. Scaling and background factor,
particle radius and the polydispersity index of a lognormal size distribution were refined.

Scattering length densities were set constant.
3.4.2 PDF Analysis

For the PDF refinements the scale, cell parameters, crystallite size, correlated atomic
motion, oxygen positions according to symmetry constrains, occupancy of octahedral
sites and thermal displacement parameters were allowed to refine. Values for the degree
of inversion of spinel ferrites were obtained from crystallographic information files and

were fixed for the refinement. The following crystal information files were used:

e COFe0s  ICSD 109044

e MgFe:0s  ICSD 155275

e NiFe202.  AMCSD 001511
e ZnFe;0x.  AMCSD 0002576
e IONPrgsm: ICSD 26410

e IONPpaz212: AMCSD 0013508
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The quality of each refinement is given by the goodness-of-fit value (Rw). It was calculated

as follows.

R = Iiv=1 W(ri) [Gobs(ri) - Gcalc(ri)]2
v T w (1) Gops(1;)? Eqg. 4

G.q1c and G, are the calculated and observed PDF, respectively. w(r;) gives the weight

of each data point. R, stands for the weighted R-value.
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4 Synthesis of Spinel Ferrite Nanoparticles

This chapter focuses on the primary step of any nanopatrticle study, the synthesis. First,
the polyol route for the standard synthesis of spherical spinel ferrite nanoparticles with the
sum formula MFe204 (M = Co?*, Mg?*, Ni?*, Zn?*) and their final diameters are presented.
A detailed discussion of their crystal structure, surface characterization and colloidal long-
term stability follows in chapter 5. This synthesis and study was published in M. Eckardt,
S.L.J. Thom4&, M. Dulle, G. Horner, B. Weber, S. Forster, M. Zobel, ChemistryOpen 2020,
9, 1214-1220. Then, different experimental approaches to control the size of the spherical

nanoparticles and the shape are shown.

4.1 Spherical Spinel Ferrite Nanoparticles synthesized in

Diethylene Glycol

The challenging tasks in wet-chemical nanoparticle synthesis are the control of the final
size, polydispersity, and crystallinity. On the other hand, it is necessary to avoid Ostwald
ripening and coalescence while providing stability for the produced nanoparticles.
Additionally, an adjustable surface chemistry is desired for various applications. The
polyol route for the synthesis of iron oxide and spinel ferrite nanoparticles enables high
reaction temperatures > 200 °C due to the high boiling point of the polyols whereby highly
crystalline nanoparticles can be achieved. Because of the electron donor properties of the
hydroxyl groups, polyols act as both, complexing agents for the metal precursors and
stabilizer for the as-built nanoparticles during the synthesis. This provides control over the

reaction rate and stabilization of the nanoparticles, simultaneously. As a result, very

- |

Fe;O, CoFe,0, NiFe,O, ZnFe,0, MgFe,0,

Figure 10: Picture of long-term stable citrate-stabilized spinel ferrite and iron oxide nanoparticle dispersions.
Concentration is 5 g L' in MilliQ water. IONP were synthesized by Ms. Sabrina Thoma.l]
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uniform particle sizes and thus a low polydispersity can be achieved.i3% 194 Nevertheless,
the polyol molecules only show electrostatic interactions with the nanoparticle surface and
can easily be replaced by stabilizers containing more attracted moieties, e.g. carbonyls,
which form a coordinative bond to the particle surface, to enhance the colloidal stability
and to tailor the surface functionalization for desired applications.!%® Furthermore, the
protic and polar nature of polyols allows the usage of ionic reactants, e.g. metal chlorides,
to avoid contamination with other organics, e.g. acetylacetonate, which usually have a
lower boiling and decomposition point. In all studies presented in this thesis, DEG (Figure

11 a) was used in the nanoparticle synthesis via the polyol route as suggested by

a)
HO 2-x /3% x-/1-x
\ 0 (o]
[M(CI)x(H,0),]2™ /CzH4 +20H
o T | O ————> | O----MiFe(Cl
or ] \ o o] !V]/Fe(CI)x 2 H0 e(Cl),
[Fe(Cl)(H20),]*™ /C2H4 3
HO 0 0
b)
x- 1 1-x HO
0 OH \
: ' M(OH) CoHy
: +2or3HO : A 2 /
O-----M/Fe(Cl), O-----M/Fe(OH)2;3 —— or 4+ O\
! -xCr i
: ; Fe(OH)3 CoHy
o OH /
HO
c) HO HO HO
\ \ \
/CzH4 A /C2H4 /CzH4
M(OH), + 2 Fe(OH); + O ——— MO+ 2FeQ(OH) + O —— MFe;04, + O
\ -3H,0 \ -H,0 \
CoHy CoHy CoHy
/ / /
HO HO HO

M = CO2+, M92+! Ni2+, Zn2+
Scheme 1: Proposed mechanism of the complex formation (a), hydrolysis (b) and dehydration (c) to obtain

uniform and highly crystalline nanoparticles via the polyol route in DEG. M = Co?*, Mg?*, Ni?* or Zn?*. Modified
from [,

According to the reaction mechanism suggested by Caruntu et al.l®, in the first step, the
[M(DEG)CIx]?*3* complex is formed by dissolving the metal chlorides in an alkaline DEG
solution (Scheme 1 a). By raising the temperature with a constant heating rate, metal
hydroxides are formed via controlled hydrolysis of the DEG complex (Scheme 1 b).
Followed by dehydration of the hydroxides the MFe204 spinel ferrite structure is formed
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a) b) COO

0- oH \llf/ 0
HO OH O .o ()_’K:N/
N N N 0 P -
o
Figure 11: Valence structural formula of surface stabilizers. a) DEG, which is used as solvent and stabilizer

during the synthesis, and b) the nanoparticle stabilizer molecules, citrate (left), phosphocholine (middle) and betaine
(right), used in this thesis.

(Scheme 1 c). However, the hydration and dehydration steps are usually fast reactions.
Due to the stability of the M-DEG complex and the presence of the coordinating DEG in

all reaction steps, the reaction is slowed down and uniform nanoparticles can be achieved.

Dispersibility in agqueous media and high stability against Ostwald ripening and
agglomeration or coalescence was then provided by an exchange of the intermediate
stabilizer DEG by small, bifunctional organic acid salts like citrate, phosphocholine and
betaine (Figure 10 and Figure 11). All incorporated stabilizers are bio-compatible enabling

biomedical applications.

Table 10: Nanoparticle diameters obtained by DLS, TEM, and SAXS. DLS diameter is based on number-weighted
particle size distribution (converted from intensity distribution) and the PDI is calculated via cumulative frequency
analysis. PDI values obtained from SAXS represent the lognormal particle size distribution. TEM and DLS particle
diameters give the mean of at least two independent syntheses.

Composition stabilizer doLs (nm) (PDI)  drem (nm) (PDI)  dsaxs (nm) (PDI)

CoFe,0, citrate 4.4 (0.2) 4.6 (0.2) 3.5 (0.3)
betaine 4.1(0.2) 3.8 (0.2) 3.5 (0.2)
phos 4.5 (0.2) 3.8(0.2) 4.0 (0.2)
MgFe,0, citrate 4.7 (0.2) 3.6 (0.2) 2.8 (0.3)M!
betaine 5.0 (0.2) 3.0 (0.2) 2.7 (0.3)
phos 5.6 (0.3) 3.6 (0.2) 3.5(0.2)
NiFe,O, citrate 4.6 (0.2) 3.6 (0.3) 2.7 (0.6)
betaine 5.8 (0.2) 4.5 (0.2) 3.8 (0.3)
phos 5.2 (0.2) 4.9 (0.2) 3.8 (0.3)
ZnFe,0, citrate 5.8 (0.2) 4.8 (0.2) 5.0 (0.2)
betaine 1(0.2) 4.4 (0.2) 3.6 (0.3)
phos 5.6 (0.3) 5.3 (0.2) 4.8 (0.2)

[a] minor second size fraction with a diameter of 6.4 (0.5) nm exists; [b] minor second size fraction with a diameter
of 5.7 (0.5) nm exists.
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Diameters of the freshly synthesized spinel ferrite nanoparticles were determined by DLS,
SAXS and TEM. The values are summarized in Table 10. The diameters observed with
the different techniques deviate slightly, due to their measurement principle. Size
determination via SAXS is volume-weighted and DLS is based on intensity-weighted raw
data. Both are bulk methods, where all particles contribute to the analysis. In contrast,
TEM is a spot check method and equally sensitive to differently sized particles and results

in a number-weighted size distribution.

TEM Analysis

TEM images are shown in Figure 12, Figure A 2 and Figure A 3 and reveal nanopatrticle
diameters in a range of 1 — 8 nm. The mean diameters increase for different metal ion
compositions in the order M = Mg?* < Co?* < Ni?* < Zn?*. The images also indicate a highly
crystalline structure as the lattice planes are clearly visible. Due to the crystallinity, the
surface is facetted what results in a more ellipsoidal than spherical shape, what is

highlighted in Figure 12 A by orange circles.
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Figure 12: TEM analysis of betaine-stabilized zinc ferrite nanoparticles. A) Representative TEM image with the
nearly spherical shape highlighted in orange. B) The histogram of the size distribution with implemented lognormal fit.

DLS Analysis

DLS yields the hydrodynamic particle diameter including a bound hydration layer, hence
resulting in slightly larger particle diameters than all other techniques. The scattered
intensities of the DLS raw data increase with rve® (rne = particle radius) making the
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intensity-weighted size distribution sensitive to few large particles or agglomerates.
However, the calculation of the number-weighted size distribution accounts for that
dependency. The increase in particle diameter is most obvious for MgFe204 nanoparticles
as doisis in average 1.7 nm larger than drem. In contrast, CoFe204 nanoparticles show
the smallest hydration shell with an average hydration shell size of 0.3 nm. The order of
mean diameters for the different metal compositions according to DLS changes to
M = Co?* < Mg?* < Ni?* < Zn?*. The hydrodynamic diameter seems to be unaffected by
the different stabilizing molecules as no linear relationship is observable. A full discussion

of the hydration shells around these spinel ferrite nanopatrticles follows in chapter 6.

SAXS Analysis

The SAXS signal is based on the X-ray scattering contrast of solvent and solid patrticle,
describing the inorganic solid diameter. As it is for DLS, the scattered intensities of SAXS
increase with rve® and the raw data is strongly affected by the existence of few larger
particles or agglomerates and a number-weighted size distribution had to be calculated.
Particle diameters retrieved from SAXS are significantly smaller than the ones from TEM,
but indicate narrow particle size distributions with low polydispersity indices (PDI) (Figure
13). This deviation between TEM and SAXS stems from the spherical shape model used
in SAXS data analysis. Yet, the shape of the spinel ferrite nanoparticles is slightly non-
spherical as can be seen in the TEM image in Figure 12 A. Hence, in the SAXS
refinements a higher polydispersity index in combination with a smaller average particle
diameter is applied. SAXS data of citrate-functionalized magnesium and cobalt ferrite
nanoparticles show an additional intensity increase for Q < 0.4 nm (Figure 13 A, red and
purple). As outlined above the raw data is depending on rne®, thus, this can be ascribed

to a very small fraction of agglomerates.

In conclusion, the spinel ferrite nanopatrticles, stabilized by betaine, phosphocholine and
citrate, show a narrow, almost monodisperse (defined as 5 % standard deviation) size
distribution as conclusively evidenced by all employed techniques for almost all samples.
These syntheses are highly reproducible, as each of the diameters obtained from TEM

and DLS is the mean of two independent syntheses.
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Figure 13: SAXS analysis. Raw data and the fits of freshly synthesized A) citrate, B) betaine and c) phosphocholine
stabilized spinel ferrite nanoparticle dispersions at a concentration of 5 g L and the resulting lognormal particle size
distribution in the right panel. SAXS patterns are offset for clarity. Refined particle diameters and standard deviations
are given in Table 10. Calculation and values of x? are shown in equation A5 and Table A 6.
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4.2 Anisotropic Cobalt Ferrite Nanoparticles

In order to study the behavior of hydration shells in dependency of the shape of
nanomaterials, different published synthesis routes for obtaining rod-like and cubic spinel
ferrite nanostructures were tested and analyzed. This was the main part of the bachelor
thesis of Ms. Denise Schweser (University of Bayreuth).

Due to the different shapes of nanorods and nanocubes, different crystal facets in a
different ratio contribute to the surface structure in comparison to spherical nanoparticles
and hence affect the physicochemical properties, e.g. surface chemistry or magnetism.
The control over size and shape of nanomaterials would then lead to a precise tunability

of those materials for many applications.[107-109

Through the modification of the surface chemistry, the surface structure and the
interaction with the surrounding molecules, esp. in liquid dispersions, should change. The
implementation of a reproducible synthesis route to obtain anisotropic nanomaterials in a
similar size regime, surface stabilization and colloidal stability like the spinel ferrite
nanoparticles discussed in chapter 4 and 6 will enable the direct comparison of the

restructured solvent molecules at the nanoparticle surface.
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4.2.1 Cubic CoFe204 Nanoparticles

Cubic CoFe204 nanoparticles were synthesized in a decomposition reaction of cobalt(Il)
and iron(lll) acetylacetonates, oleic acid, oleylamine and 1,2-hexadecanediol in dibenzyl
ether according to a modified synthesis of Zeng et al.[’#l Like in the protocol of Caruntu et
al.bl, the nucleation and particle growth happens at high temperature. Thus, despite the
75 °C higher end temperature of this synthesis, a similar, highly crystalline structure of the
nanoparticles can be expected. In the proposed mechanism, amine, alkoxide or
carboxylate Co(ll) or Fe(lll) complexes, are formed at 110 °C in the first reaction step. In
this synthesis, these complexes are the precursor molecules. The following increase of
the temperature to 295 °C is necessary for the ester and amide elimination of the
precursors to the corresponding metal oxides and byproducts like acid anhydrides, esters,
dialkyl ketones and the amine derivate, as well as CO2. The metal oxides act as a

monomer for the final crystal structure of CoFe204 and can either form new nuclei or

M = Fe3* or Co2*

H
/O
O%CWH:; + Mri+
. 0 Ci14Hag
n X
295°C |+ HN CieHaa
MO, +CO, +
HO
0 o) 0 0 0
T e A o I
C17Ha3 o Cq7Ha3 H 17ss Ci7Hss CirHss  CyyHyg o Ci7Hs3

Scheme 2: Suggested mechanism of the heat up reaction to obtain cubic CoFe204 nanoparticles according to
literature.[-4 M stands for Co?* or Fe3*. The byproducts are shown exemplarily for a wide range of possible organic
compounds.
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contribute to the particle growth by the diffusion to existing nuclei (Scheme 2).[*2 In the
presented synthesis, the size of the resulting nanoparticles is controlled by the initial
precursor concentration and the shape of the nanoparticles is controlled by the initial ratio
of the complexing agents resp. surfactants.[’ In the following, two syntheses with different

precursor concentrations (c1: ¢ = 0.15 mM; c2: ¢ = 0.12 mM) are shown and discussed.

Both syntheses result in highly crystalline CoFe204 nanoparticles without any visible
crystalline side phase according to XRD analysis (Figure 14). With decreasing precursor
concentration, the FWHM of the 311 reflex decreases from 0.100 to 0.086 A for c1 and
c2, respectively. This indicates an increase of the overall diameter or of the degree of

crystallinity.

For the analysis of particle size and shape, TEM is the characterization method of choice.
Figure 15 shows selected TEM images of the samples c1 and c2 and the mean edge

length distribution. Contrary to the literature,”*! where it is stated that uniform particle
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Figure 14: Background-corrected XRD patterns of dry powders of sample c1 (red, ¢ = 0.15 mM) and c2 (blue,
¢ =0.12 mM) (background = empty capillary; patterns stacked for clarity). The nanopowders are crystalline and
can be indexed with the cubic spinel structure of CoFe20a. For clarity, the theoretical XRD pattern of CoFe204 is shown
(black).
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shapes vyield from this synthesis, it is clearly visible that there are not only cubic
nanoparticles but a big variety of different nanoparticle morphologies like spheres, rhombs
or polyhedra. By counting the amount of cubes in a defined image area in comparison to
all other shapes, the ratio of cubes to all other shapes is calculated. To extract the average

edge length, only nanoparticles with a cubic shape are taken into account.

SAXS analysis (Figure 16) of sample c2 in THF reveals that the nanoparticle dispersion
is colloidally stable. The average nanoparticle diameter is 7.2 nm with a PDI of 0.24
retrieved from a lognormal size distribution. However, this refinement is based on a
spherical model of the nanopatrticles. Likely, this shape differences lead to the deviations
of the refinement from the experimental data between Q = 1.0 — 2.0 A1, Additional, the
resulting particle diameter possesses a high uncertainty and needs to be confirmed. All

values from SAXS and TEM analysis are summarized in Table 11.
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Figure 15: Selected TEM images of A) sample ¢l (c =0.15 mM) and B) sample c2 (c =0.12 mM) and the
corresponding edge length distribution of the yielded nanocubes on the right. Mean edge lengths and the
corresponding PDI were obtained by a refinement based on a lognormal size distribution
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Figure 16: SAXS analysis. Raw data and the corresponding fit of sample c2 in THF. In the inset the refined lognormal
size distribution is shown.

A maximum cube ratio to all other nanoparticle shapes of 56 % in c1 is revealed and for
the lower precursor concentration in c2, the ratio even decreases to 29 %. The SAXS
diameter is slightly larger than the one obtained from TEM, as the TEM analysis is limited
to a 2-dimensional image and only the edge length of the cubes is achievable. Whereas
in SAXS, the diagonal diameter of all particles, not only the cubes, is measured and given
by the refinement. According to the literature, [ the resulting size of the nanocubes should
decrease with decreasing precursor concentration and should be 12 and 8 nm for sample
c1 and c2, respectively. Here, both samples result in a similar value of 5.0 and 5.6 nm for

the edge length.

Table 11: Summary of the edge lengths and the nanocube ratio of the samples c1 and c2 obtained from the
analysis of TEM images and the size distribution of sample c2 determined by SAXS. For the edge length, only
cubic nanostructures are measured. The cube ratio is determined by counting the number of nanocubes devided by the
total number of particles in a defined area.

sample edge lengthtem (nm) dsaxs (nm) nanocube ratio (%)
cl 5.0 (PDI: 0.22) 56
c2 5.6 (PDI: 0.24) 7.2 (PDI: 0.24) 29
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In summary, the synthesis of cubic nanoparticles was partly successful, as only maximum
56 % of all synthesized particles in one synthesis show a cube like shape. Nevertheless,
the yielded nanoparticles are highly stable as colloidal dispersions in different organic
solvents, e.g. THF, toluene or hexane, and consist of crystalline CoFe204 without any side
phase. To correlate the impact of the shape of nanoparticles onto the surrounding
solvation shell in dispersions, a cube ratio of 56 % is likely not meaningful and has to be
further increased. A thoroughly study of the influence of all incorporated ligands and,
especially, their ratio would shed light into the process of the formation of anisotropic
CoFe204 nanoparticles. Oleylamine should be in the focus here, as it delays the
nucleation towards higher temperatures because the iron-oleylamine complex is stable at
higher temperatures than the related oleic acid complex. Hence, the smaller nuclei change
the kinetics of the particle growth, which is the critical step in this process. Another
approach can be the use of different surfactants, like e.g. decanoic acid or potassium
oleate. Also a further study including the variation of the heating rate and temperature

steps will help to elucidate the growth process.!1%9
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4.2.2 Rod-like CoFe204 Nanoparticles

Other than for the cubic spinel ferrite nanopatrticles, where the high temperature synthesis
was successful, several published high temperature synthesis routes for rod-like
nanoparticles didn’t result in the desired shape. For example, the high temperature
synthesis at 320 °C in 1-octadecene according to Bao et al. results in spherical CoFe204
nanoparticles.[*1%9 Via the high temperature route it is intended to stick as close as possible
to the synthesis parameters used for the synthesis of the spherical spinel ferrite
nanoparticles, as already different surfactants and for their solubility also non-polyolic
solvents are used. However, this deviation from the synthesis needs to be accepted, as
the added surfactants are intended to ensure the rod-like shape. Thus, a synthesis at low
temperature and in aqueous medium published by Kmita et al. led to rod-like CoFe204

nanoparticles.l1%2

These nanorods were synthesized in a co-precipitation synthesis starting with CoClz and
FeCls. Through the addition of an aqueous NaOH solution the precipitation of Co(OH)2
and Fe(OH)s is caused, which are further decomposed to the corresponding oxides CoO
and Fe20s3. These oxides act as monomers for the final crystallization to CoFe204
nanorods (Scheme 3). Due to their non-functionalized surface, the resulting nanorods are
not redispersible after the precipitation with acetone. Thus, in contrast to the postulated
synthesis route, a post-synthetic surface modification step with citrate or phosphocholine
is introduced. Like for the spherical spinel ferrite nanoparticles, they are the stabilizer of

CoCl, *6 H,0 + 2 NaOH ——— Co(OH), ——» Co0 + H,0
2 2 -2 NaCl 2

-6 H,0

2 FeCl, * 6 H,O + 6 N\aOH ————— 2 Fe(OH), ——= Fe,05 + 3 H,0
3 2 NaCl 3 3

=12 H,0

CoO + F6203 E—— COF6204

Scheme 3: Proposed mechanism of the synthesis of CoFe204 nanorods via the alkaline co-precipitation of
Co?*" and Fe®'.
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the nanostructure against Ostwald ripening, coalescence and agglomeration. Additionally,
they ensure the dispersibility of the nanorods in agueous media due to their polarity. The
resulting functionalized nanostructures are redispersible and colloidally stable. After
purification, 56.3 and 111.5 mg of citrate and phosphocholine stabilized nanorods are

obtained, respectively. The unstabilized nanorods weren’t purified by dialysis.

The final shape of the CoFe204 nanostructures is analyzed by TEM analysis, first. It
proofs the rod-like shape for the unstabilized (r1) as well as for the citrate (r2) and
phosphocholine-stabilized (r3) nanorods (Table 12 and Figure 17). According to the
Gaussian fits to the size distributions of the length and the diameter, the rods in r1 are

ca. 5 nm longer with a similar diameter in comparison to the nanorods in r2 and r3.
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Figure 17: Selected TEM images. A) sample rl (unstabilized), B) sample r2 (citrate-stabilized) and C) sample c3

(phosphocholine-stabilized) and the corresponding distribution of the rod-length (I) and rod-diameter (d) of the

yielded nanorods in the middle and on the right, respectively. Mean lengths, diameters and the corresponding PDI

were obtained by a refinement based on a lognormal size distribution.
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Table 12: Summarized values for length (I) and diameter (d) of synthesized nanorods without the addition of
stabilizing agents (r1l) and with the addition of citrate (r2) and phosphocholine (r3) obtained from analysis of
TEM images and SAXS refinements. Mean diameters of length and diameter from both, TEM and SAXS analysis are
obtained from a Gaussian size distribution. x? values were calculated according equation 3. They are given in Table A
7.

sample Item (hm) (PDI) drem (nm) (PDI)  Isaxs (nm) (PDI)  dsaxs (nm) (PDI)
rl 20.4 (0.22) 3.0 (0.31)

r2 15.0 (0.17) 2.9 (0.26) 17.1 (0.99) 3.1 (0.62)

r3 16.1 (0.19) 2.2 (0.31) 22.0 (0.99) 1.6 (0.91)

However, as it is visible in Figure 17 A, the Gaussian fit for r1 describes the obtained
distribution barely. This may be caused by a higher tendency to agglomerate of the
unstabilized nanorods. This leads to clusters during the sample preparation for TEM
analysis and thus, to an increase of the error in the manually performed size analysis of
the TEM images. The difference of rl to the samples r2 and r3 is clearly visible in the
respective TEM images (Figure 17). While the rod structure in r2 and r3 is well defined, it
is more difficult to obtain it visually in the r1 TEM image.

SAXS experiments of aqueous dispersions of the citrate (r2) and phosphocholine (r3)-
stabilized nanorods reveal the colloidal stability and a cylinder-like shape (Figure 18). As
the unstabilized nanorods (r1) are not redispersible, no reliable SAXS data were achieved.
As revealed by TEM analysis, a cylindrical model based on a Gaussian size distribution
was applied. The refined values for length (I) and diameter (d) are given in Table 12 and
graphically shown in the insets in Figure 18. For more information about the size
distribution and PDI calculation refer to Table A 5, Equations Al — A4.

For both, | and d, the resulting PDI is close to 1, indicating a very broad size distribution
or also the appearance of other shapes like spheres or polyhedra. A PDI > 0.7 stands for
a very broad size distribution.[*!1 For the citrate-stabilized nanorods (r2), the obtained
mean value for length is slightly shorter and the diameter is slightly larger than for the
phosphocholine-stabilized nanorods (r3). However, the quality of even the best SAXS fit
for the r2 nanorods doesn’t match the experimental data points as good as the fit for r3
(Figure 18). That suggests either a deviation of the nanorods’ shape from the applied

cylindrical model or the appearance of other structures like e.g. spheres.
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Figure 18: SAXS analysis. Raw data and the corresponding fit of samples r2 and r3 in H20. In the inset the refined
Gaussian size distribution is shown. As negative values for length and diameter, the size distribution is shown for d or
I > 0 nm. x?values were calculated according equation 3. They are given in Table A 7.
This in combination with the very high PDI of both samples shows that the size and shape
of nanostructures in the bulk may vary from the TEM result, as it is only a spot check

method.

The structure of the synthesized nanorods is proved by XRD measurements (Figure 19).
However, no indication for the existence of the desired cubic CoFe20a4 crystal structure is
given in the XRD pattern. Instead, it can be roughly indexed by the p-phase of FeO(OH)
where the Fe3* ions are likely partially substituted by Co?*. Also no indication for other
oxide or hydroxide phases of iron or cobalt, like Co(OH)2, Fe(OH)s or Fe20s3, are visible,
although at similar conditions, a- and B-Co(OH)2 can be synthesized.!'*? Probably, the
peaks at 0.78, 1.87, 2.45, 2.72 and 3.19 Al can also be attributed to the 00l series of a
kind of cobalt and iron layered double hydroxide (LDH) as the Q-position is similar to Co-

LDH with intercalated CO3?% ions.[113]
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Figure 19: Background-corrected XRD patterns of dry powders of sample r2 (blue, citrate-stabilized) and r3
(red, phosphocholine-stabilized) (background = empty capillary; patterns stacked for clarity). The nanopowders
are crystalline and can be indexed roughly with the crystal structure of B-FeO(OH). Likely, Fe3* is substituted by Co?*,
as no evidence for the existence of any other cobalt containing phase, e.g. Co(OH)2, CoFe204 or CoO, is given. For
clarity, the theoretical XRD pattern of 8-FeO(OH) is shown (brown).

A PDF refinement based on the B-FeO(OH) (Figure A 4) structure clearly reveals that the
overall structure deviates from the model, as the best achieved Rw value for a single-
phase refinement was 0.62 and, especially in the short-range order, pronounced peaks in
the difference curve are visible at ca. 2.0, 3.5, 5.5 and 6.4 A (Figure A 5, Table A 8). As
the peaks at 2.0 and 3.5 A and the shoulder at 3.0 A are specific for the cubic Fd-3m
structure of Fe3O4 or CoFe204, the addition of a second phase of CoFe204 with a small
diameter of ca. 5 A leads to an improvement of the fit in the short range order (Figure 20,
Table A 9). However, the intensity of the distinct peaks is not reliable because the PDF
model is based on a spherical shape of the nanostructures. A more complex fitting of the
PDF data with a defined rod shape function would probably reduce the high Rw value

(0.52).11141 Also the existence of different side phases cannot be excluded.
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Figure 20: PDF refinement of the phosphocholine stabilized nanorods (r3) in the r-range from 1.5 to 50 A. Blue
open circles and the red solid line correspond to measured and simulated PDFs. The grey solid line is the difference.
Ochre and purple solid lines represent the contribution of the 8-FeO(OH) and CoFe204 phases to the refinement,
respectively. A summary of the refined parameters is given in Table A 9.
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In summary, it was possible to synthesize nanorods with ca. 2.5 nm in diameter and
15.0 nm in length. The colloidal stability is achieved by a post-synthetic surface
functionalization with citrate or phosphocholine. However, the synthesized nanorods
doesn’t consist of CoFe204 but mainly of 3-FeO(OH) and likely other hydroxide or oxide-
hydroxide species. This might be caused by the low reaction temperature of 50 °C. To
finally confirm the elemental composition of the nanorods, a complementary ICP-OES
measurement would help. The phase transition to CoFe204 could be completed by an
additional thermal treatment or a higher reaction temperature. However, change of the
size and shape of the nanorods needs to be avoided during these steps, which makes the
process rather difficult to improve. Following another strategy already implemented for
iron oxide nanoparticles like the decomposition of Fe(CO)s and related cobalt carbonyls
with trioctylphosphine or trioctylphosphine oxide should lead directly to CoFe204

nanorods.109
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5 Structure Analysis of Spinel Ferrite

Nanoparticles

The content of this chapter focuses on the structure elucidation of the spinel ferrite
nanoparticles synthesized in chapter 4.1 as well as of related IONP, synthesized via the
same polyol route. Finally, the phase composition of MnFe204 and CoFe204 nanoparticles
synthesized via microwave-assisted and co-precipitation synthesis, respectively, are
analyzed and compared to the spinel ferrite nanoparticles with respect to the different

synthesis routes.

5.1 Structure and Composition of Spinel Ferrite Nanoparticles

synthesized in Diethylene Glycol

For the following study, a combination of ICP-OES (inductively coupled plasma atomic
emission spectroscopy), field-dependent SQUID (superconducting quantum interference
device) magnetometry, X-Ray diffraction (XRD) and pair distribution function (PDF) are
used and published in M. Eckardt, S. L. J. Thom&, M. Dulle, G. Horner, B. Weber, S.
Forster, M. Zobel, ChemistryOpen 2020, 9, 1214-1220.

ICP-OES

Beforehand it should be noted that the surface functionalization was achieved after
nanoparticle nucleation and growth, and does not impact the particle composition. The
composition of the spinel ferrite nanoparticles was investigated by ICP-OES to proof if the
final Fe3*/M?* ratio is in accordance with the initial 2/1 ratio of the precursors. Table 13
shows that this is true for M?* = Mg?* and Co?* nanoparticles. Their Fe3*/M?* ratio is
between 2.0 and 2.1, except for one sample of magnesium ferrite, for which it is 2.7. For
M2* = Ni?*, the ion composition fluctuates for all three samples between 1.7 and 2.4,
resulting in an average value of 2.0. The metal ion ratio of the final zinc ferrite
nanoparticles however, range between 2.9 and 3.2 and deviate strongly from the targeted

2/1 ratio. This implies a stoichiometry of Zno.7sFe2.1804 and that the incorporation of the
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Table 13: Molar ratios of Fe/M according to ICP-OES measurements.

nominal stabilizer molar ratio
composition (Fe3*/M?*)
CoFe,O, citrate 2.1
betaine 2.1
phos 2.0
ZnFe,0, citrate 29
betaine 3.2
phos 2.9
MgFe,O, citrate 2.0
betaine 2.7
phos 2.1
NiFe,O, citrate 2.4
betaine 1.7
phos 2.0

Zn?* cation into the spinel crystal structure isn’t preferential in comparison to Co?*, Mg?*
and Ni%*. The fact that the molar amount of oxygen is not accessible by ICP-OES the
calculated stoichiometry may not be correct and vacancies exist in the crystal structure.
This would completely coincide with investigations by Kodama et al. on the incorporation
of Zn?* ions into the spinel ferrite crystal structure: even a 12-fold excess of Zn?* to Fe3*
ions in the precursor solution results in a high number of Zn?* vacancies and thus yields
27 % maghemite.['1%1 As mentioned in chapter 2.1, LFT and the ion radii define the
incorporation as well as the ion occupation on the respective sites. LFT doesn’t give a hint
here. Neither the high-spin d° of Fe3* nor the d° electron configuration of Zn?* is favored
in comparison to the other on both, OL and TL sites. The ion radii of six-fold coordinated
Zn?* ions is 74 pm,[*t8 which is 9 pm more than for the six-fold coordinated high-spin
Fe3*.[1Y] This is equivalent to a difference of 14 % with respect to the Fe3*. According to

the literature, ions with an ion radius difference lower than 18 % with respect to six-fold
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coordinated high-spin Fe3* should be tolerated in the spinel structure.[*7-118 However, for

nanoparticles and their less ordered crystal structure this boundary may be softened.
SQUID

Exemplarily for all synthesized nanoparticles, the magnetic behavior of the citrate
stabilized spinel ferrite nanoparticles are characterized via field-dependent SQUID
magnetometry. Data acquisition and fitting was performed by Mr. Gerald Horner
(University of Bayreuth). Regardless of the divalent metal ion, Figure 21 proofs
superparamagnetism for all nanoparticle compositions, as no hysteresis around |H| =0
at T = 300 K is visible. The slope of all curves is still positive for |H| >30.000 Oe indicating
that the final value of the saturation magnetization (Ms) is not reached at this magnetic
field strength. However, Ms can be calculated by fitting the data with the Langevin

equation(to
M/ Ms = coth (a) — 1/ o; with oo = ppart x H/ ke x T Eq. 5

with the Boltzmann constant ks and magnetizing field H. ppat denotes the (formal)
magnetic moment of a single nanoparticle. The data and fits are shown in Figure 21 and
the obtained values for Ms are summarized in Table 14. The saturation magnetization
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Figure 21: Field-dependent SQUID magnetometry measurements of citrate stabilized spinel ferrite
nanoparticles (symbols) and the corresponding Langevin fit (lines).
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decreases along the series Co?* > Ni?* > Zn?* > Mg?*. This is contrary to Ms values
published for bulk spinel ferrite materials (see Table 14). The expected series would have
been Co?* > Zn?* > Ni* > Mg?*. So, the lowest (Mg?*) and the highest (Co?*) values for
Ms match the expectations from literature. Only the order of Zn?* and Ni?* is changed. As
Ms increases with increasing particle diameter,* the lower Ms for ZnFe204 nanopatrticles
is even more unexpected as they have the largest diameter of the analyzed nanoparticles,
here. This may be caused by the deviation of the Fe/Zn ratio from the nominal composition
revealed by ICP-OES, which may lead to a decrease of Ms due to unoccupied metal sites
in the crystal structure. The detailed evaluation of the magnetic structure and the influence
of the composition and inversion onto Ms will lead to a deeper understanding but is beyond

the scope of this study.

Table 14: Fitted values of Ms for citrate stabilized spinel ferrite nanoparticles and references for bulk materials.

nominal composition  stabilizer Ms (emu g) MsPUk (emu g-)
CoFe,0O, citrate 24.0 80.8(120]
ZnFe,0, citrate 1.5 52.40121]
MgFe,0, citrate 7.7 33.401221
NiFe,O, citrate 16.0 47 .51123]

RD

XRD measurements performed on all synthesized spinel ferrite nanoparticles with the
STOE STADI P are shown in Figure 22 and confirm the high crystallinity of all spinel ferrite
nanoparticles, which results from the high temperatures maintained during synthesis. The
grade of crystallinity varies for the different compositions of the spinel ferrite nanopatrticles.
This is shown by the different values for the full-width-at-half-maximum (FWHM, see Table
A 10). MgFe204 nanoparticles have the largest and ZnFe204 nanoparticles the lowest
broadening, which is also proportional to the particle diameter (Table 10). The peak
positions in Q vary very slightly for the different spinel compositions accounting for the

slightly different lattice parameter, which is ZnFe204 > MgFe204 = CoFe204 > NiFe20a.
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Figure 22: Background-corrected XRD patterns of dry powders of A) citrate, B) betaine and C)
phosphocholine-stabilized ferrite nanoparticles (background = empty capillary; patterns stacked for clarity).

Data were collected with a STOE STADI P. All nanopowders are crystalline and can be indexed with the cubic spinel
structure Fd-3m. Different heights and FWHM of Bragg reflections stem from different nanoparticle diameters. Here,
for clarity, the theoretical XRD pattern of CoFe204 is shown exemplarily; the lattice parameters of the different spinels
vary slightly. In pattern B) for NiFe20a, few small sharp peaks (stars) at Q = 1.92, 2.23, 3.15, 4,45, 4.98 and 5.45 A1
stem from betaine monohydrate. In pattern C) for MgFe20a, few small sharp peaks (cross) at Q = 1.91, 2.07, 2.75 and
3.35 Al stem from phosphocholine. Both ligands were used in excess.

The XRD patterns can be all indexed with the cubic spinel structure Fd-3m, with a small
shift to lower Q values, indicating slightly larger unit cells in comparison to the bulk
material. Despite the deviation of the zinc to iron ratio in the zinc ferrite nanoparticles, no
side phases could be detected in its XRD patterns (all blue patterns in Figure 22). Side
phases are only visible in betaine-stabilized NiFe204 and phosphocholine-stabilized
MgFe204 nanoparticles (green in Figure 22 B and purple in Figure 22 C, respectively).
They can be attributed to the respective stabilizer, betaine monohydrate and

phosphocholine monohydrate.
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PDF

The PDF raw data was collected on a STOE STADI P Mythen 4k, a dedicated PDF
laboratory instrument. For instrumental parameters see Table A 2. Measurement time was
14 h for each sample. The Fourier transformation of the collected XRD data into real space
was performed with PDFgui.[®®! Qminand Qmax were 0.4 and 20.4 A, respectively.

The PDF refinements of the spinel ferrite nanoparticles were carried out with DiffPy-CMI8]
in a fit range of 1.7 to 50 A. They are based on the cubic spinel structure Fd-3m and
describe the experimental data well (Figure 23 for betaine-stabilized and Figure A 6 and
Figure A 7 for citrate and phosphocholine-stabilized spinel ferrite nanoparticles,
respectively). The refined fit parameters are summarized in Table 15. The good quality of
the refinements is also shown by the goodness-of-fit values Rw. Its calculation is described
in Equation 4. Rw values are between 0.15 and 0.19 for betaine-stabilized ferrites — except
for NiFe204 due to a betaine side phase (see Figure 26 D and Table 15), which is also
visible in the XRD pattern (green in Figure 22 B). Refinements of the citrate stabilized
particles result in Rw values of 0.11 to 0.22 — except for MgFe204 due to a citrate side
phase (Table A 11) — and phosphocholine stabilized particles yield Rw values of 0.12 to
0.21 (Table A 12). For all three stabilizers, magnesium ferrites have the highest Rw values,

i.e. lowest fit qualities, throughout.

Table 15: Refined parameters for PDF refinements of betaine-stabilized spinel ferrite nanoparticles including
the parameter of octahedral occupancy Occoct (See Figure 29).

parameter CoFe204 ZnFe204 NiFe204 MgFe20a4
a=b=c (A) (start) 8.394 8.442 8.347 8.397
a=b=c (A 8.407 8.410 8.368 8.390
crystallite size (A) 43 47 49 34
Uiso, corzn/img (A?) 0.009 0.010 0.006 0.021
Uiso,re (A2) 0.009 0.010 0.009 0.007
Uiso,0/ (A?) 0.022 0.029 0.016 0.029
z(O) - 0.631 -0.632 -0.631 -0.631
Occoct 0.99 0.84 1.00 0.73

Rw 0.15 0.16 0.29 0.19
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From the PDF refinements, a spherical crystallite size assumption can be extracted, where
the peak heights in the experimental PDF decay to zero. The average crystallite size of
each composition increases in the order MgFe204, CoFe204, NiFe204, ZnFe204 and, thus,

follows the same trend as the TEM analysis (chapter 4.1).

This is another proof for the high crystallinity of the synthesized spinel ferrite
nanoparticles. As MgFe204 are the smallest nanoparticles, along with the higher amount

of defects and higher disorder the higher Rw can be explained.
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Figure 23: PDF refinements of betaine-stabilized A) magnesium, B) cobalt, C) zinc and D) nickel ferrite
nanoparticles over r-ranges of 1.7 to 40 A and 1.7 to 45 A, respectively.

Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences,
in offset for clarity. All but the nickel ferrite refinements show good agreement with the experimental data (low Rw-
values, no remaining structural signal in difference curve). In the nickel ferrite nanoparticle refinement, the structural

residue can be ascribed to the betaine side phase. For values of fit parameters see Table 15.
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As expected, the refined unit cell parameters a differ from the start values obtained from
the cif-files, which were postulated on bulk materials. This deviation is not consistent for
the four different compositions. While the unit cell parameters of nanostructured CoFe204
and MgFe204 are similar to the bulk values with a deviation of 0.007 and -0.008 A,
respectively, the unit cells for nanostructured NiFe204 and ZnFe204 are notably bigger
(0.022 A for NiFe204) or smaller (-0.024 A for ZnFe20a) than in the bulk.

The refinements reveal a deviation in the local structure up to 5 A (Figure 24 A).
Especially, the intensity of the peaks at r=3.0 A and r=3.5 A, which represent the
distance between occupied octahedral sites and between occupied octahedral and
tetrahedral sites, respectively, doesn’t match the experimental data sufficiently. A similar
phenomenon was discovered by Cooper et al. during the PDF refinement of iron oxide
nanoparticles.l®! They introduced a parameter for the occupancy of the octahedral sites,
which resulted in a better description of the experimental data by the refinements and
made them able to calculate the ratio of maghemite to magnetite. As defects, such as
unoccupied metal sites, can be expected in nanostructured materials, this approach is
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Figure 24: PDF refinements of betaine-stabilized cobalt, zinc and magnesium ferrite nanoparticles A) without

and B) with the fit parameter Occoct. The r-range from 1.7 to 5.0 A is enlarged to enable a detailed view onto the

refinement of the local structure up to 5 A. Fit ranges are 1.7 - 45 A for zinc and cobalt ferrites, and 1.7 - 40 A for

magnesium ferrites.
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transferred to the here described spinel ferrite nanoparticles. Thus, a parameter (OcCoct),
which accounts for possible vacancies on the octahedral cation positions, is introduced in
the refinements. The influence of this parameter can be illustrated by the comparison of
the short range order (r = 1.7 - 5.0 A) of refinements with and without Occoct (Figure 24 A
and B). Due to the side phase in nickel ferrite nanopatrticles, this refinement is omitted
here. For magnesium and zinc ferrite nanoparticles, the introduction of the Occoct
parameter results in a better description of the experimental data. In the final fits, reduced
octahedral occupancies of 0.73 and 0.84 for magnesium and zinc are uncovered,
respectively. However, the Rw over the entire fit range is not improved. This shows that
the vacancies are randomly distributed and thus, don’t affect the average structure. For
zinc ferrite nanoparticles, this observation is in accordance with ICP-OES results (Table
13), whereas for magnesium ferrite nanoparticles, the octahedral vacancies can be
attributed to the overall lower degree of crystallinity. Furthermore, the initial overall fit
quality without Occoct for magnesium (Rw = 0.18) and zinc ferrite (Rw = 0.16) nanoparticles
was already very good for nanoparticle refinements. Residual features in the difference
curve stem rather from the higher disorder or other structural effects, not described by the
spherical attenuated model. However, for cobalt ferrite nanoparticles, Occoct isn’t refined
and sticks to 1, indicating fully occupied tetrahedral and octahedral sites. Structural
changes due to oxidation published for iron oxide nanoparticles, ! can be ruled out, as the

bivalent metal ions M?* # Fe?* are stable against oxidation in air.

Additional to the parameter Occoc, the introduction of a parameter accounting for
vacancies on tetrahedral sites was tested according to Cooper et al.[l However, in none
of the refinements it drops below the initial value of 1, indicating that vacancies exist
predominantly on octahedral sites. Thus, the occupancy of the tetrahedral sites wasn’t

refined in the final fits.

Each nanopatrticle synthesis was carried out three times to enable the surface modification
with three different stabilizers. For each composition, all three synthesis show similar
structural parameters like particle size, Occoct, and the lattice parameter. This proofs that
the nanoparticle structure is unaffected by post-synthetic stabilization and the high
reproducibility of the polyol synthesis in DEG.
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5.2 Structure of Iron Oxide Nanoparticles — Tetragonal or
Cubic

In addition to the presented spinel ferrite nanoparticles, iron oxide nanoparticles (IONP)
were synthesized via the same polyol synthesis route by Ms. Sabrina Thoma (University
of Bayreuth), starting with Fe?* and Fe®* as precursors. As part of a cooperation, the PDF
analysis of the IONPs is also part of this thesis. A representing TEM image of the

phosphocholine-stabilized IONPs are shown in Figure A 9.

Magnetite and maghemite also belong to the class of spinel ferrites. In contrast to the
presented spinel ferrite nanoparticles, where M?* doesn’t tend to oxidize, Fe?* in magnetite
readily undergoes oxidation to Fe3* in air. By this oxidation, vacancies on octahedral sites
are generated, leading to a stoichiometry of the synthesized IONP between magnetite
(Fes0O4) and maghemite (y-Fe203), which is a defect structure of magnetite. The resulting
sum formula can be denoted as [Fe?*][Fe?*,sFe3t, 05004, Where the brackets marked
with “T” and “O” represent tetrahedral and octahedral sites, respectively, J' is the total
amount of vacancies in the spinel structure and the empty square (O) the visualization of
those vacancies.'?#l According to the LFSE theory, vacancies on tetrahedral sites are not
favored, as Fe?* in d® high-spin state prefers an octahedral coordination. However, this
accounts mainly for ordered three dimensional crystals and less for more disordered

nanocrystals.

According to Cooper et al.ll, the number of these octahedral vacancies (6) can be
quantified via PDF refinements by the intensity ratio of the 3.0 and 3.5 A peaks. With this,
the magnetite/maghemite phase ratio can be determined. Here, the dparameter replaces
the Occoct, introduced for the refinements of spinel ferrite nanoparticles. As initially pointed
out in chapter 2.1.4, different space groups are proposed for maghemite and mixtures of
maghemite and magnetite, such as tetragonal P4332, P432:2 and P4:2:2 or a defect
structure of cubic Fd-3m.[®% In the following, the PDF data of IONP are refined with models
based on the cubic Fd-3m and the tetragonal P432:2 model and the results are compared.
Representative refinements on betaine-stabilized 5 nm IONP are shown in Figure 25 and
the corresponding parameters are shown in Table 16. Refinements on phosphocholine
and citrate-stabilized IONP (d = 3.5 nm) are shown in Figure A 8 and Figure A 10 and the
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refined parameters are summarized in Table A 13. The size deviation is not stabilizer

dependent but derives from slightly different particle size distributions of different

syntheses.
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Figure 25: PDF refinements of betaine-stabilized IONP based on the space group Fd-3m (A) and P432:2 (B)
over ar-range from 0 — 50 A (left). The corresponding r-range from 1.7 — 5.0 A is magnified on the right. The

difference curves of both fits are compared in C).

Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the
differences, in offset for clarity. In the short range, the PDF peaks are assigned to the corresponding pair of atoms.

For values of fit parameters see Table 16.
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Table 16: Refined parameters for PDF fits of IONPs using the space group Fd-3m and P432:12. Graphs are shown
in Figure 25.

sample IONP - betaine
model space group Fd-3m P432:2
a=b (A) start 8.397 8.337
c (A) start 8.397 8.322
a=b (A) 8.390 8.364
c (A) 8.390 8.435
crystallite size (A) 50 52
Uiso,re (A2?) 0.010 0.005
Uiso, 0 (A2 0.025 0.007
0z -0.629

01_x 0.617
Ol y 0.855
01 z - 0.005
02_x 0.085
02y 0.365
02_z - 0.006
03_x 0.122
03y 0.875
03 7 -0.015
04_x 0.383
04 y 0.636
04 z -0.001
5* 0.33 0.24
magnetite phase ratio* 0% 28 %
Rw 0.15 0.17

* for the Fd-3m model, dderives from the occupation of the octahedral site Occoct (Wyckoff position: 16d). For the P432:12
model, sderives from the occupation of the Fe(4) site (Wyckoff position: 4a). For calculation see equations A6 and A7.

# for detailed calculation see equation A8.
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Comparison of the cubic Fd-3m based and the tetragonal P432:2 based refinements
clearly reveals differences in the short range (r = 1.7 — 5.0 A) and the middle range (r =
10.0 — 35.0 A) order. Whereas in the short range, the fit with Fd-3m space group shows
some deviations in the peak position (M — O, Mo — Mo) and the peak height (Mo — M),
the fit with P432:2 space group describes the experimental data better. However, as
Figure 25 C clearly reveals, the tetragonal fit significantly deviates in the range r = 10 —
25 A more from the experimental data than the cubic fit. This leads to an improved quality
of fit for the cubic model, which is reflected by the Rw values (cubic: 0.15, tetragonal:
0.17). In addition, the refined ¢ and thus the magnetite phase ratio differs in both cases.
The cubic model yields in a magnetite content of 0 % and the tetragonal model in 28 %.
Likely, these deviations derive from the fact that in the tetragonal refinement more
parameters (6 to 18), especially the oxygen positions in the unit cell and the length of the
c-axis, are refined independently. Consequently, the short-range atom distances are well
described by the tetragonal refinement and & only accounts for vacancies at the
octahedral sites, given by the ratio of the PDF peaks at 3.0 and 3.5 A. However, due to
the higher symmetry in the cubic model, there are less parameters and stricter constraints
for the refinement. For that reason, as already discussed above, the atom distances at
2.0, 3.0 and 3.5 A are not described precisely by the PDF fit and thus § doesn’t represent
the true ratio between the 3.0 and 3.5 A PDF peak leading to a likely incorrect magnetite
phase ratio. Similar observations are made for the smaller (d = 3.5 nm) IONP stabilized
by citrate and phosphocholine. But, in contrast to the betaine-stabilized particles, the Rw
value improves slightly for the tetragonal model (Table A 13), indicating that the existing
crystal structure is likely dependent on the particle diameter and the magnetite phase

ratio, which is 0 % for both refinements of both particles.

In comparison to Cooper et al.,[®! a clear determination of the underlying space group of
the synthesized IONPs is not possible. Depending on the particle diameter, the quality of
fit of the cubic and tetragonal refinement varies. Thus, the determination of the
maghemite/magnetite ratio is rather a guess than a clear estimation. Due to disorder,
especially in the short-range order caused by the small crystallite size, the possibility for
over-interpretation of these observations is given. However, it is still very likely that the

smaller 3.5 nm IONPs consist of pure maghemite, as oxygen can penetrate more easily
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to the core of the smaller particles. Finally, as the cubic Fd-3m model has the higher
symmetry constraints and results only for the phosphocholine-stabilized IONP in a
noticeable worse Rw value, the cubic model should be considered as the more appropriate
refinement approach. As cation distribution or vacancy ordering in IONP is proven to effect
the catalytic behavior,*?% this insight is valuable for the development of new species of

catalysts.

In comparison to the PDF refinements of the spinel ferrite nanoparticles in chapter 5.1,
the refinements of the IONPs are based on the same model, a Fd-3m symmetry with a
parameter accounting for the vacancies on the octahedral sites. Considering the bulk
materials, a similarity but not an equality of the models was expected. This is another hint
that spinel ferrite nanoparticles synthesized via the same method consist of a very similar

structure, unaffected by the metal composition.
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5.3 Total Scattering Analysis of Spinel Ferrite Nanoparticles

obtained via different Synthesis Routes

As part of cooperation projects, the structure analysis of MnFe204 and CoxFeyOas
nanoparticles by means of PXRD and PDF was conducted. Their phase composition after
calcination at different temperatures was tackled primarily. But also, as the synthesis route
has a big influence onto the final structure of nanoparticles, their structure is compared

with the spinel ferrite nanoparticles synthesized via the polyol route (chapter 4.1 and 5.1).
531 Temperature Induced Phase Transition of MnFe>O4 Nanoparticles

As part of a cooperation with the workgroup of Prof. Marschall (Bayreuth), MnFe204
nanoparticles were synthesized in a microwave-assisted non-aqueous sol-gel synthesis
route, followed by thermal treatment at 400, 600 or 800 °C in air. The nanoparticles are
analyzed by different methods like XRD, PDF, Mdssbauer and Raman spectroscopy.
Tracking the phase evolution caused by the thermal treatment of the MnFe204
nanoparticles by means of XRD and PDF and the comparison of the structure in
comparison to spinel ferrite nanoparticles synthesized in DEG is part of this thesis. This
study was partially published in C. Simon, A. Blosser, M. Eckardt, H. Kurz, B. Weber, M.
Zobel, R. Marschall, Z. Anorg. Allg. Chem. 2021, 647, 2061-2072.

According to TEM analysis, the as-synthesized nanoparticles have an average diameter
of 6.0 nm and 6.3 nm after treatment at 400 °C. All samples are crystalline, as lattice
planes are visible in the TEM images. At 600 °C particle growth starts and leads to an
increased crystallite diameter according to PDF of ca. 15.1 and 36.0 nm for samples
treated at 600 and 800 °C, respectively. XRD analysis (Figure 26 A) reveals a cubic spinel
structure for the as-synthesized and the 400 °C samples. The positions of the reflections
for the as-synthesized nanopatrticles are directly in between the ones of the calculated
reference patterns for FesO4 and MnFe20a4. This could point towards domains of varying
composition with Mn and Fe, a co-existence of phases or an elemental gradient within the
nanoparticles. Compared to the as-synthesized sample, the XRD pattern of the 400 °C
sample is shifted slightly to higher Q-values, accompanied by the presence of amorphous

signal between 1.5 and 5.5 A (Figure 26 B). Finally, the sample has transitioned at 600
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Figure 26: A) XRD patterns of samples directly after synthesis (black) and after calcination at 400 (red), 600
(pink) and 800 °C (light blue). The patterns are stacked and scaled for clarity. Calculated reference patterns of Fe3Oa,
MnFe204, a-Fe203 and a-Mn203 are inserted individually at each temperature to highlight existing phases. Reflections
of residual spinel structure in the 600 °C sample are marked with *. B) XRD patterns of as-synthesized and 400 °C
samples to highlight the shift in reflex positions and the occurrence of the amorphous signal between 1.5 and 5.5 A2,

and 800 °C into co-existing a-Fe203 (hematite) and a-Mn203, with some residual spinel
phase in the 600 °C sample. This strengthens the point that a phase separation already
sets in at 400 °C into presumably an iron-rich spinel phase and nanoscaled amorphous

domains of manganese oxide.

PDF refinements of the as-synthesized and the 400 °C sample (Figure 27 A, B) is largely
consistent with XRD analysis. However, as Mn(ll) and Fe(lll) have isoelectronic
configuration, whether by XRD nor by PDF a distinction between those two atoms can be
made, which makes the analysis quite challenging. For the as-synthesized sample, a two-
phase refinement of two cubic spinel structures results in the best fit. They were restricted
to only differ in the lattice parameters and the scale. As the stoichiometric ratio of Mn/Fe
in the nanoparticles was proven to be 1/2 according to elemental analysis, a compositional
or structural gradient with varying lattice parameters between 8.440 A to 8.503 A, like it
was already suggested by XRD analysis, could exist. This could be illustrated by a core-
shell model, varying lattice parameters from particle surface to core or the co-existence of
Fe-rich (Mni.yFe2+yO4) and Fe-poor (Mni+yFe2.yO4) domains, for instance. The refinement
of the occupancy of the octahedral sites results in values close to 1. Due to this fact, a

defect structure like maghemite (y-Fe203) can be excluded.7]
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Figure 27: PDF refinements over 1.5 to 50 A of the as-synthesized nanoparticles (A) and the ones after
calcination at 400 (B), 600 (C) and 800 °C (D) as well as the short-range PDF refinements (1.5 to 20 A) after
calcination at 600 (E) and 800 °C (F). Blue open circles and red solid lines correspond to measured and simulated
PDFs. Grey solid lines are the differences. Blue and ochre solid lines represent the contribution of two different spinel
phases to the refinements. Green and purple solid lines represent the fit contribution of a-Mn20z and a-Fe20s,
respectively. The Rw value of the short-range refinement of the 600 °C sample (E) is nearly equal to the 50 A fit. For
the 800 °C sample, the Rw is significantly lower for the short-range refinement (F). All contributions and differences

are plotted in offset, for clarity.
The PDF analysis of the 400 °C sample proofs the assumption made in the XRD analysis
that a Mn203 phase exists. Its refinement results in a very small domain size of 0.62 nm.

However, the refinement is made with a spherical shape assumption and the refined
domain size of 0.62 nm is more the size of a cluster than a crystalline domain, which may
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lead to a rather inaccurate estimation. Still, due to the a-Mn203 phase the refinement
improves from a Rw 0f 0.18 to 0.15, indicating that at 400 °C a phase transition has started.
Next to the formation of manganese oxide due to the oxidation of the Mn(ll) ions, the lattice
parameter of the spinel phase decreases in comparison with the as-synthesized sample
(8.343 A) which is even shorter than in bulk FesO4 (8.394 A). From the resulting molar
phase contents of a-Mn203 and the spinel phase in the PDF fits and the Mn/Fe ratio from
EDXS (0.52) the average spinel sum formula was calculated to be Mno.asFe25704

(Equation A9). Thus, it is a Fe-rich manganese spinel structure.

Calcination at 600 °C results in a highly crystalline a-Fe20z phase and an increased phase
fraction of a-Mn20s3 while the spinel phase decreased. The three-phase refinement results
in a Rw of 0.16 (Figure 27 C). This was proven earlier in studies on the phase transitions
of pure iron and manganese oxide nanoparticles as well as manganese ferrite
nanoparticles. It was revealed that MnsOs transforms into a-Mn20s at 550 °Ci*?6l and
Fes0s transforms into a-Fe203 between 400 and 500 °C.[*271 Also an example for the
phase separation of MnFe204 nanoparticles into a-Fe203 and a-Mn203 by annealing at
550 °C exists.['28] |f only the short range from 1 — 20 A (Figure 27 E) refined, the fit is not
improved (Rw = 0.15). This indicates that the short and medium-range order are similar.
Further rise of the calcination temperature to 800 °C yields in a complete phase transition
to a-Fe203 and a-Mn20s. Surprisingly, the refinement of the larger and more crystalline
800 °C sample (Figure 27 D) results in a higher Rw=0.21 than the refinement of the
600 °C sample. In the difference curve, the structural features can be localized. They
occur mainly for r > 15 A. Thus, for this sample, the short-range order fit (Figure 27 F)
results in a reduced Rw of 0.16. This observation can probably arise from a polydispersity

of the a-Fe203 and a-Mn203 domains or crystal defects.

To summarize, according to PDF and XRD analysis, the crystal structure of the 6 nm
MnFe204 nanoparticles obtained by microwave-assisted synthesis deviates from the
suggested spinel structure. Instead of a single-phase refinement, the best fit is achieved
by a two-phase refinement of two spinel phases with two different lattice parameters. A
model, which can illustrate this, may be the co-existence of Fe-rich and Fe-poor spinel
phase or a gradient of the lattice parameter, e.g. from the core to the surface of the

nanoparticles. With heat treatment at 400 °C the phase transition of the MnFe204 spinel
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phase to a-Mn20s begins. At 600 °C, the quantity of the a-Mn20s phase increases
simultaneously with the formation of a-Fe203. The content of both, a-Mn203 and a-Fe20s,

increases at 800 °C, where no residue of the original spinel phase can be detected.

To compare the structure of the microwave-assisted synthesized MnFe204
nanoparticles!’?? with the spinel ferrite nanoparticles synthesized in DEG (see chapter
5.1) the as-synthesized MnFe204 and the citrate-stabilized ZnFe204 nanoparticles are
contrasted in Figure 28. Both had no thermal treatment after the synthesis and are most
similar in diameter. The peaks of the microwave-assisted synthesized MnFe20a4
nanopatrticles are slightly broader and have less intensity in comparison to the ZnFe204
nanoparticles synthesized in DEG. Also, very close peaks, e.g. in the r-range of 19.5 to
20 A, are not separated and appear as one. This is an indication that the structure of the
ZnFe204 nanoparticles has a higher degree of crystallinity even though they are smaller.

This likely results from the high achievable temperature in the polyol synthesis route.

ZnFe,0,-citrate
— MnFe,0,-as-syn

G(r) (a.u.)

r(A)

Figure 28: Experimental PDF data of microwave-assisted synthesized as-synthesized MnFe204 (black) and in
DEG synthesized citrate-stabilized ZnFe.04 nanoparticles (blue) in a r-range of 0 — 30 A.
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5.3.2 Miscibility Gap of Cobalt and Iron Containing Spinel Ferrites

In a cooperative study with the workgroup of Prof. Behrens (formerly at the University of
Duisburg-Essen, now at the Christian-Albrechts-Universitdt zu Kiel), the structure of
cobalt/iron layered double hydroxides with a molar ratio of Co/Fe = 2/1 after different
calcination temperatures of 400, 800 and 900 °C was investigated by TEM images and
TEM-EDX studies, Mdssbauer spectroscopy, XRD and PDF. The PDF analysis of this
material and the structural comparison to spinel ferrite nanopatrticles synthesized in DEG

is part of this thesis.

Phase-pure cobalt/iron layered double hydroxides (LDH) with a hydrotalcite structure were
synthesized via co-precipitation in an automated lab reactor system. During calcination, a
phase transition to different spinel ferrite phases with varying Co/Fe ratio takes place.
Whereas XRD studies reveal that the 800 °C sample consists of an iron-rich CoFe204 and
an non-iron-containing CosO4 phase, the 900 °C sample consists of a single phase of
Co2FeOq4 (Figure A 11). Due to the distinct crystallinity of these two samples and thus the
sharp Bragg peaks in the XRD pattern, the analysis is highly reliable. However, the low
crystallinity of the 400 °C sample and the resulting Bragg peak broadening makes it really
hard to distinguish between the different spinel phases in reciprocal space, as Rietveld
refinements with only Co2FeOas or with both, Co304 and CoFe204 yields the same
goodness-of-fit value. In this case, PDF analysis is particularly useful, as the short and
middle-range order in disordered or nanomaterials is accessible. All processed PDF
refinements describe the experimental data well (Rw < 0.20) in a fit range of 1 — 50 A for
samples calcined at 400 and 800 °C and in a fit range of 1 — 100 A for the sample calcined
at 900 °C (Figure 29).The obtained Rietveld results for the 800 and 900 °C sample are
confirmed by the PDF refinements. After calcination at 900 °C, the material consists of
large single-phase Co2FeOs crystallites with average sizes of 106 nm. However, the size
determination by PDF refinements is calculated from the decrease of the envelope which
is also dependent on the instrumental parameter qdamp. The finite instrumental resolution
leads to an uncertainty of the calculated crystallite diameter for large crystallites with
d > 10 nm. Whereas, after calcination at 800 °C two phases of CoFe204 and Co304 with
crystallite diameters of 12.7 and 13.8 nm, respectively, coexist. The refined molar content

of both phases is 1/1, which represents the initial stoichiometry of Co?* and Fe3* in the
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Figure 29: PDF refinements from 1.0 to 50 A based on a two-phase model of Cos04 and CoFe204 of samples
calcined at 400 and 800 °C and from 1.0 to 100 A based on a single-phase model of CozFeQs for the sample
calcined at 900 °C. Blue open circles and red solid lines correspond to measured and simulated PDFs, respectively.
Grey solid lines directly beneath the experimental data and the fit are the differences. The patterns are stacked for
clarity. For raw data of the PDF until 100 A see Figure A 13.

LDH precursor material. However, the resulting lattice parameters for the CosO4 and the
CoFe20s phase shift to slightly longer (8.187 A) and shorter (8.318 A) values,
respectively. This could be caused by an inaccurate or changing stoichiometry of the
cobalt and iron ions in the nanopatrticles leading to mixed phases like Cos-xFexOs or

Coi+yFe2yOa.

The comparison of the single-phase and the two-phase PDF refinement of the sample
treated at 400 °C shows that the two-phase fit of CoFe204 and Co0304 describes the
experimental data better than a single-phase fit of Co2FeOa (confer to Figure 29 top and
Figure A 12 as well as Table A 14). The most obvious difference between the two
refinements is the various length of the lattice parameter a of the spinel unit cell. Whereas
one lattice parameter of 8.178 A results in an already good description of the experimental
data (Rw = 0.20), two different lattice parameters (8.209 and 8.156 A) lead to an increase

of the fit quality (Rw = 0.16). This indicates that not only two distinct unit cells consisting
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of pure Co3s04 and CoFe204 exist, but probably a compositional or structural mixture with

varying lattice parameters within the material.

In combination with the results from Moéssbauer and Raman spectroscopy, the PDF
analysis sheds light onto the structural composition of cobalt and iron containing spinel
ferrites synthesized by calcination of cobalt and iron containing LDHs. Starting from the
hydrotalcite structure, two different phases, Co3z04 and CoFe204, or at least phases which
are similar to those two, are formed after calcination at 400 °C. Until 800 °C the crystallinity
of these two phases increases and clearly two phases exist, which are combined to a
single-phase of Coz2FeQa after phase transition at 900 °C. This structural miscibility gap is
highly interesting for applications of cobalt and iron containing spinel ferrites in e.g. the
CO oxidation, oxygen evolution reaction or oxygen electrocatalysis at increased
temperature.['30-1321 The insight in the crystal structure of other CoFe204 related materials
is helpful for the analysis and interpretation of the structure of and hydration shells around
spinel ferrite and especially around CoFe204 nanoparticles synthesized in DEG, what is

targeted in this thesis.
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6 Analysis of the Surface Chemistry

Applications of spinel ferrite or iron oxide nanoparticles in e.g. hyperthermia or ferrofluids
require a very high stability of these nanoparticles in the dispersed state. They must be
inert against Ostwald ripening and coalescence as both would lead to the loss of the
colloidal stability and to the precipitation of the nanoparticles. This can cause toxic
incorporations in the human body or dysfunction of the ferrofluid in case of the given
examples. The synthesis and characterization of the spinel ferrite nanoparticles was
highlighted in chapter 4 and 5. However, an experimental deep insight in the interaction
of solvent molecules with the nanoparticle surface and the stabilizing molecules, is
challenging. The small signal resulting from the solvation shell in comparison with the
surrounding bulk solvent and the mostly crystalline nanopatrticles is hard to extract. Since
the 1970’s, theoretical approaches of the presence of solvent restructuring around
nanoparticles exist.[24-25. 29.133] Additionally, nanoparticle-solvent interactions are affected
by various modulations of the nanoparticle chemistry like crystal structure, crystal plane

at the surface or surface chemistry.[?4 29

By means of PDF, this very small signal could be extracted with synchrotron radiation on
colloidally stable dispersions of ZnO nanoparticles in water and primary alcohols.[?6-27]
However, a study about the impact of composition, structure and shape on the solvation
shell is still missing. This chapter will try to access signals from the d-PDF data and
possibly correlate them with MD studies on hydration shells.
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6.1 Surface Coverage of Spinel Ferrite Nanoparticles

At first, to draw conclusions about the solvation shell of the spinel ferrite nanoparticles the
knowledge of the surface composition of the spinel ferrite nanoparticles is evident. The
revelation of the amount of stabilizer and solvent molecules at the nanopatrticle surface,
their binding modes and the grafting density is crucial for the interpretation of the hydration
shell signals. Thus, a zeta potential, FT-IR, TGA and CHN analysis were carried out on
all synthesized spinel ferrite nanoparticles. The approach to combine TGA and CHN
results to determine quantitatively the organic molecules at the nanoparticle surface goes
also back to Ms. Sabrina Thomé& and is published in M. Eckardt, S. L. J. Thoma&, M. Dulle,
G. Horner, B. Weber, S. Forster, M. Zobel, ChemistryOpen 2020, 9, 1214-1220.

Zeta Potential

The zeta potential analysis gives the electrical potential at the end of the diffuse layer, the
slipping plane, around a colloidal particle.[*** From this value, the electrostatic repulsion
between such particles in a dispersion can be derived. A nanoparticle dispersion with a
zeta potential | | > 25 mV is considered to form colloidally stable, electrostatic stabilized
dispersions.[*3% However, zeta potential measurements should not be considered to give
an absolute proof but rather an indication of the stability of colloidal dispersions.['3¢! Table
17 shows that all synthesized spinel ferrite nanoparticles meet this requirement. Due to
free carboxylate groups, citrate-stabilized nanoparticles have negative zeta potential.l137]
Betaine- and phosphocholine-stabilized nanoparticles have positive zeta potential due to
the negatively charged phosphate and carboxyl groups coordinating to the surface and
the quaternary ammonium groups defining the electrostatic properties. It is noticeable that
the absolute zeta potential of nanoparticles stabilized with the same stabilizer varies for
the different nanoparticle compositions. However, no trend considering TOC (chapter 6.1),

size (chapter 4.1) or structure (chapter 5.1) is discernible.
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Table 17: {-potentials of spherical spinel ferrite nanoparticles.
Nominal stabilizer { — potential (mV)

composition

CoFe,O, citrate -491+0.9
betaine 46.7 £ 0.6
phos 46.5 £ 1.1
ZnFe,0, citrate -459+14
betaine 384+23
phos 439+1.8
MgFe,O, citrate -406+1.9
betaine 434 +1.2
phos 276 0.5
NiFe,O, citrate -345+1.0
betaine 344 +1.2
phos 459+1.0

FT-IR

By gqualitative FT-IR analysis, the molecules present at the nanoparticle surface can be
identified and their binding mode can be elucidated. The important regions of the FT-IR
spectra of the dry powders of the synthesized spinel ferrite nanoparticles are shown in
Figure 30. All spectra confirm the presence of the respective stabilizer molecule, as the
peaks from the pure substance are visible in the spectra of the nanopatrticles. For citrate-
and betaine- stabilized spinel ferrite nanoparticle, the spectral region from 1700 cm™* > v >
1000 cmis shown, due to the characteristic absorption of the carboxyl groups appearing
there. In the citrate reference spectrum, which is sodium citrate powder, the asymmetric
carboxylate mode (vasym,coo) appears at 1580 cmL. For all nanoparticle spectra, it shifts
to 1566 cm* and the corresponding peak becomes broader. In contrast, the peak for the
symmetric mode (vsym,coo) remains almost equal in position and also shape. Only at v=
1400 cm™ some features are missing. Korpany et al. summarized different carboxylate
coordination geometry in in dependence of the separation Av, which is the difference in

wavenumber between the FT-IR bands of the asymmetric and symmetric carboxylate
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Figure 30: FT-IR spectra of A) citrate, B) betaine and C) phosphocholine stabilized spinel ferrite nanoparticles
supplemented by the corresponding FT-IR spectra of the pure stabilizer salt. Vertical lines highlight peak
positions of interest. All spectra are stacked for clarity.

mode (vasym,coo - Vsym,coo).l138 Calculated from maximum to maximum of the bands, Avis
180 cm* for all citrate-stabilized spinel ferrite nanoparticles. Referring to the study of
Korpany et al. and Noerpel et al., the carboxylate groups of the citrate molecule are mainly
coordinated to the spinel ferrite surface in a binuclear bidentate configuration.[138-139]
However, as the width of both FT-IR peaks for the asymmetric and symmetric carboxylate
mode increased when coordinated to the nanoparticle surface, it is very likely that different

coordination geometries like monodentate, bidentate or salicylate, co-exist.[140l
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For the betaine-stabilized spinel ferrite nanoparticles, the peak for vasym,coois at a higher
wavenumer (vasym,coo= 1593 cm™) in comparison to the citrate-stabilized nanoparticles.
In the FT-IR spectra of the pure stabilizer salts the shift of vasym,coo to higher wavenumbers
— 1580 cm* for sodium citrate and 1620 cm for betaine — is attributed to the presence of
the sodium ions. Thus, the carboxyl group coordinates to the sodium ions. However, the
shift from 1620 cm™ of vasymcoo of pure betaine to 1593 cm™ of the betaine-stabilized
nanoparticles confirms the coordination of betaine to the surface of the spinel ferrite
nanoparticles. As wsym,coo is only barely visible in the FT-IR spectra of the betaine-
stabilized nanopatrticles, Avcan’t be calculated in a reliable way. Thus, an assumption of
the coordination geometry of the carboxyl group of betaine at the nanoparticle surface can
only be made on basis of the vasymcoo mode. According to Noerpel et al. the bidentate
geometry is prevalent for vasymcoo= 1590 cm™.[!3%1 Additionally, two peaks at
v=1050 cm? and v=1125 cm are visible in the FT-IR spectra of the betaine-stabilized
nanoparticles, which are not present in the pure betaine. They can be attributed to the
asymmetric and symmetric C-O stretching vibrations of DEG, respectively. Similar as for
the carboxyl groups of betaine and citrate, the absorption of the C-O stretching modes
shift in the FT-IR spectra, if the oxygen of the hydroxyl group coordinates to the surface
of spinel ferrite nanopatrticles.®? If compared with the citrate-stabilized nanoparticles, the
potential of betaine to replace the DEG solvent molecules from the spinel ferrite surface
is lower, as the C-O stretching modes of DEG don’t appear in the FT-IR spectra of the
citrate-stabilized spinel ferrite nanoparticles. Thus, DEG and betaine coexist at the

nanoparticle surface.

In contrast to citrate and betaine, phosphocholine coordinates by the PO4? moiety to the
nanoparticle surface. Its most characteristic mode in FT-IR spectroscopy is the
asymmetric stretching vibration of POz (vasymPpo2), Which is visible at 1144 cm in Figure
30 C.*1 |ts peak shape shifts, when coordinating to the spinel ferrite nanoparticle surface.
This change results in a very broad feature from 1030 — 1200 cm-%, overlapping with other
FT-IR active modes in this area. However, until now no thoroughly studies about the
coordination geometry of PO4%" moieties and its influence on the FT-IR active modes exist.
But it needs to be assumed that, similar to the carboxyl groups in citrate or betaine, many

different binding modes may coexist. Additionally, as shown for the betaine-stabilized
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spinel ferrite nanopatrticles, the C-O stretching modes of DEG appear in the discussed

spectral region, which may contribute to this broad peak.

In general, FT-IR studies on the citrate-, betaine- and phosphocholine-stabilized
nanoparticles prove coordination of all stabilizers to the nanoparticle surface via the
carboxyl or phosphoryl moieties. The determination of the nature of the prevalent
coordination chemistry is challenging, as many different coordination states likely coexist.
Further, FT-IR studies prove the incomplete exchange of DEG by the stabilizer molecules.
This makes a quantification of the different organic molecules coordinating to the

nanoparticles surface necessary.
TGA

In ample literature a thoroughly characterization of the surface chemistry at nanoparticles
is missing. Often, the organics at the surface are ignored or directly mathematically
converted into the surface coverage.l?% 47 1421 Even if the surface chemistry is
characterized, TGA is often performed without any qualitative or quantitative analysis of
the gaseous products.#3l Here, the approach to combine TGA and CHN to quantify the
species coordinated to the nanoparticle surface, which was developed together with
Ms. Sabrina Thoma (University of Bayreuth), is presented. For this purpose, the presence
of heteroatoms, here N, in betaine and phosphocholine is useful for the distinction
between remaining DEG and stabilizer in CHN analysis (Figure 11). In Figure 31, the TGA
plots of zinc ferrite nanoparticles stabilized by citrate, betaine and phosphocholine are
shown. They are exemplarily for all types of synthesized spinel ferrites. For citrate- and
phosphocholine-stabilized spinel ferrite nanoparticles the total organic content (TOC) is
given before and after dialysis. Dialysis for those two stabilizer species was necessary
due to the high TOC of up to 45 wt%, which can neither be described by a monolayer nor
other models like a multiple layered stabilizer shell (for calculation see equation A10).[144
Thus, a high amount of stabilizer cannot be bound or coordinated to the inorganic
nanoparticle surface and will not contribute to the stabilizing effect. Likely, the high amount
of these free organic molecules will also interfere with the investigation of the hydration
shells around spinel ferrite nanoparticles (discussed in chapter 6.3). For the segregation

of the free organic stabilizer from the spinel ferrite nanoparticles and the coordinated
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Figure 31: TGA plots of ZnFe20s4 nanoparticles stabilized with citrate (blue), betaine (red), and
phosphocholine (green). For dialyzed samples, TGA plots before and after dialysis are shown. The mass loss until
the dotted line at 200 °C is assigned to residual moisture.

stabilizer species, dialysis shows the best results among other methods like
centrifugation. Dialysis of betaine-stabilized spinel ferrite nanoparticles wasn’t necessary,
as, except for MgFe204, the maximum amount of organic content is 27 wt%. The decrease
of stabilizer amount due to dialysis of betaine-stabilized nanoparticles causes the loss of

the colloidal stability and thus, precipitation of the nanoparticles during dialysis.

Assuming that next to moisture only the stabilizing agent is coordinated to the nanopatrticle
surface and solely contributes to the calculated TOC in the TGA experiments (Table 18),
the grafting density, which is the number of stabilizer molecules per nm? of nanoparticle
surface (p92™), can be determined following Equation 6.1245-146l The mass loss up to 200 °C

is attributed to the loss of residual moisture. The results are summarized in Table 18.
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Msingle NP * Nstabilizer molecules pgraft Eq. 6

Mpyp sample * single NP

with:

Pgraft = density of the stabilizer molecules per nm? nanoparticle surface,

msingle Np = Vsingle NP * P,
with:  p = specific mass,

TGA
morganic * NA

Nstabilizer molecules ’

Mstabilizer molecule

with: N, = Avogadro constant,

TGA

Morganic = 0rganic mass from TGA (Table 18),

myst = miga — Mi56 — Morganic = inorganic mass of TGA sample,

with:  ml%4, = total mass of TGA sample,

mI54 = mass of H,0 (Table A 16).

Before dialysis, p972' varies for citrate stabilized spinel ferrite nanoparticles between 4.6
and 9.7 nm and for phosphocholine stabilized nanoparticles between 9.8 and 15.8 nm.
As pointed out above, such high amount cannot coordinate to the nanoparticles surface
regardless of whether the number of surface iron sites (3.5 — 5.9 nm?)[147] or the spatial
requirement of the anchor groups is crucial. The latter results in a maximum grafting
density of 4.3 nm2 for carboxyl groups (kinetic diameter: 23 A2)[148] and, considering the
larger size of the phosphate group, even less for phosphocholine. Through dialysis, p9rft
decreases for citrate stabilized nanoparticles to 3.1 — 5.5 nm2. This correlates very well
to both constraints and leads to the assumption, that citrate forms a monolayer on the
spinel ferrite nanoparticles. However, if it is taken into account, that some citrate molecules
coordinate to two surface iron sites through the bidentate bridging mode, which was
evaluated in FT analysis, the grafting density for nickel ferrite nanoparticles with 5.5 nm-2
is out of this range. Phosphocholine instead, can only coordinate to one surface iron site
and forms a monolayer for cobalt, magnesium and nickel ferrite nanoparticles. Only for
the zinc ferrite nanoparticles, p92f is too high to form a monolayer. For betaine stabilized

spinel ferrite nanopatrticles, p9@ftvaries from 3.4 to 5.4 nm2 without dialysis.
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Table 18: TOC of spinel ferrite nanoparticles without (TOCas-syn) and with dialysis (TOCudia) obtained by TGA and
the calculation of the grafting density pgrart. Dialysis of betaine-stabilized nanoparticles wasn’t successful and results
in precipitated nanopatrticles.

sample stabilizer  TOCas-syn (Wt%) TOC dia (Wt%) P9 Mas.syn P9
(nm?) (nm?)
CoFe, 0O, citrate 27.4 20.6 4.6 3.1
betaine 26.9 - 3.8
phos 43.5 16.1 11.5 3.2
ZnFe,0, citrate 30.9 21.9 8.2 3.9
betaine 17.3 - 3.4
phos 44.6 27.4 15.8 6.9
MgFe,O, citrate 49.2 28.7 9.6 3.7
betaine 33.6 - 3.8
phos 43.2 16.5 9.8 2.1
NiFe,O4 citrate 22.6 33.7 9.7 5.5
betaine 26.2 - 5.4
phos 445 20.5 15.3 4.4

This implies that the washing procedure with acetone and ethanol in the standard
synthesis works well to remove remaining, non-coordinating betaine molecules from the
nanoparticles and a stabilizing monolayer of betaine remains. However, considering the
assumptions and errors of the calculation on which the analysis is based on, a more

precise investigation based on these results would barely be reliable.
CHN

The knowledge of p9a® obtained by TGA analysis in combination with the FT-IR results
gives already a good estimation of the surface chemistry on the spinel ferrite
nanoparticles. However, as it is indicated by the FT-IR analysis and also published in
literature, not only stabilizer molecules coordinate to the nanoparticle surface but also
remaining DEG from the nanoparticle synthesis.[%2 9 Also humidity may lead to H20
molecules on the nanoparticle surface. Thus, the stabilizer species present on the
nanoparticle surface is quantified by means of CHN analysis. As this approach is based

on the presence of a different atom than C, O or H on the stabilizer molecule, it is realized
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on all four phosphocholine-stabilized nanoparticles and on betaine-stabilized nickel and
cobalt ferrite nanoparticles. Due to the N in betaine and phosphocholine it is possible to
calculate the molar ratio of the organic species at the nanoparticle surfaces via the
stoichiometry. First, all detected N is ascribed to stem from the stabilizer molecule. The
stoichiometric correlating amount of C and H is then subtracted from the detected amount
of C and H. All residual C is then ascribed to stem from residual DEG and the
stoichiometric correlating amount of H is then again subtracted from the overall amount of
H. Last, all residual H is ascribed to stem from H20, which is coordinated to the
nanoparticle surface and also to the organic molecules present there. The results are

summarized in Table 19. The raw data is shown in Table A 17.

At first sight, it is astonishing that betaine-stabilized nickel and cobalt ferrite nanoparticles
contain only 0.9 and 1.8 wt% of stabilizer and 13.2 and 13.0 wt% of DEG, respectively.
This indicates that the stabilizer exchange of DEG with betaine is not as successful as the
overall colloidal stability let it seems to be. It is not, as supposed by FT-IR analysis, a
mixture of betaine and DEG coordinating to the nanoparticle surface but a 7 to 15-fold

excess of DEG. However, despite the low calculated amount of betaine, it still contributes

Table 19: Quantification of stabilizer species at the nanoparticle surface derived from calculations based on
CHN analysis. The result is given relative to the initial mass of the sample in wt% and absolte in mol. All
phosphocholine-stabilized samples were dialyzed before the analysis. Citrate-stabilized samples are omitted as citrate
doesn’t contain heteroatoms.

sample stabilizer content of content of content of TOCCHN
stabilizer DEG H20
(Wt%)  (umol) (Wt%) (umol) (Wt%) (umol) (wt%)

CoFe204 betaine 0.9 0.3 13.2 45 1.2 24 15.3

phos 6.1 0.7 8.4 1.6 4.7 54 19.2
ZnFe204 phos 12.8 1.3 4.2 0.8 7.1 7.4 241
MgFe204 phos 6.2 0.7 7.9 1.5 1.1 128 252

NiFe204  betaine 1.8 0.3 13.0 22 0.5 0.5 15.3
phos 14 .1 1.7 4.5 0.9 7.8 94 26.4
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to the overall very good colloidal stability, also proved by a positive zeta-potential of the
betaine stabilized ferrite nanopatrticles. It has to be remarked here, that the obtained TOC
values for betaine stabilized cobalt and nickel ferrite nanoparticles obtained from the CHN
analysis (TOCC®"N) is ca. 11 wt% lower than in the TGA analysis. Also, the water contents
derived by the two different methods deviate. The latter especially, can be attributed to
uncertainties by the determination of the water content in TGA analysis, as the
evaporation of water and organics is not strictly divided by a certain temperature but
overlaps. The differences in the TOC may stem from the different atmosphere during the
measurements. Whereas in TGA an argon atmosphere is used to prevent the spinel ferrite
nanoparticles from further oxidation and thus from increasing mass, CHN analysis is
performed in oxygen-rich atmosphere to get an optimal combustion of the organics in the
sample. Additionally, another source for uncertainties is that the values shown in Table
19 are mainly based on the nitrogen-content in the sample. As this is the lowest of all
achieved values from CHN analysis (<1 wt%), its determination has the most
uncertainties, which continues to all other calculated contents. Nevertheless, the
presented combination of TGA with CHN analysis is an innovative approach to quantify
the ratio of remaining polyol and stabilizer molecules at spinel ferrite nanopatrticles. It can
be enhanced to work for all colloidal nanostructures with organic stabilizers, in general.

The amount of phosphocholine at the nanoparticle surface varies between 6.1 and
6.2 wt% for cobalt and magnesium ferrite nanoparticles and 12.8 and 14.1 wt% for zinc
and nickel ferrite nanoparticles, respectively. The amount of DEG exceeds the amount of
stabilizer for cobalt (8.4 wt% DEG) and magnesium (7.9 wt% DEG) ferrites. For zinc
(4.2 wt% DEG) and nickel (4.5 wt% DEG) the amount of DEG is lower. In comparison to
the betaine-stabilized spinel ferrite nanoparticles, in all phosphocholine-stabilized
nanoparticles ratios of 5.4 — 12.8 wt% H20 is determined. This may be impacted by the
higher amount of stabilizer, which is hygroscopic due to the presence of functional groups
like phosphate. The TOCCHN is for all four samples between 19.2 and 26.4 wt% and thus,
in the same range than the TOCTCA, Those results confirm the observations made by FT-
IR that the stabilizer exchange from DEG to betaine is not as successful as it is with
phosphocholine. However, all synthesized nanoparticles show enhanced colloidal

stability.
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6.2 Colloidal Stability of Aqueous Spinel Ferrite Nanoparticle

Dispersions

The analysis of the interactions at the nanopatrticle surface in dispersion, which are mainly
nanoparticle-solvent, nanoparticle-stabilizer and stabilizer-solvent, requires a high
colloidal stability of the nanopatrticle dispersions over extended time periods. All necessary
investigations need to be conducted in the same colloidal state. Complementary SAXS
and DLS studies of aqueous dispersions of the spinel ferrite hanoparticles synthesized in
chapter 4.1 proof their outstanding colloidal stability up to 10 months. The results of the
DLS study is shown in Table A 15. The nanoparticle dispersions (c =5 g L) were aged
at RT for the respective time given in the last column. With the exception of the citrate-
stabilized MgFe204 nanoparticles, no type of the spinel ferrite nanoparticles shows an
increase in diameter in consideration of the PDI in the studied time period of 2 to
10 months. Additionally, this stability over time is confirmed by SAXS on citrate-stabilized
ZnFe204 nanoparticles exemplarily. SAXS measurement of the same nanoparticle
dispersion (c =5 g L'') were performed 2 days after synthesis and after ageing of that
dispersion for 3 months at RT. The SAXS raw data and the fits are shown in Figure 32 A.
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Figure 32: Experimental SAXS data and the corresponding fits of A) aqueous dispersion of citrate-stabilized
zinc ferrite nanoparticles (c =5 g L) 2 days after synthesis (green) and the same dispersion aged at RT for 3
months (blue) and of B) aqueous dispersions of phosphocholine-stabilized cobalt ferrite nanoparticles at
concentrations of 5 (purple), 50 (light blue) and 100 g L (red) aged at RT for 3.5 months. Curves are scaled for
clarity. The insets show the lognormal size distribution, which is equal for all SAXS pattern shown in one graph and
thus not graphically visible.
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There is no difference between the two raw data or the fits visible. Even the size
distribution resulting from the SAXS fitting is similar, which is shown in the inset in Figure
32 A. Furthermore, SAXS is likely the only analysis method to give directly access to the
size distribution of very high concentrated nanoparticle dispersion without any necessary
manipulation of the dispersion like, e.g. dilution, before the measurement. Thus, SAXS
analysis were performed on 4.0 nm phosphocholine-stabilized cobalt ferrite particles with
a PDI of 0.2 for concentrations of 5, 50 and 100 g L1, aged at RT for 3.5 months. Due to
the high density of the particles even the highest concentrations investigated have volume
fractions of < 5%. For the fits no structure factor contributions were necessary. Multiple
scattering for spherical particle dispersions shows itself by raising the apparent
polydispersity with concentration. This was not observed and thus it can be concluded
that no significant amount of multiple scattering occurs. The SAXS raw data and the fits
are summarized in Figure 32 B. Even at these concentrations, all SAXS fits result in a
similar size distribution of the phosphocholine-stabilized CoFe204 nanopatrticles. Though,
at high Q-values the SAXS data and fit of the 5 g L't sample deviates slightly from the data
and fit of the higher concentrations. However, the influence on the size distribution
calculation may be rather negligible. This result highlights the remarkable colloidal stability
of the stabilized spinel ferrite nanoparticles in aqueous dispersion synthesized by the
polyol route in DEG and proofs their suitability for the following studies of the surface

interactions in nanoparticle dispersions.
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6.3 Hydration Shells around Spinel Ferrite Nanoparticles

The existence of a surface-coordinated shell of water molecules is already suggested
by the size determination via DLS (Table 10). The obtained diameters for the different
spinel ferrite nanoparticles are on average 1.4 nm larger than diameters from SAXS
analysis. This deviation is based on the different characterization principle of the two
methods. In DLS analysis, the diameter is determined with a 660 nm laser via the
scattering difference over time and thus, via the motion of the nanoparticles. The shell
of solvent molecules moves with the nanoparticle in this Brownian motion. This
characterization results in the hydrodynamic diameter, including the size of the
hydration shell.l'3 Whereas SAXS is based on the electron density difference
between the solvent and the inorganic nanoparticle, yielding the inorganic diameter
(Figure 33).[149-150] The size of the hydration shells based on differences between DLS
and SAXS diameters are summarized in Table 20.

Figure 33: Schematic figure of a dispersed nanoparticle with the obtained particle diameter by different
characterization methods. The light brown circle around the facetted nanoparticle clarifies the assumption of
a spherical shape by the used analysis and the light blue circle shows the surrounding solvation shell, which is
included in the hydrodynamic diameter obtained by DLS.["]
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Table 20: Size of the solvation shell around different spinel ferrite nanoparticles based on the difference
between the diameters obtained from DLS and SAXS (Table 10). It is calculated by (doLs — dsaxs)/2. The average
size of the hydration shell per nanoparticle composition and stabilizer is calculated to investigate trends. The average
size of the nanoparticles is given to see size-dependency.

d (NP)saxs  citrate betaine phos average
CoFe20a4 3.7 nm 0.5 nNm 0.3 nm 0.3 nm 0.4 nm
MgFe204 3.0 nm 1.0 nm 1.2 nm 1.1 nm 1.1 nm
NiFe204 3.4 nm 1.0 nm 1.0 nm 0.7 nm 0.9 nm
ZnFe204 4.5 nm 0.4 nm 0.8 nm 0.4 nm 0.5 nm
average 0.7 nm 0.8 nm 0.6 nm

The size of hydration shells fluctuates from 0.3 nm for betaine and phosphocholine-
stabilized CoFe204 nanopatrticles to 1.2 nm for NiFe204 betaine-stabilized nanoparticles.
It seems like different stabilizer don’t affect the size of the solvation shell, as it is
0.7nm = 0.1 nm in average. But for the different composition of the spinel ferrite
nanoparticles the size changes. MgFe204 nanoparticles, which are the smallest among
the nanoparticles investigated in this study, show the thickest solvation shell
(dshe = 1.1 nm). The solvation shell size decreases in the row NiFe204, ZnFe204 and
CoFe204. No clear dependency on the nanoparticle diameter can be revealed. However,
as the two largest nanoparticles show the smallest solvation shell size and the smallest
nanoparticles show the largest solvation shell size, a dependency on the nanoparticle
diameter can be assumed. It is known that the attraction of water molecules varies with
the nature of the crystal facets at the nanoparticle-water interface.*l Eventually, the ratio
of the different crystal facets is different depending on the nanoparticle diameter and the
nature of the M2 ion.

It has to be remarked that due to the lognormal particle size distribution and uncertainties
in the determination of the particle diameter, resp. hydrodynamic particle diameter, a
certain inaccuracy for the size of the solvation shell exists. Consequently, XRD and PDF
experiments were performed. However, only synchrotron radiation provides enough
brilliance (Equation All) to extract the small signal of the hydration shell, which is
overlapped by the scattering signal of the solvent and the nanoparticles.
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Figure 34: A) Normalized XRD patterns of water (black) and aqueous dispersions of phosphocholine-
stabilized CoFe204 (red) and NiFe204 (orange) as well as citrate-stabilized ZnFe204 nanoparticles. The insets
highlight the small shift in the FSDP originating from the hydration shell and the XRD reflections of the dispersed
crystalline nanoparticles. B) Difference-I(Q) plots calculated by subtraction of the water background. The
concentration of the pure inorganic nanomaterial ranges from 4 — 5 wt%.

The XRD pattern of the nanoparticle dispersions and pure water, collected at ID31, ESRF,
are presented in Figure 34 A. The reflections of the crystalline nanoparticles are still
visible on top of the pattern of the water background. Small shifts to the left flank of the
first sharp diffraction peak (FSDP) of water may originate from the restructured H20
molecules at the nanoparticle surface. After subtraction of the water signal, the d-1(Q)
(difference-1(Q), Figure 34 B) highlights the signal from the nanoparticles and the
hydration shell. Due to the shift of the FSDP, the information about the hydration shells is
contained in the maximum at Q = 1.5 A1 in the d-I(Q). In the XRD, the intensity of the
hydration shell is higher for the two phosphocholine-stabilized nanopatrticles than for the
citrate stabilized nanoparticles. This could probably indicate a stabilizer dependency of
the restructuring effect. The scattering signal of the stabilizer molecules can be neglected,
as not coordinated and possibly crystalline residuals of stabilizers are removed by dialysis
and thus, the intensity is very small. By Fourier-Transformation of the scattering data into
the PDF data, the structure of the hydration shells around the spinel ferrite nanoparticles

can be further investigated.
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Figure 35: Graphs of the d-PDF (black), the scaled PDF of the nanoparticle powders (red) and the
corresponding dd-PDF (green) for A) phosphocholine-stabilized CoFe204, B) phosphocholine-stabilized
NiFe204 and C) citrate-stabilized ZnFe204 nanoparticle dispersions. The dd-PDFs are plotted in offset for clarity.
The blue circle highlights the PDF peaks at r = 18 A, which was used as scaling benchmark.

Besides the water background and the nanoparticle dispersions, the pure nanoparticle
powder was also measured with the same parameters at the same beamline. First, the
d-PDF (difference-PDF) is calculated by subtracting the pure solvent from the dispersion
intensity. The experimental PDF of the nanopowder is then scaled to the d-PDF. The
peak at r = 18 A was chosen as a scaling benchmark, because at this distance, no signal
of the hydration shell is expected to occur and only the nanoparticle signal contributes to
the PDF signal. The scaled PDF of the nanoparticles is then subtracted from the d-PDF
resulting in the dd-PDF (double-difference-PDF), which contains all the information about

the restructured water molecules. Figure 35 illustrates the above mentioned
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implementation. The resulting green plot for the dd-PDF contains the structural
information of the hydration shell. Between r=1.0to 3.0 the distance from the
nanoparticle surface to adsorbed water species is visible. According to Kerisit et al., two
of the observed peaks can be attributed to specific water species. These are
dissociatively bound OH- (r = 1.47 A) and molecular adsorbed H20 interacting with the
surface iron sites (r = 2.32 A).[4 The maxima of the three distances extracted from the dd-

PDF are summarized in Table 21.

Table 21: Summary of the position of the maxima of the adsorbed water species at the surface of the three
investigated spinel ferrite nanoparticles.

sample 1. peak (A) 2. peak (A) 3. peak (A)
CoFe204 - phos 1.47 1.90 2.41
NiFe204 — phos 1.30 1.78 2.30*
ZnFe204 - cit 1.42 1.91 2.40

* directly next to this peak exists a ripple originating from the Fourier transformation, which probably impacts the

position of the maximum.

While the positions of the first three peaks in the dd-PDF of CoFe204 and ZnFe204
nanoparticles are very similar to the literature, the distances for the NiFe204 nanopatrticles
deviates clearly. In average, all distances are 0.12 A shorter for the nickel ferrite
nanoparticles than for the other two nanopatrticles. This effect could probably be induced
by the substitution of the Fe?* by Ni?* cations. For NiFe204 a lower energy barrier for the
dissociative adsorption of OH- in comparison to FesO4 surfaces is reported.% In contrast
to the study on ZnO nanoparticles by Zobel et al.[?"], a defined oscillation in the dd-PDF
signal is only implied and most pronounced in the ZnFe204 sample. However, the
presence of EtOH in the nanoparticle dispersions similar to Thoma et al. was not excluded
and must be made up to verify the interpretation of the dd-PDF signals.[?8l All above
presented spinel ferrite nanoparticles are smaller in diameter and their crystallinity is less
evolved, shown with XRD analysis. This leads to inconsistent surface termination of the
crystal structure and to diverse or even weaker coordination of the water molecules to the
surface metal atoms. Furthermore, the presence of the stabilizers with a grafting density
p9at of 3.2 and 4.4 nm? for phosphocholine stabilized cobalt and nickel ferrite

nanoparticles, respectively, and 3.9 nm= for citrate stabilized zinc ferrite nanoparticles
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(see Table 18) may hinder the restructuring of the water molecules at the nanoparticle
surface. As mentioned in chapter 6.1, a p92" of 4.3 nm2 corresponds to a monolayer of
stabilizer molecules with carboxyl anchor groups. In this case, citrate seems to support
the formation of the solvation shell more than phosphocholine, as the dd-PDF of the
citrate stabilized zinc ferrite nanoparticles in water contains the indication of an oscillation
with the first maximum at ca. 5.8 A. For further studies, the influence of ethanol molecules
onto the dd-PDF analysis must be excluded and measurements of at least the complete
series of synthesized spinel ferrite nanoparticles are needed to obtain a sophisticated

study on the restructuring behavior of water molecules at spinel ferrite nanopatrticles.
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0D, 1D, 2D, 3D

CHN
cit
coth

d-, dd-PDF

DEG
DLS
e.g.
esp.
ESRF
EtAc
FT-IR
FWHM
ICP-OES
IONP
kcounts
LDH
LFSE

M

MD

mpr
NMDEA
NP
Occoct
PDF
PDI
PEG
PETRA
phos

Abbreviations

zero, one, two, three-dimensional
elemental analysis

citrate

hyperbolic cotangent

difference-, double-difference-PDF
diethylene glycol

dynamic light scattering

example given

especially

European synchrotron radiation facility
ethyl acetate

Fourier-transform infrared spectroscopy
full width at half maximum

inductively coupled plasma atomic emission spectroscopy
iron oxide nanoparticle

kilo-counts

layered double hydroxide

ligand field stabilization energy

molar ; moles per liter

molecular dynamics

magnetite phase ratio
N-methyldiethanolamine

nanoparticle

occupancy of octahedral sites

pair distribution function

polydispersity index

polyethylene glykol
Positron-Elektron-Tandem-Ring-Anlage
phosphocholine
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RT room temperature

SAXS small angle X-ray scattering

SQUID superconducting quantum interference device
TEM transmission electron microscopy

TGA thermogravimetric analysis

TOC total organic content

wit% weight percent

XRD X-ray diffraction
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Symbols

symbol unit meaning

Cc mol L', M, mM  concentration

o) - number of vacancies at the octahedral site in the
Fd-3m crystal structure

E eV, keV energy

Fd-3m - cubic space group symbol

F(Q) a.u. reduced structure function

G(r) a.u.

H Oe magnetizing field

Ks Boltzmann constant

yl nm, A wavelength

m g, mg mass

M magnetization

Ms emug? saturation magnetization

n mol, mmol amount of substance

Oocc, Otet - occupancy of the octahedral and tetrahedral
sites

P432:2 - tetragonal space group symbol

Q At wave vector transfer

Qmax Al maximum value of wave vector transfer for
Fourier Transformation of F(Q)

Qmin At minimum value of wave vector transfer for
Fourier Transformation of F(Q)

poratt nm- grafting density of stabilizer molecules at a
nanoparticle surface

r A radius

Rw - R-value; goodness of fit parameter

6 ° scattering angle

S, min, h

time
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T °C, K temperature

Uiso - anisotropic atomic displacement factor

Mpart - (formal) magnetic moment of a single NP

v cmt wavenumber

Vv [, cm3 volume

¢ mV zeta potential

)G - chi square (goodness-of-fit-factor of PDF

refinements)

z(0) - oxygen position in Fd-3m symmetry
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A.l

Laboratory PDF Instrument

Calibration Parameters at two different Beamtimes and the

Table A 1: Calibration parameters of two different beamtimes at PETRA Il and ESRF: detector paramters.

beamtime 1 (A) sample- y- X- detector detector detector
detector coordina coordina tilt y-axis tilt x-axis rotation
distance teofthe teofthe (°) ®) angle (°)
(mm) beam beam
center center
(mm) (mm)
ID21.1 0.1220 387.83 272.80 4.898 0.0002 0.0087 6*10”7
(PETRA
[l; Jun 20)
ID31 0.1907 240.51 211.82 242.21 -0.0055 -0.0052 -3*10°
(ESRF;
Sep 20)
Table A 2: Calibration parameters of the laboratory PDF instrument: instrumental resolution.
device (A calibrant Qdamp Qbroad
STOE STADI P Mythen2 4K 0.5594 LaBs 0.011 0.010




114

A.2

Washing of the spinel ferrite nanoparticles was depending on the behavior of the
nanoparticles during washing. For less magnetic samples, e.g. MgFe204, decanting didn'’t
work properly as the nanoparticles sedimented only very slowly. In such cases, the
nanoparticles/solvent mixture was centrifuged using 500 mL buckets for 10 min at
3800 rpm. Only if the supernatant was clear, washing was stopped after 3 washing cycles
with the same organic solvent. As most of the phosphocholine stabilized samples are
dispersible in EtOH, a mixture of EtAc and EtOH (2:1) was used instead of pure EtOH.

Nanoparticle Purification

Table A 3: Aqueous dispersion media of different stabilized spinel ferrite nanoparticles.

nanoparticle composition stabilizer

dispersion medium

CoFe20a4 citrate H20
betaine 50 mM HCI
phosphocholine H20

MgFe204 citrate H20
betaine 50 mM HCI
phosphocholine H20

NiFe204 citrate H20
betaine 50 mM HCI
phosphocholine H20

ZnFe204 citrate H20
betaine 50 mM HCI
phosphocholine H20

Fe30a4 citrate H20
betaine H20
phosphocholine H20
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A.3 PDF Analysis of Sample W4

| sample W4
L Ry = 0.16
i crystallite diameter = 4.5 nm

e

o eTes

G(n) (a.u.)

PR W SR SR T T SR S SR [N S ST SR TR [N TR SN SR TR N A T T

20 30 40 50
r(A)

Figure A 1: PDF refinement based on the space group Fd-3m of citrate-stabilized CoFe204 nanoparticles
with dpLs = 8.9 nm (sample W4) over a r-range from 0 —50 A.

Blue open circles and red solid lines correspond to measured and simulated PDFs, respectively. Grey solid lines
are the differences, in offset for clarity. For values of fit parameters Table A 4.
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Table A 4: Refined parameters of the PDF analysis of sample W4 based on the space group Fd-3m. The

corresponding refinement is shown in Figure A 1.

parameter w4
a=b =c (A) (start) 8.394
a=b=c(A) 8.402
crystallite size (A) 45
Uiso, coiznmimvg (A2) 0.009
Uiso,Fe (A2) 0.008
Uisoo/ (A2) 0.020
2(0) - 0.630
Occoct 0.98
Rw 0.16
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A4 TEM Analysis of Spinel Ferrite Nanoparticles

number fraction

12 2-3 34 45 56 6-7 7-8
d (nm)

number fraction

42 23 34 45 56 67 7-8
d (nm)

0.6

0.5}
0.4+
0.3
0.2}

number fraction

0.1

0.0!

1-2 2-3 34 4-5 56 6-7 7-8
d (nm)

Figure A 2: Representative TEM images of nickel, cobalt and magnesium ferrite nanoparticles stabilized
by different organic molecules and the diameter histogram with a lognormal fit of the size distribution of
at least 100 particles on theright.
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number fraction

Calculation of the size distribution and the PDI from SAXS data:[%4

1-2 2-3 3-4 4-5 56 6-7 7-8
d (nm)

Figure A 3: Representative TEM image of zinc ferrite nanoparticles stabilized with citrate and the diameter
histogram with a lognormal fit of the size distribution of at least 100 particles on the right.

Table A 5: Equations and variables for the calculation of the size distributions according to SASview 4.2.2.

Distribution Equation PDI
Model
Gaussian (X — Xmean)?
f(x) = Norm €XP <_T> Eq. Al pp;—_% Eq.A2
xmean
with:
Norm = normalization factor,
o = standard deviation,
Xmean = mean of distribution.
Lognorm 1 1 (In(x) — w)?
flx) = NormEeXp<_z—pZ) Eq.A3 PDI=p Eq.A4
o
M: N xmean

Norm = normalization factor,
o = standard deviation,
H= ln(xmed)

Xmea = median of distribution.
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Calculation of the goodness-of-fit factor xr? of fits of SAXS data:[®4

(Y; — theory;)*
X122 = Z l weight,-z /[Npts - Npar]

with:

x% = goodness — of — fit factor,
Y; = observed data,

theory; = expected data,
weight; = supplied errorinl,
N,;s = number of data points,

N,q = number of fitted parameters.

Table A 6: x2 values for SAXS fits of spherical spinel ferrite nanoparticles.

Eq. A5

sample stabilizer X2
CoFe, O, citrate 1.0
betaine 94.7
phos 14.0
ZnFe,0, citrate 1.4
betaine 33.9
phos 51.3
MgFe,O, citrate 5.0
betaine 16.0
phos 1.7
NiFe,O, citrate 1.3
betaine 20.5

phos 3.7
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A.5 Synthesis of Anisotropic Spinel Ferrite Nanoparticles

Table A 7: x2 values for SAXS fits of CoFe204 nanorods.

sample stabilizer X
r2 citrate 9.6
r3 phos 6.1

1 1 1 1
E - exp. PDF (r3)
Q .
8 — it
E = —— difference
s
o
=
O
0 10 20 30 40 50

Figure A 4: PDF refinement of the phosphocholine stabilized nanorods (r3) in the r-range from 1.5 to 50 A. Blue
open circles and the red solid line correspond to measured and simulated PDFs. The grey solid line is the difference.
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- I I o I I I I° exlp. PD|1_(I‘3)
. . — fit
E + - 8, difference
o © o ]
Af A AN AN
= J ¢4 - AW Vg\z/j‘v A
% %: %}.\Z 5® oy 00‘? ® (Q%é:
X~ [ %Q:? o0 ® @ X
Q)

2 3 4 5 6 7 8 9 10

Figure A 5: Zoom into the PDF refinement of the phosphocholine stabilized nanorods (r3) in the r-range from
1.5 to 10 A. Blue open circles and the red solid line correspond to measured and simulated PDFs. The grey solid line

is the difference.
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Table A 8: Refined parameters for the single phase PDF refinement of phosphocholine stabilized nanorods
(sample r3; see Figure A 4).

parameter

a=b (A) (start) 10.44
a=b (A) 10.511
c (A) (start) 3.01
c (A 3.032
crystallite size (A) 53
Uiso xy, Fe (A2) 0.016
Uiso z, Fe (A2) 0.001
Uiso xy, o1 (A?) 0.013
Uisoz 01 (A2) 0.036
Uiso xy, 02 (A?) 0.035
Uiso 2,02 (A?) 0.004
Uiso xy, 1 (A2) 0.004
Uisoz H (A2 0.065

Rw 0.62
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Table A 9: Refined parameters for the two phase PDF refinement of phosphocholine stabilized nanorods
(sample r3; see Figure 20).

parameter B-FeO(OH) CoFe204
a=b (A) (start) 10.44 8.394
a=b (A) 10.533 8.172
c (A) (start) 3.01 8.394
c (A) 3.034 8.172
crystallite size (A) 64 5

Uiso xy, Fe/co (A2) 0.013 0.005
Uiso z, Feico (A?) 0.001 0.005
Uiso xy, Fez/coz (A?) 0.003
Uiso z, Fe2/co2 (A2) 0.003
Uiso xy, o1 (A?) 0.189 0.003
Uisoz 01 (A?) 0.014 0.003
Uiso xy, 02 (A2) 0.044

Uiso 2,02 (A?) 0.001

Uisoxy, H (A2) 0.004

Uisoz 1 (A2 0.065

Rw 0.52
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A.6 Structure Analysis of Spinel Ferrite Nanoparticles

Table A 10: Full-width-at-half-maximum (FWHM) obtained from XRD pattern shown in Figure 22. A Gauss

distribution was fitted to the 440 peak at 4.2 A for the calculation.

sample stabilizer FWHM#440 (A1)
CoFe,0O, citrate 0.153
betaine 0.149
phos 0.150
ZnFe,0, citrate 0.123
betaine 0.136
phos 0.131
MgFe,O, citrate 0.200
betaine 0.178
phos 0.177
NiFe,O, citrate 0.151
betaine 0.137
phos 0.124
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MaFe,0, B) CoFe,0,
Ry =0.33 - Ry = 0.19
particle diameter = 35 A particle diameter = 48 A

A)r

8

G(n (a.u.)

0 10 20 30 0 10 20 30 40
&) ZnFe,0, D)b | NiFe,O,
Ry =0.22

Ry =0.11

particle diameter = 51 A particle diameter = 42 A

G(r) (a.u.)

0 10 20 30 40 50 O 10 20 30 40
r(A) r(A)

Figure A 6: PDF refinements of citrate-stabilized A) magnesium, B) cobalt, C) zinc and D) nickel ferrite
nanoparticles over r-ranges of 1.7 to 35 - 50 A.
Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences,
in offset for clarity. All but the magnesium ferrite refinements show good agreement with the experimental data (low
Rw-values, no remaining structural signal in difference curve). In the magnesium ferrite nanoparticle refinement, the
structural residue can be ascribed to the citrate side phase. For values of fit parameters see Table A 11.
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Table A 11: Refined parameters for PDF refinements of citrate-stabilized spinel ferrites including the parameter

of octahedral occupancy Occoct (See Figure A 6).

parameter CoFe204 ZnFe204 NiFe20a4 MgFe20a4
a=b=c (A) (start) 8.394 8.442 8.347 8.397
a=b=c(A) 8.407 8.425 8.374 8.392
crystallite size (A) 43 51 42 35

Uiso, corzn/img (A?) 0.009 0.007 0.011 0.015
Uiso,re (A2) 0.008 0.008 0.006 0.006
Uiso,o (A2) 0.022 0.023 0.019 0.032
z(0) - 0.630 -0.633 - 0.629 -0.619
Occoct 0.98 0.89 1.00 0.78

Rw 0.19 0.11 0.22 0.33

Table A 12: Refined parameters for PDF refinements of phosphocholine-stabilized spinel ferrites including the
parameter of octahedral occupancy Occoct (see Figure A 7).

parameter CoFe204 ZnFe204 NiFe204 MgFe20a4
a=b=c (A) (start) 8.394 8.442 8.347 8.397
a=b=c(A) 8.389 8.420 8.368 8.384
crystallite size (A) 41 55 45 36

Uiso, coizninivg (A2)  0.007 0.007 0.007 0.008
Uiso,re (A2) 0.008 0.008 0.008 0.010
Uiso,0 (A2) 0.019 0.023 0.016 0.033
z(0) -0.631 -0.633 - 0.630 -0.631
OccCoct 0.98 0.87 1.00 0.74

Rw 0.12 0.11 0.13 0.21
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Figure A 7: PDF refinements of phosphocholine-stabilized A) magnesium, B) cobalt, C) zinc and D) nickel ferrite
nanoparticles over r-ranges of 1.7 to 35 - 50 A.

Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences,
in offset for clarity. All but the magnesium ferrite refinements show good agreement with the experimental data (low
Rw-values, no remaining structural signal in difference curve). In the magnesium ferrite nanoparticle refinement, the
structural residue can be ascribed to the citrate side phase. For values of fit parameters see Table A 12.
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Figure A 9: Representative TEM image of phosphocholine-stabilized IONP nanoparticles and the histogram
and the lognormal fit of the size distribution of at least 100 particles to the right.
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Figure A 8: PDF refinements based on the space group Fd-3m of A) citrate and B) phosphocholine-stabilized
IONP over a r-range from 0 — 35 A. The corresponding r-range from 1.7 — 5.0 A is magnified on the right.
Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences,

in offset for clarity. For values of fit parameters see Table A 13.
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Figure A 10: PDF refinements based on the space group P432:2 of A) citrate and B) phosphocholine-stabilized
IONP over a r-range from 0 —35 A. The corresponding r-range from 1.7 = 5.0 A is magnified on the right.
Blue open circles and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences,

in offset for clarity. For values of fit parameters see Table A 13.

Calculation of ¢'for the Fd-3m crystal structure: 6 =2 —20ccpe Eqg. A6

Calculation of §for the P432:2 crystal structure: 6 =0.5—0.5Bpc) EQ.A7

Calculation of the magnetite phase ratio (mpr) from & mpr =1-—36 Eq. A8
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Table A 13: Comparison of the refined parameters of citrate and phosphocholine-stabilized IONP based on a
cubic (Fd-3m) and a tetragonal (P43212) symmetry.

Sample FesOas - citrate Fes30as - citrate FesOs - phos FesOas - phos
Space group Fd-3m P43212 Fd-3m P43212
a=b (A) (start)  8.397 8.337 8.397 8.337
c (A) (start) 8.397 8.322 8.397 8.322
a=b (A) 8.394 8.417 8.391 8.404
c (A) 8.394 8.333 8.391 8.348
crystallite size 35 36 35 36

(A)

Uiso,Fe (A2) 0.011 0.007 0.013 0.008
Uiso, 0 (A2) 0.026 0.007 0.027 0.011
O z - 0.630 -0.630

01 x 0.602 0.618
01y 0.866 0.873
Ol z - 0.003 -0.021
02_x 0.134 0.144
02_y 0.379 0.381
02 z - 0.002 0.002
03_x 0.131 0.135
03_y 0.875 0.883
03 z 0.014 0.026
04 x 0.418 0.384
04y 0.624 0.629
04 z -0.031 - 0.010
o 0.33 0.33 0.33 0.33
magnetite 0% 0% 0% 0 %
phase ratio

Rw 0.17 0.16 0.21 0.18
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A.8 Total Scattering Analysis of Spinel Ferrite Nanoparticles

obtained via different Synthesis Routes

Calculation of the sum formula of the spinel phase in the MnFe204 nanopatrticles treated
at 400 °C:

Mn/Fe — ratio according to SEM-EDX: 0.52
Refined molar phase contents according to PDF: Mn20s: 0.312
spinel: 0.668
Sum formula for a Fe-rich spinel structure: MniyFe2+yOas
n(Mn) _0.312%2+0.688+(1-y) .
n(Fe) 052 = 0.688%(2+y) ’ Eq. A9

= 0.358*(2+y) =0.624 + 0.668 * (1 — y);
= 0.716 + 0.358 * y = 0.624 + 0.668 * —0.688 * y;
= y=0.57
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Figure A 11: XRD pattern of Co/Fe LDH calcined at 400 (blue), 800 (red) and 900 °C (black). The patterns are

stacked and scaled for clarity. Calculated reference patterns of CozFeOas (orange), CosOs (green) and CoFe204
(purple) are inserted individually at each temperature to highlight existing phases.
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Figure A 12: Single-phase PDF refinements based on Co2FeOs from 1.0 to 50 A of a Co/Fe sample calcined
at 400 °C. Blue open circles and red solid lines correspond to measured and simulated PDFs, respectively. Grey
solid lines directly beneath the experimental data and the fit are the differences. The patterns are stacked for clarity.
For the two-phase fit based on CosO4 and CoFe20a4 see Figure 27, top graph.
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Figure A 13: Experimental PDF data of Co/Fe LDH calcined at 400, 800 and 900 °C until r = 100 A. For the

corresponding refinements see Figure 29.
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Table A 14: Comparison of the refined parameters of cobalt and iron containing spinel ferrites synthesized from
cobalt and iron containing LDH based on a cubic (Fd-3m) model. For fits see Figure 29 and Figure A 12.

Sample 400 °C 400 °C 800 °C 900 °C
applied Co2FeOs | Co30s4 CoFe204 Co0304 CoFe204 | Co2FeOq4
phases

ISCD number 98551 9362 109044 9362 109044 98551

a (A) (start) 8.242 8.065 8.394 8.065 8.394 8.242

a () 8.178 8.156  8.209 8.186  8.318 8.404
crystallite size 60 69 65 138 127 334

(A)

Uiso,1L (A2) 0.013 0.010 0.013 0.009 0.014 0.011
Uiso,1L2 (A2) - 0.010 - 0.011 - -

Uiso,oL (A2) 0.010 0.007 0.014 0.010  0.027 0.009
Uiso, 0 (A2) 0.026 0.015 0.033 0.027 0.045 0.032
phase ratio - 41 % 59 % 50 % 50 % -

Rw 0.20 0.16 0.21 0.18
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A.9 Colloidal Stability of Spinel Ferrite Nanoparticles

Table A 15: Particle diameter of spinel ferrite nanoparticles according to DLS after storage as aqueous
dispersion at RT (c =59 L™%).

nanoparticle stabilizer particle diameter (nm)  ageing time
composition (PDI) (months)
CoFe204 citrate 5.4 (0.3) 10
4.8 (0.2) 2
betaine 5.0 (0.3) 2
4.9 (0.3) 8.5
MgFe204 citrate 87.1(0.2)
betaine 4.6 (0.3) 7
phosphocholine 5.0 (0.3) 7
NiFe204 citrate 5.2 (0.2) 10
45 (0.2)
betaine 5.1 (0.2) 8
phosphocholine 6.5 (0.2) 8.5
5.4 (0.2)
ZnFe204 citrate 6.0 (0.2) 10
5.5 (0.2) 2
betaine 5.4 (0.3) 8
7.6 (0.3) 2
phosphocholine 6.3 (0.2) 8.5
6.4 (0.2) 2
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A.10 Surface Coverage of Spinel Ferrite Nanoparticles

Generic calculation of the number (#) of layers of stabilizer molecules per nanopatrticle:

V(NP) = p(NP) = (total organic content) Eq. A10

N (molecule
layer

) * m (molecule) = (total inorganic content)
= # layers of stabilizer per NP

with:

m(betaine) = 1.9+10 — 22 g,

m(citrate) = 3.1x10—-22g

m(phosphocholine) = 3.1+x10—-22g,
4

Vyp = —mr3,
NP =3

total organic content = ratio of organics or TOC,
total inorganic content

= ratio of inorganics determined by TGA,
1
nm?

(molecule

layer ) = SNP * (3 5to 59)

W|th SNP = 4'71'1'2.
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Table A 16: Complementary data of the TGA analysis presented in chapter 6.1. The inorganic mass (m%%4) and

mass of water at the nanoparticle surface (m%54) before and after dialysis is shown.

sample  stabilizer  m{Ei; o, M50 asym My gia M350, dia
(Wt%) (Wt%) (Wt%) (Wt%)

CoFe,O, citrate 69.1 3.2 75.0 4.8
betaine 69.7 3.4 - -

phos 59.9 6.0 79.2 3.7
ZnFe,O, citrate 66.8 2.0 75.2 2.8
betaine 81.3 14 - -

phos 50.2 4.8 68.8 3.1
MgFe,O, citrate 43.3 6.6 65.0 5.7
betaine 59.9 6.5 - -

phos 47.1 3.9 75.8 7.7

NiFe,O, citrate 62.6 3.5 74.5 5.7
betaine 71.5 2.3 - -

phos 48.1 6.6 75.5 3.3

Table A 17: Raw data of CHN analysis. The amount of each specific atom is given in wt% in relation to the total mass
of the initial sample.

sample stabilizer sample contentof N content of C  content of H
mass (mg) (wt%) (wt%) (wt%)
CoFe,O, betaine 3.63 0.11 6.46 1.47
phos 2.07 0.46 5.77 1.74
ZnFe,O, phos 1.90 0.97 6.04 2.08
MgFe,O, phos 2.07 0.47 5.57 2.41
NiFe,O, betaine 1.79 0.21 6.78 1.45

phos 217 1.07 6.60 2.28
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