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0.1 - General Introduction

0.1 General Introduction

The development of nanoreinforced polymers holds significant promise for advanced materi-
als, offering superior mechanical, thermal, and functional properties. Realizing this potential
begins with the precise optimization of nanoparticle synthesis, continues through effective
mixing and dispersion within polymer matrices, and ultimately depends on successfully
scaling up production while linking nanoscale features to macroscopic performance.

A foundational step in this endeavor is the optimization of nanoparticle synthesis. For in-
stance, iron oxide nanoparticles (IONPs) are pivotal components in designing multifunctional
nanocomposites, as they combine mechanical reinforcement with magnetic and magnetother-
mal capabilities. The synthesis of IONPs demands meticulous control over particle size,
crystallographic phase (e.g., magnetite Fe;O, or maghemite y-Fe,03), and surface chemistry.
These parameters directly affect not only the structural role of the nanoparticles within the
polymer matrix but also their superparamagnetic behavior—a phenomenon characterized by
zero coercivity below a critical size, which prevents magnetic agglomeration and facilitates
rapid magnetization switching under external fields, an essential attribute for applications
such as magnetic hyperthermia.

Following synthesis, the process of mixing or dispersing the nanoparticles into the poly-
mer matrix is equally critical. Uniform nanoparticle dispersion governs the efficiency of
stress transfer and enhances the composite’s overall mechanical performance. Inadequate
solvation of either the nanoparticles or the polymer can lead to aggregation, negatively
impacting both interfacial bonding and functional properties. Surface modifications, such
as the application of organic coatings, enhance nanoparticle-polymer compatibility, thereby
mitigating aggregation and preserving the material’s robustness.

Another persistent challenge is the multiscale characterization of these nanocomposites.
Advanced analytical techniques are essential for establishing a clear relationship between the
nanoscale microstructure and the macroscopic properties of the final product. Techniques
such as transmission electron microscopy (TEM), small-angle X-ray scattering (SAXS), and
wide-angle X-ray scattering (WAXS) enable detailed analysis of nanoparticle size, morphology,
and spatial arrangement within the polymer matrix. These are complemented by dynamic
mechanical analysis (DMA), which provides insights into the bulk mechanical behavior
of the composites. In parallel, magnetic characterization techniques are indispensable in
elucidating the superparamagnetic dynamics of IONPs, effectively linking nanoscale magnetic
performance to overall magnetothermal efficiency.

This manuscript is devoted to the engineering of IONP-polymer composites through
precise control over nanoparticle synthesis, optimized dispersion techniques, and strategic
scale-up, all integrated with comprehensive multiscale characterization. In this context, the
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present thesis aims to tackle the identified challenges by focusing on:

e Mastering the synthesis of iron oxide nanoparticles (IONPs) and investigating the key
parameters that influence their growth, including particle size, crystallographic phase,
and surface chemistry.

e Developing innovative fabrication methods to enhance the dispersion of nanoparticles
within polymer matrices and optimize their interactions with the host polymer.

e Conducting a comprehensive analysis of the multiscale properties of the nanocompos-
ites—from nanoparticle dispersion (characterized by techniques such as TEM, SAXS,
and WAXS) and bulk mechanical behavior (studied by DMA) to nanoscale magnetic
performance.

By systematically addressing these interrelated challenges, this work aims to establish
robust design principles for next-generation multifunctional materials, in which enhanced
mechanical properties converge with advanced magnetic and magnetothermal functionalities.
Ultimately, the goal is to advance the field of nanoreinforced polymers and pave the way for
their broader application in industrial and scientific domains.

0.2 Manuscript Structure

This thesis is organized into three major parts, each addressing crucial aspects of the study
of iron oxide nanoparticles and polymer nanocomposites. The structure is designed to guide
the reader through a comprehensive journey—from theoretical foundations and literature

context to experimental investigations and the development of advanced materials.

Part I: Literature Review

This part lays the foundation for the study by discussing key background information and
the state-of-the-art in the field. It comprises two chapters that critically examine previous

research related to IONPs and polymer nanocomposites.

e Chapter 1: This chapter provides an in-depth review of the structure, properties,
synthesis, and characterization of IONPs. It focuses on critical aspects such as particle
size, surface chemistry, and the challenges associated with nanoparticle dispersion.
Topics include colloidal stability, techniques to prevent aggregation in various solvents
or media, and the issues related to reproducibility in nanoparticle production.

e Chapter 2: This chapter explores polymer nanocomposites. It discusses various pro-

cessing methods and examines how the incorporation of IONPs affects the mechanical
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performance and interfacial properties of the composite materials. The discussion is

contextualized within the broader framework of advanced functional materials.

Part II: Synthesis and Control of Iron Oxide Nanoparticles

The second part of the thesis presents detailed experimental investigations on the synthesis
and characterization of IONPs. This section is critical for establishing the parameters neces-
sary for reproducible nanoparticle production and for understanding the growth mechanisms
in different systems.

e Chapter 3: This chapter details the synthesis of IONPs with sizes below 20 nm. It
emphasizes the role of surface chemistry control—particularly through the use of car-
boxylic ligands—and how it influences growth mechanisms and thermal decomposition
processes. The chapter highlights the importance of precise synthetic control to tailor
nanoparticle attributes.

e Chapter 4: The focus of this chapter is on the impact of reagent impurities on the
reproducibility of IONP synthesis. It critically examines the challenges in achieving
consistent size, morphology, and shape control, providing insight into the factors that
can lead to variability in nanoparticle production.

Part III: Polymer Nanocomposites

This part of the thesis is dedicated to the integration of IONPs into polymer matrices and
the study of the resulting nanocomposite properties. Special attention is given to the in situ
synthesis of IONPs within polyisobutylene (PIB) and how this process influences the overall
performance of the composite.

e Chapter 5: This chapter investigates the growth kinetics of IONPs within a PIB envi-
ronment. It examines the interplay between nanoparticle formation and the polymer
matrix, focusing on how synthesis conditions affect both the mechanical and magne-
tothermal properties of the resulting composites.

e Chapter 6: This final work provides an in-depth analysis of the structure—property
relationships in PIB-based nanocomposites. It discusses strategies for optimizing

nanoparticle dispersion and enhancing material functionality.
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Conclusions and Perspectives

The final section summarizes the key findings of this work and proposes future research
directions for advancing polymer nanocomposites.

Overall, this manuscript systematically addresses the challenges associated with nanopar-
ticle synthesis, dispersion, and scale-up while establishing a clear connection between
microstructural features and the macroscopic properties of nanocomposites. By bridging
these scales, the work aims to contribute robust design principles for the next generation of

multifunctional materials.
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1.1 — The nanoworld

1.1 The nanoworld

In a time marked by rapid technological miniaturization, the scientific community has
increasingly focused on the nanoscale—a realm where particles are less than 100 nanometers
in at least one dimension. One of the key features of nanoparticles is their high surface
area-to-volume ratio, which significantly differs from bulk materials. As the size of the
particles decreases, a greater proportion of atoms are located on the surface (Figure 1.1).
This results in increased chemical reactivity, which drives enhanced catalytic activity and
other surface-related phenomena. These characteristics—such as their increased reactivity,
strength, and ability to exhibit new interactions—make nanoparticles crucial for controlling
and enhancing the properties of materials and enabling new functionalities.

These particles, smaller than viruses, have the potential to revolutionize various fields,
including medicine and electronics. To put this into perspective, a 1-nanometer particle is
about the size of an orange compared to the Earth’s diameter, which is approximately 12,742
kilometers. As research progresses, the range of applications for nanoparticles continues to
expand, leading to significant breakthroughs in areas such as drug delivery systems, targeted
cancer treatments, and energy-efficient technologies. The ability to manipulate matter at the
nanoscale allows for exceptional precision in material engineering, resulting in functionalities

that were once considered unattainable.

V=27a’
S=54a°
S/V=2/a

Figure 1.1 — A visual comparison between a single large cube and multiple smaller cubes of
equal total volume : Highlighting the Increase in Surface Area

At the nanoscale, the properties of materials undergo significant changes due to their
small size. Below a critical size threshold, the material properties—such as electronic, optical,

and magnetic behavior—are governed by quantum effects, but more importantly, by the
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dominance of surface interactions and the high surface area-to-volume ratio. As the size
of the particles decreases, the ratio of surface atoms increases, which leads to enhanced
reactivity, altered electronic states, and changes in optical absorption. This size-dependent
behavior is why the properties of materials can differ dramatically when the particles reach
the nanoscale.

For example, in semiconductor nanoparticles, known as quantum dots, the light emission
can be tuned by adjusting their size. This size-dependent tunability is one of the key reasons
why quantum dots have found applications in fields like bioimaging, displays, and solar cells
[1][2]. Similarly, metallic nanoparticles such as gold and silver exhibit plasmonic properties,
where their interaction with light generates strong electromagnetic fields. This phenomenon
is beneficial for advances in photothermal therapy, sensors, and energy-efficient devices [3].

In the case of magnetic materials, when their size falls below a critical threshold, they
behave like a macromagnetic moment (or macrospin). This results in a characteristic
phenomenon known as superparamagnetism, where the nanoparticles can spontaneously flip
their magnetization due to thermal fluctuations in the absence of an external magnetic field.
This feature is particularly useful for biomedical applications such as magnetic resonance
imaging (MRI) and hyperthermia treatments [4]. However, because the magnetic moment
of superparamagnetic nanoparticles is unstable at room temperature, they are generally
unsuitable for long-term data storage, which requires stable magnetic states.

The exceptional properties and diverse applications of nanomaterials, such as nanoparti-
cles, nanowires, and nanotubes, have been extensively validated through rigorous research
and practical implementation, as demonstrated by the statistical analysis shown in Figure
1.2. However, the field remains dynamic, with ongoing efforts focused on three critical
areas: (i) refining synthesis methods to achieve precise control over the size, shape, and
composition of nanoparticles; (ii) advancing characterization techniques to better under-
stand complex nanoscale phenomena, such as atomic structure, surface interactions, and
quantum effects; and (iii) developing novel applications to further expand the potential
of these materials. This iterative process of synthesis, characterization, and application
drives continuous innovation in nanotechnology, revealing new properties and leading to
groundbreaking applications across various industries. As our understanding of nanoscale
behavior—both in terms of synthesis and properties—deepens and fabrication technologies
advance, the scope of nanotechnology broadens, offering pioneering solutions to some of

the most pressing scientific and technological challenges of our time.
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Figure 1.2 — Publications related to the keyword nano from 2015 to 2023: histogram by
year (left) and radar chart by research category (right). Data were extracted from the
Dimensions.ai database and exported on November 30, 2024. The graphs illustrate the
annual growth in research output and the distribution across research categories within the
field of nanotechnology.

1.2 The Rise of Iron Oxide Nanoparticles

Among the various materials explored at the nanoscale, iron oxide nanoparticles have

garnered significant interest due to their remarkable properties and versatile applications [5].

Within this family of compounds, maghemite (y-Fe,O;), magnetite (Fe;0,), and hematite

(a-Fe,0,) are particularly notable for their different characteristics and widespread use in
scientific and industrial fields [6] [7].

A data-driven analysis of the research activity in this field highlights the growing interest

in iron oxide nanoparticles over time, as shown in Figure 1.3.
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Figure 1.3 — Data visualization of the search criteria ’iron oxide nanoparticles’ from the
Dimensions® database.
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Magnetite (Fe;0,) has garnered significant interest, particularly for its applications in
magnetic resonance imaging and magnetic hyperthermia, thanks to its high saturation
magnetization. Magnetite’s composition includes both Fe** and Fe*' ions, contributing to its
strong magnetic properties. However, this composition also renders it more susceptible to
oxidation, limiting its long-term stability in some applications [7] [8] .

In contrast, hematite (a-Fe,05) is not magnetically active but is renowned for its thermal
and chemical stability. These properties make it valuable in applications such as pigments
and catalysis. Hematite’s chemical composition and stability set it apart, particularly in
high-temperature or reactive environments [7].

Between these two iron oxides lies maghemite (y-Fe,O;), a material that combines
advantageous traits from both magnetite and hematite. Maghemite, sharing the same crystal
structure as magnetite, is fully oxidized, comprising only Fe®* ions. This oxidation state
enhances its chemical stability and reduces its toxicity compared to magnetite. The name
"maghemite" coined in 1927, reflects its intermediary nature between magnetite and hematite
[8].

The combination of magnetic properties and chemical stability in maghemite makes it a

crucial material for enhancing the capabilities of iron oxide nanoparticles in various fields.

1.2.1 Crystalline Structure

The crystalline structure of maghemite, equivalently (Fe, ¢,0,), is fundamental to its prop-
erties. It has a cubic inverse spinel structure, which is similar to that of magnetite (Fe;0,)
[8]. In both structures, oxygen anions create a face-centered cubic lattice, while iron cations
occupy tetrahedral and octahedral interstitial sites. A key distinction between the two phases
lies in their cation distribution and oxidation states [9].

In maghemite, all iron cations are in the trivalent state (Fe"), and the structure maintains
charge neutrality through cation vacancies in the octahedral sites. Specifically, maghemite’s

cation distribution is represented as follows [9] (Figure 1.4):

(Fe®*)s[Feg 30s/3105 (1.1)

where O denotes a vacancy. Here, 8 Fe®' ions occupy the tetrahedral sites, %O Fe3*
ions occupy the octahedral sites, and g octahedral positions remain vacant. This cation
arrangement contributes to maghemite’s enhanced chemical stability and reduced magnetic
properties compared to magnetite [9].

In contrast, the cation distribution in magnetite includes both divalent and trivalent iron

ions:
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(Fe**)g[Fe;"Fel* 10, (1.2)

In this configuration, 8 Fe*' ions occupy the tetrahedral sites, while 8 Fe** and 8 Fe®*
ions occupy the octahedral sites. The presence of both Fe?* and Fe®' ions in magnetite

contributes to its strong ferrimagnetic properties.

Figure 1.4 — Unit cell of maghemite showing 8 Fe>* atoms in tetrahedral (4-fold) coordination,
12 Fe** atoms in octahedral (6-fold) coordination, and 4 vacancies. Illustration generated
using VESTA software based on data from [10]. For comparison, magnetite also contains 8
Fe atoms in tetrahedral (4-fold) coordination, but all octahedral sites are occupied: 16 atoms
are distributed equally, with half being Fe*" and the other half Fe>".

The structural relationship between magnetite and maghemite is also of particular interest.
Under oxidizing conditions, magnetite transforms into maghemite through the conversion
of Fe?* ions to Fe**. To maintain charge neutrality during this process, some iron ions
are removed, creating the characteristic vacancies in maghemite. This transformation
underscores the chemical and structural similarity between the two materials.

Despite their nearly identical crystalline structures, subtle differences in physical proper-
ties distinguish magnetite from maghemite. For example, the lattice parameter a is slightly
larger for magnetite (0.8394 nm) than for maghemite (0.8346 nm), due to the larger ionic
radius of Fe?* ions compared to Fe>* ions [11]. These distinctions, though minor, are crucial
in understanding the functionalities of each material [12].
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1.2.2 Magnetic Properties

Ferro-, Ferri-, and Antiferromagnetic States of Iron Oxides

The crystal structures of maghemite and magnetite contribute to their magnetic properties,
classifying them as ferrimagnetic materials. Ferrimagnetic materials exhibit a distinct type
of magnetic behavior where the magnetic moments (or spins) of ions align in opposite
directions, known as antiparallel alignment. However, in these materials, the magnetic
moments do not completely cancel each other out due to an unequal distribution of these
moments, resulting in a net magnetization (see Figure 1.5).

In maghemite’s inverse spinel structure, the magnetic moments of Fe** ions located at
tetrahedral and octahedral sites align oppositely, yet they do not negate one another, which
leads to a net magnetization, even in the absence of Fe?* ions (refer to Figure 1.5). The
presence of vacancies in the octahedral sites contributes to a strong magnetic response,
although this response is slightly weaker than that of magnetite [13].

‘ Iron atom (Fe)
@ Oxygen atom (O) Tetrahedral Site

Ferrimagnetic

age 7{@%

Antiferromagnetic

o

Figure 1.5 — Illustration of magnetic structures and atomic arrangements: ferrimagnetic and
antiferromagnetic configurations (left) and the ferric spinel structure (right), showing iron
(Fe) and oxygen (O) atoms at tetrahedral and octahedral sites, which contribute to the net
magnetic moment.

In the inverse spinel structure of magnetite (Fe;0,), the magnetic moments of Fe** and
Fe®*' ions are arranged in an antiparallel configuration, but the Fe?" ions contribute stronger
magnetic interactions, resulting in a higher net magnetic moment!. This arrangement leads
to a higher saturation magnetization for magnetite compared to its oxidized counterpart,
maghemite (y-Fe,05) [8].

Regarding hematite (a-Fe,0,), it exhibits a corundum-type hexagonal crystal structure
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and is characterized by its antiferromagnetic behavior. In this structure, the magnetic mo-
ments of Fe®' ions align antiparallel, effectively canceling each other out and resulting in no

net magnetization at room temperature [14].

Superparamagnetism in Nanoparticles

Magnetic domains are fundamental to the behavior of ferromagnetic materials. In bulk
materials, these domains consist of aligned magnetic moments of atoms, each acting as a
small magnet. However, as the size of a ferro or ferrimagnetic particle decreases to the
nanoscale, its magnetic properties change significantly. When particles become sufficiently
small, typically at the nanoscale, they can form a single magnetic domain. In this state, all
magnetic moments within the particle align in a single direction, resulting in unique magnetic
characteristics. These nanoparticles enter a state called superparamagnetism below a critical
size, usually 20-30 nanometers [ 15]. Superparamagnetic particles become magnetized when
exposed to an external magnetic field. Upon removal of the external field, they lose their net
magnetic moment [4] (Figure 1.6).

This magnetic behavior was first predicted theoretically by Néel [16], who proposed
that for sufficiently small nanoparticles, spin thermal agitation induced by thermal energy
prevents the existence of a stable magnetization. This results in the effective loss of resistance
to changes in magnetization. The superparamagnetic state occurs when the thermal energy
(kg T, where T is the temperature and kj is the Boltzmann constant) becomes comparable to
or greater than the energy barrier for magnetic moment reversal, known as the anisotropy
energy, (KV where K and V are the anisotropy energy constant and the volume of the particle).

Superparamagnetic particles are similar to paramagnetic materials in that both types of
materials only exhibit magnetization when subjected to an external magnetic field. However,
superparamagnetic particles demonstrate significantly stronger magnetization compared to
paramagnetic material. This enhanced behavior occurs because superparamagnetic particles
act as single magnetic domains with large effective magnetic moments and high magnetic
susceptibility. In contrast, paramagnetic materials have weak and random alignment of

unpaired electrons, resulting in low magnetization.
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45 B=0

(Absence of an External Magnetic Field)

Individual particle (External Magnetic Field) No Remanent Magnetization

Figure 1.6 — Superparamagnetism: (Left) Individual particle with random orientation of magnetic
moments. (Middle) Alignment of magnetic moments under an external magnetic field (B).
(Right) In the absence of an external magnetic field (B=0), no remanent magnetization is
observed.

Concepts of Ferromagnetic and Ferrimagnetic Magnetic Materials

Understanding ferromagnetic and ferrimagnetic materials requires examining several key
conceptual parameters that describe their magnetic behavior under different conditions.
The following concepts provide a comprehensive framework for analyzing the magnetic
characteristics of these materials:

Magnetization Saturation (M,) Magnetic saturation is the maximum magnetization a
material can achieve when exposed to a sufficiently high external magnetic field. At this
point, all magnetic moments are aligned with the field direction. Further increases in the

field strength do not change the magnetization.

e M, depends on the chemical nature and density of magnetic moments in the material.
¢ In nanoparticles, M, can be reduced due to the presence of a non-magnetic surface

layer or size effects.

Coercivity (H.) Coercivity is the strength of the magnetic field required to reduce a
material’s net magnetization to zero after saturation. It measures the material’s resistance to

demagnetization.

e Materials with high coercivity are called hard magnets (used in permanent magnets).
e Materials with low coercivity are called soft magnets (used in electromagnetic cores).
e Superparamagnetic nanoparticles exhibit near-zero coercivity at room temperature

due to thermal fluctuations of their magnetization.

Remanence (M,) Remanence is the magnetization that remains in a material after the
external magnetic field has been removed. It reflects the material’s ability to retain residual
magnetization.
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e In bulk ferromagnetic and ferrimagnetic materials, remanence is related to the align-
ment of magnetic domains.
¢ In superparamagnetic nanoparticles, remanence is negligible at a temperature with

greater thermal energy than the anisotropy energy.

Blocking Temperature (T},) The blocking temperature is the temperature below which
magnetic nanoparticles remain in a stable magnetic state, where their magnetic moments no

longer fluctuate thermally.

e Above T,, particles become superparamagnetic, and their magnetic moments fluctuate
rapidly between different orientations under the influence of thermal energy (kzT).

e T, depends on particle size, magnetic anisotropy (K), and measurement time scale.

Magnetic Anisotropy (K) Magnetic anisotropy describes the dependence of magnetic
energy on the orientation of magnetic moments relative to certain preferred directions in

the material. Main sources of anisotropy include:

e Magnetocrystalline anisotropy: related to the symmetry of the crystal lattice.

e Surface anisotropy: significant in nanoparticles where the surface represents a large
fraction of the total volume.

e Shape anisotropy: due to particle geometry (e.g., spherical or elongated).

The magnetic anisotropy energy with axial symmetry (E = KV sin® @) determines the
stability of magnetic moments against thermal fluctuations, where V is the particle volume
and 0 is the angle between the magnetic moment and the easy axis. In this equation, K
represents the anisotropy constant, which is a material-specific property. The easy axis is
the energetically favorable direction of spontaneous magnetization in a magnetic material.
It is the direction along which the material is most easily magnetized, requiring the least
amount of external energy to align its magnetic moments. The angle § measures how far
the magnetic moment deviates from this preferred orientation. When 6 = 0 or 180, the
magnetic moment aligns perfectly with the easy axis, resulting in the lowest energy state.
As 6 increases, the energy required to maintain that orientation also increases, making the
magnetic moment less stable against thermal fluctuations.

Hysteresis Loop The hysteresis loop describes the variation of magnetization (M) of a

material as a function of the applied magnetic field (H). It provides key information:
e Saturation magnetization (M), coercivity (H.), and remanence (M,).

An example of a hysteresis loop will be illustrated later in the characterization techniques
section (1.7), specifically when discussing the vibrating sample magnetometer technique
(1.7.5) and Figure 1.29.
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1.2.3 Biocompatibility

Following their magnetic properties, a key feature of iron oxide nanoparticles worth highlight-
ing is their biocompatibility, attributed to several important characteristics. Their chemical
stability, mainly maghemite, in biological environments ensures minimal release of toxic ions,
safeguarding cellular health [17]. Furthermore, their surfaces can be functionalized with bio-
compatible coatings, such as polyethylene glycol (PEG) or natural biomolecules, to improve
interactions with biological systems [18]. The typical size of IONPs, around 10 nanometers,
facilitates efficient processing and elimination by the body [19]. Some IONPs also possess
antioxidant properties, aiding in the neutralization of harmful reactive oxygen species within
cells [20]. Additionally, IONPs can be engineered to be biodegradable, enabling their gradual
breakdown and safe clearance from the body [18]. Studies consistently demonstrate that
well-designed IONPs exhibit low cytotoxicity and provoke minimal inflammatory responses,

even at relatively high concentrations [21].

1.2.4 Applications and Current Research Directions

The physicochemical properties of maghemite nanoparticles, including their high surface
area-to-volume ratio, superparamagnetism, and biocompatibility, have prompted extensive
research into their potential applications. The sections below summarize some of these

promising uses.

Biomedical Applications IONPs are increasingly recognized for their versatility in various
biomedical applications (Figure 1.7). Their superparamagnetic properties and the ease of
surface functionalization make them suitable for a range of uses, including hyperthermia,
magnetic resonance imaging, immunoassays, drug delivery, and cell separation (Figure 1.7).
In therapeutic applications, IONPs are particularly effective for Targeted drug delivery [12]
[22]. By modifying their surfaces with specific ligands, these nanoparticles can direct thera-
peutic agents to particular tissues or cells, enhancing treatment efficacy while minimizing
side effects. This is especially important in cancer therapy, where magnetic nanoparticles
can be utilized in hyperthermia treatments. When exposed to an alternating magnetic
field, they generate localized heat that can selectively destroy cancer cells [23] [24]. In
diagnostics, IONPs enhance imaging techniques such as Magnetic Resonance Imaging by
improving contrast and resolution. This capability allows for better visualization of tissues
and the identification of pathological conditions [25] [26] [27]. Additionally, IONPs are
valuable in Immunoassays for the rapid detection of biomolecules, enhancing sensitivity
and enabling the identification of low-abundance targets like viral antigens in COVID-19

diagnostics [28]. Their remarkable properties improve detection limits, making IONPs es-
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sential tools for accurate biomolecule identification [29]. The integration of therapeutic
and diagnostic functions—known as theranostics—is another area where magnetic NPs are
making significant contributions. This approach allows for real-time monitoring of treatment
responses [30], enabling adjustments based on individual patient needs. Furthermore, mag-
netic NPs are effective in Isolating specific biomolecules like DNA, proteins, and cells. This
functionality is useful for both biomedical research and industrial purification processes [31]

[32]. Their efficiency in binding biomolecules offers advantages over traditional methods

Magnetic Resonance Imaging

such as chromatography.

Drug Delivery

Biosensing i

Magnetic Separation

Figure 1.7 — Biomedical applications of superparamagnetic iron oxide nanoparticles

Environmental Applications IONPs are also proving effective in environmental remedia-
tion. In water treatment (Figure 1.8), IONPs serve as powerful adsorbents and catalysts for
the removal of pollutants such as heavy metals and organic compounds [33]. Their high
surface area allows for efficient binding to target contaminants, facilitating their removal
from contaminated water sources [34]. Research has demonstrated that IONPs can effectively
reduce concentrations of toxic substances like arsenic, chromium, and copper [35] [36]
[37]. The functionalization of IONPs with materials such as chitosan further enhances their
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adsorption capacity and selectivity for specific pollutants [38]. This adaptability makes IONPs
a promising solution for addressing emerging contaminants in water treatment systems.
IONPs also play a significant role in air filtration technologies. By integrating IONPs into
nanofiber filters, researchers have achieved particle collection efficiencies of up to 97%,
significantly outperforming traditional filtration methods [39]. This high efficiency is crucial
for improving air quality in urban environments where particulate matter and other pollu-
tants pose health risks. The incorporation of IONPs into electrospun nanofiber membranes
not only enhances pollutant removal but also allows for the development of lightweight
and flexible filter materials that can be easily deployed in various settings [40]. In soil
remediation, IONPs contribute to the immobilization of heavy metals and the degradation
of organic pollutants [41] [42] [43]. Their magnetic properties enable easy recovery after
treatment, which minimizes environmental impact. Additionally, by enhancing the bioavail-
ability of nutrients in contaminated soils, IONPs can promote the growth of plants that aid
in phytoremediation efforts [44]. This dual functionality helps clean up contaminated sites
while supporting ecological restoration initiatives.

&

Surface-functionalized
iron oxide nanoparticles

O
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o
Polluted Water

Clean Water

Figure 1.8 — Iron oxide nanoparticles application in wastewater treatment

Industrial Applications Besides their biomedical and environmental applications, these
nanoparticles have also found roles in various industrial sectors. In ferrofluids, they help
create magnetic fluids for uses like seals in rotating machinery and improving heat dissipation
in audio devices [45] [46]. In the storage industry, magnetic nanoparticles enable smaller
data bits without losing stability, increasing storage capacity in hard drives and other magnetic
media [47]. They are also explored for use in inductors and transformers in high-frequency

electronics, where their low energy loss at high frequencies is important for efficient power
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electronics [47].

1.3 Structural Characteristics Versus Functionality

The effectiveness and diverse applications of IONPs are not solely reliant on their intrin-
sic properties. Instead, their performance and potential across various fields are greatly
influenced by important structural factors, such as particle size, surface modifications, and

morphology (Figure 1.9).
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Figure 1.9 — Main Features of Nanoparticles

Mastering the size, composition, and morphology of nano-objects is a critical step for
enhancing their properties and ensuring the success of their applications. Several examples

illustrating this are provided below:

1.3.1 Effect of Structural Characteristics of IONPs on Their Magnetic

Properties

Among these structural characteristics, size is one of the most critical factors. A fundamental
magnetic property that varies with size is the blocking temperature, which, as discussed
earlier, refers to the temperature at which the magnetic moments of nanoparticles become
"blocked." At this temperature, the magnetic moments no longer relax on the timescale
of measurement [48]. Smaller nanoparticles exhibit lower blocking temperatures, which
significantly affects their magnetic behavior, even at room temperature [49] [50].

A major property dictating the magnetic behavior of iron oxide nanoparticles is also their
crystallinity. The high crystallinity of the nanoparticles, or the strong order of atoms, increases
the magnetocrystalline anisotropy, which describes the preferred orientation of magnetic

moments in the crystal lattice [51]. This higher level of anisotropy results in a stronger
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overall magnetic response. The anisotropy energy, critical to the stability of the magnetic
moment, determines whether nanoparticles exhibit ferromagnetic or superparamagnetic
characteristics [52]. It represents the energy barrier that thermal energy must overcome to
spontaneously flip magnetic moments. Thus, crystallinity not only amplifies the magnetic
response but also governs IONP behavior across various temperatures and magnetic fields.

The balance between size and crystallinity engenders rich magneto-physical phenomenol-
ogy. In this context, small magnetic nanoparticles have low blocking temperatures and
tend to be superparamagnetic. Nevertheless, highly crystalline nanoparticles can preserve
their ferromagnetic properties down to relatively small sizes due to their increased magne-
tocrystalline anisotropy, which confers greater thermal stability to their magnetic moments
[53].

The high surface-to-volume ratio in smaller nanoparticles amplifies surface effects, which
stem from incomplete atomic coordination and broken lattice symmetry at the surface [54].
At the nanoparticle surface, uncompensated spins create a magnetically disordered layer,
typically 0.54-1 nm thick, exhibiting canted spins or spin-glass-like behavior [55]. This
magnetically disordered layer disrupts the uniform spin alignment characteristic of bulk
materials, reducing overall saturation magnetization. As particle size diminishes further,
the relative influence of this disordered layer becomes more pronounced, progressively
weakening the magnetic properties of nanoparticles smaller than 10-20 nm.

Moreover, a concept introduced by Kaiser and Miskolczy underscores the possible ex-
istence of a magnetically dead layer at the nanoparticle surface [56]. They proposed a
model for the superparamagnetic magnetization curve that fit experimental data by in-
corporating a thin, nonmagnetic layer about one unit cell thick. Subsequent studies have
consistently observed that magnetic diameters, determined through magnetic measurements,
are significantly smaller than physical diameters, with discrepancies often attributed to such
magnetically dead layers [54].

Surface modification further influences these magnetic properties. The interaction be-
tween surface capping agents and the nanoparticle surface can alter the thickness or character-
istics of the magnetically dead layer, thereby enhancing or suppressing surface magnetization.
In one study, oleic acid functionalization in 6, 10, and 17 nm Fe;O, nanoparticles increased
saturation magnetization to near bulk values, attributed to covalent bonding that reduced
surface spin disorder [57]. In another study, dopamine-functionalized nanoparticles showed
improved magnetic properties (Ms increased from 38 emu/g Fe to 60 emu/g Fe), while
oleic acid-functionalized nanoparticles still exhibited an Ms far below the bulk value. These
findings highlight the critical role of surface capping agents in tailoring the magnetic response
of nanoparticles [58].

In addition to size, crystallinity, and surface structure, the shape of IONPs is another
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important factor influencing their magnetic behavior and suitability for various applications.
Different shapes—such as nanospheres, nanorods, nanocubes, nanoplates, and nanoflow-
ers—impart unique properties [59] [60]. The shape determines how easily magnetization
occurs along specific directions. For example, nanorods exhibit easier magnetization along
their long axis due to shape anisotropy, while nanocubes and nanooctopods are known for
their superior heating capabilities, making them particularly effective for applications like
magnetic hyperthermia [61] [62]. By carefully tailoring nanoparticle shapes, researchers

can optimize IONPs for specific uses.

1.3.2 Effect of Structural Characteristics of IONPs on Reactivity

While the magnetic properties of IONPs are profoundly influenced by their structural char-
acteristics, these same features also play a crucial role in determining their reactivity. As
particle size decreases, the dramatically increased surface-to-volume ratio exposes more
atoms with unsaturated coordination, creating highly reactive sites primed for chemical
interactions [63]. This enhanced reactivity, however, comes with a potential trade-off of
reduced stability and increased aggregation tendency.

The crystallinity of IONPs further modulates this reactivity landscape. While highly
crystalline particles typically demonstrate lower chemical activity due to their stable atomic
arrangements, less crystalline or amorphous structures rich in defects become catalytic
hotspots. These defect-laden regions serve as ideal platforms for electron transfer, ion
exchange, and heterogeneous catalysis, transforming structural imperfections into chemical
opportunities [64].

Surface structure adds another layer of complexity, with under-coordinated surface atoms
experiencing lattice distortions that create reactive sites. Functional groups like hydroxyl
ions, commonly present in aqueous environments, can participate in acid-base reactions or
influence contaminant adsorption [65].

Particle morphology, such as whether they are nanospheres, nanorods, or nanocubes,
reveals different crystallographic facets that have distinct chemical activities, allowing for
directional reactivity. The shape and crystal phase of iron oxides determine how surface
iron (Fe) and oxygen (O) atoms are arranged, which is closely related to the active sites for
catalysis [66].

25



Chapter 1 — Nanoparticles: Synthesis, Properties, and Challenges

1.4 Synthesis of Iron Oxide Nanoparticles

To control these key features of the nanoparticles, it is essential to consider the synthesis
process employed. To achieve precise control over these attributes, a range of synthesis
methods has been developed in the literature [5] [67]. These methods can be broadly
classified into two categories: Top-Down and Bottom-Up approaches.

1.4.1 Top-Down vs. Bottom-Up

The top-down approach for synthesizing iron oxide nanoparticles involves breaking down
larger bulk materials into nanosized particles. One effective technique within this approach
is laser ablation, which uses focused laser beams to vaporize material from a solid target,
resulting in the formation of nanoparticles in a liquid medium [68]. Other top-down methods
include crushing, milling, or grinding, which also contribute to the production of nanoparti-
cles [67]. In contrast, the bottom-up approach involves synthesizing materials molecule by
molecule, atom by atom, or cluster by cluster. Common techniques in this category include
co-precipitation, sol-gel synthesis, microemulsion methods, and thermal decomposition [5].
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Figure 1.10 — Scheme of top-down and bottom-up synthesis of nanoparticles

Both the top-down and bottom-up approaches offer specific advantages and limitations
when synthesizing iron oxide nanoparticles [69]. The top-down method allows good control
over the size and shape of the nanoparticles produced, as it involves breaking down larger
particles into nanoscale sizes. This approach utilizes well-established mechanical processes,
making it easier to implement in industrial settings. However, it is energy-intensive, requiring
significant energy input due to mechanical milling and crushing processes. Additionally,
nanoparticles produced via this method are often larger compared to those produced by
bottom-up techniques, which may limit their applications. A key drawback of the top-
down approach is its inability to passivate nanoparticles with specific surface ligands during
production, which can hinder their stability and functionality in applications requiring

tailored surface chemistries. In contrast, the bottom-up method can produce nanoparticles
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with superior geometric structures and size ranges due to the atomic-molecular interactions
involved in the synthesis. This method is often more scalable and versatile, allowing for
the production of nanoparticles with specific properties tailored for various applications.
However, it can involve complex chemical processes that require careful control of reaction
conditions to achieve desired outcomes, and there is a risk of introducing contaminants
during the chemical synthesis processes, which can affect the purity and functionality of the
nanoparticles. Ultimately, the choice between these two approaches depends on the specific
requirements of the application, including factors such as desired particle size, shape, purity,
and scalability.

In this study, we prefer a bottom-up approach because it allows for precise control over
the size, shape, and surface chemistry of the materials. This level of control is essential for
optimizing their performance and enhancing our understanding of how these characteristics

affect material behavior.

1.4.2 Bottom-Up Synthesis

a. Liquid-Phase Synthesis: A Central Focus

Among bottom-up techniques, liquid-phase synthesis stands out due to its versatility and the
high degree of control it offers over particle characteristics such as size, shape, and composi-
tion. Methods such as thermal decomposition, hydrothermal synthesis, and microemulsion,
which operate in solution, offer significant advantages [5]. Reaction parameters, including
temperature, precursor concentration, and pH, can be precisely tuned to direct nanoparticle
formation. These processes are also energy-efficient and safer, typically requiring mild
conditions such as lower temperatures and atmospheric pressure compared to gas-phase
methods, such as chemical vapor deposition [70]. However, unlike the relatively mature
field of organic synthesis, the chemical synthesis of nanocrystals remains largely empirical.

This gap highlights the need for quantitative theories to guide the transformation.

b. Theoretical Frameworks

The fundamental processes of nanoparticle formation in liquid-phase synthesis — nucleation
and growth — are described by two key theoretical models: the LaMer model and the Gibbs
free energy framework. While these models offer valuable explanations, they do not account
for all aspects of the nanoparticle formation process.

The LaMer model provides a structured approach to understanding the synthesis of

nanocrystals, describing their formation in three distinct stages [71]:

1. Monomer Generation: Initially, monomers are generated through the reduction or
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a physical transformation of molecular precursors. As the reaction progresses, the
monomer concentration increases, reaching the saturation concentration (C,), which
represents the maximum concentration of monomers that can dissolve in the solution.
This concentration defines the solubility limit.

2. Nucleation: Once the concentration surpasses a minimum nucleation concentration
(C.in), supersaturation occurs, which triggers the spontaneous formation of nuclei.
Only those nuclei that reach a critical size become stable and thermodynamically
favorable. The C,,;, represents the concentration at which rapid nucleation starts, as
the monomer concentration exceeds the saturation limit.

3. Growth: Once stable nuclei form, they begin to grow irreversibly as monomers are
added to their surfaces. The growth continues until the concentration of monomers
falls below the saturation concentration (C,), halting further nucleation, as there are
not enough monomers to create new nuclei. The concentration profile during this
phase is shown in the LaMer-Dinegar diagram (Figure 1.11), which illustrates the

evolution of precursor concentration over time.

Cmax

i Cmin

generation’

Time

Figure 1.11 — LaMer-Dinegar Diagram: Schematic representation of crystal growth kinetics
showing the evolution of precursor concentration over time, based on the Lamer model. The
process is divided into three distinct phases: atom generation (initial phase with individual
atoms), nucleation (formation of small clusters), and growth (development of larger crystal
structures). The concentration profile highlights characteristic points: maximum concentra-
tion (C,,,,), minimum concentration (C,,;,), and saturation concentration (Cy).

The separation of nucleation and growth stages is critical for achieving size-homogeneous
colloids, as overlapping these stages leads to polydispersity (a wide size distribution). This
understanding lays the foundation for designing processes to control nanocrystal size and
shape.
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While the LaMer model provides a comprehensive kinetic picture of nanocrystal forma-
tion, it primarily focuses on the concentration dynamics of monomers. However, Classical
Nucleation Theory (CNT) adds a thermodynamic perspective by incorporating energy con-
siderations to explain the stability of forming nuclei [72]. In CNT, the formation of a stable

nucleus depends on the interplay between two competing factors:

o Surface Energy: The energy required to form the surface of the nanoparticle, opposing
growth.
e Bulk Energy: The energy gained when monomers transition from the solution phase

to the solid phase, favoring growth.

This balance leads to the Gibbs free energy equation [73], which quantifies the total

energy change during nucleation:

AG = 4myR* + grcRgpsA,u (1.3)

Where:

y is the surface tension at the solid/liquid interface.

R is the radius of the nucleus.

P, is the density of the solid material.

Au is the chemical potential difference between the monomers in solution and the

bulk material.
This equation captures the competing roles of surface and bulk energies:

e The surface term (47yR?) makes nucleus growth energetically unfavorable at small
sizes, as the energy cost of creating surface area increases.
e The volume term (%nRSpsAu) favors growth by releasing energy as monomers are

incorporated into the nucleus.
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Dissolution Growth
of nuclei of nuclei

AGnucleation

d(AG)/0R=0
9d(AG)/OR>0 d(AG)/9R<0

Figure 1.12 — Diagram of the system’s free energy evolution as a function of nucleus size. The
violet area on the left corresponds to the range of nucleus sizes where dissolution is favored;
the green area on the right corresponds to the size range where nucleus growth is favored.

When the nucleus reaches a critical size, both terms balance, and the nucleus becomes
stable (See Figure 1.12). Nuclei that surpass the critical radius (R*) continue to grow, while
smaller nuclei dissolve back into the solution. The critical radius is determined by setting
the derivative of the total Gibbs free energy change (AG) with respect to the nucleus radius

(R) to zero, i.e.,

OAG
=0, 1.4
5 (1.4)
This condition gives:
2
RF=—2r (1.5)
AGy

Interestingly, nucleation can also be heterogeneous, which means it may occur on an
external site to the system, such as a surface, an impurity, or even a nanoparticle. In this
scenario, the kinetic barrier for nucleation is reduced, and the critical radius decreases. This
occurs because nucleation on a heterogeneous site reduces surface tensions, as it limits the

formation of liquid-solid interfaces.
c. Temporal Coupling of Nucleation and Growth

The growth stage in the LaMer diagram corresponds, as previously explained, to the
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expansion of the nuclei. In the LaMer-Dinegar model, this phase begins once nucleation has
occurred and when a sufficient amount of metallic atoms or monomers have been utilized in
the nucleation process. At this point, the concentration of monomers drops below the critical
level at which nucleation can occur.

Following this, the monomers in the solution contribute to the enlargement of the pre-
existing nuclei: this process is referred to as growth via monomer diffusion within the
solution.

In this framework, where nucleation and growth unfold in two separate sequential steps
from a time perspective, the rate of NP growth depends solely on the diffusion rate of
the monomers. This mechanism promotes size uniformity because smaller NPs, being less
stabilized due to a higher surface-to-volume ratio and greater surface energy, will experience
accelerated growth. As a result, the overall NP size will approach a specific critical size,
with a minimal size distribution. This phenomenon is known as size homogenization or size
focusing.

However, nucleation and growth are not always temporally independent. Figure 1.13
demonstrates a scenario where multiple nucleation events may occur over time, running
concurrently with the growth of previously formed NPs. This situation arises when monomers
are consumed quickly and incompletely. In particular, it can occur if: i) the diffusion rate is
greater than or comparable to the nucleation rate; ii) the reduction rate is slower than the
nucleation rate.

It is worth mentioning that while the Lamer diagram and Gibbs free energy provide
useful frameworks, they cannot fully explain or predict the intricate details of nanoparticle
formation. These models have limitations when it comes to capturing the complexities of the
synthesis process. Although they offer insights into nucleation and growth, they primarily
focus on equilibrium conditions and do not account for kinetic factors, precursor interactions,
and the dynamic nature of growth mechanisms. The chemical synthesis of nanocrystals
remains, in many ways, an art form, as there is currently no quantitative theory capable
of precisely predicting how to obtain new materials with controlled size and shape from a
molecule [74].
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Figure 1.13 — Schematic illustrating the size distribution of NP populations according to the
LaMer model: (top) a single, discrete nucleation event over time; (bottom) multiple successive
nucleation events over time [75].

d. Crystallinity during Growth

The crystal structure of the nanoparticles is shaped by several key factors during the
growth process. According to the literature on the crystallinity of iron oxide nanoparticles,
temperature plays a significant role, with higher temperatures generally enhancing crys-
tallinity. This is because elevated temperatures speed up the transformation from amorphous
to crystalline structures, allowing atoms to arrange more precisely and form well-ordered
crystal lattices [76] [77] [78]. The concentration of precursors also has a major impact on
nucleation and growth rates, which ultimately determine the final crystalline structure of
the nanoparticles. Lower precursor concentrations usually result in slower, more controlled

particle formation, often leading to higher crystallinity, while higher concentrations can cause
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faster reactions that may introduce structural irregularities [79]. The solvent chosen for the
reaction is crucial as it affects both the reaction kinetics and the mechanisms of particle for-
mation. For example, high-boiling point organic solvents enable high-temperature reactions,
which promote the growth of more perfect crystal structures [80]. Reaction time is another
important factor; longer synthesis periods provide more opportunities for atoms to align and
correct structural defects, gradually refining the internal structure of the nanoparticles [78]
[79]. Finally, the chemical environment—such as the presence of ligands, the oxidation state
of iron, and oxygen partial pressure—further influences the crystallization process. These
subtle chemical factors can determine whether magnetite or maghemite forms, each with

distinct crystallographic properties [81] [82].

e. Morphology during Growth

The shape of nanoparticles is fundamentally influenced by the principle of surface energy
minimization, which drives the system toward the most stable configuration. Without
external modifiers, nanoparticles adopt morphologies dictated by the Wulff construction,
a geometric model that predicts equilibrium shapes by balancing the surface energies of
different crystallographic facets [83]. For iron oxide nanoparticles, low-energy facets like
111 and 100 of the spinel structure often dominate in these thermodynamic states, resulting
in isotropic or irregular shapes due to uncontrolled growth [84][85]. Depending on the
relative growth rates of each facet in the reaction medium, the final nanoparticle shape is
determined, as illustrated in Figure 1.14.

During nanoparticle synthesis, ligands play a critical role in shaping particles by altering
surface energy balance. Ligands can selectively bind to specific crystallographic facets
via coordination bonds, van der Waals interactions, or hydrogen bonding [85] [86]. By
adsorbing to these facets, ligands reduce their surface energy, thereby stabilizing them and
suppressing growth along those directions (Figure 1.15). This selective inhibition introduces
kinetic control into the system, favoring anisotropic growth and enabling the formation of
well-defined shapes that deviate from thermodynamic equilibrium [59] [85] .
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Figure 1.14 — Schematic diagram illustrating the concept of shape evolution in nanoparticles,
where different relative growth rates along specific crystallographic directions ([100] and
[111]) lead to distinct morphologies. This principle is exemplified by the shape transformation
observed in Cu nanoparticles under varying growth conditions [87].

Under standard conditions, spherical iron oxide nanoparticles are typically obtained when
oleic acid is used as the sole surfactant, suggesting that oleic acid acts as a general stabilizer
across all facets [85]. In contrast, amine-based ligands such as oleylamine can influence
growth in different ways, allowing for alternative shapes like nanocubes or rods.[88] [89].
The combination of ligands and synthesis parameters (e.g., temperature, solvent, precursor
concentration) allows precise tuning of nanoparticle morphology [59]. Without ligands, the
uncontrolled growth of iron oxide nanoparticles leads to larger, irregular structures, driven
solely by the system’s drive to minimize total surface energy [90]. This lack of regulation
can also result in poor reproducibility, undermining applications where uniformity is critical.
Researchers have also demonstrated that thermal energy plays a significant role in controlling
the distribution of shapes in populations of nanoparticles, with a strong dependence on

particle size, further highlighting the complexity of nanoparticle shape determination [91].
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Figure 1.15 — Schematic depicting morphology control from a cubo-octahedral seed through
the selective passivation of (100) or (111) facets, highlighted in red and blue, respectively,
leading to cubic or octahedral morphologies [92].

f. Ostwald Ripening

After the initial growth phase, when all available monomers in the system are consumed,
nanoparticles can further develop through maturation processes. A significant mechanism
in this context is Ostwald ripening, which influences the size and morphology of these
nanoparticles [93]. In Ostwald ripening, larger particles grow at the expense of smaller
ones due to differences in solubility. The smaller nanoparticles dissolve because they are
thermodynamically unstable, and their monomers redeposit onto larger particles, leading to
a more uniform size distribution. This gradual process contributes to the homogenization
of nanoparticle sizes. As smaller particles dissolve into the growth solution, the resulting
monomers facilitate the growth of larger particles. Recent studies indicate that employing
techniques like inductive heating can enhance this ripening process, allowing for the produc-
tion of larger iron oxide nanoparticles with narrow size distributions while maintaining their

magnetic properties [94].

g. Stabilization Mechanisms of Nanoparticles

After the synthesis process, nanoparticles tend to aggregate due to their high surface
energy. To prevent this, they can be stabilized using two main types of repulsive forces:
electrostatic and steric repulsion [95], illustrated in Figure 1.16.

Electrostatic stabilization occurs when charged species adsorb onto the nanoparticle
surfaces, creating a layer of like charges that repel each other. For iron oxide nanoparticles,
this happens through different processes. For example, the surface hydroxyl groups (Fe-OH)

can protonate or deprotonate depending on the pH of the solution, or charged ions and
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molecules can adsorb onto the surface from the surrounding medium. This gives the nanopar-
ticle surface a charge, which attracts counter-ions from the solution, forming an electric
double layer. This layer consists of a Stern layer of tightly bound counter-ions and a more
diffuse layer of loosely associated ions. Common stabilizers that use this mechanism include
sodium citrate, which imparts a negative charge, and tetramethylammonium hydroxide,
which provides a positive charge [96].

Steric stabilization, on the other hand, relies on physical barriers created by adsorbed
molecules. These molecules are often long and flexible, and they extend into the surrounding
medium, effectively separating the nanoparticles from each other. When two particles come
close together, the stabilizing layer on each nanoparticle overlaps, creating steric repulsion
that keeps the particles apart. Common steric stabilizers for iron oxide nanoparticles include

polyvinyl alcohol and oleic acid [97] [98].

Figure 1.16 — Schematic representation of (a) particles stabilized by the electrostatic layer and
(b) particles stabilized by steric repulsion

h. Purification of Nanomaterials

After synthesis, nanoparticles often exist in a complex colloidal solution that contains
various chemical components. This mixture may include leftover solvents, excess stabilizers,
and byproducts from the reactions that produced the nanoparticles. These impurities can
influence the properties of the nanoparticles. To address this issue, synthesis protocols
typically incorporate purification steps to remove unwanted substances.

To extract the nanoparticles from the synthesis solution, the colloidal balance must
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be disrupted to induce precipitation or reversible aggregation. This can be achieved by
introducing a solvent that interacts poorly with the surface molecules of sterically stabilized
nanoparticles. This process encourages flocculation, resulting in nanoparticle aggregation.
Following these adjustments, centrifugation is employed to separate the nanoparticles from
the rest of the solution. The resulting pellet contains the purified nanoparticles, which can

then be re-dispersed in a suitable solvent that ensures their stability (Figure 1.17).
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Figure 1.17 - Schematic representation of the nanoparticle washing process. Nanoparticles are
dispersed in a poor solvent to promote aggregation, followed by centrifugation to separate
them from the supernatant. The aggregated nanoparticles are then redispersed in a good
solvent to achieve a stable colloidal suspension

Purification is not just about removing impurities, it also provides an opportunity to
sort nanoparticles based on size and shape. By understanding how these structural factors
influence solubility, researchers can enhance the quality and functionality of their final

products.

1.5 Overview of Synthesis Methods

Building on the fundamental principles of bottom-up synthesis in liquid phases, which
include precursor atom concentration, nucleation, and morphology control during growth,
this section delves into the specific synthesis methods of iron oxide nanoparticles in liquid
phase. We will examine a range of synthesis methods, highlight their particular advantages,

and discuss recent advancements in the field.
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1.5.1 Early Synthesis Methods: Coprecipitation

The coprecipitation method, originally developed by Massart in 1981 [99], is one of the
first and most widely used techniques for synthesizing iron oxide nanoparticles. Valued for
its robustness and ability to produce large volumes of nanoparticle suspensions in a single
synthesis step. The Massart method, illustrated in Figure 1.18, involves the coprecipitation
of ferrous (Fe?*) and ferric (Fe*") ions in an alkaline medium using common precursors like
iron(II) chloride (FeCl,) and iron(III) chloride (FeCl;). These precursors are mixed typically
in a 2:1 molar ratio and then precipitated by adding a base, such as sodium hydroxide
(NaOH) or ammonium hydroxide (NH,OH).

The size and morphology of the nanoparticles can be adjusted by controlling various
parameters during the synthesis, such as pH, temperature, ionic strength, and the nature
of the salts (e.g., chlorides, sulfates, or nitrates). For instance, increasing the pH and
temperature generally results in smaller particle sizes. The Fe?* /Fe3" ratio is a key factor
in determining the final iron oxide phase, and surface properties can be tuned by adding
stabilizing agents during or after synthesis [ 100], as well as through post-synthesis treatments.
These modifications enhance the colloidal stability of the nanoparticles and enable further
functionalization for specific applications.

The coprecipitation reaction for producing magnetite (Fe;O,) nanoparticles occurs under

basic conditions, with ferrous and ferric ions reacting to form magnetite in a one-pot synthesis

[5]:

Fe** + 2Fe*" + 80OH™ — Fe;0, (solid) + 4H,0

This process can be carried out at room temperature or elevated temperatures, with fac-
tors like the rate of base addition, temperature, and stirring rate influencing the nanoparticle
characteristics. For maghemite (y — Fe,0;) nanoparticles, an additional oxidation step is
typically required to convert magnetite into maghemite by oxidizing the Fe*" ions to Fe**
within the structure [101]. Alternatively, maghemite can also be synthesized by coprecipitat-
ing only ferric ions (Fe*"), followed by thermal or hydrothermal treatment that promotes
crystallization and structural rearrangement. Note that ferric ions cannot be oxidized further;
thus, the process does not involve oxidation in the redox sense, but rather a structural
transformation leading to maghemite formation.

While the coprecipitation method is highly flexible and cost-effective for producing
iron oxide nanoparticles on a large scale, it does face limitations. Achieving a narrow size
distribution and high crystallinity remains challenging, as the method does not allow for
precise control over nanoparticle size and shape. Variations in reaction conditions can

lead to differences in the final nanoparticle characteristics, making reproducibility an issue.
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Additionally, nanoparticles produced by coprecipitation tend to agglomerate over time,
which can reduce their effectiveness for certain applications. Despite these challenges,
the coprecipitation method remains a cornerstone in the field of nanomaterial synthesis,

especially when scalability and simplicity are prioritized.
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Figure 1.18 — Schematic Representation of the Co-precipitation Process for Synthesizing Iron
Oxide Nanoparticles

1.5.2 Advanced Synthesis Methods

To achieve greater control over the properties of iron oxide nanoparticles, researchers have
developed advanced synthesis techniques. Methods such as microemulsion, sol-gel processes,
hydrothermal synthesis, and thermal decomposition enable precise tailoring of particle
size, shape, and crystallinity. These techniques offer distinct advantages, facilitating the

production of high-quality iron oxide materials optimized for diverse applications.

1. Microemulsion Synthesis

Microemulsions are thermodynamically stable colloidal systems that enable two immiscible
liquids, such as oil and water, to coexist in a single phase due to surfactants, which reduce
interfacial tension [102]. These systems serve as nanoreactors, providing a controlled
environment for nanoparticle synthesis. The process, as visualized in Figure 1.19, begins
with the preparation of a stable dispersion, where the oil phase acts as the continuous
medium, and water droplets, encapsulated by surfactants such as sodium dodecyl sulfate,
form micelles. These micelles confine the metal precursors, such as ferric chloride (FeCl;)
and ferrous chloride (FeCl,), creating isolated reaction zones. To synthesize iron oxide
nanoparticles [103], a basic solution like ammonia or a second emulsion is introduced into
the microemulsion system. This step disrupts the micelles, allowing the confined precursors
to mix and react, initiating controlled nucleation and growth of the nanoparticles. Surfactants

play a critical role in stabilizing the nanoparticles, reducing agglomeration, and ensuring
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uniform particle size. The micelles also help regulate the reaction by limiting the nucleation
and growth phases, providing precise control over the process [104]. Once the nanoparticles
are formed, they are extracted from the system using organic solvents to remove excess
surfactant and impurities. The final properties of the magnetic nanomaterials, such as size,
crystallinity, and surface characteristics, depend significantly on the type and structure of the
surfactant used [105]. This method offers significant advantages, including the production
of highly crystalline nanoparticles with tunable sizes and properties under mild and easily
controlled conditions [106].
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Figure 1.19 - Schematic representation of the microemulsion synthesis process. [Created with
BioRender.com]

2. Sol-Gel Processes

The sol-gel process is a method that transforms a liquid solution (called a sol) into a solid gel
through two main chemical reactions: hydrolysis and condensation. Hydrolysis involves the
use of water to break down chemical bonds in a compound, while polycondensation refers
to a type of polymerization process that links smaller molecules into larger, more complex
structures.

In the context of synthesizing iron oxides using the sol-gel method, various precursors
can be employed, including ferric nitrate, ferric chloride, and iron alkoxides [107] [108]
[109].

The key steps in the Sol-Gel process are the following :

1. Formation of the Sol: The process begins by dissolving an iron precursor, such as
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ferric nitrate (Fe(NO3);), in water to form a sol.
2. Hydrolysis: Water molecules react with the iron ions, forming iron hydroxide com-
plexes.
Fe** + 3H,0 — Fe(OH), + 3H" (1.6)

3. Condensation: The iron hydroxide complexes link together, forming a network struc-
ture.

4. Gelation: As condensation continues, the sol transforms into a gel. This process is
often initiated by adding a base like sodium bicarbonate or ammonium hydroxide.
5. Drying and Annealing: The gel is dried and then heated at high temperatures. This

step is crucial for crystallization and forming the desired iron oxide structure.

The synthesis process is governed by various factors, including pH, the type and concen-
tration of the salt precursor, reaction kinetics, temperature, agitation, and the properties of
the gel [110]. Leveraging these parameters, the sol-gel method enables precise control over
the size, morphology, and characteristics of the resulting iron oxide nanoparticles.

3. Hydrothermal Synthesis

The hydrothermal method was initially introduced by the German geologist Karl Emil von
Schafhéautl in 1845, when he successfully grew microscopic quartz crystals using a pressure
cooker [111]. This pioneering work laid the foundation for the development of hydrothermal
synthesis techniques that are widely used today in various scientific and industrial appli-
cations. In the synthesis of iron oxide nanoparticles, the hydrothermal method involves
preparing an aqueous solution of iron precursors, such as ferric chloride or ferric nitrate, often
supplemented with reducing agents like hydrazine hydrate. Stabilizers or surfactants, such as
polyvinylpyrrolidone, are added to prevent agglomeration and control particle growth. This
mixture is then transferred to a sealed autoclave, where it is subjected to high temperatures
(typically between 130°C and 250°C) and elevated pressure. These conditions promote
the nucleation and growth of iron oxide nanoparticles. The size and morphology of the
nanoparticles can be controlled by adjusting parameters such as temperature, pressure,
reaction time, and the concentration of precursors and stabilizers [112]; for instance, higher
temperatures generally lead to larger particles, while varying stabilizer concentrations can
influence particle shape [113] [114]. After the reaction, the autoclave is cooled, and the
resulting suspension is collected. The nanoparticles are subsequently washed to remove any
unreacted precursors and dried to obtain a powder form. This method allows for precise

control over the size and morphology of the nanoparticles, making it suitable for various
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applications.

4. Thermal Decomposition

The thermal decomposition method is a sophisticated and highly effective technique for
synthesizing iron oxide nanoparticles with exceptional control over their size, morphology,
and crystalline properties. This approach, which has become a cornerstone in the field
of nanoparticle synthesis, owes its prominence to the groundbreaking work of Park and
colleagues in 2004 [97]. The method involves the controlled breakdown of carboxylate
precursors in a carefully orchestrated environment, typically utilizing iron-based compounds
such as iron acetylacetonate (Fe(acac),) or iron oleate as precursors (Figure1.20). These
precursors undergo decomposition in the presence of surfactants and high-boiling organic
solvent.

The reaction mechanism can be broadly divided into two the stages: nucleation and
growth. During nucleation, the iron precursors decompose at high temperatures, forming
iron oxide monomers that subsequently aggregate to form nuclei. In the growth stage,
these nuclei expand into nanoparticles through the continuous addition of monomers from
the solution. The thermal decomposition method offers remarkable tunability through the
manipulation of several key parameters, including temperature (typically ranging from
250°C to 320°C), reaction time, surfactant-to-precursor ratio, heating rate, and precursor
concentration.

Surfactants, like oleic acid, serve two key purposes during the synthesis process. First,
they act as capping agents, helping to stabilize the growing nanoparticles and prevent them
from agglomerating. Second, they play a role in controlling the size of the particles. The
ratio of surfactant to precursor is especially important in determining the final size and
uniformity of the nanoparticles [115] [97] [50].

The thermal decomposition method has several advantages, including excellent control
over particle size and shape, high monodispersity of the resulting nanoparticles, and the
ability to produce nanoparticles with high crystallinity. However, this method also presents
certain challenges. It requires precise control of reaction conditions, involves the use of high-
boiling organic solvents that may raise environmental concerns, and produces nanoparticles
that are typically hydrophobic. As a result, additional surface modification is often necessary

for biomedical applications.
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Figure 1.20 — Schematic representation of the Thermal decomposition synthesis process [Created
with BioRender.com]

1.5.3 Comparison of Synthesis Methods

Following the discussion of the various synthesis methods for iron oxide nanoparticles,
the table 1.1 below summarizes their key characteristics and differences. It highlights the
advantages and challenges of each method in terms of particle size control, morphology, and
scalability, providing a concise overview for comparison.

In this study, the thermal decomposition method was selected due to its effectiveness in
producing high-quality iron oxide nanoparticles with precisely controlled size and shape.
This control is essential for examining how the size of nanoparticles affects the mechanical
properties of polymers, which will be addressed in the following chapter. This method offers
a good balance between simplicity and the ability to create nanoparticles with adjustable
dimensions. It provides a variety of parameters for precise control over the characteristics of
the nanoparticles, presenting many opportunities for customization. However, this versatility

also brings challenges in managing the complexity of the different parameters involved.
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Table 1.1 — Comparison of Iron Oxide Nanoparticle Synthesis Methods

Method

Advantages

Disadvantages

Reproducibility
Challenges

Co-precipitation

Microemulsion

Hydrothermal

Sol-gel

Thermal decomposi-
tion

Simple and cost-
effective; suitable
for large-scale pro-
duction; high yield.

Good control over
size and shape; nar-
row size distribu-
tion; tunable parti-
cle properties.

High crystallinity
and uniform size;
environmentally
friendly.

Uniform and highly
crystalline particles;
control over compo-
sition and size.

Excellent size and
shape control; high
crystallinity  and
monodispersity.

Limited control over

particle size and
shape; broad size
distribution.

Requires surfactants
and organic sol-
vents; low yield; not
easily scalable.

High-pressure and
high-temperature
conditions; batch
process.

Complex synthesis
process;  requires
long processing
times.

Expensive precur-
sors and organic
solvents; requires
high temperatures.

Sensitive to pH, tem-
perature, and pre-
cursor ratio fluctua-
tions.

Dependent on emul-
sion stability and
composition.

Variability in reac-
tion time, tempera-
ture, and precursors
affects reproducibil-
ity.

Sensitive to reaction
conditions like gela-
tion time and tem-
perature.

Highly dependent
on precursor type,
temperature, and
reaction time.

1.6 Challenges in Reproducibility

The reproducibility of nanoparticle synthesis, including for iron oxide nanoparticles, remains
a significant challenge in nanoscience [116]. Studies reveal that approximately 70% of
researchers struggle to replicate published results, with failure rates as high as 90% in chem-
istry and 80% in biology [117]. These statistics underscore the extent of the reproducibility
crisis in scientific research. The synthesis of nanoparticles, such as IONPs, often involves
multiple interdependent parameters. For instance, the reaction temperature not only affects
particle size but also influences crystallinity and surface chemistry [79]. Such intricate
dependencies make it difficult to standardize procedures or predict outcomes reliably. More-
over, small fluctuations in other factors, such as pH or precursor concentrations, can further

amplify inconsistencies. This lack of reproducibility poses a considerable barrier to progress,
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particularly in nanoscience, where material properties are highly sensitive to even minor
variations in synthesis conditions. Addressing this issue requires a thorough understanding
of these challenges to emphasize the limitations of current methodologies and to advocate for

strategies aimed at achieving more reliable and consistent results in nanoparticle research.

1.7 Characterization Techniques

In order to understand the behavior and properties of nanoparticles, researchers have
developed a variety of advanced characterization techniques that enable the analysis of
morphology, crystallization, aggregation, and magnetic properties. The following sections
detail the techniques employed in the experiments presented in this thesis.

1.7.1 TEM (Transmission Electron Microscopy)

Transmission Electron Microscopy (TEM) is an indispensable technique in nanoscience,
offering unparalleled resolution to observe structures at the atomic scale. Invented in 1931
by Ernst Ruska and Max Knoll, TEM revolutionized the study of materials by allowing
scientists to visualize details far smaller than what optical microscopes can resolve, thanks
to the much shorter de Broglie wavelength of electrons compared to visible light [118].

Principle

The operation of a TEM relies on the interaction between a high-energy electron beam and
a thin sample. When electrons pass through the specimen, they are scattered or transmitted
based on the material’s internal structure. These interactions provide critical information
about the sample’s morphology, crystal structure, and composition [118].

The core components of a TEM, , as shown in Figure 1.21, include:

e Electron Source: Generates a beam of high-energy electrons, typically from a tungsten
filament or a field-emission gun.

e Condenser Lenses: Focus the electron beam onto the sample.

e Condenser Aperture: Limits beam divergence to improve coherence.

e Sample Stage: Holds the ultrathin sample for analysis, which is usually less than 100
nm thick to allow effective electron transmission.

e Objective Lens: Forms the first magnified image of the sample.

¢ Objective Aperture: Enhances contrast by selecting specific scattered electrons.

e Selected Area Aperture: Allows examination of a specific region of the sample.

¢ Intermediate Lenses: Further magnify the image.

e Projective Lens: Projects the final image onto the viewing system.

e Fluorescent Screen: Displays the electron image, which can also be captured digitally.
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Figure 1.21 — Schematic of a Transmission Electron Microscope showing its main components.
[Created with BioRender.com |

Sample preparation

Preparing samples for TEM requires ultrathin specimens, typically less than 100 nm. For
nanoparticle suspensions, the process involves depositing the sample onto a carbon-coated
grid (3 mm in diameter) as shown in Figure 1.22.

1. Carbon-Coated Grid: A small copper or nickel grid with an ultra-thin carbon layer
supports the sample (Figure 1.22a).

2. Sample Application: Place a drop (3-5 uL) of a diluted nanoparticle suspension onto
the grid (Figure 1.22b). The suspension is typically in water or ethanol, ensuring even
dispersion.

3. Drying: Gently blot the edge of the grid with filter paper to remove excess liquid, then

air-dry in a dust-free environment.
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a b

Carbon\

Figure 1.22 — (a) A standard carbon-coated TEM grid. (b) Deposition of a sample droplet
onto the grid. (c) A TEM image of the sample obtained during this thesis. [Created with
BioRender.com]

1.7.2 DLS (Dynamic Light Scattering)

While TEM provides powerful morphological insights, it does not provide information about
the size distribution of particles in a liquid suspension. To address this gap, researchers
often turn to Dynamic Light Scattering (DLS). DLS is a technique designed to measure the
size distribution of particles in suspension. Unlike TEM, which requires the sample to be
prepared as a solid film, DLS works with particles dispersed in liquids, such as water or
organic solvents.

In a typical DLS experiment, a laser beam is passed through the sample, and the light
scattered by the particles is detected at a specific angle, as shown in Figure 1.23. The primary
principle is that the light scattering intensity is related to the size of particles suspended in a
solution. The technique works by measuring how light scattered by particles fluctuates over
time. These fluctuations are caused by the Brownian motion of the particles as they move
through the solvent. The key relationship between scattering intensity and particle size lies
in how quickly these intensity fluctuations occur. The faster the particles move, the quicker
the fluctuations in the scattering intensity. Conversely, slower-moving particles (which are
larger) cause slower fluctuations in the scattered light intensity.

To quantify the relationship between particle size and the rate of light scattering, DLS
uses the Stokes-Einstein equation, which connects the diffusion coefficient (how fast particles

move) with the size of the particle:

o keT

= 1.8
6mnr (1.8)

Where:
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kg is the Boltzmann constant,

T is the temperature,

7 is the viscosity of the solvent,
e r is the hydrodynamic radius of the particle.

D is the diffusion coefficient (related to how fast the particle moves),

The size measured by DLS is the hydrodynamic diameter. This refers to the effective

diameter of a particle in suspension, which includes the particle itself and any solvent or other

molecules that are associated with it, such as a solvation shell. This size is important because

it reflects the particle’s behavior in solution, affecting properties like diffusion, stability, and

how the particle interacts with its surrounding environment.

Laser

Large dj, Small d,

Slow Fast

i ;crttering
Dynamic light s =

Detector

Figure 1.23 — Dynamic Light Scattering analysis of particle sizes [Created with BioRender.com].

1.7.3 XRD (X-ray Diffraction)

To further understand the properties of the nanoparticles, X-ray diffraction is employeds,

a technique that reveals their crystallinity and phase composition [119]. XRD operates

based on Bragg’s law, which describes the diffraction of X-rays by the planes of atoms in a

crystal lattice. X-rays are diffracted at specific angles when they interact with the crystalline

structure. Bragg’s law is expressed as [120]:

where:

nA = 2dsin(60) (1.9)

e n is the diffraction order (typically 1),
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e A is the wavelength of the X-ray,
e d is the spacing between crystal planes, and
e 0 is the angle of incidence (the angle between the X-ray beam and the crystal planes).

a . . .
Incident X-ray Diffracted X-ray b (311)
20 = 62.72511
“dsin® FWHM = 1.20554
£l
T
=
2
2
IS

50
2Theta (°)

Figure 1.24 — (a) Schematic representation of Bragg’s Law showing X-ray diffraction from
atomic planes with spacing d, where 0 is the incident angle and 2d sin 0 represents the path
difference. (b) XRD pattern of iron oxide nanoparticles obtained during this thesis, showing
characteristic diffraction peaks indexed as (220), (311), (400), (422), (511), and (440), with
detailed peak analysis at 20 = 62.72511° and FWHM = 1.20554, calculated using Origin
software. The identification of the iron oxide phase was confirmed with the help of the ICDD
PDF card 04-021-3968.

As shown in Figure 1.24, constructive interference of X-rays occurs when waves reflected
from adjacent planes in the crystal lattice combine in phase, leading to an amplification of
the diffracted signal. For this to happen, the difference in the path traveled by the X-rays
reflected from successive planes must equal an integer multiple (n) of the wavelength (1),
with the extra distance traveled by the X-rays given by 2d sin(60). This condition results in a
diffraction peak at the corresponding angle 6. Figure 1.25 depicts the X-ray diffractometer,
provided by the Service Analyses Physico-Chimiques, during the diffraction process. The
image highlights the setup, including the X-ray source, sample holder, and detector, which
are essential for obtaining the diffraction data.
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Figure 1.25 — Advance X-ray diffractometer provided by the Service Analyses Physico-Chimiques,
showing the X-ray source, sample holder, and detector during the diffraction process.

This phenomenon results in a diffraction pattern where each peak corresponds to specific
crystal plane spacings. The positions and intensities of these peaks provide information
about the atomic arrangement and crystalline phases present in the material. For instance,
in the case of iron oxide nanoparticles, XRD can distinguish maghemite (y-Fe,0O;) from
other phases like magnetite (Fe;0,) or hematite (a-Fe,O3) by analyzing the diffraction peak
positions and comparing them to standard reference patterns from the International Centre
for Diffraction Data (ICDD). This is illustrated in Figure 1.26, which shows the step scan X-ray
diffraction of the (5 1 1) peak from standard samples of mixed magnetite and maghemite.

To further quantify the structural properties, the crystallite size can be calculated using
the Scherrer equation:

KA

where:

D is the crystallite size,

K is the shape factor (typically 0.9 for spherical particles),

A is the wavelength of the X-ray,
B is the full width at half maximum (FWHM) of the diffraction peak in radians, and
6 is the Bragg angle.

Those parameters can be calculated using Origin software as shown in Figure 1.24b.
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Figure 1.26 — Step scan X-ray diffraction of (5 1 1) peak from standard samples of mixed
magnetite (Fe;04) and maghemite (y-Fe,03). Lower angle peak: magnetite; higher angle
peak: maghemite [121].

1.7.4 SAXS (Small-Angle X-ray Scattering)

SAXS (Small-Angle X-ray Scattering) is a technique that complements XRD by probing
different structural aspects of materials, especially at larger distances. While XRD (or WAXS)
focuses on atomic-scale crystallinity and phase composition, SAXS operates at much smaller
scattering angles, typically below 5°, and is sensitive to structures on the nanoscale (Figure
1.27). It provides valuable information about the size, shape, and distribution of particles,

as well as their spatial arrangement within a material.
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Figure 1.27 — Comparison of Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray Scat-
tering (WAXS) techniques based on beam-to-detector distance and scattering angle ranges

Guinier plot

The Guinier plot is a tool used in SAXS to analyze the size of nanoparticles or the radius of
gyration (R,) in a material. It is particularly useful for small, spherical particles. The plot is

based on the following Guinier law at low q values:

qZRZ
1(q) ~ I(0) exp (— 3 g) (1.11)

The scattering vector q is related to the scattering angle 6 by the following equation:

q:%sin@ (1.12)

where:

e g is the magnitude of the scattering vector, also referred to as the momentum transfer.

e A is the wavelength of the incident radiation.

e O is the scattering angle, which is half the angle between the incident and scattered
beams.

To construct the plot, In(I(q)) is plotted against g> for low q values. A straight-line fit in
the linear region of the plot provides the slope, from which R, can be calculated as:

R, =+ —3 - slope (1.13)

For spherical particles, the radius of gyration R, is related to the particle radius R by the
following formula:
R, = % (1.14)
This SAXS data analysis can be performed directly from data files using software such as
RAW or similar tools, which allow the extraction of intensity vs. q data and the generation
of Guinier plots.
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Aggregation of nanoparticles can cause deviations from the expected linear Guinier
behavior. If aggregates form, the plot may show curvature instead of a straight line, indicating
that the particles are no longer individually dispersed. This change suggests the formation
of larger clusters, which will affect both the size and the scattering intensity.

Form & Structure Factor

The intensity of a SAXS pattern arises from the combined contributions of two key compo-
nents: the form factor and the structure factor. This relationship is described mathemati-
cally as:

I(q) o< P(q)-S(q) (1.15)

where:

I(q) is the scattering intensity,

P(q) is the form factor,

S(q) is the structure factor, and

q is the scattering vector.

This formulation enables researchers to simultaneously probe the properties of individual
particles and their collective organization within a sample.

The form factor reflects the scattering contribution of individual particles in the sample,
independent of how they are arranged. It reveals details such as:

e Particle Size: How large the particles are.

e Particle Shape: Whether the particles are spherical, rod-like, plate-like, or irregular.

¢ Internal Structure: Variations in electron density within the particle, such as core-shell
structures.

In dilute systems, where particles are far apart and do not significantly interact, the
scattering intensity is dominated by P(q). This simplifies the interpretation and focuses on
the inherent characteristics of the particles.

The structure factor accounts for interactions between particles and their spatial ar-
rangement in the sample. It provides insights into:

¢ Interparticle Interactions: Forces such as attraction, repulsion, or steric hindrance
that dictate particle spacing.

e Order or Arrangement: Whether particles are randomly distributed, in a regular
lattice, or exhibit short-range order.
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The structure factor becomes particularly important in concentrated systems, where
particles are close enough to interact. At low g values (longer length scales), S(q) high-
lights particle packing and arrangement, revealing features like aggregation, clustering, or
crystalline ordering.

By fitting SAXS data, as shown in Figure 1.28, to both the form factor and structure factor
models, a comprehensive understanding of the nanoparticle characteristics—ranging from

their individual size and shape to their collective arrangement—can be obtained.
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Figure 1.28 — SasView software interface for SAXS analysis: Panel (a) shows the core-shell
sphere model (Form factor) fit with polydispersity settings for nanoparticles in the dilute
regime. Panel (b) presents a log-log plot of scattering intensity vs. Q, with experimental data
and fitted curve. Panel (c) includes additional parameters for structure factor settings, and
Panel (d) shows the concentrated sample fit.
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Spacial arrangement

In concentrated samples, the ratio of the peak positions in SAXS patterns can provide essential

information about the type of ordering present in the system. These ratios are linked to the

symmetry and periodicity of the particle arrangement. The following table 1.2 summarizes

the typical peak ratios observed for different types of structures, which can help in identifying

whether the material exhibits hexagonal, lamellar, or cubic arrangements.

Table 1.2 — Diffraction Planes and Relative Positions of the Lattice Peaks of bcc, fcc, and hcp

FCC
Face-Centered Cubic

HCP
Hexagonal Close-Packed

Lattices [122]
BCC

Body-Centered Cubic
Diffraction Relative
plane (hkl) Position
(110) 1
(200) 21/2
(211) 31/2
(220) 41/2
(310) 51/2
(222) 6'/2
(321) 712
(400) gl/2
(411), (330) 9'/?
(420) 10/2

1.7.5 VSM (Vibrating Sample Magnetometry)

Diffraction Relative
Plane (hkl) Position

(111) 1

(200) (4/3)2
(220) (8/3)!/2
(311) (11/3)"/2
(222) 41/2
(400) (16/3)"/2
(331) (19/3)1/2
(420) (20/3)/2

Diffraction Relative
Plane ( hk.l) Position

(10-0) 1

(00-2) 1.06
(10-1) 1.13
(10-2) 1.46
(11-0) 1.73
(10-3) 1.88
(11-1) 2.00
(11-2) 2.03
(20-0) 2.07
(00-4) 2.12
(20-2) 2.26
(10-4) 2.34
(20-3) 2.56
(21-0) 2.64
(21-1) 2.70

Vibrating Sample Magnetometry (VSM) is a powerful technique used to study the magnetic

properties of materials. By measuring the magnetic moment of a sample in response to an

applied magnetic field through the hysteresis loop (Figure 1.29a), VSM provides important

insights into its magnetic behavior. This technique is especially useful for nanoparticle

analysis, as it allows for the evaluation of key magnetic characteristics, such as saturation

magnetization, coercivity, and remanence.
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Figure 1.29 — (a) Typical magnetic hysteresis loop showing saturation magnetization (M),
remanent magnetization (M, ), and coercive field (H,.); (b) Temperature dependence of

magnetization comparing Zero-Field-Cooled (ZFC) and Field-Cooled (FC) curves, with Ty
indicating the blocking temperature.

Before performing hysteresis measurements, a Zero-Field Cooling (ZFC) procedure
is often conducted, especially for nanoparticles exhibiting superparamagnetism or ferri-
magnetism. The sample is first cooled without an external magnetic field, ensuring the
magnetic moments are disordered. After cooling, a small magnetic field is applied, and
magnetic moment is measured as the temperature increases, helping study the transition
from disordered to ordered magnetic behavior (Figure 1.29b).

The ZFC measurement determines the blocking temperature (Ty), below which the
magnetic moments become "frozen" due to insufficient thermal energy to align the magnetic
moment with the small applied field. Above Tj, nanoparticles show superparamagnetic
behavior (the megnetic moment of the NPs are disordered and the net magnetic moment of
the sample is zero), and below Tj, they exhibit ferrimagnetic or ferromagnetic behavior.
In contrast, Field Cooling (FC) involves applying a magnetic field while cooling, allowing
the nanoparticles to align with the field as they become magnetically ordered.

It is important to note that after conducting the ZFC procedure, hysteresis measurements
are typically performed at a temperature below the blocking temperature (T;) generally
at 3K. This ensures that the nanoparticles are in the ordered magnetic state, where their
magnetic moments are aligned and the material shows magnetic hysteresis behavior (with

remanence and coercivity).
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1.7.6 SQUID Magnetometer (Superconducting Quantum Interference

Device)

The Superconducting Quantum Interference Device (SQUID Magnetometer) is another highly
effective technique for characterizing the magnetic properties of materials. It is known for
its exceptional sensitivity, allowing the measurement of extremely small magnetic signals.
SQUID operates based on quantum interference in superconducting loops, providing precise
measurements of the magnetization of a sample. This technique is particularly valuable for
studying weakly magnetic materials, such as superparamagnetic nanoparticles, as well as
materials that undergo complex magnetic transitions. SQUID magnetometer can measure
both direct current (dc) and alternating current (ac) magnetic properties, making it a versatile
tool in the field of magnetism.

The key differences between VSM and SQUID magnetometer are based on sensitivity and

the range of magnetic properties they can measure:

e Sensitivity: SQUID magnetometer offers much higher sensitivity than VSM.
e Magnetic Properties: SQUID magnetometer can measure both direct current (dc)
and alternating current (ac) magnetic properties, whereas VSM typically focuses on dc

measurements.

1.8 Conclusion

Throughout this chapter, we have explored the fundamental aspects of iron oxide nanoparti-
cles, from their crystalline structure and magnetic properties to their diverse applications
and synthesis methods.

We have highlighted the crucial relationship between structural characteristics and
functionality, emphasizing how size, surface functionalization, and shape influence the
properties and potential uses of these nanoparticles.

The synthesis methods discussed—ranging from coprecipitation to advanced techniques
such as thermal decomposition and hydrothermal synthesis—demonstrate the flexibility
available for tailoring IONPs for specific applications. Each method presents distinct ad-
vantages and challenges, allowing researchers to optimize nanoparticle features for their
intended purposes. However, reproducibility remains a major challenge in the field, largely
due to the complex interplay between synthesis parameters and their impact on the final
product.

We have also reviewed a range of characterization techniques, including TEM, DLS,
XRD, SAXS, SQUID magnetometry, and VSM. These powerful tools enable researchers to
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thoroughly analyze and understand the properties of IONPs.

In summary, iron oxide nanoparticles represent a dynamic and rapidly evolving area
within nanotechnology. The interplay between their structural properties, synthesis strategies,
and characterization methods holds tremendous potential for innovation across multiple
disciplines. As research advances, we can anticipate improvements in synthesis control,
enhanced reproducibility, and the emergence of novel applications leveraging the unique

characteristics of these nanoparticles.
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2.1 Introduction to Polymer Nanocomposites

In mechanical engineering, a significant challenge lies in developing materials that combine
high strength with low weight. This combination is crucial in industries such as aerospace,
automotive, and construction, where energy efficiency and structural optimization are
essential [123] [124]. Polymers are widely appreciated in these sectors for their lightweight
nature, versatility, and ease of processing. However, their inherent mechanical limitations
often restrict their use in advanced applications requiring enhanced performance.

Recent advances in nanotechnology have offered a promising solution to these challenges.
The precise synthesis and surface engineering of nanoparticles, as detailed in the previous
chapter, are fundamental to unlocking their full potential as reinforcing agents in polymer
matrices. By leveraging the high surface-to-volume ratio and tunable surface properties
of nanoparticles, researchers have developed a new class of materials known as polymer
nanocomposites. These materials combine the versatility of polymers with the exceptional
mechanical, thermal, and sometimes magnetic properties imparted by nanoparticles. Both
experimental and numerical studies have demonstrated that the inclusion of nanoparticles
significantly enhances the strength, stiffness, and durability of the polymer while preserving
its lightweight characteristics [125].

For instance, incorporating a small amount of nanoparticles (1-5%)—such as layered
silicates or carbon nanotubes—can yield performance improvements comparable to those
achieved with much higher loadings (15-40%) of traditional fillers like talc or glass fibers.
This reduction in filler content not only simplifies processing but also reduces component
weight and enhances energy efficiency during manufacturing [126].

The enhanced mechanical properties exhibited by polymer nanocomposites stem primarily
from the efficient load transfer facilitated by nanofillers, a term used to refer to nanoparticles
when describing their role in reinforcing polymer matrices. These nanofillers not only provide
mechanical reinforcement but also confer additional functional benefits, creating a synergistic
combination that enables the design of advanced materials with tailored properties for
cutting-edge applications.

For instance, studies have demonstrated how specific nanofillers can enhance both the
structural and functional performance of polymer matrices. In poly(lactic acid) (PLA)-
based films, the addition of zinc oxide (nano-ZnO) nanofillers improved oxygen-gas and
water-vapor permeability, enhancing both mechanical strength and barrier properties. This
combination makes such materials ideal for food packaging applications [127].

Similarly, polyvinylidene fluoride (PVDF) nanocomposites with 6 wt.% carbon-based
nanofillers, including graphene nanoplatelets, multi-walled carbon nanotubes (MWCNTs),

and their hybrids, demonstrated significant enhancements. The nanofillers increased the
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amorphous fraction in PVDF and enhanced the 3-phase by up to 12%, particularly with
MWCNTs. These composites showed self-regulating Joule heating behavior and improved
resistive properties, making them suitable for self-regulated heating systems [128].

In another study, PLA/ethylene-vinyl acetate copolymer (EVA) composites containing just
1% carbon nanotubes (CNTs) exhibited a significant improvement in dielectric properties,
with the dielectric constant increasing from 5.81 to 11.08. Despite a slight reduction in PLA’s
mechanical properties and crystallization ability, the composite’s improved thermal stability
made it well-suited for electronic applications [129].

Additionally, polyethylene oxide and sodium alginate films embedded with gold nanopar-
ticles (Au NPs) demonstrated a reduction in the optical energy gap, from 4.73 eV to 2.92
eV in direct transition and from 2.95 eV to 1.50 eV in indirect transition. The films also
exhibited improved dielectric and electrical properties, suggesting their potential for use in
electroactive materials [130].

Finally, PVDF nanocomposites incorporating magnetite (Fe;O,) nanoparticles with hydroxyl-
terminated surfaces showed significant enhancements in piezoelectric properties. These
improvements were attributed to stronger interfacial interactions and localized polarization,

underscoring the material’s promise for advanced piezoelectric applications [131].

2.2 Polymer Classifications

Polymers are materials composed of long-chain macromolecules formed through the repeti-
tive linkage of smaller units called monomers. These macromolecules develop via chemical
reactions that establish the polymer’s backbone. The diversity of polymers arises from vari-
ations in monomer structure, bonding types, and molecular arrangements, enabling the
creation of materials with properties spanning rigid plastics to flexible rubbers. While poly-
mers can be classified by origin (natural or synthetic) or polymerization mechanism (addition
or condensation), the most common classification system categorizes them based on thermal
behavior into three primary categories: thermoplastics, thermosets, and elastomers.

Among these, thermoplastics are widely used due to their ease of processing. Unlike
thermosets, which undergo irreversible curing, thermoplastics can be repeatedly melted and
reshaped, making them highly versatile for manufacturing applications. Thermoplastics are
further divided into amorphous and semicrystalline polymers.

Amorphous thermoplastics lack a well-defined crystalline structure, resulting in trans-
parency and relatively high impact resistance, as their disordered molecular arrangement
allows for better energy dissipation during sudden mechanical shocks. However, they typi-
cally exhibit lower mechanical strength under sustained or tensile loading and are more

susceptible to stress cracking under cyclic or long-term stress conditions.
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In contrast, semicrystalline thermoplastics exhibit both crystalline and amorphous regions,
leading to enhanced mechanical strength and chemical resistance.

Elastomers, distinct from thermoplastics, are characterized by their exceptional flexibility,
which stems from their lightly cross-linked or physically entangled molecular structure.
While some classification systems group elastomers with thermoplastics, they are more
accurately classified as a separate class due to their unique mechanical properties and
molecular architecture.

The primary objective of this study is to systematically investigate the size-dependent
effects of nanoparticles on the mechanical properties of polymers. To isolate these effects and
avoid confounding variables, elastomers (specifically polyisobutylene, PIB) were selected
as the polymer matrix. In semicrystalline thermoplastics, nanoparticle reinforcement often
induces changes in crystallization behavior (e.g., altered crystallinity, phase transitions),
which could obscure the direct relationship between nanoparticle size and mechanical perfor-
mance. By employing amorphous elastomers like PIB, crystallization-related complexities are
entirely eliminated, ensuring that observed mechanical changes are exclusively attributable
to nanoparticle interactions. PIB’s amorphous molecular structure and low glass transition
temperature (T, = -64°C) further guarantee flexibility at physiological conditions, enabling
precise analysis of how filler dimensions influence polymer reinforcement. This method-
ological approach ensures that the nanoparticle size effect remains the sole variable under

investigation, providing unambiguous insights into reinforcement mechanisms.

2.3 Key Parameters in Nanocomposite Optimization

The performance of polymer nanocomposites is influenced by several interconnected factors
that dictate the interactions between the nanofillers and the polymer matrix. Among these,
the nanofiller mass fraction, their dimensionality, and their surface area-to-volume (S/V)
ratio play pivotal roles. Each of these parameters contributes uniquely to the enhancement
of mechanical, thermal, and electrical properties by modifying the interfacial characteristics
and load transfer efficiency within the composite. The following sections provide a detailed

discussion of these factors and their impact on nanocomposite performance.
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2.3.1 Nanofiller Mass Fraction

The mass fraction of nanoparticles (w;) plays a pivotal role in polymer nanocomposite
design, directly influencing mechanical performance and material behavior [132]. Unlike
conventional microparticles, nanoparticles exhibit unique reinforcement characteristics that
depend critically on their concentration and dispersion quality [ 133]. Increasing nanoparticle
content typically enhances stiffness, strength, and thermal stability due to the formation
of interparticle networks that improve load transfer within the polymer matrix [134]. This
contrasts with microparticles, which often degrade composite properties at high loadings
[135]. However, excessive nanoparticle concentrations risk agglomeration, creating stress
concentration points that reduce ductility and mechanical reinforcement [136]. Figure 2.1
illustrates this effect of nanoparticle volume fraction on the thermal conductivity of polymers
(case of nanofluids), showing that an increase in filler content generally enhances thermal
conductivity, as observed across different studies.

While nanoparticles offer superior reinforcement potential, their effectiveness depends
on achieving uniform dispersion. Poor dispersion or agglomeration disrupts interfacial
interactions, leading to nonuniform stress distribution and diminished performance [137]
[136]. Processability also declines with excessive filler content, creating a trade-off between
reinforcement benefits and practical limitations. Determining the optimal w, requires
balancing these competing factors [132].

To predict composite behavior, micromechanical models like the Halpin-Tsai equation
are widely used [138] [139]. The model relates composite elastic modulus (E,) to matrix

modulus (E,,), nanoparticle volume fraction (¢ (), and reinforcement factor (n):

1+n¢; )
E.=E,| —— 2.1
; (1—5n¢f @b

Here, 7 is defined as:

(£)+¢

where E; is the nanoparticle modulus and & is a shape factor dependent on nanoparticle

(2.2)

geometry. Experimental studies often report nanoparticle content as a mass fraction (w;),
requiring conversion to volume fraction (¢) using matrix (p,,) and nanoparticle (p;)

densities [140]: w
f
¢r = (2.3)
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Figure 2.1 — The variation of thermal conductivity with nanoparticle volume fraction across
different studies, demonstrating that the thermal conductivity of nanofluids improves as the
nanoparticle volume fraction increases. [141]

2.3.2 Nanofiller dimensionality

Nanofillers are classified based on their dimensionality within the nanoscale range (1-100
nm). This classification encompasses structures ranging from zero-dimensional (OD) to

three-dimensional (3D), as depicted in Figure 2.2.

0D 1D 2D 3D
<> QQC
=
Nanoparticles CNTs Graphene MOFs
Quantum Dots  Nanowires Clays Aerogels

Figure 2.2 — Nanofillers are classified by dimensionality: 0D (nanoparticles, quantum dots), 1D
(CNTs, nanowires), 2D (graphene, clays), and 3D (MOFs, aerogels), each providing distinct
structural properties for diverse applications in nanocomposite materials.

0D nanofillers (e.g., nanoparticles, quantum dots) have all three dimensions in the
nanoscale. Their isotropic properties (uniform behavior in all directions) and high surface
area-to-volume ratio facilitate bonding with the matrix. However, they do not provide
directional reinforcement, which may limit their use in applications requiring anisotropic

strength.
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1D nanofillers (e.g., carbon nanotubes, nanowires) have two dimensions in the nanoscale
and one macroscopic dimension. Their elongated shape and high aspect ratio (length-to-
width) allow directional reinforcement, making them suitable for applications where aligned
strength is beneficial, such as lightweight composites.

2D nanofillers (e.g., graphene, clay sheets) have one dimension in the nanoscale (thick-
ness) and two macroscopic dimensions. Their planar geometry contributes to in-plane
stiffness and barrier properties, which can enhance flexural rigidity and environmental
resistance.

3D nanofillers (e.g., metal-organic frameworks, aerogels) have all three dimensions in the
nanoscale but often form interconnected or porous networks. Their low density and tunable
structures enable either isotropic or anisotropic reinforcement, depending on their alignment,
making them ideal for lightweight aerospace materials and energy-efficient designs. More
broadly, materials that exhibit nanometric features despite having an overall size in the
millimeter or micrometer range, or those constructed from nanosized building blocks, are
classified as 3D nanomaterials’ [142].

At identical mass or volumetric fractions of the nanofiller, their dimensionality influ-
ences the properties of the nanocomposite, as shown in Figure 2.3. This figure presents
a comprehensive comparison of the dielectric properties of various PVDF (polyvinylidene
fluoride)-based composites, each containing 2 wt% of a different conductive filler material
(CB, MWCNT, SWCNT, rGO, and graphite).
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Figure 2.3 — (a) Dielectric breakdown strength and dielectric constant at 10 kHz for PVDF films
containing 2 wt% of CB, MWCNT, SWCNT, rGO, and graphite. (b) Maximum energy density
of PVDE-2 wt% CB, PVDE-2 wt% MWCNT, PVDE-2 wt% SWCNT, PVDE-2 wt% rGO, and PVDF-2
wt% graphite films at 10 kHz [143].

While dimensionality primarily dictates mechanical enhancement in nanocomposites

(e.g., isotropic reinforcement in OD vs. directional strength in 1D), shape introduces chemical
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variability even within the same dimensional class. For instance, OD fillers such as spherical
and cubic nanoparticles exhibit isotropic mechanical behavior but differ chemically due
to their exposed crystal facets. A spherical shape may reduce surface roughness and limit
reactive sites, whereas a cubic shape exposes sharp edges and distinct crystallographic
planes, thereby altering interactions with the polymer matrix. These geometric differences
can impact dispersion, interfacial bonding, and reactivity, despite both shapes being classified
as 0D. Thus, while dimensionality governs bulk mechanical properties, shape modulates

chemical compatibility and interfacial dynamics.

2.3.3 Surface-to-Volume Ratio & Size Effects

The surface-to-volume ratio (SVR), defined as the ratio of a particle’s surface area to its
volume, emerges as a critical parameter for elucidating size-dependent effects in nanocom-

posites. For spherical nanoparticles, SVR scales inversely with size:
6
SVR =~
d

where d denotes the particle diameter. As particles transition into the nanoscale, SVR
increases exponentially, amplifying surface-mediated phenomena such as interfacial bonding
and aggregation tendencies. This relationship is illustrated in Figure 2.4, which shows how
the SVR varies with particle volume for various shapes.

At identical mass fractions, SVR-driven differences in particle size directly influence
mechanical performance as shown in Figure 2.5. For instance, 0D nanoparticles with
identical chemical composition but varying sizes exhibit divergent mechanical properties due
to SVR-dependent interfacial adhesion. Smaller particles (higher SVR) enhance filler-matrix
interactions through increased surface contact, yet their reduced size elevates dispersion
challenges, necessitating surfactants or functionalization to mitigate aggregation [ 145].

For 1D nanotubes, smaller diameters (higher SVR) improve mechanical reinforcement by
increasing interfacial shear stress and load transfer efficiency. However, this benefit is contin-
gent on maintaining alignment, as aggregation due to high SVR can negate reinforcement
gains [147].

By strategically controlling SVR, researchers can balance enhanced interfacial interactions
and aggregation risks [148] [149], enabling tailored mechanical properties for applications

ranging from high-strength composites to lightweight structural materials.
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Figure 2.5 — Size effect on tensile behavior. Stress—strain curves of pure PVDE PVDF-20 nm
Fe; Oy, and PVDF-7 nm Fe; O, electrospun films at 10 wt% loading, showing increased stiffness

with decreasing nanoparticle size [146].
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2.4 Interface and Interphase in Nanocomposites

The influence of nanofillers in polymer nanocomposites extends beyond their intrinsic
properties, as their high surface-to-volume ratio amplifies interfacial interactions. However,
the impact of these interactions is not solely dictated by surface contact; rather, it is mediated
by a transitional region known as the interphase. This region, which forms between the
nanofillers and the bulk polymer, plays a decisive role in determining the macroscopic
properties of the nanocomposite [150].

While the interface represents the immediate boundary where direct interactions occur
between the nanofiller and polymer matrix, the interphase is a three-dimensional zone
surrounding the nanofiller, where polymer chain mobility and molecular organization deviate
from the bulk material. The characteristics of this interphase—such as its thickness, stiffness,
and bonding dynamics—are strongly influenced by nanoparticle size, surface chemistry, and
dispersion.

As the size of nanofillers decreases, their SVR increases, intensifying surface interactions.
This enhanced surface effect modifies the polymer’s local environment, reinforcing or weak-
ening the material depending on how the interphase is structured. If well-controlled, the
interphase can enhance mechanical strength, toughness, and thermal stability. Conversely,
a poorly controlled interphase may lead to localized stress concentrations and mechanical
failure.

Thus, the performance of polymer nanocomposites cannot be understood simply as an
average of the polymer and nanofiller properties. Instead, it is largely governed by the
molecular architecture of the interphase, which dictates how nanoscale interactions translate

into macroscopic behavior, as illustrated in Figure 2.6 [151].
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Figure 2.6 — Visualization of the interface and interphase regions in nanocomposite materials.

The formation of the interphase involves polymer chains adsorbing onto the nanoparticle
surface through various interactions, including chemical, physical, long-range, and short-
range interactions, which restrict their mobility [151]. These adsorbed chains form loop-like
structures that provide sites for entanglement with nearby polymer chains (see Figure 2.7).
The interphase emerges as surrounding polymer chains infiltrate these adsorbed structures,
facilitating entanglement transfer and impacting the relaxation dynamics of the polymer
chains in the bulk. This mechanism enhances the macroscopic mechanical properties of
nanocomposites.

Using transmission electron microscopy (TEM), Priestley et al. were the first to visualize
the interfacial adsorption layer around nanoparticles directly [152]. They also demonstrated
a correlation between the structure of interfacial layers and their influence on the mate-
rial’s glass transition temperature (Tg), shedding light on the complex interplay between

nanofillers, the interface, and the interphase.
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Entangled chain

Figure 2.7 — Illustration of the interphase in polymer nanocomposites, highlighting the formation
and transfer mechanisms within the interfacial phase. It includes adsorbed chains on the
surface and entangled chains connected to the adsorbed ones

2.4.1 Inter-Particle Distance and Its Role in the Interphase

The correlation between the mechanical enhancement and the mass fraction of the nanofiller,
as discussed previously, is associated with the inter-particle distance, 7. This distance is a
critical parameter that determines the extent of interaction between nanoparticles and their
surrounding matrix.

When the inter-particle distance decreases below a critical value, the interphase regions
surrounding individual nanoparticles begin to overlap, forming a three-dimensional network
rather than isolated transition zones. Within these interphase regions, the composite proper-
ties transition gradually from those of the nanofillers to those of the polymer matrix, leading
to significant modifications in mechanical behavior. This overlap enhances stress transfer
efficiency and influences polymer chain mobility on a larger scale, impacting properties such
as stiffness, toughness, and overall reinforcement.

Under ideal dispersion conditions, the inter-particle distance T can be expressed as a

function of the mass fraction ¢ and the average particle size d [153]:

T =d((£)l/3—1) (2.4)

The correlation between the inter-particle distance T and the improvement in the mechan-
ical properties of SiO,/epoxy nanocomposites has been demonstrated in previous studies
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[153]. Research indicates that a reduced 7T correlates with enhanced stress transfer efficiency
and mechanical reinforcement. However, as T continues to decrease, the increased proximity
of nanoparticles may also lead to interphase percolation or, in extreme cases, nanoparticle
aggregation, which can hinder mechanical performance.

Thus, controlling the interparticle distance is crucial in optimizing the interphase structure
to ensure effective reinforcement without inducing undesirable effects. Figure 2.8 illustrates
the relationship between 7 and the mechanical properties of nanocomposites, highlighting
the importance of achieving a critical T value to form a well-structured interphase network.
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Figure 2.8 — The correlation between the inter-particle distance v and the improvement in the
mechanical properties of SiO,/epoxy nanocomposites has been demonstrated in previous
studies [153].

2.4.2 Propagation Distance

Another important distance to consider when discussing the interphase is the propagation
distance. This parameter determines how far the nanofiller’s influence extends into the
polymer matrix. In simpler terms, it represents the thickness of the interphase region, which
depends on several factors in addition to the nanoparticle loading, such as the strength and
nature of polymer-nanofiller interactions, nanoparticle size, and surface characteristics.
Interestingly, research has also found a correlation between the molecular weight of the
polymer chains and the thickness of the interphases. From various studies and different

nanocomposite systems, this correlation has been defined as [154] [155] [156]:
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hads =a 'Rg (2.5)

where h,; is the adsorption layer thickness, R, is the radius of gyration of the polymer
chains, and a ranges from 0.5 to 0.8. The adsorption layer thickness is closely related to the
chain size, as characterized by R,.

Along the chain length, the conformation of the adsorbed chains can also influence
the thickness of the interface layer through topological interactions between structures in
the adsorbed chains (e.g., loops) and those in adjacent unadsorbed chains [151]. This
highlights the significance of adsorption chain conformation on the long-range interfacial
effects. According to the research results the chains in the tightly bound adsorbed layers
predominantly adopt a closely arranged loop conformation, which allows for high-density
segment-solid contacts, thereby achieving a large enthalpy gain [157] [158] [159] [160].

Several studies have yielded valuable insights into the extent of interphase propaga-
tion. Using advanced characterization techniques such as neutron scattering, atomic force
microscopy [161], and small-angle X-ray scattering [ 162], researchers can examine chain
dynamics at varying distances from the nanofiller surface. These studies indicate that the
interphase region can extend up to tens of nanometers in systems with strong interactions. In
contrast, systems with weaker interactions may confine this range to only a few nanometers
[151].

The impact of propagation distance on nanocomposite properties extends beyond me-
chanical reinforcement. It significantly influences other functional properties such as thermal
and electrical conductivity. For instance, in polymer nanocomposites containing conductive
fillers like carbon nanotubes or graphene, the propagation distance can affect the formation
of conductive networks, thereby impacting the overall electrical properties of the material
(Figure 2.9) [163] [164].

2.5 Polymer Nanocomposites Elaboration

2.5.1 Aggregation Challenges

Achieving uniform nanoparticle dispersion in polymer nanocomposites is essential for op-
timizing performance. Effective reinforcement relies on a homogeneous distribution that
strengthens interfacial interactions with the polymer matrix and enhances stress transfer.
However, the high surface-to-volume ratio of nanoparticles, which aids load distribution, also
promotes agglomeration. This issue is illustrated in Figure 2.10, where iron oxide nanoparti-
cles in PVDF aggregate due to their high surface energy and poor chemical compatibility
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Figure 2.9 — Analytical study on the electrical conductivity of conductive polymer nanocom-
posites (PNCs). The model accounts for quantum electron tunneling, interphase thickness,
and conductivity contributions from the filler; interphase, and matrix. The graph shows
conductivity evolution with filler volume fraction (¢ ), highlighting the percolation threshold.

The bottom schematics illustrate how increasing interphase thickness influences the formation
of conductive pathways [164].

with both the polymer matrix and its solvents (DMF and acetone).

A similar trend is observed in TiO,-reinforced polyester matrices (Figure 2.11), where
dispersion quality varies with concentration. While well-dispersed at 1, 2, and 3 vol.%,
significant agglomeration occurs at 4 vol.%, leading to reduced fracture toughness due to
weak adhesion between titania particles and the polyester matrix [165].

Nanoparticle dispersion and aggregation depend on several factors, including particle
size, shape, volume fraction, and polymer-filler interactions. High surface energy drives
nanoparticle clustering [137], while weak interfacial adhesion exacerbates detachment or
migration during processing [ 166]. Additionally, thermodynamic instability, particularly at
elevated temperatures, sustains aggregation over time. These clusters act as stress concentra-
tors, compromising mechanical strength, thermal stability, transparency, barrier performance,

and resistance to environmental degradation [167]. The impact of poor dispersion extends
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Figure 2.10 — TEM images aggregation of maghemite nanoparticles within a PVDF polymer
nanocomposite fabricated by coaxial electrospinning. This image highlights the difficulty in
achieving uniform nanoparticle dispersion.

beyond mechanical properties, influencing structural integrity and long-term stability under

various environmental conditions.

2.5.2 Strategies for Reducing Aggregation

To address nanoparticle aggregation, several methods have been developed to mitigate their
inherent tendency to agglomerate. These strategies enhance interfacial interactions and

ensure homogeneous nanoparticle distribution within the polymer matrix:

o Surface Modification: Chemical functionalization tailors nanoparticle properties by
grafting functional groups onto their surfaces. This enhances compatibility with the
polymer matrix, reduces surface energy, minimizes agglomeration, and strengthens
interfacial bonding [168].

e Ultrasonication: High-frequency sound waves generate cavitation effects that disrupt
nanoparticle clusters in suspension. This method ensures uniform dispersion during
polymer blending and remains effective when combined with other techniques [169]
[170].

e Grafting Techniques: Polymer chains are attached to nanoparticles via "grafting to"
(preformed chains) or "grafting from" (in situ polymerization) methods. The resulting
steric stabilization prevents nanoparticle contact and improves matrix compatibility,

enhancing dispersion and interfacial adhesion [171] [172].
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Figure 2.11 — TEM micrographs illustrating the dispersion of TiO, nanoparticles within the
polyester matrix at different volume fractions: (a) 1 vol.%, (b) 2 vol.%, (c) 3 vol.%, and (d)
4 vol.%. Excellent dispersion is observed in specimens with 1, 2, and 3 vol.% TiO,, while
significant agglomeration occurs in the 4 vol.% specimen [165].

Optimizing fabrication processes further enhances dispersion efficiency, as discussed in
the following section.

2.5.3 Fabrication Process

Polymer nanocomposites can be produced using two main strategies: mixing pre-prepared
components or employing in situ methods [142].

Mixing Pre-prepared Components

The mixing of pre-prepared components involves using pre-synthesized polymers and
nanoparticles, which are combined using techniques that enhance dispersion and inter-
action between the two components. Common methods include:

Melt mixing is a process that involves heating a polymer until it reaches its molten
state, which makes it viscous enough to incorporate nanoparticles. During this process, the

nanoparticles are mechanically blended into the molten polymer using equipment such as
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an extruder or a mixer. This method is solvent-free, making it environmentally friendly, and
is suitable for use with thermally stable polymers and nanoparticles.

In the solution mixing method, the polymer is dissolved in a suitable solvent to create
a solution, into which the nanoparticles are dispersed. This dispersion can be achieved
through techniques such as ultrasonication or stirring. Once a uniform mixture is achieved,
the solvent is removed, typically through evaporation or precipitation, leaving behind a
nanocomposite material. This method offers better control over nanoparticle dispersion and
is suitable for polymers and nanoparticles that are sensitive to heat. However, the use of
solvents raises environmental and cost concerns.

Electrospinning Electrospinning is a technique that produces nanofibers by stretching
a polymer-nanoparticle solution into fine fibers using a high-voltage electric field. These
fibers solidify once they reach the collector. Nanoparticles can either be embedded within
the fibers or remain on their surface, making this method suitable for creating lightweight
materials with a high surface area. However, achieving uniform dispersion of nanoparticles
throughout the fibers poses a significant challenge.

A variation of this technique called coaxial electrospinning utilizes a coaxial needle to
simultaneously spin two solutions, forming core-shell fibers, as illustrated in Figure 2.12.
This approach allows for better encapsulation of nanoparticles.
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Figure 2.12 - Schematic representation of the coaxial electrospinning setup used in experiments
conducted during this PhD research, illustrating the formation of nanofibers with embedded
nanoparticles. The figure includes SEM images showcasing the morphology of the resulting
nanofibers and a TEM image highlighting the distribution of nanoparticles within the fiber
structure [173].

77



Chapter 2 — Polymer Nanocomposites: Design, Optimization, and Characterization

In-situ Methods

involve synthesizing either the polymer, the nanoparticles, or both directly in the presence of
each other (Figure 2.13). These methods often result in better integration and enhanced

properties due to the close interaction between components during synthesis, such as:
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Figure 2.13 — Schematic of polymer nanocomposite synthesis methods. (a) In situ polymer-
ization with nanoparticles, (b) In situ nanoparticle synthesis within the polymer matrix,
and (c) Simultaneous polymerization and nanoparticle synthesis. Adapted from [174], with
modifications.

In situ polymerization in nanoparticles that are dispersed in a solution of monomers
(of polymers) or oligomers and then initiating the polymerization process. As the polymer
forms around the nanoparticles, it creates strong interfacial bonding and ensures uniform
dispersion. This method enhances compatibility and can be used with various monomers,
including both thermosetting and thermoplastic polymers. However, it is essential to maintain
a stable dispersion of nanoparticles and to carefully control the polymerization conditions
[175].

Or, In situ nanoparticle synthesis that involves creating nanoparticles directly within a
polymer matrix or solution. Precursors are dissolved in the polymer system, and chemical
reactions—such as thermal decomposition or reduction—generate nanoparticles in situ.
The polymer matrix stabilizes the nanoparticles during their formation, ensuring a uniform
size and distribution. This method eliminates the need for surface modification of the
nanoparticles but requires careful optimization of reaction conditions to prevent polymer
degradation and the formation of unwanted by-products [176] [177].

The two described approaches can be performed simultaneously. Simultaneous in situ

synthesis and polymerization combines nanoparticle formation and polymerization in a
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single step. When optimized, this method can achieve uniform dispersion, strong interfacial

bonding, and improved compatibility between the polymer matrix and nanoparticles [178].

2.6 Rationale for Nanocomposites In-Situ Synthesis

Among the fabrication methods for nanocomposites discussed earlier, in situ synthesis was
chosen as the optimal approach. This decision aligns with the core objectives of this doctoral
research, which focuses on synthesizing iron oxide nanoparticles while precisely controlling
their size, surface chemistry, and shape to tailor their physical and chemical properties. The
next step in this research is to extend this expertise to the development of nanocomposites,
where the main challenge is optimizing the interactions between nanoparticles and the
polymer to achieve the desired material properties.

The in situ method, where nanoparticles are synthesized directly within the polymer
matrix, offers significant advantages. By integrating nanoparticle formation with the polymer
processing, it ensures precise control over nanoparticle characteristics, such as size and
surface functionality, while avoiding the dispersion issues typically encountered in post-
synthesis mixing. This approach promotes better nanoparticle-polymer compatibility, leading
to uniform dispersion and enhanced mechanical and functional properties in the final
composite.

To further optimize this system, we focused on evaluating the solubility of the polymer
in the synthesis mixture and analyzing its Hansen parameters. Improving nanoparticle
dispersion within a polymer matrix requires considering the compatibility among the polymer,
nanoparticles, their surface ligands, and the solvents used. Hansen Solubility Parameters
(HSP) provide a systematic framework for analyzing these interactions and ensuring that the
nanoparticle dispersion is optimized for the desired properties.

Hansen Solubility Theory divides the solubility parameter into three components: dis-
persive forces (6,), polar forces (5,), and hydrogen bonding forces (6;). By comparing the
Hansen solubility parameters of the polymer, nanoparticles (including their surface ligands),
and the solvents used for dispersion, we can identify the best combinations to promote
uniform dispersion, which is crucial for enhancing the performance of the nanocomposite
[179].

For example:

o The solvent chosen for the polymer should have HSP values that closely match those
of the polymer to ensure effective dissolution and processing.
e The solvent used to disperse the nanoparticles should correspond to the HSP of the

nanoparticle surface (including its ligand) to stabilize the dispersion and prevent
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aggregation.

e Ensuring that the HSP of both solvents match can improve compatibility when combin-
ing the polymer and nanoparticles, promoting better integration during the fabrication
of composites.

e By analyzing and matching these solubility parameters, Hansen Solubility Theory
allows for the rational selection of solvents and surface ligands, reducing trial-and-error
approaches and leading to improved nanoparticle dispersion and overall nanocomposite

performance.

To illustrate the concept of HSP compatibility, we include a 3D representation of the
Hansen Solubility Parameter space. As shown in Figure 2.14, the interaction radius (R,) of a

reference material (blue dot) is visualized within regions of good and poor solvents.
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Figure 2.14 — 3D Hansen Solubility Parameter space showing the interaction radius (R,) of
a reference material (blue dot) with good solvent (green triangle) and bad solvent (pink
star) regions. The sphere represents the solubility boundary where RED (Relative Energy
Difference) = 1, with RED < 1 indicating good solvents and RED > 1 indicating poor
solvents. The axes represent the three Hansen parameters: 6, (dispersive), 6 » (polar), and

0y, (hydrogen bonding) in MPa'/? units.

Hansen Solubility Theory (HST) is a valuable tool for predicting solubility behavior,
especially in non-polar and moderately polar systems. However, it has its limitations. HST

utilizes Hansen Solubility Parameters to model molecular interactions, but the variability in
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reference data can sometimes lead to inconsistent predictions. The effectiveness of the theory
decreases when applied to highly polar substances or complex molecules, and it struggles to
accurately model intricate molecular interactions, such as those found in ionic liquids [180].
Additionally, HST operates under the assumption of ideal conditions, which may overlook
real-world factors like temperature variations and concentration effects.

A comprehensive study assessing the performance of the Hansen solubility model using a
dataset of 25 polymers found an accuracy rate of 67% for solvents and 76% for non-solvents.
This underscores both its utility and its limitations in practical applications [181].

This approach was used for polyisobutylene, confirming the compatibility of this selected

polymer with the synthesis process. The results will be presented in Chapter 5.

2.7 Characterization Techniques

The experimental characterization of nanocomposites adopts a multiscale approach, utilizing
techniques that span different length scales to achieve a comprehensive understanding of
their properties and performance. As illustrated in Figure 2.15, this approach integrates
methods that complement one another, bridging the gap between nanoscale structural
features and macroscopic properties. Such an integrated framework enables a thorough
evaluation of nanocomposite behavior.

The previous chapter introduced techniques such as Wide-Angle X-ray Scattering (WAXS),
Small-Angle X-ray Scattering (SAXS), and Transmission Electron Microscopy (TEM) for
nanoparticle characterization. Primarily used for morphological analysis, these methods
provide key information on nanoparticle size, shape, crystallinity, and spatial arrangement.
While initially applied to individual nanoparticles, they remain crucial for investigating the
structural features of nanocomposites.

Although the focus now extends to bulk-scale properties, morphological characteriza-
tion techniques continue to play a key role in nanocomposite analysis. TEM, for example,
provides insights into nanoparticle dispersion and morphology within the polymer matrix.
Similarly, WAXS and SAXS contribute to understanding polymer and nanoparticle crystallinity
as well as nanoparticle spatial distribution.

Beyond morphology, characterizing the compositional aspects of nanocomposites is
essential. Quantifying the nanoparticle and polymer mass fractions enables correlation
between structural and macroscopic properties, particularly mechanical and thermal behav-
ior. Densitometry, for instance, allows for the determination of composite density. When
combined with information on nanoparticle size and polymer density, it provides an esti-
mate of the nanoparticle mass fraction, as discussed in the following section. Additionally,

Thermogravimetric Analysis (TGA) serves as a complementary technique to confirm this
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Figure 2.15 — multi-scale characterization chart illustrating the relationship between the length
scales (from atomic to bulk) and the corresponding characterization techniques, including
WAXS, SAXS, TEM, Rheology;, DMA, DSC, and TGA.

information.

The evaluation of macroscopic properties relies on techniques tailored to specific
aspects of material performance. Mechanical properties are analyzed using methods such
as rheology and Dynamic Mechanical Analysis (DMA), which provide insights into viscoelastic
behavior and stiffness. Thermal properties are investigated through Differential Scanning

Calorimetry (DSC) to study thermal transitions and TGA to assess thermal stability.
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2.7.1 Morphological Analysis

This section revisits the previously introduced techniques—TEM, WAXS, and SAXS—to high-
light their relevance in nanocomposite characterization. While their fundamental principles
remain unchanged, these methods are employed to analyze key morphological features,

including nanoparticle dispersion, crystallinity, and spatial arrangement.

Transmission Electron Microscopy (TEM)

TEM is a critical tool for nanocomposite characterization, offering high-resolution imaging

of internal structures. It enables:

¢ Nanoparticle Dispersion Analysis: Assessing the spatial distribution of nanoparticles
within the polymer matrix.

e Particle-Matrix Interface Evaluation: Examining the interactions between nanoparti-
cles and the surrounding polymer.

e Agglomeration Detection: Identifying nanoparticle clustering that may affect com-
posite properties.

e Morphological Changes Observation: Monitoring alterations in nanoparticle shape

or structure due to polymer interactions.

With nanoscale resolution, TEM provides direct insight into the structural organization

of nanocomposites and the influence of processing conditions.

Wide-Angle X-ray Scattering (WAXS)

WAXS offers valuable information on the crystalline structure of nanocomposites at the

atomic and molecular levels, including:

e Polymer Crystallinity Analysis: Assessing changes in polymer crystallinity upon
nanoparticle incorporation.

e Phase Identification: Detecting new crystalline phases resulting from nanoparticle-
polymer interactions.

¢ Nanoparticle Crystallinity Monitoring: Identifying potential structural modifications

in nanoparticles within the composite.

Comparing WAXS data from pure components and nanocomposites helps elucidate the

impact of nanoparticles on the overall crystalline structure.
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Small-Angle X-ray Scattering (SAXS)

Complementing WAXS and TEM, SAXS probes larger-scale structures, providing insights
into:

e Spatial Distribution: Investigating nanoparticle arrangement within the polymer
matrix.

e Hierarchical Structure: Identifying multi-scale structural features in nanocomposites.

¢ Interfacial Regions: Analyzing interactions between nanoparticles and the polymer
matrix.

e Aggregation Behavior: Detecting nanoparticle networks or clusters formed under
specific conditions.

Together, these techniques provide a comprehensive morphological analysis, linking

nanoscale structures to macroscopic properties.

2.7.2 Composition Analysis

Density Measurements

The density (p) of the nanocomposite can be determined using a precision density balance
based on Archimedes’ principle. The setup involves measuring the sample’s mass in air (m,;,)
and then in a reference liquid (my;q,;q) with a known density (0j;q,q) at the measurement
temperature, as shown in Figure 2.16. The density of the nanocomposite can be calculated
using the following equation:
o= Mair * Pliquid (2.6)
Maiy — Myiquid

This approach allows for precise density determination by accurately accounting for the
displacement of the reference liquid during the measurement.

The density measurement can also be used to estimate the mass fraction of nanoparticles
(w,,) in the nanocomposite, provided the densities of the nanocomposite (p,.), the matrix
(p,), and the filler (p,) are known. The mass fraction can be calculated using the following
equation:

(:-2)
W= P Pr
m (L_L)

Pm Py

This equation allows for determining the contribution of the nanoparticles to the com-

2.7)

posite’s overall density.
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Upper Position (Air Measurement)

Temperature reading

Sample

Lower Position (Liquid Measurement)

Sample mass reading

Figure 2.16 - Precision density balance setup for accurate density measurements. The apparatus
inside the glass chamber includes a suspension mechanism for measuring samples in air and
a reference liquid. The balance utilizes Archimedes’ principle to determine density through
displacement.

TGA (Thermogravimetric Analysis)

Thermogravimetric Analysis (TGA) is a technique that measures the mass loss of a sample as
it is heated under a controlled atmosphere (e.g., air or nitrogen). The sample is subjected
to a controlled heating rate, and the corresponding mass changes are recorded, providing
insights into its composition.

TGA is commonly used to determine the composition of a material, but it is also employed
to assess thermal degradation, quantify moisture or solvent content, and analyze volatile
components. The occurrence of mass losses at specific temperatures enables the identification
of different material phases based on their thermal behavior and provides quantitative
information on the amount of each component present in a sample (Figure 2.17).

This technique is particularly useful for studying polymers, composites, and other com-
plex materials. It is often complemented by other methods, such as Differential Scanning

Calorimetry (DSC), to achieve a more comprehensive thermal characterization.

85



Chapter 2 — Polymer Nanocomposites: Design, Optimization, and Characterization

A

100%

Mass

T*A ’I*B { Temperature}

Figure 2.17 — Thermogravimetric Analysis curve showing mass loss at different temperatures.

2.7.3 Physical Characterization

Regarding the physical properties of nanocomposites, Thermogravimetric Analysis (TGA),
mentioned earlier, serves not only as a technique for quantifying composition but also for
analyzing physical properties such as thermal stability, degradation, and, in some cases,
oxidation behavior.

To complement TGA, Differential Scanning Calorimetry (DSC), presented in the following
section, provides additional insights into the thermal behavior of nanocomposites.

DSC (Differential Scanning Calorimetry)

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to measure
thermal transitions, such as the glass transition temperature (Tg), in polymers. In DSC, a
sample and a reference material are placed in separate pans (see Figure 2.18) and subjected
to a controlled heating or cooling program. The heat flow into or out of the sample is
continuously monitored and compared to that of the reference material, which has a known
heat capacity and remains stable during the experiment.

DSC is especially effective for detecting changes in heat capacity during transitions such
as the glass transition temperature. When a polymer reaches Tg, it transitions from a glassy
state to a rubbery state, resulting in a change in heat capacity. This change can be observed

as a step change in the heat flow curve, as illustrated in Figure 2.19.

86



2.7 - Characterization Techniques

Figure 2.18 — A Differential Scanning Calorimetry Q100 machine used for thermal analysis of
materials in the Roberval Laboratory - UTC.

A. amorphous

B. semicrystalline

Heat Flow (exo down)

Temperature

Figure 2.19 — Thermal transitions in (A) amorphous and (B) semicrystalline polymers. As
temperature rises, both amorphous and semicrystalline polymers experience the glass tran-
sition (Tg). Amorphous polymers (A) do not show any other phase transitions, whereas
semicrystalline polymers (B) undergo crystallization and melting at temperatures Tc and Tm,
respectively.
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In this thesis, DSC was also employed to analyze the thermal behavior and decomposition
of carboxylate precursors used in nanoparticle synthesis, identifying key temperature points

related to the dissociation of carboxyl groups.

2.7.4 Mechanical Characterization

Understanding the mechanical behavior of a material requires various testing techniques
that evaluate stiffness, strength, and viscoelastic properties.

Tensile tests, DMA, and rheology are among the most commonly used methods to charac-
terize mechanical performance. Each of these techniques provides complementary insights

into different aspects of the material’s response to mechanical stress.

Tensile Tests

Tensile testing is used to evaluate material properties like strength, elasticity, and ductility,
with data typically shown as stress-strain curves. Young’s modulus, which reflects stiffness,

is derived from the linear portion of the curve using the formula:

F'LO
E=
A-AL

where F is the applied force, A is the cross-sectional area, L, is the initial length, and AL

(2.8)

is the elongation.
The experimental setup for tensile testing is illustrated in Figure 2.20, which shows an
electrospun PVDF film being tested using a 300 N load cell. The red arrow indicates the

direction of the applied force.

Lo

Figure 2.20 — Tensile testing of an electrospun PVDF film using a 300 N load cell, with the red
arrow indicating the direction of the applied force.
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(DMA) Dynamic Mechanical Analysis

Building on the mechanical properties obtained from tensile testing, Dynamic Mechanical
Analysis (DMA) provides deeper insights into the viscoelastic behavior of materials under
oscillatory stress. While tensile testing measures the Young’s modulus (E) through static
stress-strain experiments, DMA evaluates how materials respond to dynamic deformation,
revealing their ability to store and dissipate energy.

The key properties derived from DMA are the storage modulus (E"), which quantifies the
elastic response, the loss modulus (E”), which measures the viscous dissipation of energy,
and the complex modulus (E*), defined as the vector sum of E” and E”. The storage modulus

can be expressed as:
0, cos(0)

’ : (2.9)
€
and the loss modulus is given by:
g = Zosin(®) (2.10)
€

Here, 0 is the stress amplitude, ¢, is the strain amplitude, and & is the phase angle between

the stress and strain. The complex modulus is represented as:

E* = /() + (E")2. 2.11)
In DMA, the material is subjected to a sinusoidal strain:
e(t) = gysin(wt), (2.12)
where w is the angular frequency, and the resulting stress is:
o(t) =oysin(wt + 6). (2.13)

The phase angle ¢ reflects the viscoelastic nature of the material, where an elastic solid has
6 = 0 and a purely viscous fluid has 6 = 7t/2. The oscillatory stress and the response to it
are shown in Figure 2.21.

DMA experiments are typically conducted under controlled conditions:

e Strain amplitude: Kept small, usually less than 1% of the sample dimension, to remain
within the linear viscoelastic regime (LVER).

e Temperature range: Measurements can span from sub-ambient temperatures to over
300°C, depending on the instrument and material.

89



Chapter 2 — Polymer Nanocomposites: Design, Optimization, and Characterization

Phase Lag —Stress o(t)
L0 - - - -Strain ¢(t)

Figure 2.21 — (a) Setup of the specimen mounted between two plates inside a thermal chamber
for DMA testing at the Roberval Laboratory of UTC [182]. (b) Stress-strain relationship
observed in DMA measurements [183].

e Frequency range: Most instruments operate between 0.01 Hz and 200 Hz.

The technique can be performed in several modes, including tension, compression, and
bending, with the choice of mode depending on the material and the desired insights.

By analyzing the storage modulus (E") and loss modulus (E”) over a range of temper-
atures or frequencies, DMA provides crucial information about the viscoelastic properties
of materials. Additionally, the glass transition temperature (T,) can be identified as the
temperature at which E’ drops significantly and E” exhibits a peak, offering insights into the

thermal behavior as shown in Figure 2.22.

Rheological Characterization

Expanding upon the principles of DMA, rheology delves into a broader spectrum of material
states and deformation behaviors. Unlike DMA, which primarily examines solid materials,
rheology explores the flow and deformation of materials across solid, liquid, and intermediate
states, offering crucial insights into complex systems such as polymer melts, suspensions,
and gels.

In rheology, materials’ response is quantified using shear moduli: storage modulus (G"),
which measures the elastic response, loss modulus (G”), which quantifies viscous energy

dissipation, and complex shear modulus (G*), which combines G’ and G” as:

G'=G+iG"=VG?*+G"? (2.14)

The complex viscosity (n*) relates to G* via:
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Figure 2.22 — Example of a typical DMA thermogram for polymers. [184].

GG o.15)
w w
where w is the angular frequency.
Rheological tests typically involve sinusoidal strain y(t) = y, sin(wt), leading to a stress
response T(t) = 7,sin(wt + &), with a phase lag 6 that characterizes the material’s vis-

coelasticity. The storage and loss moduli can be expressed in terms of stress and strain

amplitudes:
G = Lo cos(8) (2.16)
Yo
G" = 10in(s) 2.17)
Yo

To ensure accurate measurements, an amplitude sweep identifies the IVER, where G’ and
G” are constant. Beyond this region, material behavior becomes nonlinear due to structural
changes. Once the IVER is determined, a frequency sweep explores the material’s response
across a range of angular frequencies (w), typically from 0.01 Hz to 100 Hz, providing
insights into its time-dependent behavior and transitions between elastic (solid-like) and
viscous (liquid-like) states.

G’ and G” measured during the frequency sweep can also be linked to mechanical
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properties like the Young’s modulus (E) using the relationship:
E~2G'(1+v), (2.18)

where v is the Poisson’s ratio.
By combining amplitude and frequency sweeps, rheology provides a comprehensive
understanding of a material’s viscoelastic and flow properties. A rotational rheometer

showing its key components, is illustrated in Figure 2.23 below.

Figure 2.23 - A rotational rheometer from the TIMR laboratory of UTC, showing its key compo-
nents, including a stationary bottom plate, a rotating top geometry, and a sample material
between them.

2.7.5 Magnetothermal Characterization

An important property to characterize in iron oxide nanoparticle-based composites is their
magnetothermal behavior. Before discussing the characterization techniques, we briefly
present the mechanism underlying this property.

Iron oxide nanoparticles have the ability to convert electromagnetic energy into heat
when subjected to an alternating magnetic field. This magnetothermal effect is governed by
two primary relaxation mechanisms: Néel and Brownian relaxation. In both mechanisms,
the continuous attempt of magnetic moments to realign with the oscillating external field
leads to energy loss, which is dissipated in the form of heat. These processes are particularly
significant in the superparamagnetic regime.

The overall heating efficiency is determined by the effective relaxation time 7.4, which
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combines the contributions of both mechanisms as follows [185]:

1 1 1
—=—+— (2.19)
Tett TN T

e Néel relaxation (t,) involves the internal reorientation of the magnetic moment
within a fixed nanoparticle, driven by thermal fluctuations that help overcome the
anisotropy energy barrier. This reorientation, in response to the alternating field, results
in energy dissipation due to internal magnetic friction. This mechanism dominates in
smaller particles and depends on the magnetic anisotropy constant, particle volume,
and temperature (Figure 2.24).

e Brownian relaxation (7;) refers to the physical rotation of the entire nanoparticle
within its surrounding medium to align its magnetic moment with the external field.
The resulting viscous drag from the medium resists this motion, converting part of the
energy into heat. It is governed by the particle’s hydrodynamic volume, the viscosity
of the medium, and temperature (Figure 2.24).

Both relaxation mechanisms are only activated under an alternating magnetic field. In
a static magnetic field, magnetic moments align and remain in equilibrium, resulting in
negligible heat production.

Néel Relaxation

IIII}

Brownian Relaxation

@ AM.F}

Figure 2.24 — Magnetic nanoparticle relaxation under an alternating magnetic field: Néel
relaxation (top) corresponds to internal magnetic moment rotation, while Brownian relaxation
(bottom) corresponds to physical rotation of the nanoparticle.

The heating ability of nanoparticles is quantified using the specific absorption rate
(SAR)—an extrinsic parameter related to power dissipated per unit mass—and the intrinsic
loss parameter (ILP), which reflects the material’s intrinsic heating capacity. The heating

efficiency of IONPs under an alternating magnetic field is highly dependent on particle size.
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In the superparamagnetic regime, heating arises from Néel and Brownian relaxation,
both of which are sensitive to nanoparticle size. Smaller particles often exhibit lower magne-
tization due to spin-spin exchange interactions that lead to disordered, spin glass-like surface
layers—features rarely observed in bulk magnetic materials [186] [187] [188]. Addition-
ally, incomplete coordination of surface metal ions contributes to magnetic frustration and
reduced magnetic moments [ 189].

Crystallinity is another key factor. Well-crystallized IONPs exhibit superior magnetic
properties because structural defects and amorphous regions hinder magnetization reversal
under AC fields. Nanoparticle morphology also plays a role: cubic IONPs generally outperform
spherical ones due to their flat <100> facets, which reduce surface spin disorder [190]. In
contrast, the curved surfaces of spherical IONPs enhance spin canting and reduce effective
magnetization. Studies report that cubic IONPs can exhibit nearly double the specific loss
power compared to spherical particles of similar size (356.2 vs. 189.6 W/g) [191].

Viscosity of the surrounding medium also significantly affects heating efficiency. Higher
viscosity limits the rotational mobility of nanoparticles, suppressing Brownian relaxation and
reducing the heating effect. In high-viscosity environments, such as intracellular or gel-like
media, SAR values can decrease by up to 50% compared to those in aqueous solutions
[192]. This is especially important for larger particles, where Brownian rotation significantly
contributes to relaxation [193]. Conversely, smaller particles (typically <20 nm) primarily
undergo Néel relaxation, which is independent of the medium’s viscosity and thus maintains
consistent heating performance. For intermediate to larger particles (20-37 nm), Brownian
motion becomes more dominant, making the SAR strongly dependent on medium viscosity
due to hindered rotational motion.

To investigate the magnetothermal behavior of magnetic nanoparticles, experiments
are typically conducted using a dedicated hyperthermia setup such as the one provided by
NanoScale Biomagnetics (Figure 2.25). This system includes a coil connected to an alternat-
ing current (AC) power source, which generates a well-controlled alternating magnetic field.
When magnetic nanoparticles are exposed to this field, they convert electromagnetic energy
into heat through magnetic relaxation mechanisms.

A fiber optic thermometer is commonly employed to measure the sample temperature
with high accuracy. Being immune to electromagnetic interference, it ensures reliable data
acquisition even in strong magnetic environments. The temperature sensor is immersed in
the sample and connected to a digital acquisition system, enabling real-time recording and

visualization of temperature versus time throughout the experiment.
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Figure 2.25 — Setup of the hyperthermia test utilizing NanoScale Biomagnetics equipment (From
Phénix Laboratory at Sorbonne Université). The system consists of an electromagnetic coil
powered by an AC source, a sample container, and a fiber optic thermometer for precise
temperature monitoring.

2.8 Conclusion

This chapter has provided a comprehensive overview of polymer nanocomposites, encom-
passing their design principles, fabrication methods, and evaluation strategies. Particular
emphasis was placed on the matrix—filler interface, which plays a pivotal role in dictating
the ultimate performance of these materials.

A broad array of characterization techniques was presented, highlighting the impor-
tance of multiscale approaches to capture the structural, thermal, magnetic, and mechanical
behaviors of nanocomposites. These techniques offer critical insights into the complex inter-
actions occurring across multiple length scales, thereby elucidating the structure—property
relationships that govern material performance.

Altogether, the interdisciplinary framework outlined in this chapter establishes a solid
foundation for the rational design of advanced nanocomposites tailored to meet specific

engineering requirements.
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3.1 - Introduction

3.1 Introduction

The synthesis of maghemite nanoparticles with precise control over their size, shape, and
surface chemistry remains a significant challenge. However, it offers immense potential for
advancing a wide range of technological applications [1] [2] [3] [4]. As the demand for
sophisticated nanomaterials continues to rise, achieving accurate control over nanoparticle
properties has become increasingly critical.

Among the various chemical synthesis methods for iron oxide nanoparticles discussed
in Chapter 1, Section 1.5, the thermal decomposition of carboxylate precursors stands out
as particularly effective. This method is known for producing nanoparticles with low-size
polydispersity. However, attaining such precise size control requires meticulous optimization
of several synthesis parameters [5] [6] [7] [8] [9] [10] [11]. These include reaction condi-
tions (such as heating rate, reaction time, and temperature), characteristics of the reagents
(including precursors, surfactants, and solvents), as well as their concentrations and ratios
[12] [13].

The complexity of nanoparticle synthesis arises not only from the numerous parameters
involved but also from the intricate interplay between them. For instance, the ligand-
to-precursor ratio significantly influences nanoparticle size. Conflicting findings in the
literature add to this challenge: while some studies report that increasing this ratio leads to
larger particles, others observe the opposite effect [14]. These inconsistencies reflect the
multifactorial and nuanced nature of nucleation and growth processes.

As mentioned in the literature chapter, the synthesis of nanomaterials remains a field
where no comprehensive theoretical framework currently exists to account for all these
parameters simultaneously. Variations in a single parameter can significantly impact the role
of others, further complicating the development of general rules for nanoparticle synthe-
sis. This highlights the need for continued experimental and theoretical efforts to better
understand and predict the dynamics of nanoparticle formation.

This chapter explores the synthesis parameters for maghemite nanoparticles with diame-
ters smaller than 20 nm. This size range is chosen because nanoparticles of this size have a
high surface-to-volume ratio, which notably increases the stiffness of polymers. As shown
in Figure 3.1, this effect is evident when silica nanoparticles are incorporated into a PMMA
matrix, where significant improvements in mechanical properties are observed for particles
under 20 nm [15]. Additionally, nanoparticles in this size range exhibit superparamagnetic
behavior, broadening their potential applications in diverse fields.

The surface chemistry of the maghemite nanoparticles was meticulously engineered
through the application of carboxylic acids with varying alkyl chain lengths. This strategic

selection of surface coatings plays a crucial role in modulating the nanoparticles’ properties
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Figure 3.1 — Young’s modulus evolution as a function of silica nanoparticle diameter in PMMA
nanocomposites. The graph demonstrates significant mechanical property enhancement for
particles below 20 nm, with the highest Young’s modulus values (approximately 3.8 GPa)
achieved at the smallest particle diameters. The mechanical properties gradually decrease
with increasing particle size until reaching a plateau, while remaining above the pure PMMA
reference value (2.4 GPa). [15]

and interactions with their environment. Three distinct carboxylic acids were chosen for this

study:

¢ Oleic acid (C;gH3,0,): A long-chain fatty acid with 18 carbon atoms and one double
bond.

e Dodecanoic acid (C;,H,,0,): Also known as lauric acid, a medium-chain saturated
fatty acid with 12 carbon atoms.

e Octanoic acid (CgH;¢0,): A short-chain saturated fatty acid, also called caprylic acid,

containing 8 carbon atoms.

These carboxylic acids, depicted in Figure 3.2, represent a systematic variation in alkyl chain
length, allowing for a comprehensive investigation of how ligand size influences nanoparticle
characteristics.

Long-chain ligands, such as oleic acid (C18), offer enhanced steric protection, reducing
aggregation and promoting uniform dispersion. However, these same long chains can hinder
surface accessibility, as observed in Figure 3.3, where oleic acid prevents poly(vinylidene
fluoride) (PVDF) from accessing the surface of iron oxide nanoparticles. This interaction
inhibits the formation of the 3-phase in PVDE which is critical for its piezoelectric properties.
Shorter chains, like octanoic acid with only 8 carbon atoms, allow closer interactions between

particles and polymer matrices, potentially enhancing catalytic or functional properties but
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Figure 3.2 — Alkyl chain length of the selected carboxylic acids: Oleic acid, Dodecanoic acid,
Octanoic acid

at the cost of dispersion stability. Intermediate chain lengths, such as dodecanoic acid (C12),

can provide a balance, facilitating both effective dispersion and favorable interactions.

Elaidic acid

R
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Figure 3.3 — Schematic illustration of carboxylic acid surface ligands and their impact on
nanoparticle-polymer interactions. (Top) Evolution of iron oxide nanoparticle surface chem-
istry showing: (a) as-synthesized NPs with grafted oleic acid (C18), where the long ligand
chains reduce surface accessibility and inhibit 3 -PVDF formation, (b) washed NPs with partial
surface modification, allowing limited [3-PVDF interactions, and (c) annealed sample with
elaidic acid formation, altering surface accessibility while maintaining steric stability. [16]

The studies on surface accessibility and 3-PVDF formation were further investigated
by molecular dynamics simulations [17] [18], as shown in Figure 3.4. The average dipole
moment of a-PVDF during 10 ns of molecular dynamics simulation was calculated in the

absence and presence of magnetite slabs with different surface treatments. These treatments
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included OH termination, 20% acetic acid termination, 20% hexanoic acid termination, 20%
dodecanoic acid termination, and 20% oleic acid termination. The results indicated that
OH termination exhibited the highest dipole moment, corresponding to a higher amount of
p-phase formation.
P <« & <¢Ff ‘
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Figure 3.4 — (a) Illustration of the transformation of a.-PVDF into 3-PVDF upon contact with the
magnetite slab. (b) Average dipole moment of a-PVDF during 10 ns of molecular dynamics
simulation in the absence and presence of magnetite slabs with different surface treatments,
including OH termination, 20% acetic acid termination, 20% hexanoic acid termination,
dodecanoic acid termination, and 20% oleic acid termination. [17]

Building on insights into size range selection and surface coating choices in polymer
nanocomposite properties, this study aims to synthesize nanoparticles in three distinct
sizes below 20 nm, each with the three selected coatings. This method will produce
a varied collection of nine distinct samples, aimed at facilitating future research on how

nanoparticle size and surface chemistry affect interactions with polymers in the interphase
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and their resulting properties.

We aim to develop and optimize synthesis protocols to achieve precise control over
particle size and surface chemistry. Our research will focus on optimizing nanoparticle
synthesis for specific sizes and surface characteristics. We will investigate growth kinetics
and mechanisms, characterize the size distribution and surface chemistry, and correlate

synthesis parameters with the resulting magnetic properties.

3.2 Samples Preparation & Characterization

3.2.1 Strategy for Size and Surface Chemistry Control

The synthesis of maghemite nanoparticles with precise control over both size and surface
chemistry has remained a challenge in nanomaterials research. Traditional methods often
struggle to achieve both consistent particle sizes and tailored surface properties using car-
boxylic acid ligands with varying chain lengths. This difficulty arises because conventional
techniques for modifying surface ligands while maintaining a constant iron precursor fre-
quently lead to mixed ligand passivation and unintended variability in particle size [10]. As
a result, it becomes challenging to decouple the effects of ligand chain length from particle
size, which is crucial for developing nanoparticles for specific applications.

To address these limitations, this chapter presents a novel, systematic approach to
maghemite NP synthesis. The strategy involves examining the thermal decomposition of
three distinct iron complexes—iron oleate (C;g), iron dodecanoate (C;,), and iron octanoate
(Cg)—each paired with corresponding stabilizing ligands: oleic acid, dodecanoic acid, and
octanoic acid. This innovative method aims to achieve three distinct size ranges within each
precursor-ligand system, enabling simultaneous control over nanoparticle size and surface
chemistry while offering a detailed investigation into growth mechanisms.

By systematically examining the relationships between precursor chemistry, ligand in-
teractions, and synthesis conditions, this study provides valuable insights for the rational
design of maghemite nanoparticles tailored for specific applications. The approach not only
addresses longstanding challenges in NP synthesis but also paves the way for more precise

control over nanomaterial properties.
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3.2.2 Synthesis of Iron(X); Precursors (X = oleate, dodecanoate, oc-

tanoate)

To synthesize the three selected precursors—iron oleate (C,g), iron dodecanoate (C;,), and
iron octanoate (Cg)—we reacted iron(III) chloride (FeCl;) with their corresponding sodium
fatty acid salts: sodium oleate, sodium dodecanoate, and sodium octanoate. This synthesis
followed a method reported by Park et al. [19] for the preparation of iron oleate and was
adapted for the synthesis of iron dodecanoate (C,,) and iron octanoate (Cg). Specifically,
iron chloride (10.8 g, 40 mmol) and sodium oleate (36.5 g, 120 mmol) were dissolved in
a solvent mixture consisting of 80 mL ethanol, 60 mL distilled water, and 140 mL hexane.
The reaction mixture was heated to 70 °C and maintained at this temperature for 4 hours
to ensure completion. The upper organic phase containing the iron-oleate complex was
separated using a funnel and washed three times with 30 mL of distilled water. Finally, the
hexane was evaporated using a rotary evaporator, yielding the iron-oleate complex as a waxy
red-brown paste. The process is illustrated in Figure 3.5.

For iron dodecanoate and iron octanoate, similar procedures were followed with their
corresponding sodium salts: sodium dodecanoate (72.12 g, 120 mmol) and sodium octanoate
(51.53 g, 120 mmol). These reactions also proceeded with the same solvent mixture and

heating conditions, leading to the desired complexes.

Washing (X3) Washing with 150 ml
and separating

Ethanol Hexane H20
+ the two phases

g

Na vleate

500 tr/min

> 4

Figure 3.5 — Illustration of the synthesis and isolation process of the iron oleate precursor.
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3.2.3 Synthesis of (Y) acid iron coated iron oxide NPs precursors (Y =

oleic, dodecanoic, octanoic)

To produce spherical maghemite nanoparticles with three distinct average diameters, all
below 20 nm and stabilized by carboxylic acids of varying chain lengths, we modified
the synthesis method described by Park et al. [19]. Our approach utilized the thermal
decomposition of iron oleate in the presence of oleic acid (C,g), which was dissolved in
1-octadecene. This process resulted in maghemite nanoparticles coated with oleic acid.

Building on this foundation, we expanded our synthesis to include two additional surface
chemistries by replacing iron oleate with iron dodecanoate and iron octanoate, each paired
with dodecanoic acid (C;,) and octanoic acid (Cg), respectively. This modification enabled
us to investigate how the decomposition of different iron carboxylate precursors affects the
properties of the synthesized nanoparticles.

To achieve the desired size ranges for each surface chemistry, we conducted a systematic
study of synthesis parameters. Size control was accomplished through various strategies,
including the well-documented solvent effect [10] [19]. Higher boiling point solvents, such
as 1-octadecene (318°C), promote the growth of larger NPs. However, this approach has
limitations, particularly for very small NPs (e.g., 3 nm). Additionally, we found that the
decomposition behavior of the precursors was significantly influenced by the chain length of
the carboxylic acids, affecting the nucleation and growth mechanisms.

The NPs synthesized in this study were categorized into three size ranges based on their
average diameters.

e Small: approximately 3.3 nm
e Intermediate: approximately 7.5 nm

e Large: approximately 12.0 nm

3.3 Precursors and Nanoparticles Characterization

3.3.1 (DSC) Differential Scanning Calorimetry

Differential Scanning Calorimetry was employed to investigate the thermal decomposition
behavior of the three iron carboxylate precursors used in our study. This technique has been
previously utilized in the literature to analyze the thermal decomposition of iron oleate,
allowing for the identification of endothermic peaks associated with the dissociation of oleic
acid chains and their correlation with nucleation and growth temperatures [20].

We used the work referenced in [20] to (1) validate the results obtained for iron oleate

and (2) extend this approach to analyze the thermal properties of iron dodecanoate and iron
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octanoate precursors. The differential scanning calorimetry analysis was performed using
a DSC instrument Q200 equipped with version 24.11 Build 124 software. Thermograms
were acquired over a temperature range of 25 to 400°C, with a heating rate of 10°C/min.
For sample preparation, approximately 1.3 mg of each precursor was placed in a Tzero
Aluminum Hermetic pan under a nitrogen atmosphere.

This analysis provided valuable insights into the decomposition behavior of the different

precursors, allowing us to:

e Identify the characteristic endothermic peaks for each precursor

e Compare the thermal decomposition of the precursors with varying carboxylic acid
chain lengths.

e Correlate the observed thermal events with the nucleation and growth processes during

nanoparticle synthesis

3.3.2 (EDS) Energy Dispersive X-ray Spectrometry

Prior to the DSC analysis, we employed Energy Dispersive X-ray Spectrometry to determine
the chemical composition of the precursors. This step was added to ensure the purity of the
components and to verify that the peaks observed in the DSC analysis were indeed related
to the precursors and not to any present impurities.

The EDS analysis was conducted using a scanning electron microscope (Quanta FEG
250, Thermo Fisher) equipped with a Quantax X-Flash detector (Synergie4 Bruker). This
analysis was performed at the Service Analyses Physico-Chimiques (SAPC) at the Université
de Technologie de Compiegne.

By utilizing EDS, we were able to:

e Confirm the elemental composition of each precursor
e Detect and quantify any potential impurities

e Ensure the reliability of subsequent DSC measurements

3.3.3 (TEM) Transmission Electron Microscopy

To characterize the morphology of the synthesized nanoparticles, we conducted Transmission
Electron Microscopy analysis. The TEM imaging was performed using a JEOL JEM-1011
microscope operated at an accelerating voltage of 100 kV.

Sample preparation for TEM analysis involved depositing drops of the colloidal nanoparti-
cle solution onto amorphous carbon-coated TEM grids. To ensure statistical significance, we
analyzed over 700 nanoparticles from the TEM images using ImageJ software. This analysis

allowed us to determine:
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e Average diameter of the nanoparticles

e Size distribution and polydispersity

The mean diameter was calculated as the arithmetic average of these measurements.
Polydispersity was quantified using the standard deviation relative to the mean size, providing
a measure of the size uniformity of the nanoparticle population.

3.3.4 (XRD) X-Ray Diffraction

To confirm the formation of maghemite nanoparticles and study their crystal structure, we
employed X-Ray Diffraction analysis. This technique allowed us to identify the characteristic
peaks of maghemite and calculate the unit cell parameters. XRD measurements were
conducted using a Bruker D8 Advance X-ray diffractometer, provided by the Service Analyses
Physico-Chimiques (SAPC) at the Université de Technologie de Compiégne. The instrument
was operated under the following conditions:

e Voltage: 30 kV
Current: 40 mA
X-ray wavelength: 0.1506 nm

Scanning range: 26 from 25° to 70°
Step size: 0.02°

All nanoparticle samples were analyzed in powder form. For the analysis, the samples
were carefully deposited on a holder with a silicon monocrystal to minimize background
interference.

3.3.5 (SQUID) Superconducting Quantum Interference Device

To characterize the magnetic behavior of the synthesized nanoparticles, we conducted compre-
hensive magnetic measurements using a commercial Superconducting Quantum Interference
Device (SQUID) magnetometer (MPMS3, Quantum Design, USA). The measurements were
performed on films of powdered iron oxide nanoparticles, with the applied field parallel to
the nanoparticle film.

Our magnetic characterization included:

e Zero-field-cooled (ZFC) and field-cooled (FC) susceptibility curves:

> Applied field: 1.59 x 10° A-m™
> Temperature range: 3 K to 300 K

e Magnetization curves:
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> Maximum applied field: 3.98 x 10° A'm™
The ZFC and FC measurements were conducted as follows:

e ZFC protocol: The sample was cooled from 300 K to 3 K without an applied field,
then heated to 300 K in a field of 1.59 x 10% A‘m™ while recording the magnetization
My (D).

e FC protocol: The sample was cooled again to 3 K under the same applied field, and

the magnetization Mg (T) was recorded during heating.
For both ZFC and FC measurements:

e Heating rate: approximately 2 K-min™ for each temperature step

e Measurement time: ~5 s per data point

Additionally, hysteresis curves were obtained at 3 K to further elucidate the magnetic

properties of the nanoparticles at low temperatures.

3.4 Precursors Decomposition Investigation

Thermal decomposition study by DSC

Iron (Oleate),

The thermal behavior of iron oleate (C,5) obtained DSC is presented in Figure 3.6a. The DSC
pattern revealed several distinct endothermic peaks, each corresponding to specific thermal
events.

A subtle endothermic peak was observed at 120 °C, indicating the elimination of crystal
hydrate water from the precursor. At 230 °C, another endothermic peak signaled the dis-
sociation of the first oleate group from the iron oleate complex, which is associated with
the nucleation step in the formation of nanoparticles. A subsequent endothermic peak was
detected at 320 °C, corresponding to the dissociation of the two remaining oleate ligands, an
event linked to the growth phase of the nanoparticles. The final endothermic peak, occurring
at approximately 380 °C, signifies the complete decomposition of the iron oleate precursor.
These findings are consistent with previous research on the thermal decomposition of iron
oleate complexes and their role in nanoparticle synthesis [19] [20] [21].

Importantly, the EDS analysis, presented in the insets of Figure 3.6 for the three precursors,
revealed no detectable impurities, confirming that the peaks observed in the DSC analysis
were related to the precursors themselves and not to any contaminants, such as chlorine
or sodium, which could result from non-stoichiometric conditions during synthesis or an
inadequate washing step [22].
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Iron (Dodecanoate),

The DSC pattern of the iron dodecanoate (C;,) precursor, as shown in Figure 3.6b, exhibited
distinct thermal characteristics compared to its oleate counterpart. A low-temperature peak
was observed at approximately 77 °C, which can be attributed to the melting point of this
precursor. Unlike iron oleate (C,g), iron dodecanoate is solid at room temperature, explaining
this unique low-temperature feature. Two significant endothermic peaks were detected at
265 °C and 310 °C. Drawing parallels with the behavior of iron oleate, these peaks likely
correspond to the nucleation and growth processes, respectively. Notably, the nucleation peak
for iron dodecanoate occurred at a higher temperature (265 °C) compared to that of the oleic
precursor (230 °C), indicating that the dodecanoate precursor requires substantially higher
temperatures to initiate nucleation. The growth peak at 310 °C was observed at a slightly
lower temperature than its oleic counterpart. A comparative analysis of the DSC patterns
indicates that the distinction between nucleation and growth processes, which is important
for producing nanoparticles with a narrow size distribution, is less pronounced when using
the dodecanoic precursor compared to the oleic precursor. The complete decomposition of
iron dodecanoate occurs at approximately 370 °C, which is lower than the decomposition

temperature observed for the oleic precursor.

Iron (Octanoate),

The thermal behavior of the iron octanoate (Cg) precursor, as illustrated in Figure 3.6c¢,
exhibits distinct characteristics compared to its longer-chain counterparts. A low-temperature
endothermic peak is observed at 60 °C, which can be attributed to the melting point of the
precursor, similar to the iron dodecanoate (C;,) precursor. However, the decomposition
pattern of the iron octanoate precursor is notably more complex than that of the C;5 and C;,
precursors.

Unlike the C;4 and C,, precursors, which displayed two distinct peaks associated with
nucleation and growth steps, the iron octanoate precursor exhibits three endothermic peaks
at 202 °C, 220 °C, and 270 °C. This tripartite peak structure suggests a more intricate
dissociation pathway for the Cq precursor. One possible interpretation is that each of these
peaks corresponds to the sequential dissociation of an octanoate group from the precursor.
However, the exact nature of these thermal events requires further investigation to be fully
understood.

The complete decomposition of the iron octanoate precursor occurs at approximately
350 °C, which is lower than the decomposition temperatures observed for both the oleic
(C;g) and dodecanoic (C;,) precursors. This lower decomposition temperature indicates that

the iron octanoate precursor is less thermally stable compared to its longer-chain analogues.
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The unique thermal behavior of the iron octanoate (Cg) precursor, marked by three
endothermic events, indicates a complex decomposition mechanism that may affect nanopar-

ticle nucleation, growth, size, shape, stability, and reproducibility.
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Figure 3.6 — Differential scanning calorimetry (DSC) of the (a) iron oleate, (b) iron dodecanoate,
and (c) iron octanoate precursors. Insets: corresponding energy dispersive X-ray spectrometry
(EDS) patterns.
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3.5 TEM analysis of size and morphology

3.5.1 Synthesis of Oleic acid (C18)-coated maghemite nanoparticles

The synthesis of the larger maghemite nanoparticles coated with oleic acid (C,5) was adapted
from the method described by Park and Co., with modifications primarily in scale and
heating rate. The process involved dissolving 1.42 g (1.6 mmol) of iron oleate precursor and
0.22 g (0.8 mmol) of oleic acid in 10 ml of octadecene, resulting in a precursor-to-ligand
concentration ratio (R) of 2. This mixture was heated to the boiling point of octadecene (318
°C), refluxed for 30 minutes, and then cooled to room temperature. The synthesis conditions
are summarized in Table 3.1. The resulting black solution was purified by washing with
excess acetone and centrifugation at 4900 rpm for 10 minutes. The oleic acid-coated NPs
were then dispersed in chloroform. TEM analysis of the C;4-NPs, as shown in Figure 3.7a,
revealed a population of highly uniform spherical nanoparticles. The inset of Figure 2a
indicates that these NPs have a mean diameter of 12.6 nm with a narrow size polydispersity
of 4%.

Table 3.1 — Parameters used for the synthesis of maghemite nanoparticles by thermal decompo-
sition approach with the TEM size measured.

Sample Precursor (mmol) Ligand (mmol) R = [P/L] Solvent (Tbp °C) Reflux Time (min) TEM Diameter (nm)

C18-NPs 1.6 0.8 2.0 Octadecene (318°C) 30 12.6 (0 = 4%)
1.6 0.8 2.0 Hexadecene (274°C) 30 7.8 (0 = 4%)
4.0 2.0 2.0 Hexadecene (274°C) 30 3.4 (0 = 14.3%)

C12-NPs 1.6 3.2 0.50 Octadecene (318°C) 30 13.3 (o0 = 5.7%)
0.8 1.6 0.50 Hexadecene (274°C) 60 7.8 (0 = 6.7%)
0.8 2.8 0.29 Hexadecene (274°C) 60 3.2 (0 = 14.5%)

C8-NPs 1.6 2.0 0.80 Hexadecene (274°C) 90 11.2 (o = 13.7%)
1.6 2.0 0.80 Hexadecene (274°C) 60 7.0 (o0 = 13.4%)
3.2 6.3 0.50 Hexadecene (274°C) 30 3.2 (0 =12.3%)

The choice of solvent with a lower boiling point significantly influences the size of the
synthesized nanoparticles [8] [10] [19] [23]. When hexadecene (boiling point: 274 °C) was
used instead of octadecene, while keeping all other parameters constant, the mean diameter
of the nanoparticles decreased from 12.6 nm to 7.8 nm. Notably, the size polydispersity
remained low at 4%, as evidenced in Figure 3.7b and its inset. This reduction in nanoparticle
size can be attributed to the lower growth activation resulting from the use of hexadecene,
whose boiling point (274 °C) is below the growth peak temperature (300 °C) observed
in the DSC analysis (Figure 3.6). In contrast, octadecene’s higher boiling point (318 °C)
allows for more extensive growth. The remarkably low nanoparticle size polydispersity
(4% in both cases) is a consequence of the distinct separation between the nucleation

and growth processes. The DSC measurement reveals a nucleation peak at approximately
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230 °C, corresponding to the dissociation of the first oleate ligand from the iron oleate
precursor. Subsequently, at around 320 °C, the remaining two oleate ligands dissociate,
triggering nanoparticle growth (Figure 1a). This clear temporal and thermal separation of

nucleation and growth stages contributes to the uniform size distribution of the synthesized
nanoparticles.
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Figure 3.7 — Transmission electron microscopy (TEM) images of maghemite nanoparticles
synthesized from (a,b,c) iron oleate, (d,e,f) iron dodeconaoate, and (g,h,i) iron octanoate.
The mean diameters are centered on (a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,f,i) 3.3 nm.

By lowering the reaction temperature to 251°C using tetradecene, a population of small
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nanoparticles (~2.6 nm) was obtained. However, the reaction exhibited a very low yield
and high size polydispersity (20%), likely due to the reaction temperature being close to the
nucleation peak, which limits complete precursor decomposition. Thus, the solvent strategy
with tetradecene proved ineffective in consistently producing smaller nanoparticles.

To further reduce the nanoparticle size and achieve the smallest dimensions, we modi-
fied a second synthesis parameter: the precursor concentration. While maintaining other
parameters that yielded the medium-sized 7.8 nm C18-NPs, we increased the precursor
concentration from 1.6 mmol to 4 mmol in 10 ml of hexadecene. The ratio R remained at 2,
and the reflux time was kept at 30 minutes (Table 3.1). As illustrated in Figure 3.7c, these
conditions resulted in the formation of 3.4 nm NPs with a size polydispersity of 14.3%.

The observed decrease in mean NP size with increasing precursor concentration can be
attributed to the enhancement of iron supersaturation before nucleation, as explained by the
LaMer supersaturation theory. Figure 3.8 demonstrates the relationship between precursor
concentration and nanoparticle size. When the concentration was increased from 1.6 to
3.2 mmol, nanoparticles with a diameter of 6 nm were obtained (Figure 3.8c). Conversely,
decreasing the concentration to 0.8 mmol resulted in larger nanoparticles of 12 nm (Figure
3.8a).
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Figure 3.8 — The size of iron oxide nanoparticles decreases with increasing concentration of
iron oleate precursors in Hexadecene

These results reveal a linear relationship between precursor concentration and nanopar-
ticle size in the case of iron oleate: higher concentrations lead to smaller nanoparticles.
This trend is consistent across the concentration range studied, from 0.8 mmol to 4 mmol,
demonstrating the significant impact of precursor concentration on the final nanoparticle

dimensions.
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3.5.2 Synthesis of Dodecanoic acid (C12)-coated maghemite nanopar-

ticles

Using iron dodecanoate as a precursor instead of iron oleate, while following the procedure
for larger C,4-NPs, resulted in polydisperse C,,-NPs with a mean diameter of 14.0 nm and
a size polydispersity (o) of 17%. This outcome contrasts with the low polydispersity 12.6
nm NPs obtained with iron oleate. The difference in population quality can be attributed to
the distinct decomposition processes of the two iron precursors. For iron oleate, nucleation
and growth peaks occur at approximately 230 °C and 320 °C, respectively, whereas for iron
dodecanoate, these peaks are observed at 265 °C and 310 °C (Figure 3.6).

To compensate for the differences in nucleation and growth dynamics between iron
oleate and iron dodecanoate, and to produce uniform C;,-NPs with an average size close
to 12 nm, we conducted multiple experiments involving various parameter adjustments.
After numerous iterations and careful analysis of the results, we refined the protocol to
modify the concentrations of both precursor and ligand. The optimized synthesis employed
1.045 g (1.6 mmol) of iron dodecanoate precursor combined with 0.64 g (3.2 mmol) of
dodecanoic acid, establishing a precursor-to-ligand ratio (R) of 0.5. This ratio was established
through systematic variation and represents the optimal balance for achieving the desired
characteristics of the nanoparticles, while utilizing octadecene as the solvent (boiling point:
318 °C) and maintaining a reflux duration of 30 minutes, as outlined in Table 3.1.

The TEM imaging of the nanoparticles synthesized under these optimized conditions,
along with the corresponding size distribution histogram (Figure 3.7d and inset), reveal
the successful formation of C;,-NPs. These nanoparticles exhibit an average diameter of
13.3 nm and a narrow size distribution with a polydispersity of only 5.7%. This outcome
demonstrates the effectiveness of our refined synthesis parameters, which were the result of
extensive experimentation and careful optimization.

To synthesize intermediate-sized C;,-NPs, we adopted a strategy similar to that used for
C,5-NPs, substituting the higher-boiling octadecene with hexadecene as the reaction solvent.
Initially, this modification resulted in highly polydisperse C,,-NPs with a mean diameter of
6.3 nm and a size distribution of 16%. Recognizing the need for improvement, we refined our
approach by adjusting key synthesis parameters. We halved the precursor concentration from
1.6 mmol to 0.8 mmol while maintaining the precursor-to-ligand ratio (R). Concurrently, we
extended the reflux duration from 30 to 60 minutes. These strategic modifications yielded
C,,-NPs with a mean diameter of 7.8 nm and a notably improved size polydispersity of 6.7%,
as shown in Figure 3.7e and its inset. This process of optimization reveals the intricate
relationship between precursor type and synthesis conditions in nanoparticle formation.

It underscores the necessity for a nuanced approach when working with different iron
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precursors to achieve desired nanoparticle characteristics.

By modifying the precursor-to-ligand ratio (R) from 0.5 to 0.28 for the 7.8 nm C;,-NPs
synthesis, specifically by increasing the dodecanoic acid ligand concentration while keeping
other parameters constant, we obtained C,,-NPs with a mean diameter of 3.2 nm and a size
polydispersity of 14.5% (Figure 2f and inset of Figure 3.7f).

The impact of ligand concentration on nanoparticle growth has been extensively studied,
with conflicting trends reported in the literature. Some studies have observed an increase in
nanoparticle size with higher ligand concentrations [8] [24] [25] [26], while others have
noted a decrease [10] [27] [28] [29]. This discrepancy can be attributed to whether the
ligand primarily affects the nucleation or growth stage of nanoparticle formation.

In cases where nanoparticle size increases with ligand concentration, it is hypothesized
that the ligands enhance the stability of the iron complex, thereby slowing nucleation. This
results in fewer nuclei, ultimately leading to larger nanoparticles. Conversely, when excess
ligands inhibit nanoparticle growth by covering active growth sites, smaller nanoparticles
are produced.

The complex interplay between ligand concentration and other reaction parameters (such
as reactant nature and concentration, solvent choice, heating rate, and reflux time) likely
accounts for these divergent observations across different studies. In our specific case, the
reduction in C;,-NP size from 7.8 nm to 3.2 nm, achieved by increasing the dodecanoic acid
ligand concentration from 1.6 mmol to 2.8 mmol while maintaining other conditions, can be
attributed to the inhibition of nanoparticle growth due to the excess ligands blocking active

growth sites on the developing nanoparticles.

3.5.3 Synthesis of Octanoic acid (C8)-coated iron oxide nanoparticles

In our attempt to synthesize Cq-NPs, we initially applied the conditions established for larger
C,5-NPs, substituting iron oleate with iron octanoate as the precursor. This approach resulted
in highly polydisperse nanoparticles with a mean diameter of 20 nm and a size distribution
of 15%. Recognizing the need for improvement, we systematically optimized several key
parameters to achieve the desired nanoparticle population.

The refined synthesis protocol involved adjusting the solvent, ligand-to-precursor ratio,
and reflux time. Specifically, we maintained the precursor concentration at 1.6 mmol but
modified the ratio R to 0.8. We also switched to hexadecene (boiling point 274 °C) as the
reaction medium and extended the reflux time to 90 minutes (Table 3.1).

These optimized conditions yielded significantly improved results. TEM analysis, as
shown in Figure 3.7g and its inset, revealed C4-NPs with a mean diameter of 11.2 nm and a
size polydispersity of 13.7%. While the size distribution is broader than that achieved with

137



Chapter 3 — Size & Surface Chemistry Control

longer-chain precursors, these results represent a substantial improvement over the initial
attempt and demonstrate the successful synthesis of Cg-NPs with controlled size.

By shortening the reflux time from 90 to 60 minutes while keeping other parameters
constant, the average particle size decreased from 11.2 nm to 7.0 nm, with the polydispersity
remaining almost unchanged at 13.4% (Figure 3.7h and its inset). This trend, observed
using iron octanoate as the precursor and hexadecene as the solvent, highlights the time-
dependent nature of the growth process during reflux at 274 °C, which corresponds to the
growth temperature identified in the DSC study (Figure 3.6c¢).

The smallest Cg-NPs were obtained by adjusting the reflux time, R-value, and precursor
concentration. Reducing the reflux time from 60 to 30 minutes, decreasing the R-value
from 0.8 to 0.5, and increasing the octanoic acid concentration from 1.6 mmol to 3.2 mmol
resulted in Cg-NPs with an average diameter of 3.2 nm and a size polydispersity of 12.3%
(Figure 3.7i and its inset).

Notably, the C4-NPs consistently display higher polydispersity than their C,3 and C;,
counterparts, irrespective of size. This phenomenon can potentially be attributed to a
more intricate dissociation process of the iron octanoate precursor. Unlike the C;4 and C;,
precursors, which exhibit two endothermic events, the iron octanoate precursor demonstrates
three such events, occurring in closer proximity to each other.

3.5.4 Effect of Ligand Saturation on Nanoparticle Growth and Colloidal
Stability

After detailing the synthesis conditions and nanoparticle sizes obtained for each precursor,
it is important to consider another key factor: the saturation of the ligands used. In our
study, both unsaturated oleate (C,g) and saturated dodecanoate (C;,) and octanoate (Cg)
ligands were employed, introducing differences not only in chain length but also in ligand
saturation. Switching the precursor from unsaturated oleate (C;g) to saturated dodecanoate
(Cy,) or octanoate (Cg) alters two key parameters: chain length and ligand saturation.

Other experimental factors, such as precursor ratio, solvent boiling point, and reflux
time, were also varied, making it difficult to isolate the specific effects of ligand unsaturation.
However, literature indicates that unsaturation in ligands such as oleate introduces a bend
in the alkyl chain, leading to less ordered ligand shells compared to the more linear and
ordered shells formed by saturated ligands [30] [31] [32]. This bend disrupts tight packing,
allowing for better solvent intercalation and improving colloidal stability. Consequently,
unsaturated ligands can enhance nanoparticle solubility by promoting better interactions
with the solvent.

In our study, despite the variation in ligand saturation, we did not observe significant
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changes in colloidal stability, which remained consistently high. Based on the literature,
we would expect that the enhanced solvent-ligand interactions, particularly the increased
solubility of the ligand, should reduce ligand-ligand attractions within the ligand shell during
nanoparticle growth. This reduction in ligand-ligand interactions is anticipated to weaken
the integrity of the ligand shell, thereby promoting nanoparticle growth [33].

3.6 XRD analysis of crystal structure

The XRD patterns for nine iron oxide nanoparticle (NP) samples are presented in Figure
3.9, along with reference patterns for maghemite (y-Fe,O;) and magnetite (Fe;O,) to
facilitate comparison. The reference patterns correspond to maghemite (ICDD PDF card no.
04-021-3968), with a unit cell parameter of 8.336 A, and magnetite (ICDD PDF card no.
00-019-0629), with a unit cell parameter of 8.396 A. For the C12-coated NPs, additional
peaks attributed to dodecanoic acid were observed, confirming the presence of the ligand
on the nanoparticle surface. Moreover, a noticeable peak broadening was observed as the
nanoparticle size decreased, which is consistent with the Scherrer equation. This broadening
is primarily due to the reduced number of coherently diffracting lattice planes in smaller
crystallites, resulting in broader and less intense diffraction peaks. The effect becomes more
pronounced as the crystallite size approaches the nanoscale, where the limited long-range
order in the crystal structure leads to a relaxation of the diffraction conditions.

The indexing of all samples, which differed in size (7 nm and 12 nm) and surface
chemistry (C18, C12, and Cg), showed a predominant alignment with maghemite over
magnetite. Given the striking similarity in the XRD patterns of these two crystalline phases,
the unit cell parameters were determined by analyzing the position and broadening of the
(311) reflection within the spinel structure, following established procedures [34]. To extract

the lattice parameter, the Scherrer equation was applied:

D= kA
P cos(6)
where D is the crystallite size, k is the shape factor, A is the X-ray wavelength, f3 is the
full width at half maximum (FWHM) of the (311) peak, and 6 is the Bragg angle. The unit
cell parameters were then obtained by refining the position of the (311) peak within the

(3.1)

spinel structure. The calculated unit cell parameters for the samples, summarized in Table
3.2, ranged from 8.334 A to 8.346 A, which closely matches the known lattice parameter of
maghemite (y-Fe,0,), typically around 8.33 A. In contrast, magnetite (Fe,0,) has a slightly
larger lattice parameter of approximately 8.396 A, reinforcing the alignment of our samples

with maghemite. These results suggest that, although surface chemistry and nanoparticle size
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Figure 3.9 - X-ray diffraction (XRD) patterns of iron oxide nanoparticles synthesized from (a,b,c)
iron oleate, (d,e,f) iron dodeconoate, and (g,h,i) iron octanoate. The mean diameters are
centered on (a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,£,i) 3.3 nm. Solid lines: maghemite (Ref.
04-021-3968, PDF-5) reference pattern. Dotted lines: magnetite (Ref. 04-027-0607, PDF-5)
reference patterns.

may influence other properties, the crystal structure predominantly aligns with maghemite,
as supported by the XRD analysis.

For the smallest nanoparticles (3 nm), the XRD peaks exhibited broader widths for the
C;5-NPs and C;,-NPs, which is consistent with the expectations from the Scherrer equation
[8] [35]. However, due to the low crystallinity and substantial noise in the XRD patterns,
a clear distinction between maghemite and magnetite could not be made, preventing the
precise calculation of the unit cell parameters for these small nanoparticles.

The analysis of the XRD pattern for the 3 nm Cg-coated nanoparticles revealed even
more pronounced peak broadening, along with shifts in the peak positions. These shifts,
along with the increased broadening, suggest that the diffraction patterns of the Cq-coated

nanoparticles may be influenced by factors other than crystallinity, such as interactions
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Table 3.2 — TEM and XRD Size Analysis and Unit Cell Measurements of Iron Oxide Nanoparticles
Using the (311) Plane Position and Broadening.

Sample TEM size (nm) XRD size (nm) Cell parameter (nm)

C18-NPs 12.6 6.0 8.345
7.8 4.6 8.346
C12-NPs 13.3 5.1 8.335
7.8 4.7 8.334
C8-NPs 11.2 6.8 8.336
7.0 5.0 8.346

between the nanoparticles and their surface ligands, such as free carboxylates or iron
complexes. These interactions can distort the crystal lattice, affecting the positions and
shapes of diffraction peaks. Consequently, the XRD data for these nanoparticles may not offer
a straightforward interpretation of their crystalline composition, making it more challenging
to directly correlate the diffraction data with the exact phase composition.

Although the XRD analysis predominantly identifies maghemite as the main phase, it is
important to recognize that the presence of magnetite, even if minimal, cannot be definitively
excluded. The ability of XRD to distinguish between maghemite and magnetite is limited
because of the similarity in their diffraction patterns. This overlap in their XRD spectra
makes it difficult to quantify or conclusively identify minor phases, even if they are present
in trace amounts. Therefore, while XRD provides valuable insights into the dominant phase,
its precision in detecting and quantifying minor phases like magnetite is constrained by the
structural similarities between these two iron oxide phases.

3.7 Magnetic Properties

3.7.1 Magnetization versus temperature measurements

The magnetic properties of the nine nanoparticle samples were investigated using field-cooled
(FC) and zero-field-cooled (ZFC) magnetization versus temperature curves, as shown in
Figure 3.10. These samples, depicted in Figure 3.7, vary in both size and surface chemistry.
When cooled in the absence of an external magnetic field, the spins remain disordered at
3K, resulting in negligible magnetization. However, upon applying a small magnetic field
(1.59 x 10° Am™1), the spins begin to align with the field as the temperature increases. This
alignment causes the magnetization to rise until it reaches a maximum at a temperature,

Tmax, Which corresponds to the blocking temperature, Tj.
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Figure 3.10 — FC and ZFC magnetization versus temperature curves with applied field H = 1.59
x 103 Am-1, of maghemite nanoparticles synthesized from (a,b,c) iron oleate, (d,e,f) iron
dodeconoate and (g,h,i) iron octanoate. The mean diameters are centered on (a,d,g) 12.0

nm, (b,e,g) 7.5 nm and (c,f, i) 3.3 nm.

Above the blocking temperature (Tz), magnetic nanoparticles exhibit paramagnetic
behavior. This means that as temperature increases, thermal energy becomes so high that it

prevents the spins from aligning with the applied magnetic field, causing the magnetization

to decrease.
For a system of identical particles (monodisperse), we define Ty using this equation:
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KV
Ty= ———— (3.2)

kg 1n(§—;)

Where:

e K is the energy anisotropy constant

e V is the particle volume

e kj is Boltzmann’s constant

e 7, is the characteristic relaxation time (10710 s for ferro- or ferrimagnetic materials)

e 7, is the experimental time scale (60 s for susceptibility measurements)

In real systems with particles of different sizes (polydisperse), the situation becomes
more complex. The temperature of maximum magnetization (7T,,,,) doesn’t match Ty exactly.
Instead, we need to consider a distribution of blocking temperatures related to the distribution

of particle volumes. This deviation has been discussed in Refs. [36], [37], [38], and [39].
d(MZFC_MFC)

<, which represents the Ty

We can analyze this distribution using the derivative

distribution. This distribution has two important points:

1. T; (inflection point): The maximum of %

2. Tpax: Where % =0

The temperatures T;p and T,,,,, listed in Table 3.3, represent the lower and upper limits

max>

of the blocking temperature. These temperatures are associated with a characteristic volume,

V,, in the log-normal distribution of particle volumes, as described by Sappey [36].

Table 3.3 — Magnetic parameters extracted from the ZFC magnetization and the hysteresis
curves for the nine populations of maghemite nanoparticles, passivated with oleate (C18),
dodecanoate (C12), and octanoate (C8) ligands. TB: blocking temperature, Mr/MHmax:
ratio of remanent-to-magnetization at Hmax (Hmax = 3.98 x 106 Am-1), Hc: coercive field.

Sample Diameter (nm) Tz (K) M,/M,,,. H; (10* Am™)

C18-NPs 12.6 (o0 =4.0%) 117 0.44 4.18
7.8 (0 =4.0%) 45 0.38 4.02
3.4 (0 =14.3%) 5 0.06 0.99
C12-NPs 13.3 (o0 =5.7%) 124 0.34 3.34
7.8 (0 =6.7%) 42 0.38 3.70
3.2 (0 =14.5%) 4 0.11 0.44
C8-NPs 11.2 (0 =13.7%) 83 0.37 4.02
7.0 (o0 = 13.4%) 22 0.29 2.49
3.2 (0 =12.3%) 4 0.03 0.48
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For the very small nanoparticles, the distinction between blocking temperature (Tz) and
the temperature of maximum magnetization (T,,,,) becomes less meaningful. This is due to

two main factors:

e Increased spin canting: As particle size decreases, the spins at the surface become
less aligned with the core, leading to a canted spin structure.
e Higher prevalence of crystalline defects: Smaller particles tend to have a higher

proportion of surface atoms, which can lead to more structural imperfections.

These factors make the traditional models used to describe Zero-Field-Cooled (ZFC) and
Field-Cooled (FC) magnetizations less accurate for such small particles. As a result, for these
tiny nanoparticles, it is more appropriate to consider T,,., as the temperature at which the
entire distribution of particles enters the superparamagnetic regime.

In other words, T, represents a more reliable indicator of the magnetic behavior
transition for these extremely small nanoparticles, rather than trying to distinguish between
Ty and T,

max>

which becomes problematic at this scale.

The larger oleic acid (C18)-coated maghemite nanoparticles (12.6 nm) showed a blocking
temperature (Tz(v,)) of 117 K, which is consistent with literature values for similar-sized
C18-coated maghemite nanoparticles [10] [19]. The C12-coated NPs (13.3 nm) exhibited
a Tyz(vy) of 124 K, while the C8-coated NPs (11.2 nm) had a T(v,) of 83 K. For these
larger nanoparticles, a trend is evident: as the mean particle size increases, the blocking
temperature also increases, which aligns with the theoretical relationship between blocking
temperature and particle volume presented in equation 3.2.

For the intermediate-sized nanoparticles, the trend of decreasing blocking temperature
with smaller particle size continues. The C18-NPs (7.8 nm), C12-NPs (7.8 nm), and Cg-NPs
(7.0 nm) had Tg(v,) values of 45 K, 42 K, and 22 K, respectively. This suggests that both
the nanoparticle size and surface coating influence the blocking temperature, with larger
particles generally having higher T values.

For the smaller nanoparticles with a diameter of around 3.3 nm, the blocking temperature
(T) was found to be around 5 K (Table 3.3). This low Ty value is mainly due to their very
small volume. However, it is also likely influenced by spin canting, which becomes more
pronounced as the particle size decreases and further lowers the blocking temperature.

The ZFC curves for the larger and intermediate-sized nanoparticles, passivated with
C18, C12, and C8 ligands and normalized to T,,,,, are presented in Figure 3.11. For all
nanoparticle sizes, the curve for the C8-NPs appears broader compared to those of the C18
and C12 NPs. This suggests a wider distribution of magnetic anisotropy energy, which can
be attributed to the broader size distribution of the C8-NPs in comparison to the C12 and
C18 NPs (Table 3.1).
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Figure 3.11 — Zero field magnetization versus temperature curves normalized to Tmax of
maghemite nanoparticles synthesized from iron oleate (solid line), iron dodeconoate (full
circles), and iron octanoate (dashed line). (a) large-nanoparticle sizes, (b) intermediate-
nanoparticle sizes.

In the FC curves, the magnetization remains higher than in the ZFC curves between 3 K
and the blocking temperature (T3). Once the temperature exceeds Ty, the magnetization
begins to decrease and eventually aligns with the ZFC curve. For the larger nanoparticles
(Figures 3.10a, d, and g), the FC curves show a relatively flat trend at temperatures below
Ty, which suggests the presence of strong dipolar interactions. On the other hand, for
intermediate-sized nanoparticles (Figures 3.10b, e, and h) and the small nanoparticles (C18,
C12, and Cg) (Figures 3.10c, f, and i), the FC curves demonstrate a more consistent decrease
before merging with the ZFC curve above Tj. This indicates that dipolar interactions are less
influential in these samples [40]. The stronger dipolar interactions in the larger maghemite
nanoparticles, compared to the intermediate and small-sized particles, can be explained in
two ways. Firstly, the larger particles underwent a more thorough washing process at the end
of the synthesis, which minimized the presence of by-products (such as excess surfactant) in
the colloidal solution and reduced the interparticle distance. Secondly, it is well established
that dipolar interactions in nanoparticle assemblies become stronger as the particle volume

increases [41].
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3.7.2 Magnetic Hysteresis Measurements

Hysteresis curves for nine distinct populations of maghemite nanoparticles, varying in both
size and surface chemistry, reveal intriguing magnetic properties. These curves, obtained
following zero-field-cooled (ZFC) measurements, illustrate how the material’s magnetization
(M) changes in response to an applied magnetic field (H), as shown in Figure 3.12. Notably,
none of the samples achieve saturation magnetization—the maximum possible magnetization
of a material—at the maximum applied field (H,,,,) of 3.98 x 10® A‘m™. The larger and
intermediate-sized NPs exhibit magnetization curves that approach saturation, while the
smallest particles remain far from saturation even at this high field strength. This behavior in
the smallest NPs is likely due to a more pronounced spin canting effect, where the magnetic
moments of atoms are not perfectly aligned, and the presence of crystalline defects, both of
which would require much higher fields to reach saturation.

The magnetic properties of these NPs are further characterized by two key parameters:
the ratio of remanent magnetization (the magnetization remaining when the applied field is
removed) to magnetization at H,,, (M,/My__) and the coercive field (H,, the field strength
required to reduce the magnetization to zero after saturation), both of which are listed
in Table 3.3. For the larger and intermediate-sized NPs, the M, /My__ ratio is found to be
approximately 0.4, which closely aligns with the expected value of 0.5 for materials exhibiting
uniaxial anisotropy—a property indicating that the material has a preferred direction of
magnetization. This alignment with uniaxial anisotropy provides insight into the magnetic
behavior and structure of these larger NPs, suggesting a more uniform magnetic orientation
compared to their smaller counterparts.

This magnetic behavior aligns well with findings from earlier studies [8] [42]. Regardless
of the type of ligand coating, the smaller nanoparticles exhibit a very low remanent mag-
netization ratio (M, /My_ ), ranging from 0.03 to 0.11. This low ratio can be explained by
the fact that the measurement temperature (3 K) is very close to their blocking temperature,
which is around 5 K. At this temperature, most of the nanoparticles are in a superparamag-
netic state, meaning their magnetic moments fluctuate rapidly and do not remain aligned
when the external magnetic field is removed.

The small size of the nanoparticles has two key effects: (1) the measurement temperature
is very close to the blocking temperature, and (2) spin canting becomes more significant.
These effects can be modeled by adding a component of non-anisotropic NPs (K. = 0) to the
overall distribution. This non-anisotropic component accounts for two factors: the presence
of an ultra-soft magnetic phase caused by spin canting and the smallest NPs, which remain
in the superparamagnetic regime (T < Tj).

To illustrate this concept, we performed Monte Carlo simulations of the hysteresis loop,
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Figure 3.12 — Hysteresis curves performed at 3 K, of maghemite nanoparticles synthesized from
(a,b,c) iron oleate, (d,e,f) iron dodeconoate, and (g,h,i) iron octanoate. The mean diameters
are centered on (a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,f, i) 3.3 nm.

presented in Figure 3.13. We compared two cases: one with a single Stoner-Wohlfarth
component (representing uniform anisotropy) and another that included a non-anisotropic
component. These simulations revealed two key outcomes. First, both the remanent magne-
tization ratio (M, /M,) and coercivity (H,) are reduced. Second, the hysteresis curves for the
C8 and C18 samples could be qualitatively reproduced.

This suggests that the sharp decrease in H, and the "shoulder" feature observed in the
magnetization curves (M(h)) of the C8 and C18 samples are signatures of a magnetic
multiphase system. In other words, these NP assemblies contain regions with different

magnetic behaviors. A similar explanation has been proposed for the hysteresis behavior of
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M/M,

Figure 3.13 — Monte Carlo simulation of the hysteresis curve of a single Stoner-Wolfarth model
with reduced uniaxial anisotropy eu = 2 and mixture including a non-anisotropic component
( eu = 0). This model is given only for a qualitative purpose as the value chosen for the
reduced anisotropy energy (eu = 2) is not fitted to the experimental samples. The reduced
field h is H/Hr where Hr is the reference field Hr = Hk/(2eu) and Hk the usual anisotropy
field (2K/(119-Ms)).

CoPt NPs during annealing [43] [44].

3.8 Conclusion

In this chapter, we presented the first demonstration of low-size polydisperse spherical
maghemite nanoparticles synthesized via the thermal decomposition of iron precursors with
precise control over both their surface chemistry and diameter.

This was achieved using three types of iron complexes—iron oleate (C18), iron dode-
canoate (C12), and iron octanoate (C8)—in combination with fatty acid ligands of matching
alkyl chain lengths: oleic acid (C18), dodecanoic acid (C12), and octanoic acid (C8). This
dual approach allowed us to systematically explore the influence of precursor and ligand
chemistry on nanoparticle formation and properties.

Optimal conditions were identified for the growth of nanoparticles with diameters cen-
tered at approximately 3.3 nm, 7.5 nm, and 12.0 nm, depending on the precursor chain
length and its thermal decomposition kinetics. These findings underline the significant role
of precursor decomposition behavior in controlling NP size.

The magnetic properties of the nine distinct maghemite NP populations, characterized
by SQUID magnetometry, provided further evidence of the precise size control achieved in

this study. These magnetic characterizations reveal how nanoparticle dimensions influence
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their blocking temperature, coercivity, and magnetic anisotropy, adding valuable insights
into the interplay between size, surface chemistry, and magnetic behavior.

Looking ahead, future research could explore the impact of ligands with varying chemical
structures and chain lengths on the interactions of maghemite NPs with their environment,
particularly in applications such as polymer nanocomposites, as highlighted in the intro-
duction. Tailoring ligand chain length not only influences nanoparticle dispersion within
a polymer matrix but is also crucial in engineering supercrystals of maghemite NPs. The
ability to fine-tune interparticle distances and the three-dimensional crystalline structure of
these superlattices could open new avenues in the design of advanced nanomaterials.

Such well-ordered magnetic superlattices hold significant potential for exploring phenom-
ena associated with dipolar interactions in dense assemblies. For instance, highly packed
supercrystals may exhibit dipolar superferromagnetism (SFM), a phenomenon that bridges
the gap between fundamental physics and advanced materials science. These findings could
lead to innovative applications in data storage, spintronics, and other fields relying on

controlled magnetic behavior at the nanoscale.
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4.1 Introduction

The synthesis of iron oxide nanoparticles has undergone significant advancements, yet re-
producibility remains one of the most persistent challenges in the field. While the primary
parameters influencing nanoparticle size and surface chemistry—such as precursor con-
centration, reaction temperature, and ligand ratios—are well-documented as presented in
the previous chapter, many secondary and often-overlooked factors continue to introduce
variability. This variability complicates efforts to replicate results, both across different
laboratories and within the same experimental conditions. For example, subtle variations
in stirring speed or reaction time can lead to discrepancies in nanoparticle size and shape,
underscoring the difficulty of standardizing synthesis protocols across the community [45].

Ensuring reproducibility requires meticulous control over a multitude of interdependent
parameters, spanning processes at both the atomic and nanoscale. At the atomic scale,
factors such as precursor decomposition, solvation of reactants, and adsorption of ligands
and salts play critical roles. At the nanoscale, processes like nucleation, growth, and particle
aging determine the final morphology and properties of the nanoparticles. A comprehensive
understanding of these mechanisms is therefore essential—not only for improving synthesis
reliability but also for enabling the discovery of novel nanomaterials.

This chapter focuses on an often-overlooked parameter in IONP synthesis: the origin
and purity of precursors. Specifically, it examines how commercially sourced, washed,
and homemade iron stearate precursors influence the growth of maghemite nanoparticles.
Detailed characterization reveals that impurities present in commercial precursors—such
as sodium stearate and sodium chloride—play a decisive role in determining nanoparticle
morphology. Depending on the precursor used, the resulting nanoparticles exhibit spherical,
cubic, or triangular shapes. These findings highlight a critical issue: attempts to reproduce
published synthesis protocols frequently yield inconsistent morphologies due to unaccounted-
for impurities.

Additionally, this study emphasizes the importance of identifying and understanding
precursor impurities, an aspect rarely addressed in the literature. Such impurities, often
introduced during precursor fabrication, significantly alter the nucleation and growth mech-
anisms of nanoparticles. These findings underscore the need for a more systematic approach
to precursor preparation and characterization within the field.

Importantly, the formation of triangular nanoparticles under the synthesis conditions
described in this work has not been reported previously. This novel observation adds a new
dimension to the understanding of morphology control in IONP synthesis and demonstrates
how even seemingly minor variations in precursor composition can lead to unexpected

results.
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This chapter aims to illuminate the multifactorial and nuanced nature of IONP synthe-
sis, with a particular focus on the hidden variables that must be addressed to overcome

reproducibility challenges and advance the field.

4.2 Samples Preparation

4.2.1 Iron Stearate: Commercial and Laboratory-Synthesized Precur-

SOrs

In this study, we employed a synthesis protocol for iron oxide nanoparticles that utilized iron
stearate (FeSt) as the precursor. Iron stearate is an iron carboxylate complex coordinated
with stearic acid, a saturated carboxylic acid with an 18-carbon chain. Five types of iron

stearate precursors were examined:

1. A commercial iron(Il) stearate precursor from Strem Chemicals (9% Fe), as received
(P);

The same iron(Il) stearate after an aqueous washing (PIN );

A commercial iron(III) stearate precursor from TCI (5.8-7% Fe), as received (P,);

The same iron(III) stearate after washing (P;’V );

agbk LD

A laboratory-synthesized iron(III) stearate precursor (Ps).

The laboratory-synthesized iron(IIl) stearate (FeSt;), referred to as P;, was prepared
through the reaction of sodium stearate (NaSt) with iron(III) chloride (FeCl;) in an aqueous
solution, following the protocol reported by Cotin et al. [46]. The synthesis procedure is as
follows:

Sodium stearate (9.8 g, 32 mmol) was transferred into a two-necked round-bottom
flask and dissolved in 320 mL of ultrapure water. The solution was heated to reflux at 120
°C and stirred for 30 minutes to ensure complete dissolution of the stearate. Separately,
iron(IIT) chloride (2.9 g, 10.7 mmol) was dissolved in 160 mL of ultrapure water and added
dropwise to the sodium stearate solution under vigorous stirring. Upon mixing, a light
orange precipitate formed immediately.

The reaction mixture was maintained at 120 °C with continuous stirring for an additional
25 minutes before being allowed to cool to room temperature. The precipitate was then
thoroughly washed with 4 L of ultrapure water to remove any unreacted salts or impurities.
After filtration using a Biichner funnel, the precipitate was oven-dried at 64 °C for 22 hours
to yield the final product.

This approach ensured the production of a high-purity iron(IIl) stearate precursor, serving
as a reliable benchmark for comparing the properties and behavior of commercially sourced
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precursors.

4.2.2 Synthesis of oleic acid-coated iron oxide nanoparticles

Synthesis of oleic acid-coated y-Fe,O5 nanoparticles was based on the thermal decomposition
approach reported in a previous study by Begin-Colin et al., [9] [10] however some with
slight modification i.e., a smaller volume of dioctyl ether (10 mL instead of 20 mL) and a
higher heating rate (45 °C/min instead of 5 °C/min).

Specifically, 0.69 g (1.1 mmol) of iron (II) stearate (FeSt,) precursor (or 1 g (1.1 mmol) of
iron (IIT) stearate (FeSt;) precursor), and 0.63 g (2.2 mmol) of oleic acid are dissolved in 10
mL of dioctyl ether. This mixture is heated to the boiling point of dioctyl ether (287 °C) with
a heating rate of 45 °C/min, refluxed for 2 h, and then cooled to room temperature. A black
solution is formed and washed with a large excess of acetone followed by centrifugation
(4900 rpm, 5 min). The oleic acid-coated NPs are finally dispersed in chloroform.

Five oleic acid-coated y-Fe,O; NP syntheses were performed with the same recipe de-
scribed above with Py, P}, P,, P, and P;.

The commercial FeSt, and FeSt; precursors are washed as follows: 10 g of precursor in
powder form is mixed with 150 mL of ultrapure water under vigorous stirring and is heated
to 65 °C for 15 min. Then the mixture is cooled to room temperature. The precursor is then
washed with 4 L of ultrapure water and filtrated with a Buchner funnel and oven-dried at 64
°C for 22 h.

4.2.3 Precursors and Nanoparticles Characterization

(TEM) Transmission electron microscopy

TEM study is performed using a JEOL JEM-1011 microscope at 100 kV. For this study, some
drops of the colloidal solution are deposited on an amorphous carbon-coated TEM grid. The
average diameter and the polydispersity of NPs are determined from more than 500 NPs

using ImageJ.

(EDS) Dispersive X-ray Spectrometry

The chemical compositions were determined by energy dispersive X-ray spectrometry (EDS)
analysis using a scanning electron microscope (SEM, JEOL 5510 LV, Ltd, Tokyo, Japan) with
IXRF Systems 500 digital processing.
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(XRD) X-ray Diffraction

Powder X-ray diffraction (PXRD) diffractograms were recorded on a D8 DISCOVER of a
Bruker XRD machine with a copper tube operating at 40 kV. All the samples were in the form
of powder by which low background silicon sample holders were filled.

(VSM) Vibrating Sample Magnetometry

Magnetic measurements were conducted using a Quantum Design vibrating sample magne-
tometer (VSM) with a field of 20 Oe for the zero-field-cooled (ZFC) and field-cooled (FC)
susceptibility curves, and with fields up to 5 T for the magnetization curves. All magnetic
measurements were performed on a film of powdered iron oxide nanoparticles (NPs). During
the measurement, the applied field was parallel to the iron oxide NP film.

For the ZFC measurements, the sample was cooled from 300 to 3 K with no field and then
heated to 300 K in a field of 20 Oe to record the magnetization M,-(T) of the sample. For
the FC measurements, the sample was cooled again to 3 K under the same applied field, and
the magnetization Mg.(T) was recorded. In both cases, the measurements were performed
during heating with a heating rate on the order of 1 K min~!. The measurement time was

approximately 1 s. The hysteresis curves were obtained at 3 K.

4.3 TEM analysis for Size and Morphology

4.3.1 Synthesis of IONPs using precursors P, and P}

Figure 4.1a and 4.1b show the TEM images of y-Fe,O5; NPs synthesized using commercial
grade iron (II) stearate (FeSt,), P,. Low and high-magnification images reveal a population
composed of almost uniform NPs with triangular shape. The corresponding size histogram
Figure 4.1d, shows a mean triangle height and a size polydispersity of 9.7 nm and 16%
respectively. Surprisingly, the synthesis performed with the same precursor but after being
washed, Py, leads to a single population of nanocubes. As shown in Figure 4.1e and 4.1f,
they are characterized by flat facets and sharp edges and their mean side diagonal is 10.5
nm. Thanks to a very low size polydispersity, 11% Figure 4.1h, they tend to self-organize in

2D superlattices.
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Figure 4.1 — TEM images, corresponding electron diffraction patterns, and size histograms of
maghemite (y-Fe,O3) nanoparticles synthesized with P, (a,b,c,d), Py (e,£g,h), P, (ijk,1), Py
(m,n,o,p) and P5 (q,15s,t) precursors.
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4.3.2 Synthesis of IONPs using precursors P, and P2

Replacing iron (II) stearate (FeSt,) precursor P; with iron (III) stearate (FeSt;) precursor
P,, while keeping other chemical components the same, results in a drastic change in the
NP shape. Considering the as-received precursor (not washed), Figure 4.1i and 4.1j clearly
show that the population is made of nanocubes and not nanotriangles, which have rather
similar characteristics compared to the sample prepared with the precursor P,, i.e., a mean
side diagonal and size polydispersity of 11.7 nm and 13% respectively Figure 4.11. In this
case, no washing effect on this precursor is observed as the population obtained with P,
remains composed of nanocubes Figure 4.1m and 4.1n with similar mean side diagonal and
size polydispersity of 11.7 nm and 11.7% respectively (Figure 4.1p).

4.3.3 Synthesis of IONPs using NPs using precursor P,

Finally, using a precursor we synthesized in the laboratory iron (III) stearate (FeSt;), P5, a
single population of spherical y-Fe,O5 NPs form Figure 4.1q and 4.1r. The size histogram
(Figure 4.1t) shows a mean diameter of 6.7nm with a size polydispersity of 12%.

From previous studies reported in the literature [8] [9] [10] [11] [46], a similar approach
used to synthesize maghemite NPs induces the formation of spherical ones. In our study, we
find that spherical NPs are only formed with the use of the home-made precursor P; and
never with the commercial ones (as-received and washed). In addition, our results clearly
evidence a drastic impact of both the supplier and the washing of the commercial product
in the anisotropic shape of NPs. To understand this puzzling result, elemental analysis and
X-ray diffraction studies have been performed for the different precursors to determine the
possible impurities qualitatively and quantitatively, which could explain the differences we

observe in the NP growth that in turn their final shape.

4.4 SAED and XRD Analysis of the IONPs Crystal Structure

4.4.1 Selected Area Electron Diffraction

The crystalline structure of the five populations of NPs obtained with P;, P,, P}, and P
and P, precursors have been investigated by the selected area electron diffraction (SAED).
Whatever the precursor used and the shape of the NPs are, the electron diffraction patterns
Figure 4.1c,g,k,0 and s show five rather thin diffraction rings at 1.47, 1.60, 2.08, 1.51, and
2.95 A corresponding to the (440), (511), (400), (311), and (220) planes of a maghemite

iron oxide phase according to the JCPD 39-1346 database. However, it is important to note
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that the lattice spacings of the maghemite and magnetite phases are very close. This is thus
difficult to conclude that our samples consist of pure maghemite. To address this uncertainty,
the X-ray diffraction technique has been used to gain a more comprehensive understanding

of the crystal structures of our NPs.

4.4.2 X-ray Diffraction

To discriminate between magnetite and maghemite phases of the iron oxide nanoparticles
synthesized by using the different precursors Py, P,, P’ and P,, we follow the method devel-
oped by Kim et al. [47] based on the X-ray analysis. The X-ray corresponding patterns are
presented in Figure 4.2. For all the samples, we detect the peaks characteristic of maghemite
or magnetite, i.e., while peaks corresponding to hematite and wiistite are noticeably absent.
The two peaks (210) and (211), which are the signature of exclusive maghemite are observed
for the spherical and cubic NPs obtained with the precursors P; and P, respectively. The
cubic NPs synthesized with P, precursor show the (210) peak but not the (211) peak while
the cubic NPs obtained with the P} show the opposite trend. The presence of the (210)
and/or (211) peaks, coexisting with the others ((220), (311), (400), (422), (511), (440)),
is indicative of either pure maghemite or a mixture of maghemite and magnetite. However,
as reported by Kim et al. [47], the position of the peak (511) is essential as it allows to
discriminate between magnetite and maghemite phases. Indeed, they show that the (511)
peak shifts from 57° to 57.3° from pure magnetite to pure maghemite phase. In the case
of a combination of both phases, they observe a larger peak, with a shoulder, composed of
the lower and the higher angle peak [47]. As shown in the inset of 4.2, which represents
the magnified regions between 50° and 60° of the diffraction patterns, all the (511) peaks
are found at a value 2 Theta of 57.3° and appear symmetric. No shoulder characteristic of
a mixture of maghemite and magnetite is observed. This feature, which agrees with the
presence of the (210) and/or (211) peaks, allows us to conclude the formation of pure
maghemite NPs for the spherical and cubic NPs obtained with the P}, P,, P7, and P; pre-
cursors. Unfortunately, the triangular colloidal NP solution obtained with the P1 precursor,
could not be studied by XRD. This is explained by the too-low concentration of the colloidal
solution. Indeed, we noticed that the triangular NP powder appears light red, in contrast to
the black color of the other shape samples. This color variation is attributed to the presence
of the precursor (color and texture). The low concentration of this population is explained
by the low yield of this thermal decomposition reaction. However, the electron diffraction
signature of the triangle NPs is like that of the spherical and cubic NPs. This permits us to
conclude the formation of maghemite triangular NPs.

In summary, thanks to a comprehensive structural study with both electron and/or X-ray
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Figure 4.2 — XRD patterns of nanoparticles synthesized with P{, P,, P/, and P3 precursors. Inset:
magnified regions between 50° and 60° of the diffraction patterns.

diffraction techniques, we conclude the formation of pure maghemite for the spherical,
cubic, and triangular NPs synthesized with the Py, P}, P,, P}, and P, precursors. This result
evidences that the impurities involved in the reaction, through the precursor, do not impact
the crystalline structure of the iron oxide NPs. Conversely, it has a drastic effect on NP growth

and therefore on the final shapes.

4.5 Elemental Analysis of P,, P}, P,, P), and P; Precursors

Elemental analysis spectra performed for the five precursors are shown in Figure 4.3. In
addition to the iron, and while not expected, sodium and chlorine elements are detected for
the commercial precursors. The relative atomic composition of the three elements obtained
by quantification of the spectra is reported in Table 4.1. If we focus on the precursor P, from
Strem Chemicals, it appears that it contains a high atomic percent of sodium elements, 48%.
After its washing, (P}), this value remains almost unchanged, 49%. Besides, 27% of chloride
is detected on the as-received precursor while this value drops to 3% after its washing
(P}). Concerning the TCI commercial precursor, P,, it also contains a high atomic percent
of sodium elements, 34%, however only 14% of chloride is detected. P, washing mainly

induces the drop of this last value to 4%. The same analysis performed on the home-made
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Figure 4.3 — EDX patterns of P, (a), P{ (b), P, (c), Pj (d), and P; (e) precursors

precursor (P;) clearly shows that neither sodium nor chloride are detected.

Atom%
Precursor | Fe | Na | Cl
P, 25 | 48 | 27
Py 48 |49 | 3
P, 52 | 34 | 14
P‘ZN 58 | 38| 4
P, 100 0 | O
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Table 4.1 — Relative atomic percentage of Fe, Na and Cl of P;, P‘{“ , Py, P’é" , and P5 precursors.
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Figure 4.4 — XRD patterns of P,, Py, P,, Py, and P5 precursors.

4.6 X-ray Diffraction Analysis of P, P}, P,, P, and P; Pre-
cursors

To determine the nature of the compounds present in the commercial P, P}, P,, P, and
P, precursors, an X-ray diffraction study has been performed. The XRD diffractograms are
shown in Figure 4.4.

For P, and P, precursors, one can detect two peaks at 31.7°, and 45.5° (marked with
*) corresponding to the (200) and (220) plane reflections respectively, of NaCl salt [48].
After their washing, (P}, P)), these peaks are not anymore observed. If we focus on the
smaller angle diffraction pattern, and for all the commercial precursors, P;, PY, P,, and P7,
one intense peak at around 22° (marked with °) is observed. This peak is attributed to NaSt
[49]. The XRD pattern of the home-made precursor (P;) is characteristic of the pure lamellar
structure Fe(St); without any evidence of the presence of neither NaCl nor NaSt.
This XRD study is in good agreement with the elemental analysis. The presence of NaCl and
NaSt is evidenced in the two as-received commercial precursors. After their washing, NaCl

salt disappears. Finally, the home-made precursor is characterized by pure FeSt;.
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4.7 How to explain the presence of the detected impurities

in the commercial precursors?

The results obtained by chemical and XRD analyses are interpreted as the following. The
home-made precursor, P;, has been synthesized in the stoichiometric conditions of the
reaction:

FeCl; + 3NaSt — FeSt; + 3NaCl

i.e., 3 sodium stearates for 1 iron chloride (see experimental section). Once the iron
precursor is obtained, the solution is washed with a large amount of ultrapure water (4L) to
remove the totality of the amount of sodium and chloride ions by-products. Considering the
chemical analysis Table 4.1, the absence of detection of these two by-products confirms that
the iron precursor P; obtained is pure.

Conversely, for the as-received (not washed) commercial precursor P, a large amount
of sodium and chloride ions are detected Table 4.1. In addition, we note that the amount
of sodium (48%) is higher compared to that of chloride ions (27%). This result makes us
suggest that first, P; synthesis has not been performed in the stoichiometric conditions of the
reaction but with a ratio of the sodium stearate to the chloride iron concentration higher than
3, leading to the presence of remaining sodium stearate and sodium chloride as by-products.
Second, the washing step of the solution has not been optimal, otherwise, chloride ions
would not be present. Our explanation is confirmed through the analysis of the precursor
after its washing with 4L of ultrapure water P}. The amount of detected chloride drops from
27% to 3%, while that of sodium ions remains high (49%) Table 4.1. Conversely to the
chloride ions, sodium ions cannot be removed during the washing with water as it forms the
sodium stearate complex, which is not soluble in water. So, one can conclude that the P}
precursor contains a mixture of iron and sodium stearate in almost equal concentrations.

For the as-received commercial precursor P, (not washed), sodium (34%) and chloride
(14%) are also detected Table 4.1. After its washing, the amount of chloride drops to 4%.
Similar findings as for P, apply. However, the lower amount of sodium and chloride compared
to P, suggests that P, has been produced in closer stoichiometric conditions compared to the
synthesis of P; .
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4.8 Interpretation of the y-Fe,0; nanoparticle shape, in
light of the nature of the impurities detected in the

commercial iron stearate precursors

In light of the chemical and XRD analyses, the variety of maghemite NP shapes obtained
can only be explained in terms of the purity of the iron precursors. All the other synthesis
conditions are equal (ligand, solvent, heating rate, temperature, and reflux time).

When the synthesis is performed with the home-made iron stearate precursor (pure),
oleic acid plays the role of universal stabilizer on each facet of the NPs, and the final
NPs are spherical. In the literature, this behavior is well illustrated in several papers [9]
[10] reporting the formation of spherical iron oxide NPs by the thermal decomposition of
iron stearate in the presence of oleic acid, without any additives. Begin-Colin et al. have
evidenced that, regardless of the number of stearate chains of the iron precursor, FeSt, or
FeSt; leads to spherical NPs [46] [50] . It is noteworthy that spherical iron oxide NPs have
also been obtained with oleate precursors, always in the presence of oleic acid and without
any additives [6] [19] .

Conversely, when additives are present in the reaction medium, anisotropic NP growth
can occur, resulting from their selective adsorption on the NP facets. For example, the
addition of sodium oleate is expected to lead to cubic iron oxide NPs [23] [51] [52] [53]
[54] . In this case, nanocubes are induced by the selective adsorption of the sodium oleate
on the 100 facets of iron oxide. This induces the faster growth of the NP along the [111]
direction over the [100] leading to surfaces composed of 100 facets. Comparative studies
show, without any ambiguity, that the same approach performed in the absence and the
presence of sodium oleate, gives rise to spherical and cubic NPs respectively [23] [54] .
Therefore, one can conclude that cubic NP growth formed by using the commercial precursors
(P}, Py, and PY)), could be determined by the key role played by the sodium stearate.

The formation of the triangular NPs (tetrahedral geometry), is more puzzling. Chemical
analysis indicates that the precursor P, yielding this shape, contains both sodium stearate
and NaCl salt. Sodium stearate, here, is expected to bind to the 100 facets of iron oxide to
form cubic NPs and then, does not seem to play a role in the formation of triangular NPs.
However, it has been reported by Kovalenko et al. [23] that the thermal decomposition of
iron oleate in the presence of sodium oleate gives rise to either nanocubes or a mixture of
nanocubes and bipyramidal NPs. The first ones are obtained with a NaOL/Fe(OL); molar
ratio of 1 and a heating rate of 3.3°C/min. The second ones are formed using similar
growth conditions as for cubes, but by decreasing the NaOL/Fe(OL)3 molar ratio to 0.67

and by reducing the heating rate to 1°C/min. Besides, using the same approach with iron
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oleate precursor and sodium oleate ligand, Zhou et al. [52] observed, in mild conditions
(with octadecene as solvent), the formation of Fe304 111 facet exposed tetrahedrons, while
in a higher boiling temperature solvent (tri-n-octylamine), they form nanocubes. These
two examples indicate that sodium oleate may play various roles in different conditions.
Concerning our study, the question is “Does the presence of NaCl in the commercial precursor
P,, could favor such a versatility of the role of sodium stearate?” At this moment, this question
remains open. Otherwise, another question arises regarding the role played by Cl~ or Na*
ions, in excess in the precursor P,. Gao et al. [55] have shown that CI~ adsorbs on the
100 facets of magnetite-yielding nanocubes. If we focus on the tetrahedral geometry, one
hypothesis is that Na™ ions selectively adsorb on the 111 facets of maghemite. This strategy
is not excluded in a previous study reported by Liz-Marzan [54]. Besides, in a previous study
performed in the laboratory, the use of CI~ and Br- ions has been shown to control the shape
of copper NPs from nanorods to nanocubes [56]. Therefore, it is reasonable to think that
either sodium stearate and/or Na*, Cl~ ions, could be the key parameters in the growth of
the triangular maghemite NPs.

4.9 Does the nature of the precursor, FeSt, and FeSt; play
a role in the growth of cubic and triangular maghemite

nanoparticles?

In recent papers, Begin-Colin et al. have reported the role played by the number of stearate
chains (2 and 3) of the iron stearate precursors on the growth of iron oxide nanoparticles
[46] [50] [57] [58] . They have studied the influence of the ratio sodium oleate (NaOL) /
oleic acid (OA) with FeSt, and FeSt; iron stearate precursors differing by their hydration
state, on the shape of nanoparticles. The authors demonstrate clearly, the important role
played by the presence of NaOL on the NP shape. Nanospheres are obtained in the absence
of NaOL, i.e., with only OA. Facetted shapes are obtained, when NaOL is added, even at low
concentration. They also show that the evolution of the shape with the amount of NaOL can
depend on the nature of the precursor, FeSt, and FeSt;, and on their hydration degree. For
the NaOL/OA ratio (20/80), less-rounded NPs are obtained for all precursors. When this
ratio increases, FeSt, and dehydrated FeSt, are allowed to obtain nanoplates while FeSt; and
dehydrated FeSt, lead to nanocubes. The change in the NP shape is explained in terms of the
thermal stability of the precursors, which differs from FeSt, to FeSt; iron stearate precursors.

In our study, we evidence that maghemite nanocubes are obtained with both FeSt, washed
(P}) and FeSt; washed and not washed (P}, P,) precursors. In addition, for all three cases,

we identify a constant environment, i.e., the presence of sodium stearate (see 4.7), which
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is known to drive the nanoparticle growth toward the cubic shape. This result thus does
not allow us to conclude an effect of the nature of the stearate precursor on the NP shape.
However, it evidences the crucial role played by the presence of sodium stearate in the
formation of maghemite nanocubes.

Focusing on the triangular maghemite NPs, we show in this paper that they are obtained
with FeSt, not washed (P;) precursor in the presence of NaSt, Na*, and Cl~ ions. However,
the same precursor, FeSt, washed (P} leads to nanocube growth. In addition, the triangular
NPs are only obtained in the presence of NaSt, Na*, and CI~ while the nanocubes are
obtained in the presence of NaSt. This behavior makes us conclude with the importance of
the “impurities” in the formation of the triangles rather than the role played by the nature of
the precursor.

Therefore, from the study presented in this paper, a possible impact of the nature of the
precursor on the growth of anisotropic shape NPs cannot be evidenced.

This study clearly shows that the supplier, i.e., the purity of the iron stearate, must be
considered in the reproducibility of maghemite NP syntheses. This constitutes another key
parameter in the formation of NPs. Such finding has already been reported for other colloidal
syntheses for example [59] and constitutes an impediment to the development of NPs as

well as to the understanding of the growth mechanisms involved in these syntheses.

4.10 18-Carbon Chain Precursors: Nanoparticle Size Re-

producibility of Iron Oleate versus Iron Stearate

In contrast to the approach described in Chapter 3—where iron oleate, dodecanoate, and
octanoate were employed to investigate the effect of carbon chain length (with only oleate
containing a double bond) on nanoparticle growth mechanisms and characteristics—this
chapter introduces the use of homemade iron stearate.

Preliminary observations indicated that the synthesized iron stearate was of high purity
and generally produced nanoparticles with a spherical morphology. However, the resulting
nanoparticle sizes showed poor reproducibility across different synthesis batches. It is
important to note that the origin of this lack of reproducibility was not systematically
investigated in the present work.

By contrast, iron oleate demonstrated more reliable control over particle size under
comparable synthesis conditions. Therefore, iron oleate was preferred for experiments where

reproducibility in nanoparticle size was essential.
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4.11 Conclusion

In the literature, the thermal decomposition of commercial iron stearate precursors in the
presence of oleic acid and in the absence of additives typically yields spherical iron oxide
nanoparticles. This provides a well-established baseline for nanoparticle morphology under
standard synthesis conditions.

However, our study reveals that using similar commercial iron precursors—whether
washed or unwashed—no longer leads to spherical nanoparticles. Instead, we observe
the formation of uniform and monodisperse populations of cubic or triangular maghemite
nanoparticles. This demonstrates that subtle variations in precursor purity can drastically
affect nanoparticle shape.

Through precise chemical and structural analyses (including XRD), we identified the
presence of sodium stearate and sodium chloride as “impurities” in the precursors. Their
presence explains not only the formation of cubic nanoparticles but also introduces a novel
route toward the synthesis of triangular maghemite nanoparticles—a morphology rarely
documented and poorly understood in the literature.

These triangular nanoparticles hold strong potential due to their unexplored magnetic
behavior, which could lead to new applications. Future work will aim to decipher their
growth mechanism in detail to finely tune their structural properties and gain insight into

their unique magnetic features.
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iron precursors with tunable diameters centered at 3.3, 7.5, and ‘
12.0 nm and tunable surface chemistry. The three stabilizing
ligands were fatty acids with three different alkyl chain lengths (18,

12, and 8 carbon atoms). The unprecedented accurate control of |
the surface chemistry is made possible by the use of three types of | =
iron complexes, that is, iron oleate (C18), iron dodecanoate
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dodecanoic acid (C12), and octanoic acid (C8). Since the thermal
decomposition of the iron precursor varies with the chain length,
no general rules can be applied to control the nanoparticle size, but
optimal synthesis conditions have been investigated to induce the growth of nanoparticles with three different surface chemistries,
keeping the diameters centered at 3.3, 7.5, and 12.0 nm. Finally, structural characterization of the nine populations of maghemite
nanoparticles was performed by transmission electron microscopy and X-ray diffraction, and magnetic properties were determined

by using SQUID magnetometry.

1. INTRODUCTION

Over the past two decades, the synthesis of iron oxide
nanoparticles (NPs) has seen significant advance, driven by
their potential in a wide range of technological applications,
including data recording,1 catalysis,2 wastewater treatment,’
and biomedicine.*

Among these iron oxides, magnetite (Fe;O,) has been
prominently featured in the literature, particularly for its use in
magnetic resonance imaging (MRI) and magnetic hyper-
thermia due to its high saturation magnetization. However,
maghemite (y-Fe,0;), a closely related iron oxide, exhibits
distinct properties. Unlike magnetite, maghemite is fully
oxidized and contains only Fe** ions, which provides superior
chemical stability. This increased stability is valuable for
applications requiring long-term performance, such as environ-
mental remediation and drug delivery.” Furthermore, the
surface chemistry of maghemite is more conducive to uniform
functionalization, thereby improving its effectiveness. In
addition, the absence of Fe?* jons in maghemite results in
lower toxicity, making it a safer choice for biomedical
applications.” These unique properties of maghemite under-
score its importance in advancing the capabilities of iron oxide
NPs in various fields.

© 2024 American Chemical Society

<7 ACS Publications 22673

Further accurate control of their structural and chemical
characteristics (size, shape/geometry, nanocrystallinity, com-
position, and surface chemistry) is fundamental to continu-
ously improving their performance. Among the numerous
chemical routes developed to produce iron oxide NPs,” the
thermal decomposition of organometallic precursors is the
most suitable for inducing NPs with low polydispersity.
However, many key parameters must be controlled to
successfully prepare well-defined populations of iron-oxide
NPs with tunable size®™'® and shape.”'®™** These key
parameters include the reaction parameters (heating rate,
reaction time, and reaction temperature), the nature of the
reagents (precursors, stabilizing surfactant, solvent), the
concentration of reagents, the surfactant-to-precursor ratio,
and the possible presence of additives.”>*® The purity of the
reagents is another key parameter for the reproducibility of
these syntheses. For example, it has been shown that
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commercial iron precursors have been successfully used for
several years to form spherical maghemite NPs, while the
“same” purchased precursor now yields anisotropic-shaped
NPs because of the presence of impurities that strongly affect
particle growth.””

The complexity of these syntheses is due to not only the full
set of involved parameters but also the intricate interplay
between these parameters. For instance, there are still
controversies in the literature regarding the effect of the
ligand/precursor ratio, which, according to different studies,
can promote an increase or decrease in the final size.”* When
one parameter differs from one synthesis to another, this may
impact the role played by others, avoiding, in this case, the
establishment of general rules concerning the nucleation and
growth processes of the NPs.

This can explain why the synthesis of maghemite NPs
coated with tunable carboxylic acid chain lengths through the
thermal decomposition of iron carboxylic acid complexes,
keeping their size unchanged, has never been reported. Indeed,
in this case, varying the nature of the coating ligands
surrounding the particles implies a change similar to that of
the precursor and that of the stabilizing ligand, which can
drastically impact the nucleation and/or growth process and, in
turn, the NP size and/or shape. Most of the time, only the
nature of the ligand is changed while keeping the iron
precursor unchanged, which results in the mixing of the two
ligands, taking part in the passivation of the NPs.'*

From a fundamental point of view, controlling the surface
chemistry of NPs is crucial. On the one hand, this allows for
the control of interactions between NPs during the growth of
their 2D and 3D assemblies. Hence, the alkyl chain length has
been shown to dictate the crystalline structure,””*° inter-
particle distance,”" and coherence length® in plasmonic NPs
supercrystal, allowing fine control of their physical properties.
On the other hand, when the coated NPs are incorporated in a
soft matrix (e.g., a polymer), the ligand plays a paramount role
in achieving optimal dispersion as well as in the properties of
the matrix, which can be influenced by the interaction ligand/
matrix.>>** Whether NPs interact with each other in
supercrystals or in a specific environment to form nano-
composites, accurate control of both the size and surface
chemistry is crucial.

This paper reports the synthesis of spherical maghemite NPs
of three different sizes, centered at 3.3, 7.5, and 12.0 nm, and
three different coating agents characterized by different alkyl
chain lengths (18, 12, and 8 carbons). An unprecedented series
of nine NP populations were obtained by investigating the
thermal decomposition of three iron complexes, that is, iron
oleate (C18), iron dodecanoate (C12), and iron octanoate
(C8), in the presence of stabilizing ligands with the same alkyl
chain length, that is, oleic acid (C18), dodecanoic acid (C12),
and octanoic acid (C8).

The structural characterizations performed by transmission
electron microscopy (TEM), X-ray diffraction (XRD), and
magnetic properties performed by SQUID magnetometry of
the nine populations of maghemite NPs are presented.

2. EXPERIMENTAL SECTION

2.1. Chemical Products. All of the materials were used as
purchased without further purification. Iron(III) chloride
(FeCl;.6H,0, 99%, VWR), sodium oleate (>97.0%, TCI), sodium
dodecanoate (>97%, TCI), sodium n-octanoate (>99%, TCI), 1-
hexadecene (for synthesis, Sigma-Aldrich), 1-octadecene (technical

grade, 90%, Sigma-Aldrich), oleic acid (technical grade, 90%, Sigma-
Aldrich), dodecanoic acid (99%, Thermo Scientific), and octanoic
acid (99%, Thermo Scientific) were used.

2.2. Synthesis of Iron(X); Precursors (X = Oleate, Dodeca-
noate, and Octanoate). Three iron(X); precursors (X = oleate,
dodecanoate, and octanoate) were prepared by the reaction of an
iron(III) chloride salt (FeCl;) with the corresponding sodium fatty
acid salts, sodium oleate, sodium dodecanoate, and sodium octanoate.
The synthesis of the iron (oleate); precursor was based on a method
reported by Park et al.'" Iron chloride (10.8 g, 40 mmol) and sodium
oleate 36.5 g (120 mmol) were solubilized in a mixture of solvents
composed of 80 mL of ethanol, 60 mL of distilled water, and 140 mL
of hexane. The reaction mixture was heated to 70 °C and maintained
at that temperature for 4 h until the reaction was complete. The upper
phase containing the iron-oleate complex was then collected using a
separating funnel and subjected to three washing steps with 30 mL of
distilled water. Subsequently, hexane was evaporated using a rotary
evaporator, yielding an iron-oleate complex in a waxy, red-brown
paste form. A similar method was used to prepare iron(dodecanoate),
and iron(octanoate); by replacing sodium oleate with sodium
dodecanoate and octanoate, respectively.

2.3. Transmission Electron Microscopy (TEM). TEM was
performed using a JEOL JEM-1011 microscope operated at 100 kV.
For the TEM analysis, drops of the colloidal solution were deposited
onto an amorphous carbon-coated TEM grid. The average diameter
and polydispersity of the NPs were determined by measuring the
diameters of over 700 NPs from the TEM images using Image]
software. The mean diameter was calculated as the average of these
measurements, and polydispersity was assessed based on the standard
deviation relative to the mean size.

2.4. X-Ray Diffraction (XRD). XRD of the NPs was carried out
using a Bruker D8 Advance X-ray diffractometer provided by the
Service Analyses Physico-Chimiques (SAPC) at the Université de
Technologie de Compiegne. The instrument was operated at 30 kV
and 40 mA with an X-ray wavelength of 0.1506 nm. The scanning
encompassed a 20 range of 25—70°, with increments of 0.02°. All of
the NP samples were in powder form. For the analysis, the samples
were deposited on a holder with a silicon monocrystal.

2.5. Energy Dispersive X-ray Spectrometry (EDS). The
chemical compositions of the iron precursors were determined
using energy dispersive X-ray spectrometry (EDS) analysis, conducted
on a scanning electron microscope (Quanta FEG 250, Thermo
Fisher) equipped with a Quantax—X-Flash (Synergie4—Bruker).
This analysis was performed at the Service Analyses Physico-
Chimiques (SAPC) at the Université de Technologie de Compiegne.

2.6. Differential Scanning Calorimetry (DSC). DSC analysis
was performed to investigate the thermal properties of iron (oleate),,
iron (dodecanoate);, and iron (octanoate);. The analysis was
performed using a DSC Q200 instrument with version 24.11 Build
124 software. DSC thermograms were obtained in the temperature
range of [25—400 °C] at a heating rate of 10 °C/min. For the sample
preparation, approximately 1.3 mg of the product was used, and
measurements were conducted with a Tzero Aluminum Hermetic pan
under a nitrogen atmosphere.

2.7. Magnetic Measurements. Magnetic measurements were
carried out on a commercial superconducting quantum interference
device (SQUID) magnetometer (MPMS3, Quantum Design, USA)
with a field of 1.59 X 10°Am™" for the zero-field-cooled (ZEC)/field-
cooled (FC) susceptibility curves and with fields of up to 3.98 X
10°Am™" for the magnetization curves. All magnetic measurements
were performed on a film of powdered iron oxide NPs. During the
measurement, the applied field was parallel to the iron-oxide NP film.
For the ZFC measurements, the sample was cooled from 300 to 3 K
with no field and then heated to 300 K in a field of 1.59 X 10°Am™ to
record the magnetization Mypc(T) of the sample. For the FC
measurements, the sample was cooled again to 3 K under the same
applied field, and the magnetization My (T) was recorded. In both
cases, the measurements were performed on heating with a heating
rate on the order of 2 K min~! for each temperature step. The
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measurement time was ~S s. The hysteresis curves were obtained at 3
K.

3. RESULTS AND DISCUSSION

To synthesize spherical maghemite NPs with three different
diameters, centered at 3.3, 7.5, and 12.0 nm, and stabilized
with three different carboxylic acid chain lengths, we adapted
the procedure reported by Park et al., which involves the
thermal decomposition of iron oleate in the presence of oleic
acid (C18),"" giving rise to oleic acid-coated maghemite NPs.
The unprecedented accurate control of the NP surface chemistry
we present here was obtained thanks to the use of three types
of precursors, iron oleate, iron dodecanoate, and iron
octanoate complexes, associated with their corresponding
carboxylic acids, that is, oleic acid (C18), dodecanoic acid
(C12), and octanoic acid (C8). For the three types of surface
chemistry, that is, by using the three associated types of
precursors, the control of the NP size is obtained by usin%
various strategies including the well-known solvent effect.’
Indeed, it is now well established that the higher the boiling
point of the solvent, for instance, tetradecene (251 °C),
hexadecene (274 °C), or octadecene (318 °C), the larger the
NPs. However, this strategy is somewhat limited, particularly
for the synthesis of smaller NPs (~3 nm) (see below). In
addition, the thermal decomposition of the three precursors
was strongly dependent on the carboxylic acid chain length.
This means that the nucleation and growth processes differ
from one precursor to another, which, in turn, requires the
adaptation of the synthesis conditions from one precursor to
another. Therefore, the size control of maghemite NPs
stabilized with C18, C12, and C8 ligands involves not only
the solvent effect strategy but also other strategies adapted to
the different types of precursors. For convenience, NPs with
mean diameters centered at 3.3, 7.5, and 12.0 nm are named
small-, intermediate-, and large-size NPs, respectively.

The dependence of the thermal decomposition of the
precursors with the carboxylic acid chain length is illustrated by
DSC analysis. TEM and XRD studies were performed to
characterize the structural parameters of the nine populations
of maghemite NPs with diameters centered at 3.3, 7.5, and
12.0 nm and stabilized with C18, C12, and C8 carboxylic acids.
The magnetic properties of the nine populations were
investigated.

3.1. Thermal Decomposition Study of the Iron
Precursors by DSC. The thermal decomposition of the
precursors, iron oleate (C18), iron dodecanoate (C12), and
iron octanoate (C8), was analyzed by using DSC to elucidate
the differences in their decomposition behavior as influenced
by the carboxylic acid chain length. DSC was chosen for its
ability to precisely capture the enthalpic changes associated
with the decomposition process, thereby providing detailed
insight into the distinct thermal characteristics of each
precursor.'** The results are shown in Figure 1.

The DSC pattern of iron oleate (C18; Figure 1a) showed a
weak endothermic peak at 120 °C, which can be attributed to
the removal of crystal hydrate water. In good agreement with
previous studies,'*>*® an endothermic peak was observed at
230 °C, which corresponds to the dissociation of the first
oleate group from the precursor, whereas the next peak, at 320
°C, was assigned to the dissociation of the two remaining
ligands. The former was associated with the nucleation step,
whereas the latter was associated with the growth step. At
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Figure 1. Differential scanning calorimetry (DSC) of (a) iron oleate,
(b) iron dodecanoate, and (c) iron octanoate precursors. Insets:
corresponding energy dispersive X-ray spectrometry (EDS) patterns.

higher temperatures (approximately 380 °C), the last peak
corresponds to complete decomposition of the precursor.
The DSC pattern of the iron dodecanoate (C12) precursor
(Figure 1b) showed low-temperature peaks at approximately
77 °C. Elemental analysis revealed that only iron was present.
The absence of other elements such as chlorine or sodium
reveals the absence of impurities such as sodium dodecanoate,
which could result either from nonstoichiometric conditions
during their synthesis or from a nonoptimal washing step.””
The peak obtained at low temperatures can only be assigned to
the melting point of this precursor, which is solid at room
temperature, unlike iron oleate (C18). Two endothermic peaks
were observed at 265 and 310 °C. Because of the similar
behavior observed for iron oleate, it can be assumed that these
two endothermic peaks correspond to the nucleation and
growth peaks, respectively. However, the nucleation peak was
found at higher temperatures compared to that of the oleic
precursor (26S vs 230 °C). This indicates that the nucleation
step requires a significantly higher temperature for the
dodecanoate precursor than that for the oleic precursor. The
second endothermic peak at 310 °C occurred at a temperature
slightly lower than that of the oleic precursor. Comparative
measurements of the DSC patterns of oleic and dodecanoic
precursors show that the effective separation of the nucleation
and growth processes taking place at different temperatures is
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Table 1. Parameters Used for the Synthesis of Maghemite Nanoparticles by the Thermal Decomposition Approach with the

TEM Size Measured

precursor (mmol) ligand (mmol) R =1P/1J

C18-NPs 1.6 0.8 2.0

1.6 0.8 2.0

4.0 2.0 2.0
CI12-NPs 1.6 32 0.50

0.8 1.6 0.50

0.8 2.8 0.29
C8-NPs 1.6 2.0 0.80

1.6 2.0 0.80

32 6.3 0.50

solvent (T, °C) reflux time (min) TEM diameter (nm)

Octadecene (318 °C) 30 12.6 (0 = 4.11%)
Hexadecene (274 °C) 30 7.8 (6 = 4.0%)
Hexadecene (274 °C) 30 34 (0= 14.3%)
Octadecene (318 °C) 30 13.3 (0 = 5.7%)
Hexadecene (274 °C) 60 7.8 (o = 6.7%)
Hexadecene (274 °C) 60 32 (0 = 14.5%)
Hexadecene (274 °C) 90 112 (6 = 13.7%)
Hexadecene (274 °C) 60 7.0 (6 = 13.4%)
Hexadecene (274 °C) 30 32 (0= 12.3%)

=318°C)

Frequency (%)

Hexadecene (Tjji,g= 274°C)

Hexadecene (Ty,;,, = 274°C)

W 4
8 9 10 1112 13 14 15 6
Diameter (nm)

Diameter (nm)

5 8 10 ' 2
Diameter (nm)

Figure 2. Transmission electron microscopy (TEM) images of maghemite nanoparticles synthesized from (a—c) iron oleate, (d—f) iron
dodeconaoate, and (g—i) iron octanoate. The mean diameters are centered on (a,d,g) 12.0 nm, (b,e;h) 7.5 nm, and (c,£i) 3.3 nm.

less in the latter than in the former. Complete decomposition
occurs at approximately 370 °C, which is lower than that of the
oleic precursor.

Focusing on the iron octanoate (C8) precursor (Figure 1c),
a low-temperature peak is observed at 60 °C. As for the
precursor iron dodecanoate (C12), this peak could be
attributed to its melting point. However, unlike the behavior
observed for the C18 and C12 precursors, which displayed two
peaks attributed to the nucleation and growth steps, three
peaks at 202, 220, and 270 °C were obtained for the C8
precursor. It is possible that each of these three peaks

corresponds to the dissociation of an octanoate group from the
precursor; however, in any case, they reveal a more complex
dissociation pathway than in the case of C18 and CI2
precursors. Finally, complete decomposition occurs at
approximately 350 °C, which is lower than the temperatures
of the oleic and dodecanoic precursors.

3.2. TEM Study. 3.2.1. Size Control of Oleic Acid (C18)-
Coated Maghemite NPs. The synthesis of larger oleic acid
(C18)-coated maghemite NPs was based on the procedure
reported by Park and Co."' 1.42 g (1.6 mmol) of the iron
oleate precursor and 0.22 g (0.8 mmol) of oleic acid were

https://doi.org/10.1021/acs.langmuir.4c02495
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dissolved in 10 mL of octadecene. The precursor-to-ligand
concentration ratio R was equal to 2. This mixture was heated
to the boiling point of octadecene (318 °C), refluxed for 30
min, and cooled to room temperature (Table 1). A black
solution was formed, which was washed with a large excess of
acetone followed by centrifugation at 4900 rpm for 10 min.
Oleic acid-coated NPs were dispersed in chloroform. Figure 2a
shows the TEM image of the resulting C18-NDPs, revealing a
population composed of highly uniform spherical NPs, with a
mean diameter and a size polydispersity of 12.6 nm and 4%,
respectively (inset of Figure 2a).

Using a lower boiling point (bp) solvent, hexadecene (bp:
274 °C), other things being equal, the mean diameter
decreases from 12.6 to 7.8 nm, keeping a low size
polydispersity of 4% (Figure 2b and inset of Figure 2b).
This behavior is explained by the lower growth activation
resulting from the use of a solvent, whose boiling point (274
°C) is lower than the growth peak (300 °C) (Figure 1)
compared to the octadecene (318 °C).'"'>!*1°

The very low NP-size polydispersity (4% for both cases) is
explained by the specific separation of the nucleation and
growth processes. Indeed, the DSC measurement shows a
nucleation peak at approximately 230 °C, corresponding to the
first oleate ligand dissociation from the iron oleate, while at
approximately 320 °C, the remaining two oleate ligands
dissociate in their turns, inducing NP growth (Figure la).

By further decreasing the reaction temperature through the
use of tetradecene (251 °C), other things being equal, a
population of small NPs (~2.6 nm) was obtained; however, a
very low reaction yield and high size polydispersity (20%) were
observed. This behavior is attributed to the fact that the
reaction temperature is close to the nucleation peak, thus
hindering the decomposition of all precursors. The solvent
strategy, through the use of tetradecene, being unsuccessful in
producing the smaller NPs, we kept the procedure giving the
7.8 nm C18-NPs with the following modifications: the
precursor concentration is increased from 1.6 to 4 mmol,
keeping unchanged the ratio R equal to 2, as well as the
solvent, hexadecene, and the reflux time, 30 min (Table 1). As
shown in Figure 2c, these conditions led to the formation of
3.4 nm with a size polydispersity of 14.3%. The decrease in the
mean NP size with increasing precursor concentration results
from the enhancement of iron supersaturation before
nucleation and is explained by the LaMer supersaturation
theory.?”**

3.2.2. Size Control of Dodecanoic Acid (C12)-Coated
Maghemite NPs. By repeating the procedure used to obtain
the larger C18-NPs (see Section 3.2.1), with iron dodecanoate
as a precursor instead of iron oleate, we obtained polydisperse
C12-NPs (6 = 17%) with a mean diameter of 14.0 nm instead
of low polydisperse 12.6 nm NPs. As before, the change in the
quality of the populations can be explained by the change in
the decomposition processes of the two iron precursors. For
iron oleate, the nucleation and growth peaks are at around 230
and 320 °C, respectively, compared to 265 and 310 °C for iron
dodecanoate (Figure 1). To overcome the variation of the
nucleation and growth kinetics from the iron oleate to the iron
dodecanoate and then successfully obtain uniform C12-NPs
with a mean diameter centered on 12 nm, the precursor and
ligand concentrations have been modified as follows: 1.045 g
(1.6 mmol) of iron dodecanoate precursor and 0.64 g (3.2
mmol) of dodecanoic acid have been used, giving a ratio, R, of
0.5. The solvent used remained unchanged, that is, octadecene

(318 °C), as well as the reflux time 30 min (Table 1). Under
optimized conditions, the TEM image and size histogram
(Figure 2d and inset of Figure 2d) illustrate the formation of
13.3 nm C12-NPs with a low polydispersity of 5.7%.

Similar to the synthesis of the intermediate C18-NP size, we
used a lower-boiling solvent, hexadecene, instead of
octadecene, to form the intermediate C12-NP size. The
resulting C12-NPs were highly polydispersed (16%) with a
mean diameter of 6.3 nm. By adjusting the conditions, i.e., by
decreasing the precursor concentration from 1.6 to 0.8 mmo],
keeping unchanged the ratio R, and increasing the reflux time
from 30 to 60 min, low-size polydispersity C12-NPs (6.7%)
with a mean diameter of 7.8 nm were obtained (Figure 2e and
the inset of Figure 2e). This behavior illustrates the importance
of the nature of the Fe precursor.

By adjusting the ratio, R, to 0.28 (instead of 0.5 for the 7.8
nm C12-NPs), that is, by increasing the dodecanoic acid ligand
concentration, other things being equal, 3.2 nm C12-NPs with
a size polydispersity of 14.5% were obtained (Figure 2f and
inset of Figure 2f). The effect of the increase in the ligand
concentration on NP growth has been investigated by several
groups, and trends of either (1) increasing'”*”*”* or (2)
decreasing'®'”***! size have been observed. This effect can be
the opposite of whether it affects the nucleation or the growth
step. In the first case, an increase in ligand concentration
tended to induce a higher stabilization of the iron complex.
This stabilization slows the nucleation step, which in turn
lowers the number of nuclei, leading to a larger NP size. In the
second case, excess ligands tend to inhibit NP growth by
covering the growth sites, resulting in a smaller NP size. The
intricate interplay between the ligand concentration and the
other reaction parameters (the nature and concentration of the
reactants, solvent, heating rate, and reflux time), which differ
from one study to another, likely explains the two opposite
trends reported in the literature. In our case, the decrease in
the CI12-NP size from 7.8 to 3.2 nm with increasing the
dodecanoic ligand from 1.6 to 2.8 mmol, other things being
equal, can be explained by the blocking of the NP growth of
the growing NPs.

3.2.3. Size Control of Octanoic Acid (C8)-Coated
Maghemite NPs. Starting again from the synthesis conditions
established for the larger C18-NP size and replacing the iron
oleate precursor with an iron octanoate precursor, we obtained
highly polydispersed NPs (15%) with a mean diameter of 20
nm. To obtain the desired NP population, the nature of the
solvent, the ligand/precursor ratio, and the reflux time were
optimized as follows: the precursor concentration was 1.6
mmol, the ratio, R, was 0.8, and the synthesis occurred in
hexadecene (b.p.). 274 °C), with a reflux time of 90 min
(Table 1). As shown in the TEM image and size histogram
(Figure 2g and inset of Figure 2g), the resulting C8-NPs were
characterized by mean size and size polydispersity of 11.2 nm
and 13.7%, respectively.

Decreasing the reflux time from 90 to 60 min, other things
being equal, the mean size decreases from 11.2 to 7.0 nm,
keeping almost unchanged the size polydispersity, 13.4%
(Figure 2h and inset of Figure 2h). This behavior observed
under our conditions, that is, with an iron octanoate precursor
and hexadecene as a solvent, illustrates the time dependence of
the growth process during the reflux performed at 274 °C,
which corresponds to the growth temperature according to the
DSC study (Figure 1c).
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Figure 3. X-ray diffraction (XRD) patterns of iron oxide nanoparticles synthesized from (a—c) iron oleate, (d—f) iron dodeconoate, and (g—i) iron
octanoate. The mean diameters are centered on (a,d,g) 12.0 nm, (b,e;h) 7.5 nm, and (c,f,i) 3.3 nm. Solid lines: maghemite (ref. 04-021-3968, PDF-
S) reference pattern. Dotted lines: magnetite (ref. 04-027-0607, PDF-S) reference patterns.

The smallest C8-NPs were obtained by combining the reflux
time, the R-value, and the precursor concentration effects.
Hence, by decreasing both the reflux time from 60 to 30 min,
the R-value from 0.8 to 0.5, and by increasing the octanoic acid
concentration from 1.6 to 3.2 mmol, C8-NPs with a mean
diameter and size polydispersity of 3.2 nm and 12.3%,
respectively, have been obtained (Figure 2i and inset of Figure
2i).

It is noteworthy that whatever the size is, the C8-NPs have a
higher polydispersity compared to their C18- and Cl12-
counterparts. This behavior may be explained by a more
complex dissociation process of the iron octanoic precursor
revealed by three endothermic events (instead of two for the
C18 and CI12 precursors), which are, furthermore, close to
each other.

After detailed details of the synthesis conditions and three
NP sizes obtained from each precursor, it is worth considering
another intriguing parameter: saturation of the ligands used. In
our study, both unsaturated oleate (C,;) and saturated
dodecanoate (C;,) and octanoate (Cg) ligands were employed,
introducing differences not only in chain length but also in
ligand saturation. When the precursor is switched from
unsaturated oleate (C,g) to saturated dodecanoate (C;,) or

saturated octanoate (Cg) ligands), two key parameters are
altered: chain length and ligand saturation. In addition, other
experimental conditions, including the precursor ratio, solvent
boiling point, and reflux time, were also modified. Therefore,
isolating the specific effects of ligand unsaturation is
challenging because of these simultaneous changes.

However, the literature indicates that unsaturation in ligands
such as oleate introduces a bend in the alkyl chain, leading to
less ordered ligand shells compared to the more linear and
ordered shells formed by saturated ligands.*”~** This bend
disrupts the tight packing, allowing for better solvent
intercalation and enhanced colloidal stability. As a result,
unsaturated ligands can influence the solubility of NPs by
facilitating better interactions with the solvent. In our study,
regardless of the degree of saturation of the ligand, no
significant changes in colloidal stability were observed, and the
stability remained consistently high.

These differences in solvent—ligand interactions due to
ligand saturation are also expected to affect the growth
mechanism of the NPs. Indeed, the enhanced solvent—ligand
interactions, specifically the increased solubility of the ligand,
led to a reduction in the ligand—ligand attractions within the
ligand layer surrounding the NPs during their growth. This

https://doi.org/10.1021/acs.langmuir.4c02495
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reduction weakened the integrity of the ligand layer, thereby
promoting particle growth.*

3.3. XRD Study. Figure 3 presents the XRD patterns for
nine iron oxide NP samples, with reference patterns for
maghemite (y-Fe,O;) and magnetite (Fe;O,) employed for
comparative analysis. The reference patterns correspond to
maghemite (ICDD PDF card 04-021-3968) with a unit cell
parameter of 8.336 A and magnetite (ICDD PDF card 00-019-
0629) with a unit cell parameter of 8.396 A. The XRD patterns
of the Cl12-coated NPs exhibit additional peaks that can be
attributed to dodecanoic acid. Peak broadening was observed
as the NP size decreased, which is consistent with the Scherrer
equation. Indexation of all samples, varying in size (7 and 12
nm) and surface chemistry (C18, C12, and C8), indicated a
predominant alignment with maghemite rather than magnetite.
Given the close similarity of the XRD patterns for these two
crystalline phases, the unit cell parameters were determined by
analyzing the position and broadening of the (311) reflection
within the spinel structure following established procedures.*®
The unit cell parameter values for the samples summarized in
Table 2 ranged from 8.334 to 8.346 nm, which closely matched

Table 2. TEM and XRD Size Analysis and Unit Cell
Measurements of Iron Oxide Nanoparticles Using the (311)
Plane Position and Broadening

TEM size (nm)  XRD size (nm)  Cell parameter (nm)

C18-NPs 12.6 6.0 8.345
7.8 4.6 8.346
CI12-NPs 133 S.1 8.335
7.8 4.7 8.334
C8-NPs 112 6.8 8.336
7.0 S.0 8.346

because of the similar diffraction patterns of maghemite and
magnetite.

3.4. Magnetic Properties of Maghemite NPs with
Tunable Size and Surface Chemistry. 3.4.1. Magnetization
versus Temperature Measurements. Figure 4 shows the field-
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Figure 4. FC and ZFC magnetization versus temperature curves with
applied field H = 1.59 X 10°Am™', of maghemite nanoparticles
synthesized from (a—c) iron oleate, (d—f) iron dodeconoate, and (g—
i) iron octanoate. The mean diameters are centered on (a,d,g) 12.0
nm, (b,eh) 7.5 nm, and (cfi) 3.3 nm.

the known lattice parameter of maghemite (y-Fe,03), typically
at approximately 8.330 nm. In contrast, magnetite (Fe;O,) has
a slightly larger lattice parameter of approximately 8.396 nm.
The calculated cell parameter values for these samples (C18-
NPs, C12-NPs, and C8-NPs) suggested that the crystal phase
present in these NPs was predominantly maghemite rather
than magnetite. This conclusion aligns with the characteristic
slight reduction in the lattice parameter expected for
maghemite, likely due to the presence of vacancies in the
iron sites compared with the fully occupied iron sites in
magnetite.

For the smallest NPs (3 nm), the XRD peaks become larger
for the smaller C18-NPs and C12-NPs, which is in line with
the Scherrer equation,'”*’ but the low crystallinity and
significant noise in the patterns precluded a clear distinction
between maghemite and magnetite, preventing the calculation
of the unit cell parameters. Further analysis of the XRD pattern
for the 3 nm C8-coated NPs revealed more pronounced peak
broadening and shifts in peak positions compared to those of
the C18- and Cl2-coated samples. These shifts and broad-
ening indicate that the diffraction patterns of the C8-coated
NPs may be influenced by factors other than crystallinity such
as interactions with free carboxylates or iron complexes.
Consequently, the XRD pattern may not provide a
straightforward interpretation of the composition. Although
XRD analysis predominantly identified maghemite as the main
phase, it is important to note that the negligible presence of
magnetite cannot be conclusively ruled out. The precision of
XRD in distinguishing and quantifying minor phases is limited

cooled (FC) and zero-field-cooled (ZFC) magnetization
versus temperature curves for the nine populations of
maghemite NPs presented in Figure 2, differing in both their
size and surface chemistry. As the sample has been cooled in
zero fleld, there is no net alignment of the spins at 3 K; hence,
the magnetization is close to zero. A small magnetic field (1.59
X 10°Am™") was applied. As the temperature increases, the
spins become progressively “unblocked,” aligning toward the
field direction, and the magnetization increases until it reaches
a maximum at a temperature T, related to the blocking
temperature Ty. Above Tjy, the behavior is paramagnetic, i.e.,
the thermal energy increases to such an extent that the
increased dynamic rotation of the spins prevents alignment in
the field direction, and the magnetization decreases with
increasing temperature. In a monodisperse assembly, Ty is

typically defined using eq 1:
Ty = KV/[kyln(z,/7))] (1)

where K, V, and kg are the energy anisotropy constant, particle
volume, and Boltzmann’s constant. 7, is a characteristic
relaxation time of 107! s for ferro- or ferrimagnetic materials,
and 7, = 60 s is the experimental time scale of the susceptibility
measurement. When the size polydispersity cannot be
neglected, T, does not coincide with Tj, as has already
been discussed in refs 48—51 and the distribution of Ty must
be related to the distribution of particle volumes. The
derivative d(Mygpc — Mgc)/dT can be seen as the Ty
distribution presenting two characteristic temperatures,
namely, T}p for the inflection point, defined as the maximum

https://doi.org/10.1021/acs.langmuir.4c02495
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value of d(Mypc)/dT (and equivalently of d(Mypc — Mgc)/
dT), and T,,,, where d(Mypc)/dT = 0. Clearly, Tp and T, are
the lower and upper bounds, respectively, of the blocking
temperature corresponding to the characteristic value, V, of
the volume log-normal distribution, as introduced by Sappey et
al.*® (see Table 3). For the smallest particles, <V> c.a. 3.3 nm,

Table 3. Magnetic Parameters Extracted from the ZFC
Magnetization and Hysteresis Curves for the Nine
Populations of Maghemite Nanoparticles Passivated with
Oleate (C18), Dodecanoate (C12), and Octanoate (C8)
Ligands”

diameter (nm) Ty (K) M,/My,,. H. (10* Am™)

CI8NPs  12.6 (o = 4.0%) 117 0.44 4.18
7.8 (6 = 4.0%) 45 0.38 4.02
34 (0 = 14.3%) S 0.06 0.99
C I 2-NPs 13.3 (6 = 5.7%) 124 0.34 3.34
7.8 (6 = 6.7%) 42 0.38 3.70
3.2 (6 =14.5%) S 0.11 0.44
C8-NPs 112 (o = 13.7%) 83 0.37 4.02
7.0 (6 = 13.4%) 22 0.29 2.11
3.2 (6 = 12.3%) 4 0.03 0.48

“Tg: blocking temperature, M,/Myy,, ratio of remanent-to-magnet-
ization at Hmax (Hmax = 3.98 X 10°Am™!), H.: coercive field.

such a distinction is much less meaningful because of the
increasing influence of spin canting and crystalline defects,
making the models used for the introduction of ZFC/FC
magnetizations inaccurate. Hence, in this case, we consider
T nax as the temperature at which the entire distribution reaches
the superparamagnetic regime as a more representative one.

The larger oleic acid (C18)-coated maghemite NPs (12.6
nm) were characterized by a Tj(v,) value of 117 K (Table 3).
This value is in good agreement with the values reported in the
literature for similar-sized C18-coated maghemite Nps.'*
The C12-NPs (13.3 nm) and C8-NPs (11.2 nm) were
characterized by Tg(v,) values of 124 and 83 K, respectively,
similar to that of C18-NPs with sizes of the same order. For
the series of larger NPs, it is noticeable that the higher the
mean diameter, the higher the T, which is consistent with an
increase in the particle volume (see eq 1). This magnetic trend
is further illustrated for the intermediate-sized NP (Table 3).
Whatever the ligand is, it is characterized by a lower Ty
compared to the larger NPs. The C18-NPs (7.8 nm), C12-NPs
(7.8 nm), and C8-NPs (7.0 nm) were characterized by T;(v,)
values of 45, 42, and 22 K, respectively. By focusing on the
smaller NPs with a diameter of approximately 3.3 nm, we
found T values around 5 K (Table 3). This low value of Ty is
explained by their very small volume but not only. Indeed, it is
likely that spin canting, which is all the more important as the
particle size is small, significantly contributes to lowering the
blocking temperature. The ZFC curves for the series of larger
and intermediate-sized NPs passivated with C18, C12, and C8
ligands, normalized to T, are presented in Figure 5.
Whatever the NP size, it appears that the curve for the C8-
NPs is broadened concerning those of the C18 and C12 NPs.
This reflects a larger distribution of the magnetic anisotropy
energy due to a larger size distribution for the C8-NPs
compared to the C12- and C18-NPs (Table 1).

In the FC curves, the magnetization is larger than that of the
ZFC curves from 3 K to Tg. Above Ty, the magnetization

1+ |i_ b

M/MZFCmax

0 0.5 1 1.5 1 2 3 4
T/Tonax

Figure S. Zero field magnetization versus temperature curves

normalized to T, of maghemite nanoparticles synthesized from

iron oleate (solid lines), iron dodeconoate (solid circles), and iron

octanoate (dashed line). (a) Large-nanoparticle sizes, (b) inter-
mediate-nanoparticle sizes.

decreases with increasing temperature and joins the ZFC
curve.

The FC curves obtained for the series of the large-size NPs
(Figure 4a,d,g) show a rather flat FC curve at a temperature
below Ty, which is indicative of strong dipolar interactions.
However, for the intermediate- and small-sized (C18, C12, and
C8) NPs (Figure 4b,c,e,fh,i), the FC curves show an almost
uniform decay before joining the ZFC curve above Ty, which
suggests that the Qi})olar interaction effect for these samples is
not predominant.”” The stronger interactions between the
larger maghemite NPs compared to those of the intermediate
and small-size NPs can be explained in two ways. First, the
washing of the larger particles, at the end of the synthesis, was
more efficient compared to the intermediate- and small-size
particles, ensuring a very low amount of byproducts (e.g., an
excess of surfactant) in the colloidal solution and then a
decrease in the interparticle distance for the larger particles
compared to the intermediate- and small-size NPs. Second, it is
well established that dipolar interactions in the assembly of
NPs increase with the volume of the NPs.>?

3.4.2. Magnetic Hysteresis Measurements. Figure 6 shows
the corresponding hysteresis curves for the nine populations of
maghemite NPs, differing by both their size and surface
chemistry. Regardless of the sample, saturation magnetization
is never attained with a field H,, of 3.98 X 10° Am™. The
magnetization curves for the larger NPs and the intermediate-
sized NPs are close to saturation, while the smallest particles,
owing to the more important spin canting effect and crystalline
defects, likely saturate at much higher fields. The ratio of
remanent-to-magnetization at H,. (M,/My,.) and the
coercive field (H,.) are listed in Table 3. For the larger NPs
as well as for the intermediate-size NPs, the (M,/My,,.) is
found to be approximately 0.4, which is close to the value of
0.5, expected for uniaxial anisotropy.”*

This magnetic behavior is in good agreement with previously
reported studies.'”'“>> However, regardless of the ligand
coating, the smaller particles are characterized by a very low
value (M,/My,,..) between 0.03 and 0.11. This behavior is
attributed to the fact that the measurement temperature (3 K)
is very close to their blocking temperature, around 5 K; ie., a
majority of the NPs display a superparamagnetic behavior.
Moreover, due to the small NP size, one expects that the spin
canting will take a much more relative importance than in the
case of the larger NPs. In a first approximation, both
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Figure 6. Hysteresis curves performed at 3 K, of maghemite
nanoparticles synthesized from (a—c) iron oleate, (d—f) iron
dodeconoate, and (g—i) iron octanoate. The mean diameters are
centered on (a,d,g) 12.0 nm, (beh) 7.5 nm, and (c,fi) 3.3 nm.

consequences of the small NP size, namely the small deviation
between the measuring and blocking temperatures and the
relative importance of the spin canting, can be modeled by
adding to the distribution of NPs a component of non-
anisotropic NP (K. = 0) representing either an ultrasoft phase
due to the spin canting or the distribution of the smallest NPs,
which are in the superparamagnetic regime (T < T,). As a
qualitative example, we performed Monte Carlo simulations
(see Figure 7) of the hysteresis loop with either a single
Stoner—Wolfarth component or a mixture including a
nonanisotropic component. Doing this, on the one hand,
one gets a reduction of both M,/M, and H,, and, on the other
hand, the shape of the hysteresis curves of the C8 and C18
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Figure 7. Monte Carlo simulation of the hysteresis curve of a single
Stoner—Wolfarth model with reduced uniaxial anisotropy e, = 2 and
mixture including a nonanisotropic component (e, = 0). This model is
given only for a qualitative purpose, as the value chosen for the
reduced anisotropy energy (e, = 2) is not fitted to the experimental
samples. The reduced field h is H/H, where H, is the reference field
H, = Hy/(2¢,) and Hy is the usual anisotropy field (2K/(uo M)).

22681

samples can be qualitatively reproduced. This means that we
can interpret both the sharp reduction of H, and the shoulder
of the M(h) curves for the C8 and C18 systems as a signature
of the magnetic multiphase character of the corresponding NP
assemblies. A similar interpretation was proposed for the
behavior of the hysteresis curves of CoPt NP during

56,57
annealing.

4. CONCLUSIONS

In this paper, we report the first example of low-size
polydisperse spherical maghemite NPs synthesized by the
thermal decomposition of an iron precursor with accurate
control of both surface chemistry and diameter. The surface
chemistry has been controlled by using three types of iron
complexes, ie., iron oleate (C18), iron dodecanoate (C12),
and iron octanoate (C8) associated with the fatty acid ligands
having the same alkyl chain length, ie. oleic acid (C18),
dodecanoic acid (C12), and octanoic acid (C8). The optimal
conditions favoring the growth of diameters centered at 3.3,
7.5, and 12.0 nm, for the three types of ligands, have been
established. It is worth noting that these conditions depend on
the precursor length and its thermal decomposition behavior.
Magnetic properties performed by SQUID magnetometry of
the nine populations of maghemite NPs reflect accurate size
control. A potential future direction for research in this field is
to study the impact of the ligands differing by their chemical
nature and chain length on the NP interactions with their
environment (solvent, polymer, etc.). Controlling the ligand
chain length of the maghemite NPs organized in supercrystals
is of great importance to tune the structural characteristics of
these nanomaterials, i.e., the interparticle distance and the 3D
crystalline structure. Such magnetic superlattices provide a new
horizon in fundamental physics and can be used as model
systems for considering phenomena related to dipolar
interactions within the solid and, in particular, the dipolar
superferromagnetism (SFM), expected in highly dense super-
crystals.
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1. Introduction

In the last 20 years, iron oxide nanoparticles (NPs) have been
extensively studied for their use in many technological applications such
as energy storage [1], catalysis [2] and wastewater treatment [3]. In
addition, thanks to their biocompatibility combined with their chemical
stability, they are also widely used in biomedicine [4].

To continuously improve their performances, it is crucial to accu-
rately control their structural characteristics (composition, nano crys-
tallinity, size, geometry, and surface chemistry). Among the existing
approaches to synthesizing NPs, the decomposition of metal precursors
is more appropriate to favor uniform NPs. Using this strategy, uniform
iron oxide NPs with controlled size [5-13] and shape [14-23] have been
obtained. However, many key parameters must be controlled to suc-
cessfully prepare well-defined populations. Hence, NP structural char-
acteristics depend on the nature of the precursors, the ligands and the
solvent, the heating rate, the reaction time, the reaction temperature,
the precursor injection time, the surfactant to precursor ratio, and the
presence of additives [24,25].

The reproducibility of these syntheses requires perfect control of all
the key parameters playing a role in the formation of the NPs from the
atomic scale (precursor decomposition, solvation of reactants, adsorp-
tion of ligands and salts ...) to the nanoscale (nucleation, growth, aging
steps ...). In addition, a deep understanding of the nucleation and
growth mechanisms of NPs is crucial, especially to highlight novel
nanomaterials.

In this article, we report that one key parameter in the reproduc-
ibility of spherical iron oxide NPs by the thermal decomposition of iron
stearate precursor is its origin. In the literature, it has been reported that
the use of iron stearate precursors from the supplier Strem Chemicals
[11,12] leads to spherical iron oxide NPs. Here, we show that the same
synthesis approach using commercial iron (II) and iron (III) precursors
provided by Strem chemicals and TCI, respectively, yields different
anisotropic shape NPs, i.e., triangular and cubic ones, with different
sizes. Besides, a washing step performed for the iron (II) precursor
(Strem chemicals), induces a change from triangular to cubic NPs.
Finally, the spherical NPs are recovered by using a precursor synthesized
in the laboratory. Thanks to a qualitative and quantitative chemical
analysis study performed by energy dispersive X-ray spectrometry (EDS)
analysis and X-ray diffraction (XRD), we evidence the presence of
various impurities (sodium stearate and/or sodium chloride) in the two
commercial precursors (used as-received or washed), explaining, the
formation of anisotropic shape NPs.

First, this study evidences the importance of the origin of the iron
stearate precursor (as received commercially or washed, or homemade),
i.e. its purity, on the growth of maghemite NPs as well as the role played
by the detected impurities on the determination of the particle shape
(spherical, cubic and triangular). Second, it highlights that the identi-
fication of the nature of the impurities, rarely proposed in the literature,
is needed for the understanding of the NP growth mechanisms, which
are still not totally elucidated. Third, the presence of the detected im-
purities in the commercial precursors is explained in terms of mistakes
made in their fabrication. Fourth, triangular NPs are here formed using a
strategy, that has never been reported previously.

2. Experimental section
2.1. Chemicals

Iron (III) chloride (FeCl3.6 H50, 99%, VWR), sodium stearate
(CH3(CH3)16COONa, 97%, TCI), iron (II) stearate (9% Fe, Strem

Chemicals), iron (III) stearate (5.8-7% Fe, TCI), Oleic acid (99%, alpha
aesar) and dioctyl ether (99%, sigma-aldrich).

Colloids and Surfaces A: Physicochemical and Engineering Aspects 680 (2024) 132689
2.2. Synthesis of iron (III) stearate precursor

Iron (III) stearate (FeSt3) was prepared by reaction of sodium stea-
rate (NaSt) and iron (III) chloride salts (FeCls) in an aqueous solution
[13]. Sodium stearate (9.8 g, 32 mmol) is transferred into a two-necked
round-bottomed flask (RBF) and solubilized in 320 mL of ultrapure
water. The solution is heated to reflux at 120 °C and stirred for 30 min
until complete dissolution of the stearate. Separately, FeCl3 (2.9 g, 10.7
mmol) is dissolved in 160 mL of ultrapure water and added to the so-
dium stearate solution under vigorous stirring. A light orange precipitate
formed immediately. The solution is kept under stirring at this tem-
perature for 25 min. Thereafter the solution is allowed to cool to room
temperature. The obtained precipitate is washed with 4 L of ultrapure
water and filtrated with a Buchner funnel and oven-dried at 64 °C for 22
h.

2.3. Transmission electron microscopy (TEM)

TEM study is performed using a JEOL JEM-1011 microscope at 100
kV. For this study, some drops of the colloidal solution are deposited on
an amorphous carbon-coated TEM grid. The average diameter and the
polydispersity of NPs are determined from more than 500 NPs using
ImagelJ.

2.4. Microanalysis

The chemical compositions were determined by energy dispersive X-
ray spectrometry (EDS) analysis using a scanning electron microscope
(SEM, JEOL 5510 LV, Ltd, Tokyo, Japan) with IXRF Systems 500 digital
processing.

2.5. X-ray diffraction

Powder X-ray diffraction (PXRD) diffractograms were recorded on a
D8 DISCOVER of a Bruker XRD machine with a copper tube operating at
40 kV. All the samples were in the form of powder by which low
background silicon sample holders were filled.

2.6. Synthesis of oleic acid-coated y-Fe;O3 nanoparticles

Synthesis of oleic acid-coated y-Fe;O3 nanoparticles is based on the
thermal decomposition approach reported in a previous study by Begin-
Colin et al., [10,11] however some with slight modification i.e., a
smaller volume of dioctyl ether (10 mL instead of 20 mL) and a higher
heating rate (45 °C/min instead of 5 °C/min).

0.69 g (1.1 mmol) of iron (II) stearate (FeSty) precursor (or 1 g (1.1
mmol) of iron (III) stearate (FeSts) precursor), and 0.63 g (2.2 mmol) of
oleic acid are dissolved in 10 mL of dioctyl ether. This mixture is heated
to the boiling point of dioctyl ether (287 °C) with a heating rate of 45 °C/
min, refluxed for 2 h, and then cooled to room temperature. A black
solution is formed and washed with a large excess of acetone followed by
centrifugation (4900 rpm, 5 min). The oleic acid-coated NPs are finally
dispersed in chloroform.

Five oleic acid-coated y-FeoO3 NP syntheses are performed with the
same recipe described above with commercial iron (II) stearate pre-
cursor from Strem Chemicals, as received (P7), and washed (PY}), and
iron (III) stearate precursor from TCI, as received (P2) and washed (P%),
and iron (III) stearate precursor synthesized in the laboratory, (P3).

The commercial FeSt, and FeSt3 precursors are washed as follows:
10 g of precursor in powder form is mixed with 150 mL of ultrapure
water under vigorous stirring and is heated to 65 °C for 15 min. Then the
mixture is cooled to room temperature. The precursor is then washed
with 4 L of ultrapure water and filtrated with a Buchner funnel and oven-
dried at 64 °C for 22 h.
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3. Results and discussion

3.1. Synthesis of y-Fe;03 NPs using precursors P; and P{

Fig. 1a and 1b show the TEM images of y-FexO3 NPs synthesized

I
50 nm
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using commercial grade iron (II) stearate (FeSty), P;. Low and high-
magnification images reveal a population composed of almost uniform
NPs with triangular shape. The corresponding size histogram (Fig. 1d),
shows a mean triangle height and a size polydispersity of 9.7 nm and
16% respectively. Surprisingly, the synthesis performed with the same
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Fig. 1. TEM images, corresponding electron diffraction patterns, and size histograms of maghemite (y-Fe,O3) nanoparticles synthesized with P; (a,b,c,d), PY (e,f,g,h),

Py, (i,j,k,1), P (m,n,o0,p) and P; (q,1,5,t) precursors.
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precursor but after being washed, P}, leads to a single population of
nanocubes. As shown in Fig. 1e and 1f, they are characterized by flat
facets and sharp edges and their mean side diagonal is 10.5 nm. Thanks
to a very low size polydispersity, 11% (Fig. 1h), they tend to self-
organize in 2D superlattices.

3.1.1. Synthesis of y-FesO3 NPs using precursor P2 and PY

Replacing iron (II) stearate (FeSty) precursor P; with iron (III) stea-
rate (FeSt3) precursor Py, while keeping other chemical components the
same, results in a drastic change in the NP shape. Considering the as-
received precursor (not washed), Fig. 1i and 1j clearly show that the
population is made of nanocubes and not nanotriangles, which have
rather similar characteristics compared to the sample prepared with the
precursor Pj, i.e., a mean side diagonal and size polydispersity of
11.7 nm and 13% respectively (Fig. 11). In this case, no washing effect on
this precursor is observed as the population obtained with P, remains
composed of nanocubes (Fig. 1m,1n) with similar mean side diagonal
and size polydispersity of 11.7 nm and 11.7% respectively (Fig. 1p).

3.1.2. Synthesis of y-Fe303 NPs using precursor Ps

Finally, using a precursor we synthesized in the laboratory iron (III)
stearate (FeSts), P3, a single population of spherical y-FeoO3 NPs form
(Fig. 1q, 1r). The size histogram (Fig. 1t) shows a mean diameter of
6.7 nm with a size polydispersity of 12%.

From previous studies reported in the literature [9-13], a similar
approach used to synthesize maghemite NPs induces the formation of
spherical ones. In our study, we find that spherical NPs are only formed
with the use of the home-made precursor Ps and never with the com-
mercial ones (as-received and washed). In addition, our results clearly
evidence a drastic impact of both the supplier and the washing of the
commercial product in the anisotropic shape of NPs. To understand this
puzzling result, elemental analysis and X-ray diffraction studies have
been performed for the different precursors to determine the possible
impurities qualitatively and quantitatively, which could explain the
differences we observe in the NP growth that in turn their final shape.

3.2. Study of the crystalline structure of the nanoparticles

3.2.1. Electron diffraction

The crystalline structure of the five populations of NPs obtained with
Pj, P, P and P¥ and P3 precursors have been investigated by the
selected area electron diffraction (SAED). Whatever the precursor used
and the shape of the NPs are, the electron diffraction patterns (Fig. 1c,
1g, 1k, 10,1s) show five rather thin diffraction rings at 1.47, 1.60, 2.08,
1.51, and 2.95 A corresponding to the (440), (511), (400), (311), and
(220) planes of a maghemite iron oxide phase according to the JCPD
39-1346 database. However, it’s important to note that the lattice
spacings of the maghemite and magnetite phases are very close. This is
thus difficult to conclude that our samples consist of pure maghemite. To
address this uncertainty, the X-ray diffraction technique has been used
to gain a more comprehensive understanding of the crystal structures of
our NPs.

3.2.2. X-ray diffraction

To discriminate between magnetite and maghemite phases of the
iron oxide nanoparticles synthesized by using the different precursors
(PY, Py, P4, P3), we follow the method developed by Kim et al. [26]
based on the X-ray analysis. The X-ray corresponding patterns are pre-
sented in Fig. 2. For all the samples, we detect the peaks characteristic of
maghemite or magnetite, i.e., while peaks corresponding to hematite
and wiistite are noticeably absent. The two peaks (210) and (211),
which are the signature of exclusive maghemite are observed for the
spherical and cubic NPs obtained with the precursors P3 and P¥
respectively. The cubic NPs synthesized with P, precursor show the
(210) peak but not the (211) peak while the cubic NPs obtained with the
PY¥ show the opposite trend. The presence of the (210) and/or (211)
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Fig. 2. XRD patterns of nanoparticles synthesized with P, P,, P5, and P; (e)

precursors. Inset: magnified regions between 50° and 60° of the diffrac-
tion patterns.

peaks, coexisting with the others ((220), (311), (400), (422), (511),
(440)), is indicative of either pure maghemite or a mixture of maghemite
and magnetite. However, as reported by Kim et al. [26], the position of
the peak (511) is essential as it allows to discriminate between magne-
tite and maghemite phases. Indeed, they show that the (511) peak shifts
from 57° to 57.3° from pure magnetite to pure maghemite phase. In the
case of a combination of both phases, they observe a larger peak, with a
shoulder, composed of the lower and the higher angle peak [26]. As
shown in the inset of Fig. 2, which represents the magnified regions
between 50° and 60° of the diffraction patterns, all the (511) peaks are
found at a value 2 Theta of 57.3° and appear symmetric. No shoulder
characteristic of a mixture of maghemite and magnetite is observed. This
feature, which agrees with the presence of the (210) and/or (211) peaks,
allows us to conclude the formation of pure maghemite NPs for the
spherical and cubic NPs obtained with the PY, P, P4, and P3 precursors.
Unfortunately, the triangular colloidal NP solution obtained with the P;
precursor, could not be studied by XRD. This is explained by the too-low
concentration of the colloidal solution. Indeed, we noticed that the
triangular NP powder appears light red, in contrast to the black color of
the other shape samples. This color variation is attributed to the pres-
ence of the precursor (color and texture). The low concentration of this
population is explained by the low yield of this thermal decomposition
reaction. However, the electron diffraction signature of the triangle NPs
is like that of the spherical and cubic NPs. This permits us to conclude
the formation of maghemite triangular NPs.

In summary, thanks to a comprehensive structural study with both
electron and/or X-ray diffraction techniques, we conclude the formation
of pure maghemite for the spherical, cubic, and triangular NPs synthe-
sized with the P; PY, Py, P%, and P3 precursors. This result evidences that
the impurities involved in the reaction, through the precursor, do not
impact the crystalline structure of the iron oxide NPs. Conversely, it has
a drastic effect on NP growth and therefore on the final shapes.

3.3. Characterization of P1, P2, P{ and P% and Pj3 precursors

3.3.1. Elemental analysis study on P;, Py, P} and P% and P3 precursors
Elemental analysis spectra performed for the five precursors are
shown in Fig. 3. In addition to the iron, and while not expected, sodium
and chlorine elements are detected for the commercial precursors. The
relative atomic composition of the three elements obtained by quanti-
fication of the spectra is reported in Table 1. If we focus on the precursor
P; from Strem Chemicals, it appears that it contains a high atomic
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Fig. 3. EDX patterns of P; (a), PY (b), P2 (¢), P (d), and P3 (e) precursors.

a| Cl
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Table 1

Relative atomic percentage of Fe, Na and Cl of the P;, P{, P,, Py and P3

precursors.
Precursor Atom%

Fe Na Cl

P; 25 48 27
w 48 49 3
P 52 34 14
Py, 58 38 4
Ps 100 0 0

percent of sodium elements, 48%. After its washing, (PY), this value
remains almost unchanged, 49%. Besides, 27% of chloride is detected on
the as-received precursor while this value drops to 3% after its washing
(PY). Concerning the TCI commercial precursor, P, it also contains a
high atomic percent of sodium elements, 34%, however only 14% of
chloride is detected. P, washing mainly induces the drop of this last
value to 4%. The same analysis performed on the home-made precursor
(Ps3) clearly shows that neither sodium nor chloride are detected.

3.3.2. X-ray diffraction study on P;, P5, P{ and P% and P3 precursors

To determine, the nature of the compounds present in the commer-
cial P;, P, P, and P¥ precursors, an X-ray diffraction study has been
performed. The XRD diffractograms are shown in Fig. 4.

For P; and P, precursors, one can detect two peaks at 31.7°, and
45.5° (marked with ) corresponding to the (200) and (220) plane re-
flections respectively, of NaCl salt [27]. After their washing, (PY, P%),
these peaks are not anymore observed. If we focus on the smaller angle
diffraction pattern, and for all the commercial precursors, P;, P2, P> and
PY, one intense peak at around 22° (marked with -) is observed. This
peak is attributed to NaSt [28]. The XRD pattern of the home-made
precursor (Ps) is characteristic of the pure lamellar structure Fe(St)s
without any evidence of the presence of neither NaCl nor NaSt.
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Fig. 4. XRD patterns of P;, PY, P5, P, and P3 precursors.

This XRD study is in good agreement with the elemental analysis.
The presence of NaCl and NaSt is evidenced in the two as-received
commercial precursors. After their washing, NaCl salt disappears.
Finally, the home-made precursor is characterized by pure FeSts.

3.4. How to explain the presence of the detected impurities in the
commercial precursors?

The results obtained by chemical and XRD analyses are interpreted as
the following. The home-made precursor, Ps, has been synthesized in the
stoichiometric conditions of the reaction:

FeCl3 + 3 NaSt => FeSt; + 3NaCl

i.e., 3 sodium stearates for 1 iron chloride (see experimental section).
Once the iron precursor is obtained, the solution is washed with a large
amount of ultrapure water (4 L) to remove the totality of the amount of
sodium and chloride ions by-products. Considering the chemical anal-
ysis (Table 1), the absence of detection of these two by-products con-
firms that the iron precursor Ps obtained is pure.

Conversely, for the as-received (not washed) commercial precursor
P;, alarge amount of sodium and chloride ions are detected (Table 1). In
addition, we note that the amount of sodium (48%) is higher compared
to that of chloride ions (27%). This result makes us suggest that first, P;
synthesis has not been performed in the stoichiometric conditions of the
reaction but with a ratio of the sodium stearate to the chloride iron
concentration higher than 3, leading to the presence of remaining so-
dium stearate and sodium chloride as by-products. Second, the washing
step of the solution has not been optimal, otherwise, chloride ions would
not be present. Our explanation is confirmed through the analysis of the
precursor after its washing with 4 L of ultrapure water (PY). The amount
of detected chloride drops from 27% to 3%, while that of sodium ions
remains high (49%) (Table 1). Conversely to the chloride ions, sodium
ions cannot be removed during the washing with water as it forms the
sodium stearate complex, which is not soluble in water. So, one can
conclude that the PY precursor contains a mixture of iron and sodium
stearate in almost equal concentrations.

For the as-received commercial precursor P, (not washed), sodium
(34%) and chloride (14%) are also detected. (Table 1). After its washing,
the amount of chloride drops to 4%. Similar findings as for P; apply.
However, the lower amount of sodium and chloride compared to P;
suggests that P, has been produced in closer stoichiometric conditions
compared to the synthesis of P;.
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3.5. Interpretation of the y-Fe;O3 nanoparticle shape, in light of the
nature of the impurities detected in the commercial iron stearate precursors

In light of the chemical and XRD analyses, the variety of maghemite
NP shapes obtained can only be explained in terms of the purity of the
iron precursors. All the other synthesis conditions are equal (ligand,
solvent, heating rate, temperature, and reflux time).

When the synthesis is performed with the home-made iron stearate
precursor (pure), oleic acid plays the role of universal stabilizer on each
facet of the NPs, and the final NPs are spherical. In the literature, this
behavior is well illustrated in several papers [10,11] reporting the for-
mation of spherical iron oxide NPs by the thermal decomposition of iron
stearate in the presence of oleic acid, without any additives. Begin-Colin
et al. have evidenced that, regardless of the number of stearate chains of
the iron precursor, FeSty or FeSts leads to spherical NPs [13,29]. It is
noteworthy that spherical iron oxide NPs have also been obtained with
oleate precursors, always in the presence of oleic acid and without any
additives [6,8].

Conversely, when additives are present in the reaction medium,
anisotropic NP growth can occur, resulting from their selective
adsorption on the NP facets. For example, the addition of sodium oleate
is expected to lead to cubic iron oxide NPs [14,18,21,30,31]. In this case,
nanocubes are induced by the selective adsorption of the sodium oleate
on the {100} facets of iron oxide. This induces the faster growth of the
NP along the [111] direction over the [100] leading to surfaces
composed of {100} facets. Comparative studies show, without any am-
biguity, that the same approach performed in the absence and the
presence of sodium oleate, gives rise to spherical and cubic NPs
respectively [14,31]. Therefore, one can conclude that cubic NP growth
formed by using the commercial precursors (PY, P2, and P%), could be
determined by the key role played by the sodium stearate.

The formation of the triangular NPs (tetrahedral geometry), is more
puzzling. Chemical analysis indicates that the precursor P, yielding this
shape, contains both sodium stearate and NaCl salt. Sodium stearate,
here, is expected to bind to the {100} facets of iron oxide to form cubic
NPs and then, does not seem to play a role in the formation of triangular
NPs. However, it has been reported by Kovalenko et al. [14] that the
thermal decomposition of iron oleate in the presence of sodium oleate
gives rise to either nanocubes or a mixture of nanocubes and bipyra-
midal NPs. The first ones are obtained with a NaOL/Fe(OL)3 molar ratio
of 1 and a heating rate of 3.3 °C/min. The second ones are formed using
similar growth conditions as for cubes, but by decreasing the NaOL/Fe
(OL)3 molar ratio to 0.67 and by reducing the heating rate to 1 °C/min.
Besides, using the same approach with iron oleate precursor and sodium
oleate ligand, Zhou et al. [21] observed, in mild conditions (with octa-
decene as solvent), the formation of Fe3O4 {111} facet exposed tetra-
hedrons, while in a higher boiling temperature solvent
(tri-n-octylamine), they form nanocubes. These two examples indicate
that sodium oleate may play various roles in different conditions. Con-
cerning our study, the question is “Does the presence of NaCl in the
commercial precursor Pj, could favor such a versatility of the role of
sodium stearate?” At this moment, this question remains open. Other-
wise, another question arises regarding the role played by CI or Na™
ions, in excess in the precursor P;. Gao et al. [32] have shown that CI°
adsorbs on the {100} facets of magnetite-yielding nanocubes. If we focus
on the tetrahedral geometry, one hypothesis is that Na™ ions selectively
adsorb on the {111} facets of maghemite. This strategy is not excluded
in a previous study reported by Liz-Marzan [31]. Besides, in a previous
study performed in the laboratory, the use of CI" and Br™ ions has been
shown to control the shape of copper NPs from nanorods to nanocubes
[33]. Therefore, it is reasonable to think that either sodium stearate
and/or Na', Cl" ions, could be the key parameters in the growth of the
triangular maghemite NPs.
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3.6. Does the nature of the precursor, FeSt, and FeSts play a role in the
growth of cubic and triangular maghemite nanoparticles?

In recent papers, Begin-Colin et al. have reported the role played by
the number of stearate chains (2 and 3) of the iron stearate precursors on
the growth of iron oxide nanoparticles [13,29,34,35]. They have studied
the influence of the ratio sodium oleate (NaOL) / oleic acid (OA) with
FeSty and FeSt3 iron stearate precursors differing by their hydration
state, on the shape of nanoparticles. The authors demonstrate clearly,
the important role played by the presence of NaOL on the NP shape.
Nanospheres are obtained in the absence of NaOL, i.e., with only OA.
Facetted shapes are obtained, when NaOL is added, even at low con-
centration. They also show that the evolution of the shape with the
amount of NaOL can depend on the nature of the precursor, FeSt, and
FeSts, and on their hydration degree. For the NaOL/OA ratio (20/80),
less-rounded NPs are obtained for all precursors. When this ratio in-
creases, FeSty and dehydrated FeSt; are allowed to obtain nanoplates
while FeSts and dehydrated FeSt3 lead to nanocubes. The change in the
NP shape is explained in terms of the thermal stability of the precursors,
which differs from FeSt, to FeSts iron stearate precursors.

In our study, we evidence that maghemite nanocubes are obtained
with both FeSt, washed (PY) and FeSt; washed and not washed (P35, P,)
precursors. In addition, for all three cases, we identify a constant envi-
ronment, i.e., the presence of sodium stearate (see &3.4), which is
known to drive the nanoparticle growth toward the cubic shape. This
result thus does not allow us to conclude an effect of the nature of the
stearate precursor on the NP shape. However, it evidences the crucial
role played by the presence of sodium stearate in the formation of
maghemite nanocubes.

Focusing on the triangular maghemite NPs, we show in this paper that
they are obtained with FeSts not washed (P;) precursor in the presence
of NaSt, Na™ and CI ions. However, the same precursor, FeSt, washed
(PY) leads to nanocube growth. In addition, the triangular NPs are only
obtained in the presence of NaSt, Na* and Cl” while the nanocubes are
obtained in the presence of NaSt. This behavior makes us conclude with
the importance of the “impurities” in the formation of the triangles
rather than the role played by the nature of the precursor.

Therefore, from the study presented in this paper, a possible impact
of the nature of the precursor on the growth of anisotropic shape NPs
cannot be evidenced.

This study clearly shows that the supplier, i.e., the purity of the iron
stearate, must be considered in the reproducibility of maghemite NP
syntheses. This constitutes another key parameter in the formation of
NPs. Such finding has already been reported for other colloidal syn-
theses for example [36] and constitutes an impediment to the develop-
ment of NPs as well as to the understanding of the growth mechanisms
involved in these syntheses.

4. Conclusion

In the literature, the thermal decomposition of commercial iron
stearate precursor in the presence of oleic acid surfactant (in the absence
of additives) yields spherical iron oxide NPs. We show that the use of
similar commercial iron precursors (used with and without a washing
step) does not yield any more to the spherical but to a uniform and single
population of cubic or triangular maghemite NPs. The presence of
“impurities” identified as NaSt and NaCl by accurate chemical analysis
and XRD study made on these precursors allow (1) to explain the cubic
NP growth and (2) to highlight a new route to synthesize triangular
maghemite NPs. Very few studies have been reported in the literature
regarding triangular iron oxide NPs, whose growth remains unexplored.
However, for highlighting novel magnetic properties, these NPs are very
interesting. Further work will focus on the study of their formation
mechanism to accurately control their structural properties and explore
their magnetic properties.
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5.1 - Introduction

5.1 Introduction

In Chapter 2 of this PhD manuscript, we explored the development of polymer nanocompos-
ites, highlighting the key factors that contribute to their enhanced multifunctional proper-
ties—mechanical, thermal, and electrical. A major challenge in fabricating high-performance
nanocomposites lies in ensuring the homogeneous dispersion of nanoparticles within the
polymer matrix. More broadly, it is essential to achieve homogeneity in terms of nanoparticle
size, shape, surface chemistry, and spatial distribution within the polymer. Due to their high
surface-to-volume ratio, nanoparticles have a strong tendency to agglomerate, which hinders
their uniform dispersion and leads to inconsistent material properties, thereby compromising
the overall performance of the nanocomposite.

Equally important is the establishment of optimal interactions at the interface between the
nanoparticles and the polymer matrix. The interfacial region, which governs the transfer of
stress from the matrix to the nanoparticles, plays a critical role in enhancing the mechanical
behavior of the material. Without sufficient interfacial compatibility, the reinforcing potential
of the nanoparticles cannot be fully exploited. Therefore, the successful fabrication of high-
performance nanocomposites relies on both effective dispersion and well-matched chemical
interactions, ensuring uniformity in nanoparticle characteristics through a carefully selected
synthesis approach.

Despite progress in dispersion techniques, preventing nanoparticle agglomeration remains
a persistent obstacle in nanocomposite processing. Conventional mixing methods—such as
solution mixing or melt processing—often fail to achieve uniform nanoparticle dispersion and
controlled distribution in terms of size and spatial arrangement. This results in heterogeneous
materials with poorly reproducible and non-optimized properties.

To address these limitations, we have adopted in-situ synthesis methods, wherein the
nanoparticles are formed directly within the polymer matrix. This approach offers two
major advantages: it significantly reduces nanoparticle agglomeration and promotes strong
polymer-nanoparticle interactions at the molecular level. Furthermore, it facilitates more
uniform nanoparticle growth, thereby improving control over their size and morphology.
These benefits were already introduced in Section 2.5.3 of Chapter 2 and will be further
elaborated in the present chapter.

Building upon the knowledge and methodologies developed in our previous studies
(Chapters 3 and 4), which centered on the synthesis of iron oxide nanoparticles via the
thermal decomposition of carboxylate iron precursors in solution, the present chapter takes
a step further by exploring the in-situ synthesis of iron oxide-based polymer nanocomposites.
This approach involves the synthesis of nanoparticles directly within the polymer matrix,
rather than in a separate solvent phase, thereby aiming to achieve better control over
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nanoparticle dispersion, strengthen interfacial interactions, and ultimately enhance the
mechanical performance of the resulting nanocomposite materials. Moreover, this method
reduces direct handling of nanoparticles, thus limiting exposure and minimizing health and
safety risks associated with nanoparticle manipulation.

Despite the extensive literature on nanoparticle synthesis in solvent-based systems, the
mechanisms governing the growth of nanoparticles—particularly under thermal decompo-
sition conditions—remain incompletely understood. When this process is transposed into
a viscous polymer medium, the complexity increases significantly. The viscous nature of
the polymer matrix introduces additional constraints and variables, such as limited diffusiv-
ity, altered thermal conductivity, and possible matrix—precursor interactions, all of which
can profoundly influence the nucleation and growth mechanisms of nanoparticles. Conse-
quently, in-situ nanoparticle synthesis within polymers remains a relatively unexplored and
challenging area.

In this chapter, we present a systematic methodology to explore and optimize the in-situ
synthesis of iron oxide nanoparticles in polyisobutylene, building upon the synthesis protocol
previously studied. We investigate the influence of key parameters such as reaction time and
the molecular weight of the polymer matrix, both of which are hypothesized to critically affect
the size, distribution, and structural organization of the resulting nanoparticles. Through
this investigation, we aim not only to refine the synthesis strategy but also to gain deeper
insights into the physicochemical factors that govern nanoparticle formation and evolution
in complex, highly viscous polymer environments.

To ensure compatibility between the nanoparticles and the polymer matrix, we employed
the Hansen Solubility Parameter (HSP) method to identify a suitable polymer for this study.
Specifically, we evaluated the solubility between various polymers and the synthesis mixture
(including the solvents and ligands used for the samples produced in Chapter 3) using the
HSP approach [1]. As a reminder from Section 2.6 in Chapter 2, this method characterizes

materials using three key solubility parameters:

1. Dispersion forces (64)
2. Polar forces (6,)
3. Hydrogen bonding (6;,)

Together, these parameters define solubility behavior within the three-dimensional Hansen
sphere framework.

As illustrated in Figure 5.1, polyisobutylene was identified as the most compatible poly-
mer, positioned at the center of the Hansen sphere. The interaction radius (R,) delineates the
region of compatibility, within which both hexadecene and oleic acid are located. This con-
firms their compatibility and validates PIB’s solubility with the synthesis mixture developed
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in Chapter 3. Ensuring solvent and ligand compatibility minimizes risks of phase separation,
aggregation, or unwanted side reactions. This synergy between PIB’s intrinsic properties
and the synthesis protocol, hopefully, enables precise control over nanoparticle formation,
ultimately enhancing composite performance.
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Figure 5.1 — HSP sphere of PIB, demonstrating the solubility of hexadecene and oleic acid within
the polymer matrix. The HSP values of PIB were obtained from the Diversified Enterprises
database [2], and the HSP values of hexadecene and oleic acid were calculated using the
Stefanis-Panayiotou method [3].

PIB is a suitable elastomer for this nanoreinforced polymer study not only because of its
strong chemical compatibility with the synthesis environment (Solvent and Ligand) but also
due to its ability to be synthesized across a wide range of molecular weights. This molecular
weight variety provides a broad spectrum of mechanical properties, from thermoplastics
to elastomers. These characteristics make PIB highly prevalent in the market and ideal for
various applications. With the chemical formula (C,Hg),, PIB is a vinyl polymer synthesized
from the monomer isobutylene (IB) via cationic polymerization. Although its structure is
linear, PIB with high molecular weight is classified as a synthetic rubber or elastomer despite
the absence of crosslinking. Its key properties include:

e Chemical Stability: PIB is a non-polar polymer that exhibits excellent thermal and
chemical stability, making it resistant to degradation in harsh environments. Its struc-
ture, which lacks tertiary hydrogen atoms, contributes to its resistance to oxidation
compared to other polymers like polypropylene [4].

e Low Permeability: One of the standout features of PIB is its remarkably low perme-
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ability to gases and moisture. This property makes it highly effective in applications
requiring barrier materials, such as in food packaging, pharmaceutical blisters, and
protective coatings for electronics [4].

¢ Viscoelasticity: PIB possesses viscoelastic properties, allowing it to exhibit both viscous
and elastic characteristics. This makes it suitable for applications such as adhesives
and sealants where flexibility and durability are required [5].

Mechanical Properties: The mechanical properties of PIB can vary significantly with
molecular weight. Lower molecular weight PIBs are sticky and viscous, while those
with higher molecular weights resemble rubber, offering good tensile strength and
elongation capabilities [4].

Tackiness: PIB’s inherent tackiness makes it an ideal candidate for pressure-sensitive

adhesives and hot melt adhesives, enhancing bonding capabilities in various applica-

tions [6].

These properties make PIB a versatile material with a variety of applications, as shown

in Table 5.1, among others.

Table 5.1 — Applications of Polyisobutylene [4] [7][8] [9]

Application Description

Adhesives Used in pressure-sensitive adhesives for tapes and labels, as well
as hot melt adhesives for packaging due to its tackiness and low
permeability.

Sealants Popular choice for sealants in construction and automotive ap-
plications, providing effective barriers against moisture and air
infiltration.

Lubricants Serves as a viscosity modifier in automotive lubricants and greases,
enhancing performance under varying temperature conditions.

Coatings Utilized in coatings for fabrics and papers due to excellent adhesion

Personal Care Products

properties and moisture resistance, suitable for outdoor applica-
tions.

Found in personal care items such as chewing gum and cosmetics,
contributing to texture and stability.
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5.2 Nanocomposite Processing

To optimize nanocomposite synthesis, we systematically investigated the growth kinetics
of iron oxide nanoparticles within polyisobutylene matrices, building upon established
protocols for stable colloidal iron oxide nanoparticle preparation (Chapters 3 and 4). This
study bridges the gap between nanoparticle and nanocomposite synthesis, providing a deeper
understanding of nanoparticle formation.

Adapting these conditions for PIB and varying reaction time, we aim to monitor nanopar-
ticle size and distribution changes. This should allow us to directly correlate reaction time
with the different steps of the nanoparticle synthesis protocol (precursor decomposition,
nucleation, and growth).

The following sections explain our synthesis parameter choices, specific process conditions,
and the characterization techniques used to evaluate the resulting nanocomposite properties.

The transition from a solvent system to a polymer system introduces key differences in the
synthesis process. In a solvent system, nanoparticles are more mobile, allowing for a more
homogeneous distribution. In contrast, in a polymer matrix such as PIB, the highly viscous
environment limits particle movement and can affect the nucleation and growth kinetics.
According to LaMer’s model, nanoparticle formation typically follows a three-step process:
precursor decomposition, nucleation, and growth. In the polymer matrix, heterogeneous
nucleation may occur due to localized areas of higher precursor concentration, which can
lead to the formation of different-sized nanoparticle clusters. Furthermore, the slower
movement of nanoparticles in the polymer may result in slower growth kinetics compared
to a solvent-based system. Key parameters that may change in the polymer system include
reaction time, temperature, molecular weight of the polymer, and the polymer’s viscosity,
all of which affect the nucleation and growth stages. The interaction between the polymer

matrix and precursor is another critical factor influencing nanoparticle formation.

5.2.1 Synthesis Composition

We evaluated different samples and synthesis conditions, presented in Chapter 3 for spherical
particles and in Chapter 4 for other morphologies. After considering various factors, we
selected the conditions that yielded medium-sized iron oxide nanoparticles coated with
oleic acid. These parameters were chosen to meet the specific requirements of this study;,
taking into account the physical and chemical properties of both the polymer matrix and the

reagents used, as detailed below.

1. Precursor and Ligand: Oleic acid is widely recognized as one of the most stable and

effective ligands for stabilizing IONPs. Its robust interaction with nanoparticle surfaces
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Figure 5.2 — TGA curve showing the weight loss of PIB polymer as a function of temperature.
The weight loss is observed at temperatures above 274°C, corresponding to the boiling point
of hexadecene, which is also the reaction temperature of the synthesis. This indicates that
the reaction synthesis occurs at a lower temperature than the degradation temperature of the
PIB polymer.

ensures a consistent and high-quality coating.

2. Solvent: Hexadecene was selected as the synthesis solvent due to its favorable boiling
point, which is sufficiently lower than the degradation temperature of PIB. This compat-
ibility was confirmed through thermogravimetric analysis, as illustrated in Figure 5.2.
By choosing hexadecene over other solvents such as octadecene, we ensured that the
synthesis conditions remained within safe thermal limits, preserving the integrity of
the PIB matrix.

3. Nanoparticle size: We targeted 7 nm oleic acid-coated nanoparticles synthesized in
hexadecene over 3 nm particles. While both met initial requirements, the 7 nm size
was preferred for tracking growth kinetics; 3 nm particles risked rapid size saturation,

hindering accurate measurement.

Concerning the iron oleate precursor used, we performed energy-dispersive X-ray analysis
and detected a small amount of sodium, as shown in the EDX spectrum in Figure 5.3. This
sodium promotes the formation of the cubic morphology of the iron oxide nanoparticles, as
expected for the synthesis conditions outlined in Chapter 4. It acts as a capping agent for the
111 crystal face, selectively promoting the formation of cubic structures, as was anticipated

in our study [10].
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Figure 5.3 — EDX spectrum of the iron oxide nanoparticles used for this study. The spectrum
reveals the presence of residual sodium, which acts as a capping agent for the 111 crystal
face of the nanoparticles, promoting the formation of cubic iron oxide nanoparticles.

5.2.2 Synthesis Protocol

The synthesis of oleic acid-coated iron oxide nanoparticles within a PIB matrix was adapted
and carried out through a two-stage process, illustrated in Figure 5.4 and detailed below.
Two key variables were studied: variations in reaction time to investigate growth kinetics,
and the molecular weight of PIB to assess how chain length impacts nanoparticle growth.

The specific synthesis procedure is as follows:

1. Preparation of PIB solution: 0.46 g (0.5 mL) of polyisobutylene (PIB) was dissolved
in 8 mL of hexadecene in a 250 mL round-bottom flask and stirred for 72 h to en-
sure complete dissolution. Two types of PIB were used in this study: PIB1, with a
weight-average molecular weight M,, ~ 1000000, and PIB2, with M,, ~ 500 000.
Subsequently, 1.6 mmol of iron oleate and 0.8 mmol of oleic acid were added to the
PIB-hexadecene solution, along with an additional 2 mL of hexadecene. This mixture
was stirred for another 72 h to allow thorough dispersion of the iron precursors and
surfactants. We used 0.5 mL of PIB dissolved in 10 mL of hexadecene to achieve a solu-
tion with an optimal viscosity for the first analysis, referred to as 5%. This amount was
chosen to ensure the solution was neither too viscous, which could complicate handling,
nor too dilute, which might hinder accurate characterization of the nanocomposite.

2. Thermal decomposition: The resulting solution was heated under reflux to 274°C.
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The thermal decomposition was carried out for various reflux durations (15, 20,
25, 30, 45, or 60 minutes) to investigate the effect of reaction time on nanoparticle
formation. The progress of the reaction was evidenced by the solution turning black,

indicating the formation of iron oxide nanoparticles.
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Figure 5.4 — Synthesis process of PIB - IONPs composites incorporating

Upon cooling, acetone was added to disrupt the interactions between the nonpolar PIB
and hexadecene, promoting precipitation. Given that PIB is hydrophobic and nonpolar,
and that the IONPs are coated with oleic acid (also hydrophobic), the addition of acetone
effectively reduces solubility and facilitates the separation of these components from the
solution. The obtained nanocomposite was collected using a magnet to validate its magnetic

properties for effective separation.
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5.3 Monitoring Nanoparticle Growth and Nanocomposite

Characterization

12 samples were generated from 6 synthesis reaction times and 2 molecular weight variations.
Each sample was then analyzed in both solution and solid form, the latter obtained after sol-
vent removal and polymer precipitation. This procedure yielded a total of 24 nanocomposites
to be studied : 12 in solution and 12 in solid form following precipitation. These nanocom-
posites would present variations in size, shape, and organization, leading to differences in
their mechanical, thermal, and magnetic properties. Consequently, it was essential to employ
an appropriate characterization approach capable of revealing the macro-properties of these
samples. Therefore, a comprehensive characterization approach was crucial for revealing
the macro-properties of these samples. A multiscale approach, as detailed in Chapter 2, was
necessary to study these nanocomposites, with time incorporated as a third dimension to

monitor growth Kkinetics.
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Figure 5.5 — The multi-scale approach, as discussed in Chapter 2, is used to characterize the
resulting properties as a function of synthesis time, molecular weight, and the final macro-
properties of the samples.

5.4 Growth of Nanoparticle Size and Morphology in PIB

Nanoparticle size and morphology was characterized using TEM (JEOL 2100E 200 kV)
for different synthesis times. Samples were prepared by direct deposition of the synthesis
solution onto TEM grids without washing, and particle analysis followed previously described
methods. SAXS was used to complement TEM and provide information on nanoparticle shape,
size, and spatial organization in both solution and precipitate states. SAXS measurements
were conducted using a Xenocs Xeuss 2.0 system with Cu Ka radiation (A = 1.54189 A).
Solution samples were loaded into capillary tubes, while precipitates were affixed to a sample

holder. The sample-to-detector distance was 0.698 m.
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5.4.1 Early Reaction Stage: 15 Minutes

After 15 minutes of reaction, TEM images of PIB1 and PIB2 reveal only a few very small,
sparsely distributed nuclei. Combined with charging effects from the polymer matrix, this
limits the direct visualization of individual nanoparticles. However, several large, high-
contrast domains are observed within the matrix (Figure 5.6a,b), suggesting localized
enrichment of the iron precursor. Upon higher magnification (Figure 5.6c¢,d), these regions
reveal nascent nanoparticle aggregates, confirming their role as active nucleation sites.
This marks the onset of precursor decomposition and phase separation, likely driven by
local supersaturation. These observations are consistent with an early stage of iron oxide
nucleation, prior to the development of significant particle growth.

The SAXS profiles of PIB1 and PIB2 at 15 minutes (Figure 5.6e,f) show a featureless,
monotonically decreasing intensity, indicating insufficient contrast for detecting particles or
precursor complexes in solution. In contrast, the SAXS patterns of the precipitated material
(Figure 5.6g,h) display a pronounced peak at low-mid q. Comparison with reference patterns
for pure iron oleate and sodium oleate confirms two key findings: (i) the presence of sodium
oleate in the precursor mixture (as evidenced by the characteristic sodium oleate peak)
corroborates EDX analysis and explains the later formation of cubic morphologies; (ii) the
peak position matching iron oleate indicates that the precursor remains largely undecomposed
at this early stage. The emergence of this peak only in the precipitate is due to the higher
local concentration of precursor, which enhances scattering contrast. Importantly, the PIB2
sample shows a sharper peak, implying a more ordered arrangement of precursor molecules

in its nucleation domains.
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Figure 5.6 - (a, b) TEM images of PIB nanocomposites; (c, d) corresponding magnified views; (e,
f) SAXS patterns of the nanocomposites in solution; (g, h) SAXS patterns of the precipitates,
compared with those of the precursor and sodium oleate, for PIB1 and PIB2, respectively.
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5.4.2 Starting from 20 min

Starting from 20 minutes, the nanoparticles begin to appear. Figures 5.7 and 5.8 show
TEM images and size distribution histograms for PIB1 and PIB2 nanocomposites at reaction
times of 20, 25, 30, 45, and 60 minutes, revealing the evolution of nanoparticle size and
morphology from the onset of the reaction.

Nanoparticles were discernible after 20 minutes, with PIB1 averaging 6.8 nm and PIB2
averaging 3.3 nm, suggesting faster growth kinetics for the longer chain (PIB1). These
nanoparticles exhibited a cubic, rather than spherical, morphology as expected from the
sodium detected in the precursors. At 25 minutes, PIB2 experienced rapid growth, resulting
in similar edge lengths for PIB1 (7.6 nm) and PIB2 (7.2 nm). From 30 to 60 minutes,
nanoparticle sizes stabilized, with PIB1 averaging 8.4 nm and PIB2 7.7 nm.

Overall, TEM analysis reveals the successive formation of uniform nanoparticles within
the polymer solution and shows that nanoparticle growth follows a distinct kinetics in
each system. In PIB1, it occurs between 15 and 20 minutes, while in PIB2, it is delayed
until between 20 and 25 minutes. Both systems reach a stabilization phase starting at 30
minutes, with PIB1 stabilizing at larger nanoparticles compared to PIB2. This rapid increase
in nanoparticle size during the initial 20-30 minutes highlights a high nucleation and growth
rate, while the subsequent plateau suggests a shift in reaction dynamics—possibly due to
precursor depletion or nanoparticle surface stabilization. Moreover, the larger nanoparticle
sizes observed in the PIB1 system compared to PIB2 suggest that variations in factors such
as polymer chain length or precursor concentration distribution may play a role, as observed

for the samples at the 15-minute reaction time.
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Figure 5.7 — TEM images of iron oxide nanoparticles synthesized in PIB1 matrix at various
reaction times (20, 25, 30, 45, and 60 minutes).
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Figure 5.8 — TEM images of iron oxide nanoparticles synthesized in PIB2 matrix at various
reaction times (20, 25, 30, 45, and 60 minutes).

Table 5.2 presents TEM-derived size statistics (long edge, a, and short edge, b) for PIB1
and PIB2 nanoparticles. Figure 5.9 shows the evolution of these edge sizes over reaction

time.
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Table 5.2 — TEM-derived size statistics of cubic nanoparticles synthesized within the PIB1 and
PIB2 matrices, with a denoting the longer edge and b the shorter edge. Values are presented
as mean * standard deviation.

PIB1
a b
Reflux Time Mean (nm) Standard Deviation Mean (nm) Standard Deviation
20 min 6.8 0.85 6.4 0.84
25 min 7.6 0.62 7.2 0.63
30 min 8.4 0.76 7.9 0.75
45 min 8.6 1.24 8.3 1.19
60 min 8.3 1.00 7.9 0.98
PIB2
a b
Reflux Time Mean (nm) Standard Deviation Mean (nm) Standard Deviation
20 min 3.3 0.59 2.9 0.53
25 min 7.2 0.67 6.8 0.64
30 min 7.7 0.59 7.4 0.61
45 min 7.8 0.80 7.4 0.78
60 min 7.8 0.64 7.5 0.65
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Figure 5.9 — Evolution of cubic nanoparticle size in PIB1 and PIB2 matrices as a function of

reaction time, determined by TEM. The long edge (a) and shorter edge (b) are shown for both
matrices, with PIB1 in red and PIB2 in black. Error bars represent the standard deviation.
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SAXS Patterns

For a more global analysis, SAXS analysis was conducted as a complement to TEM to gain
further information about the structure of the PIB-based nanocomposites in both the synthesis
solution and precipitated states. The SAXS patterns of the samples in solution (Figure 5.10)
reveal two main features: (1) the pattern exhibits characteristics indicative of inter-particle
interactions, suggesting that the nanoparticles are sufficiently close to interact even in
solution, and (2) the first peak of the pattern, which correlates with the nanoparticle size,
shows an evolution similar to that observed via TEM. The position of this peak shifts to lower
values (indicating larger particle sizes) at 20 and 25 minutes and then stabilizes at 30, 45,
and 60 minutes. Moreover, as the reaction time increases, the structure factor peak becomes
more intense and additional peaks emerge, reflecting the development of short/long-range
ordering in the nanocomposites. Specifically, the increasing intensity of these features with
reaction time suggests a progressive evolution of the nanoparticle structure and organization
within the solution. For PIB1, evidence of this structural organization is apparent as early as
25 minutes, while for PIB2, it emerges around 45 minutes.
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Figure 5.10 — SAXS patterns of PIB nanocomposites in solution state: (a) PIB1, (b) PIB2.

Guinier Analysis

The Guinier plot, derived from the SAXS patterns of the nanocomposite solutions, enables
the determination of the radius of gyration (R,). The radius of gyration provides information
about the spatial extent of the scattering objects, reflecting the overall size and shape of the
nanoparticles or their agglomerates. Although R, can be related to the dimensions of simple
geometric shapes, the relationship to the cube edge (a) using the formula R, = a/2 is only

valid for homogeneous cubes [11] [12]. This relationship simplifies the characterization of
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cubic nanoparticles. The calculated R, and corresponding cube edge (a) values for all the
samples, PIB1 and PIB2, are summarized in Table 5.3 below.

Table 5.3 — Radius of gyration (R,) and equivalent cube edge length (a) for different samples of
PIB1 and PIB2.

PIB1 PIB2

Sample (min) R, (nm) a (nm) R, (nm) a (nm)

20 3.28 6.56 1.44 2.88
25 3.86 7.72 3.41 6.82
30 2.63 5.26 3.45 6.90
45 2.53 5.00 2.53 5.00
60 2.89 5.78 2.76 5.52

From the nanoparticle sizes calculated from the R, values presented in the table, we can
observe the following: For PIB1, at 20 minutes, the particle size is 6.56 nm, which is similar
to the size obtained by TEM. At 25 minutes, there is a further increase in size, consistent with
the TEM data, reaching 7.72 nm. Suddenly, at 30 minutes, a decrease in nanoparticle size to
5.26 nm is observed, and it continues to fluctuate around this value at 45 and 60 minutes.

Concerning PIB2 nanocomposites, at 20 minutes, nanoparticle sizes of 2.88 nm are
observed, which is in agreement with TEM. At 25 minutes, the size is 6.82 nm, also consistent
with TEM, followed by stabilization at 30 minutes with a size of 6.30 nm. Similarly to PIB1,
we observe a decrease in size to 5 nm at 45 minutes, with the size remaining stable at 60
minutes.

The observed decrease in the R, at higher reaction times can be explained by the appear-
ance of more intense structure factor peaks, which indicate stronger interparticle interactions.
These interactions, often arising from increased particle concentration or changes in surface
properties, significantly influence the scattering intensity profile in small-angle scattering
experiments.

In small-angle scattering, the total scattering intensity I(q) is described as the product of

the particle form factor P(q) and the structure factor S(q):

I(q) =P(q)-S(q) (5.1)

The form factor P(q) reflects the size, shape, and internal structure of individual particles,
while the structure factor S(q) accounts for interparticle correlations. When interparticle
interactions become significant, S(q) deviates from unity, particularly at low q values where
the Guinier region lies. This deviation alters the scattering profile and can lead to an

underestimation of the radius of gyration (R,), as the Guinier approximation assumes
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non-interacting particles.

At higher reaction times, stronger interparticle interactions occur, and the modification
of I(q) by these peaks can obscure the contribution of P(q), making it challenging to isolate
the true particle size. As a result, the calculated R, appears smaller than expected.

Core-Shell Sphere Fit

SAXS data for the PIB nanocomposite samples in solution were fitted using a core-shell
sphere model in SasView. While TEM confirms the cubic morphology of the nanocomposite
particles, the core-shell sphere model was employed to obtain a global size estimation
for several key reasons. Firstly, the superball model, which more accurately represents
intermediate shapes between spheres and cubes, failed to converge during fitting, likely due
to its inability to incorporate a core-shell structure required to model the nanocomposites.
Secondly, the core-shell sphere model provided a reasonable initial approximation of the
particle size. The samples fitted were those corresponding to 20, 25, and 30-minute reaction
times for both PIB1 and PIB2, as illustrated in Figure 5.11a and 5.11b, respectively. At
longer reaction times, the peaks arising from the structure factor become more prominent,
indicating increased inter-particle correlations and higher-order organization. To minimize
the impact of inter-particle effects, the fitting procedure was restricted to data where the

form factor predominated.

20 minute

A 25 minute
* 30 minute
— Fit

20 minute

A 25 minute
* 30 minute
— Fit

nes

B

L

L

Intensity (a.u)
Intensity (a.u)

L

N

T T

FPRCE sy 0
q (A7) q(A%)

Figure 5.11 - Fitted with core-shell sphere model

Table 5.4 summarizes the fitting parameters obtained for the PIB1 and PIB2 nanocom-
posite samples at reaction times of 20, 25, and 30 minutes in their solution state. The
parameters include the radius and thickness of the nanoparticles, as well as their respective

distributions. For PIB1, the radius values show no significant change, with measurements of
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Table 5.4 — Parameters for the fitting of the SAXS pattern of the PIB nanocomposite

PIB1
Core Shell Sphere Core Shell Sphere @ sticky Hard Sphere
20 min 25 min 25 min 30 min

Radius (nm) 4.50 4.66 4.80 5.00
Thickness (nm) 0.80 0.81 0.86 0.87
Distribution of Radius 0.25 0.17 0.18 0.20
Distribution of Thickness 0.10 ~0.00 =~0.00 0.10
Sld Core (10"°nm™2) 0.81 0.81 0.81 0.81
Sld Shell (10°nm™2) 1.06 1.05 1.05 1.05
Sld Solvent (10~°nm™2) 0.92 0.94 0.94 0.93
Radius_effective (nm) 4.88 4.88 5.10
Volfraction 0.05 0.05 0.10

PIB2
Core Shell Sphere
20min 25 min 30 min

Radius (nm) 1.47 4.19 4.78
Thickness (nm) 0.22 0.87 1.10
Distribution of Radius 0.10 0.16 0.16

Distribution of Thickness 0.10 0.18 0.18
Sld Core (5 x 10~°nm™2) 0.79 0.80 0.80
Sld Shell (5 x 107°nm™2) 1.04 1.01 1.01
Sld Solvent (5 x 10°nm™2)  1.00 0.93 0.93

4.5 nm at 20 minutes, between 4.66 and 4.8 nm at 25 minutes, and 5 nm at 30 minutes.
In contrast, for PIB2, the radius values indicate a significant increase in particle size with
longer reaction times, with measurements of 1.47 nm at 20 minutes, rising to 4.19 nm at
25 minutes, and reaching 4.78 nm at 30 minutes. This trend aligns with previous findings,
where PIB1 grows faster between 15 and 20 minutes before stabilizing, while PIB2 grows
more rapidly between 20 and 25 minutes. The thickness values also show an increasing
trend over time, indicating that as the particles grow in size, the shell thickness around the
core also increases. The thickness is around 1 nm, most likely corresponding to the oleic
acid coating. The distribution of both radius and thickness reflects the variability in particle
size and shell uniformity across the samples. The relatively low distribution values (ranging
from 0.10 to 0.18) suggest a reasonably narrow size distribution for these nanoparticles,
indicating the successful formation of small, well-dispersed nanoparticles within the PIB
matrix.

To estimate the edge length of a cube from the radius r of a fitted sphere, we used
an equivalent volume approach. This approach assumes that the volume of the sphere is
approximately equal to the volume of the cube. Consequently, the edge length of the cube

can be estimated using the following relationship:
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1
63
a= (—) ra1.61r (5.2)
v

The uncertainty in the cube edge length (o ,) was calculated by propagating the distri-
bution of the radius (o,). The formula for uncertainty propagation in this case, where a is

directly proportional to r, is given by:

o,=1.6l0, (5.3)

Here, 0, represents the uncertainty in the cube edge length, and o, is the distribution of
the radius obtained from the fitting process. This relationship indicates that any variation in
the radius will directly affect the calculated edge length, scaled by a factor of approximately
1.61. The calculated cube edge lengths a are summarized in Table 5.5 and are aligned with

the TEM measurements.

Table 5.5 — Estimated cube edge length (a) and uncertainty for PIB nanocomposite samples.

Sample r (nm) az£o, (nm)
PIB1 - 20 min 4.499 7.252+0.041
PIB1 - 25 min 4.655 7.504+0.027

PIB1 - 25 min (with Structure Factor) 4.800 7.738+0.029
PIB1 - 30 min (with Structure Factor) 5.000 8.060 % 0.033

PIB2 - 20 min 1.47 2.37£0.16
PIB2 - 25 min 4.19 6.75£0.26
PIB2 - 30 min 4.78 7.32+0.26

These size and morphological analyses indicate that growth follows a logistic model,
characterized by rapid initial growth that decelerates as equilibrium is approached. This
growth pattern aligns well with experimental observations: nanoparticles experience rapid
growth during the early stages and gradually stabilize as the reaction progresses. The growth
kinetics of the cubic nanoparticles can be summarized as follows:

e Rapid growth phase (15-20 minutes for PIB1 and 20-30 minutes for PIB2): driven
by precursor decomposition.

o Slower growth phase (around 30 minutes): the system begins to approach equilibrium,
and the growth rate decreases.

e Stabilization phase (45-60 minutes): Nanoparticles reach their maximum stable size
and start to develop long-range order.

Interestingly, the formation of cubic nanoparticles even in the absence of PIB (data not

shown) suggests that PIB does not play a role in determining particle shape. In contrast,
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the presence of sodium, even at low concentrations, appears to exert a strong influence
on morphology: the nanoparticles initially adopt intermediate “superball” shapes, which

progressively evolve into well-defined cubes as the synthesis proceeds.

5.5 Self-Assembly and 3D Packing in PIB Nanocomposites

5.5.1 Inter-Particle Distance

To gain insights into the arrangement and distribution of particles within the polymer, we
analyzed the positions of the first peaks in the SAXS data for samples in their precipitated
state (see Figures 5.12aa and 5.13aa for PIB1 and PIB2, respectively). The position of the
first peak (qpe.x) provides information about the average center-to-center distance between
neighboring nanoparticles embedded in the polymer matrix. This inter-particle distance (D)
indicates the degree of spatial separation between the particles and is inversely proportional
to the peak position, as described by the following relationship:, as described by the following
relationship:

D= 21 5.4)

Qpeak

where:

e D is the average center-to-center inter-particle distance, and

® (peax 1S the scattering vector at which the first structure-related peak occurs.

Using this expression, we calculated the inter-particle distances for each sample and
tracked how these values evolved with reaction time. The results are summarized in Table 5.6.

From the data in Table 5.6, we observe that the inter-particle distance increases up to 30
minutes of reaction time and then plateaus between 30 and 60 minutes. Importantly, the
calculated inter-particle distances are significantly larger than the nanoparticle edge lengths,
indicating that the nanoparticles remain well-dispersed and do not form dense agglomerates
within the polymer matrix. This suggests a relatively homogeneous spatial distribution of
the nanoparticles throughout the nanocomposite precipitate.

Although the inter-particle distance stabilizes after 30 minutes, the increasing intensity
of the structure factor peak suggests enhanced spatial correlations between particles. This
could indicate a higher degree of local ordering or increased particle concentration within
correlated domains, without necessarily reducing the average center-to-center distance. Such
behavior is consistent with a scenario where nanoparticles stop growing in size but continue

to interact more strongly, leading to a more structured organization within the matrix.
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Table 5.6 — Peak Positions and Inter-Particle Distances for PIB1 and PIB2 at Different Reaction

Times
PIBI | PIB2
g (mm™?) D mm) q(@mm?) D (nm)
20 min 0.69 9.11 - -
25 min 0.54 11.55 0.68 9.31

30 min 0.48 13.17 0.52 12.18
45 min 0.46 13.72 0.50 12.67
60 min 0.48 13.02 0.51 12.27

5.5.2 3D Packing

We conducted further analysis on the SAXS patterns of the precipitated nanocomposites.
These SAXS patterns reveal the emergence of additional peaks following the first peak, which
corresponds to the intermediate inter-particle distance. These additional peaks, highlighted
by thin segments in Figures 5.12aa and 5.12ab, provide evidence of structural organization
within the nanocomposite matrix. For both PIB1 and PIB2, starting from a reaction time of
25 minutes, at least three well-defined peaks appear in the low-angle region of the SAXS
patterns. This observation suggests that the nanoparticles undergo self-assembly, leading to
the formation of an ordered 3D packing structure within the matrix.

Both PIB1 and PIB2 nanocomposites demonstrate a trend of self-assembly; however, their
SAXS patterns show notable differences in the positions of the lattice peaks. These variations
indicate differences in the packing arrangements or inter-particle distances between the
two systems. To analyze these structural differences systematically, we designate q; as the
position of the first peak in the SAXS pattern, which corresponds to the primary inter-particle
distance. The positions of subsequent peaks are expressed as ratios relative to q;. These
ratios provide valuable insights into the symmetry and type of three-dimensional packing
present in each sample, such as cubic or hexagonal arrangements.

From the SAXS patterns, it is evident that nanoparticles within the polymer matrix are
organized in a cubic arrangement. According to the literature, the relative values of q,,,,/q;
follow distinct patterns for different cubic symmetries. For a body-centered cubic (BCC)

structure, these ratios are given as follows [13]:
1:\/5:@:\/2:\/5:\/6:...

For a face-centered cubic (FCC) structure, the corresponding ratios are:
\ I 4 4|8 4|11 16 19 20
1:\[=:\[=: —:ﬁ:\J—:\]—:\J—:..
3 3 3 3 3 3
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To investigate the self-assembly process over time, the peak positions and their relative
ratios to the first peak were plotted for the PIB1 sample (from a 20-minute reaction) and the
PIB2 sample (from a 25-minute reaction). These were then compared to the ideal ratios for
FCC and BCC structures, as shown in Figure 5.12a for PIB1 and Figure 5.13a for PIB2.

Structural Evolution in PIB1

Figure 5.12aa presents the SAXS pattern of the PIB1 nanocomposites. Starting from a
reaction time of 20 minutes, the relative peak positions in Figure 5.12ab are compared to
the theoretical values for a FCC arrangement, which are included in the graph for reference.
The relative positions of the sample peaks are also shown in Figure 5.12ac, with the BCC
reference included for comparison. From the graph, a transition from an FCC to a BCC
arrangement can be observed, which is more evident when tracking the evolution of the
second peak. Notably, the position of this peak relative to the primary peak follows a ratio
of (2)'/2, which differs from the position of any higher-order peaks typically observed in
an FCC lattice ((4/3)"/?). Initially, this peak appeared as a shoulder in the FCC phase, but
as the system transitions to the BCC phase, it becomes a distinct and well-defined peak.
This change further supports the identification of the BCC phase, clearly highlighting the
structural evolution in the system as the reaction progresses. The Figure 5.12b gives insight

into the composites’ high order organization at 60 min reaction time.

Structural Evolution in PIB2

Regarding PIB2 nanocomposites (see Figure 5.13a), a form factor peak begins to emerge after
20 minutes, although no interparticle distance peak is observed during this time. Starting
from 25 minutes, the SAXS pattern exhibits a sudden and pronounced appearance of peaks.
These peaks are not only more numerous but also better defined than those in the PIB1
sample, indicating a more advanced structural organization in PIB2. Similarly to PIB1, the
relative peak positions compared to FCC and BCC structures are shown in Figure 5.13ab
and Figure 5.13ae, respectively. A similar trend to PIB1 is observed, with a transition from
an FCC organization to a BCC organization. However, in the case of PIB2, more peaks are

observed, indicating a higher degree of structural organization (see Figure 5.13b).
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(a) (a) SAXS patterns of iron oxide nanoparticles in the PIB1 matrix in precipitated form, with peak positions
marked (Samples from 20 to 60 min reaction time). (b) Ratio of peak positions in PIBI nanocomposites
compared with FCC packing. (c) Same analysis for PIB1, but compared with BCC packing.

(b) Low magnification TEM images of nanoparticles from PIB1 nanocomposites at a 60-minute reaction time,
showing highly ordered organization.

Figure 5.12 — Structural and morphological analysis of PIB1 nanocomposites.
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(a) (a) SAXS patterns of iron oxide nanoparticles in the PIB2 matrix in precipitated form, with peak positions
marked (Samples from 25 to 60 min reaction time) (b) Ratio of peak positions in PIB2 nanocomposites
compared with FCC packing. (c) Same analysis for PIB2, but compared with BCC packing.

(b) Low magnification TEM images of nanoparticles from PIB2 nanocomposites at a 60-mintte reaction time,
showing highly ordered organization.

Figure 5.13 — Structural and morphological analysis of PIB2 nanocomposites.
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Reported FCC-BCC 3D Packing Transitions

Both PIB1 and PIB2 nanocomposites exhibit a transition from an FCC to a BCC arrangement of
nanoparticles within the matrix as the reaction time increases. This transition is accompanied
by an increase in particle size and the development of a more defined cubic morphology.
From the literature, two aspects have been identified that can influence the 3D organization:

(1) the coating ligand and (2) the nanoparticle shape.

a. Influence of surface ligands

The literature shows that in a typical system where spherical particles (referred to as "hard
spheres") are packed together, they tend to form the most efficient and densely packed
structure to maximize free volume entropy, known as the face-centered cubic lattice. This
lattice is highly ordered, with each particle surrounded by 12 others in a symmetrical
arrangement [14] [15] [16]. Sterically stabilized, uniform colloidal nanocrystals—with their
relatively short-range repulsive interactions—also tend to form FCC self-assemblies [17]
[18].

However, ligand frustration can occur, leading to the formation of a BCC arrangement. The
literature suggests that ligands prefer to maintain uniform lengths around the nanoparticle
core. However, spatial constraints in ordered superlattices force ligands to stretch or compress,
creating an entropic penalty. This mismatch between ideal ligand behavior and geometric
constraints is termed *packing frustration* [19].

In an FCC lattice, the fundamental Wigner-Seitz cells are rhombic dodecahedra, charac-
terized by high symmetry but limited spatial adaptability. Due to the high packing density
(74%), ligands experience uneven compression or extension, amplifying frustration. Con-
versely, in a BCC arrangement, the Wigner-Seitz cells are truncated octahedra with a lower
packing density (68%), allowing ligands to distribute more uniformly, thereby reducing
strain.

When ligands from adjacent nanoparticles overlap (*interpenetration*), the larger inter-
stitial spaces in the BCC structure accommodate this behavior more effectively, minimizing
excessive compression. In contrast, FCC’s tighter packing restricts ligand interpenetration,
increasing entropic penalties. Consequently, BCC superlattices consistently emerge when
ligand interpenetration is feasible, as observed with oleic acid ligands [19].

From these studies, we can hypothesize that the transition from FCC to BCC structures
during nanoparticle synthesis is driven by ligand interpenetration and steric constraints as
reaction time increases and nanoparticles grow larger. Initially, smaller and more spherical
nanoparticles favor FCC packing due to minimal ligand frustration and the high packing

density of the FCC arrangement, which maximizes free volume entropy. However, as nanopar-
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ticles increase in size, ligands on their surfaces experience greater steric constraints and
frustration due to the geometric incompatibility of densely packed FCC structures. This
leads to entropic penalties as ligands are forced into unfavorable configurations. The lower
packing density of the BCC arrangement provides larger interstitial spaces, allowing ligands
to distribute more uniformly and reducing strain caused by compression or extension. Con-
sequently, the transition to BCC becomes energetically favorable as particle size increases,

aligning with the observed structural evolution over longer synthesis times.

b. Influence of particle geometry

In addition to the role of the ligand, the morphology of the particles also contributes to
their preferential organization. Previous studies have emphasized the profound influence
of particle geometry on the formation of self-assembled superstructures [20]. Two key
principles govern this process. First, flat faces promote alignment with neighboring particles
and other planar surfaces, leading to highly ordered arrangements. Second, sharp edges and
corners act as spatial constraints that help maintain separation between particles, preventing
excessive overlap. Even minor rounding of these edges can destabilize the phase, altering
packing behavior and potentially inducing structural transitions.

These principles align closely with the observations in this study. At early stages, the
nanoparticles exhibit a rounded cubic morphology, naturally favoring an FCC arrangement
due to its higher packing density. The smooth edges and quasi-spherical nature of the
particles facilitate close packing and efficient spatial organization. However, as the reaction
progresses, the particles evolve into well-defined cubes with sharper edges and flatter faces.
This morphological transformation disrupts the conditions necessary for FCC packing and
induces a transition to a BCC arrangement. The BCC structure, with its lower packing
factor, reflects a less dense but more anisotropic organization, consistent with the increasing
geometric definition of the particles.

Overall, the cubic morphology is a major factor, alongside nanoparticle size, in determin-

ing their 3D order.

5.6 Time-resolved WAXS for Crystal Structure Analysis

WAXS analysis using a Bruker D8 Advance X-ray diffractometer (conditions as previously
described) was conducted on the precipitated nanocomposites to investigate crystal struc-
ture formation during nanoparticle growth. Figure 5.14a (PIB1-based nanocomposites)
and Figure 5.14b (PIB2-based nanocomposites) present WAXS patterns for PIB-iron oxide

nanocomposites synthesized at various reaction times (15-60 minutes). These patterns
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illustrate the evolution of iron oxide nanoparticle crystallization within the PIB matrix,

corroborating the size evolution observed via TEM and SAXS.
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Figure 5.14 — WAXS patterns of (a) PIB1 and (b) PIB2 nanocomposites, each at synthesis reaction
times of 15, 20, 25, 30, 45, and 60 minutes. (c) Iron oleate and the treated PIB

The XRD patterns reveal the following:

5.6.1 Early Reaction Stage: 15 Minutes

At 15 min, the XRD patterns for both PIB1 and PIB2 samples do not exhibit distinct crystalline
peaks, except for a broad amorphous peak centered around 16°, characteristic of the PIB
matrix (Figure 5.14c). However, a subtle shoulder is observed in the diffraction pattern,
particularly in the PIB2 sample, as indicated by an asterisk (*) in Figure 5.14b. This shoulder
is attributed to the presence of the iron oleate precursor, which has not yet fully decomposed
at this early stage of the reaction. The more pronounced shoulder in PIB2 suggests a slower

decomposition rate of the precursor in this system compared to PIB1.

5.6.2 Starting from 20 min

By the 20-minute mark, the crystallization process begins to manifest differently in the
two systems. For PIB1, the characteristic peaks of maghemite (y-Fe,O;) start to emerge,
indicating the onset of nanoparticle formation. In contrast, for PIB2, the precursor shoulder
diminishes, but the maghemite peaks remain less defined, suggesting that the crystallization
process is still in its early stages. This difference highlights the influence of the polymer
matrix on the nucleation and growth kinetics of the iron oxide nanoparticles. The intensity
of these peaks increases with reaction time for PIB2, indicating progressive growth and
crystallization of the nanoparticles, although this is not as apparent for PIB1.

The XRD analysis reveals that the crystallization of iron oxide nanoparticles within the
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PIB matrix is strongly influenced by the reaction time and the properties of the polymer
matrix. While both PIB1 and PIB2 eventually lead to the formation of well-crystallized
maghemite nanoparticles, the crystallization process occurs more rapidly in the presence
of PIB1. This difference highlights the influence of the polymer chain length on synthesis

kinetics and structural properties of the resulting nanocomposites.

5.7 Nanocomposites Densities and Nanoparticle Mass Frac-

tions

The mass fraction of nanoparticles within the PIB matrix was determined by comparing the
density of the nanocomposites with that of the corresponding treated PIB samples synthesized
under identical thermal conditions. The treated PIB refers to PIB dissolved in hexadecene
and subjected to the same heating cycle and reaction time as the nanocomposites (15, 20,
25, 30, 45, and 60 minutes), but without the addition of the nanoparticle precursors, thereby
accounting for any thermal degradation of the polymer.

For each sample, the mass was measured three times in air and three times in ethanol.
The density (p) was calculated using the following equation:

average mass in air X density of ethanol

p= — : (5.5)
average mass in air — average mass in ethanol

The density of the oleic acid-coated maghemite nanoparticles was estimated using TEM
measurements to determine the core radius, combined with the shell thickness obtained
from SAXS data. Using the density of the treated PIB as a reference, along with the estimated
density of the oleic acid-coated maghemite and the measured density of the nanocomposites,

the mass fraction of nanoparticles (w,,) was calculated using the following equation:

(5.6)

where p_ is the density of the nanocomposite, p, is the density of the treated PIB, and
P is the estimated density of the oleic acid-coated maghemite.
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5.7.1 Nanoparticle Mass Fractions in the PIB matrix

The densities of nanocomposites and their corresponding treated polymer matrices were
measured over varying reaction times to evaluate how in situ nanoparticle synthesis influences

material structure (Figure 5.15).
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Figure 5.15 — Density evolution of the nanocomposites (solid squares) and treated polymers
(open squares) as a function of reaction time, measured in the precipitated state (left axis).
The corresponding mass fraction of inorganic content (pink stars) is shown (right axis). Panels
(a) and (b) represent the results for PIB1 and PIB2 composites, respectively.

PIB1 nanocomposites

Focusing first on the PIB1 system (Figure 5.15a), the polymer density remained stable
between 15 and 20 minutes, indicating minimal thermal degradation in this initial phase. In
contrast, the nanocomposite density increased during this interval, reflecting the formation
and incorporation of inorganic nanoparticles within the polymer matrix.

From 20 to 25 minutes, a slight decrease in polymer density was observed, likely signaling
the onset of thermal degradation. The concurrent decrease in nanocomposite density suggests
that nanoparticle formation was insufficient to offset matrix degradation, or that nanoparticle
incorporation was still limited.

Between 25 and 30 minutes, the polymer density stabilized, while the nanocomposite
density rose further. This trend points to more efficient nanoparticle formation and dispersion,
resulting in increased bulk density. The mass fraction of inorganic content also increased
during this period, supporting the conclusion that nanoparticle loading was rising.

From 30 to 45 minutes, the polymer density progressively decreased, consistent with
ongoing thermal degradation. However, the nanocomposite density remained stable, in-

dicating that the growing inorganic content partially compensated for the loss in polymer
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matrix density. The continued increase in mass fraction during this stage confirms ongoing
nanoparticle growth and incorporation into the polymer.

An unexpected increase in polymer density was observed between 45 and 60 minutes,
potentially due to partial matrix reorganization, such as localized densification or chain
rearrangement, which may have temporarily counteracted thermal degradation. Alternatively,
accelerated degradation could have released low-molecular-weight fragments, increasing
the composite’s free volume, while the formation of denser, shorter polymer chains may have
contributed to a higher density in the pure polymer phase.

The decrease in composite density suggests that the particles may have aggregated during
this reaction time. As a result, a significant number of particles could have been lost during
the precipitation step. Another possibility is that the polymer matrix may have embedded
the particles less effectively after this heat treatment, which would explain the drop in the
mass fraction.

PIB2 Nanocomposites

The density evolution of the treated PIB2 polymer and the synthesized nanocomposites
shows a trend comparable to PIB1. Qualitatively, there is an initial increase in mass fraction
between 20 and 25 minutes, followed by a rise between 25 and 30 minutes. However, the
decrease occurs earlier in PIB2, between 30 and 45 minutes, whereas for PIB1 it occurs later.
In contrast, PIB2 exhibits an additional increase in mass fraction between 45 and 60 minutes.
Quantitatively, the mass fractions are significantly lower for PIB1 (between 7% and 10%)
compared to PIB2 (between 12% and 19%), despite using the same amount of molecular
precursors.

5.7.2 Hypothesis for Reduced Reaction Yield in Low-Molecular-Weight

Polyisobutylene in the Presence of Sodium Oleate

The reduced reaction yield observed when using low-molecular-weight polyisobutylene
(PIB2) in the presence of sodium oleate can be understood through the lens of fundamental
physicochemical interactions. Notably, spherical nanoparticles were obtained in systems
without sodium oleate (as discussed in the next chapter), and the reaction yield was compa-
rable across different the two PIB molecular weights (PIB1 & PIB2). However, in sodium
oleate’s presence, yield drop is consistently observed when low-MW PIB is used.

This behavior can be rationalized by considering three interconnected factors: (1) the
limited direct affinity between PIB and sodium oleate, (2) the role of polymer chain length in
modulating precursor distribution, and (3) the downstream effects on nanoparticle nucleation

and growth mechanisms.
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1. Limited Direct Affinity Between PIB and Sodium Oleate PIB is a completely nonpolar
polymer, lacking polar or ionic functionalities. As such, it exhibits only weak van der Waals
interactions with sodium oleate, whose amphiphilic structure includes a charged carboxylate
headgroup and a hydrophobic C18 tail. This lack of chemical compatibility limits any
meaningful molecular association or miscibility between the two components. In nonpolar
media such as hexadecene, PIB does not stabilize Na-oleate on the molecular level. This is
consistent with established chemical principles regarding the immiscibility of ionic surfactants
in nonpolar matrices [21].

2. Polymer Chain Length Modulates Precursor Distribution The polymer chain length
influences the spatial organization of precursors during synthesis. Higher-MW PIB provides
greater steric hindrance and forms more entangled or viscous environments, thereby creating
microdomains where local concentrations of iron oleate and sodium oleate remain relatively
balanced. In contrast, shorter PIB chains allow for increased mobility of the surfactants and
precursors, potentially resulting in phase separation or Na-oleate-rich domains if diffusion
outpaces local reaction kinetics [22].

This concept aligns with literature from surfactant and polymer sciences, which shows
that reduced steric confinement can facilitate micellar segregation or domain formation in
soft materials [23]. Additionally, micelle formation and domain stability are sensitive to the
molecular environment, particularly in systems involving co-surfactants or polymer matrices
[21] [22] [23].

3. Effects on Nucleation, Growth, and Reaction Yield The presence of Na-oleate-rich
regions can significantly influence the nucleation and growth of nanoparticles. These regions
may alter the local critical micelle concentration (CMC), change the aggregation behavior of
the precursors, and disrupt controlled nucleation. High local concentrations of sodium oleate
have been shown to affect micelle morphology and dynamic behavior—e.g., transforming
spherical micelles into ellipsoids as ionic strength increases [21]. Furthermore, salt-induced
changes in CMC in aqueous systems may have analogous effects in nonpolar media, affecting
the availability of active precursor species during nucleation.

These phenomena can hinder nucleation, reducing overall reaction yield or triggering
secondary nucleation at later stages (explaining the mass fraction increase at 60 min),
particularly in low-molecular-weight PIB systems, where rapid mixing dilutes the precursors
faster than they are consumed, delaying nucleation and favoring secondary events at later
stages.
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5.8 Mechanical Properties: Viscoelastic Behavior

The morphological analysis of the nanocomposites confirms the successful formation of iron
oxide nanoparticles with uniform size and shape. However, the synthesis process involves
high temperatures, which may alter the properties of the polymer matrix. To assess the
thermal effect, untreated polyisobutylene was compared with PIB samples subjected to the
same thermal treatment for 30 minutes.

In parallel with this thermal evaluation, the role of nanoparticles in reinforcing the
polymer matrix is also addressed. Nanoparticles are known to significantly enhance the
mechanical properties of polymer matrices. In earlier studies, achieving optimal nanoparticle
dispersion was a major challenge. With uniform dispersion now ensured, the size effect of
the nanoparticles can be investigated. The mechanical response of the nanocomposite is
evaluated as a function of nanoparticle size, concentration, and growth stage, while also
accounting for matrix degradation due to heating. This approach enables the correlation of
the mechanical behavior of the samples with the nanoparticle growth kinetics discussed in
the previous sections.

Overall, the mechanical behavior captures the interplay between two competing pro-

cesses:

(1) The formation, increasing concentration, and progressive organization of larger nanopar-
ticles, which—through stronger interfacial interactions and network structuring—enhance
stiffness and contribute to mechanical reinforcement;

(2) Thermal degradation of the polymer matrix, which potentially reduces chain length,
and the presence of residual solvent, which may hinder chain entanglement and

slippage—thereby weakening the intrinsic viscoelastic network of the material.

To quantify the mechanical properties, frequency sweep tests were conducted using a
Physica MRC 301 rheometer (Anton Paar) equipped with a parallel plate geometry (2 mm
gap) at 298.15 K. The linear viscoelastic region was first determined via an amplitude sweep
at 1 Hz, using a deformation range from 1 x 107> to 0.01. Subsequently, frequency sweep
tests in the range of 0.01 to 10 Hz were conducted at a constant deformation of 0.1%. Each

0.1 g sample was analyzed in triplicate to ensure repeatability.
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5.8.1 Comparison of Mechanical Behavior Before and After Treatment

The frequency sweep results in Figure 5.16 reveal a distinct reduction in both storage (G’) and
loss (G”) moduli following the thermal treatment of PIB1 and PIB2. Untreated samples exhibit
more solid-like behavior, with G’ consistently higher than G” across the measured frequency
range and no crossover observed. In contrast, thermally treated samples display a crossover
point between G’ and G”, indicating a shift toward more liquid-like behavior. This transition
reflects a significant deterioration of the viscoelastic network. The observed softening is
attributed to thermal degradation of the polymer matrix, which likely reduces chain length,
as well as to the presence of residual solvent, which may disrupt chain entanglement and
promote slippage-both factors that weaken the material’s mechanical integrity. While the
treated samples maintain the general trend of increasing moduli with frequency, the decrease

in absolute values confirms a substantial loss in viscoelastic performance.
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Figure 5.16 — Frequency dependence of storage and loss moduli for untreated (raw) and
thermally treated PIB samples: (a) PIB1; (b) PIB2.

For PIB1, untreated samples show high stiffness, with G’ increasing from 219 kPa to
390 kPa and G” from 55 kPa to 112 kPa across the frequency range. Thermal treatment
reduces G’ to 5.5-85.9 kPa and G” to 6.6-40 kPa, with a crossover at approximately 0.025 Hz
(G” > G’ at low frequencies), indicating a transition to more fluid-like behavior. Untreated
PIB1 remains elastic throughout the frequency range.

PIB2 follows the same trend: untreated samples show G’ rising from 168 to 397 kPa and
G” from 61.2 to 113 kPa. After heating, G’ drops to 1.5-71.4 kPa and G” to 3.4-31.9 kPa,
again with G’ > G’ at low frequencies. The thermal treatment clearly softens both materials
and induces a frequency-dependent mechanical response.

It is worth mentioning that the untreated PIB samples exhibit a non-monotonic trend

in their loss modulus G”, showing an initial decrease at low frequencies followed by an
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increase at higher frequencies. This behavior is characteristic of high-molecular-weight
polymers in the rubbery regime. At low frequencies, chain relaxation processes dominate,
resulting in reduced energy dissipation. As the frequency increases, segmental motions
and entanglement dynamics become more significant, causing G” to rise. The observed
minimum likely corresponds to a transition between terminal flow behavior and the onset of

entanglement-controlled viscoelasticity.

5.8.2 Frequency-Dependent Storage Modulus (G')

Figure 5.17 shows frequency sweep tests for PIB1 and PIB2 nanocomposites. These results
highlight how the evolving nanoparticle structure and the corresponding changes in the
polymer matrix jointly govern the viscoelastic performance of the nanocomposites. Based on
these graphs, the frequency-dependent storage modulus (G’) is analyzed to track its evolution
across six reaction times for both molecular weights of PIB. This analysis is correlated with the
synthesis process (nucleation and growth), as well as with nanoparticle size, concentration,

and 3D packing.
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Figure 5.17 — Frequency sweep of storage modulus and loss modulus: (a) PIB1 nanocomposites,
(b) PIB2 nanocomposites.

For direct comparison, Figures 5.18a and b replot data at identical frequencies for both
systems. G’ increases monotonically with frequency across all synthesis durations, exhibiting
typical frequency-stiffening behavior indicative of enhanced energy storage and dominant
elastic responses under rapid deformation.

Early Reaction Times (15 Minutes) At 15 minutes of reaction time, both PIB1 and PIB2
nanocomposites exhibit their highest storage modulus values. This behavior corresponds to
a dense and well-organized polymer network that remains intact at this stage. Nanoparticles

are still in their nucleation phase (Early growth), contributing minimally to reinforcement
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Figure 5.18 — Frequency-dependent storage modulus (G’) for (a) PIB1 and (b) PIB2 nanocom-
posites

effects.

Intermediate Reaction Times (20-25 Minutes) By 20 minutes, a decrease in G’ is
observed for both PIB1 and PIB2 nanocomposites. However, this decrease is more pronounced
for PIB2 compared to PIB1. For PIB1, nanoparticles have already grown to approximately
6.8 nm—nearing their final size—while PIB2 nanoparticles remain smaller (around 3.3 nm)
and less defined.

At 25 minutes, both systems still show decreasing G’, but their trends diverge.

e PIB1 shows a significant drop, whereas PIB2 exhibits only a slight decrease.
e PIB1 nanoparticles grow modestly from 6.8 nm to 7.6 nm.

e PIB2 nanoparticles undergo rapid growth from 3.3 nm to 7.2 nm.

The contrasting behavior suggests that while PIB1 nanoparticles are stabilizing, PIB2
nanoparticles are still in an active growth phase.

Stabilization Phase (25-30 Minutes) Around 25-30 minutes, both nanocomposites
show a sharp rise in G’, which is more significant for PIB1 than PIB2. This stabilization
phase, where nanoparticles form and effectively interact with the polymer matrix, enhances
the storage modulus. PIB1’s earlier stabilization explains its superior reinforcement over
PIB2 during this period, particularly considering its higher nanoparticle mass fraction.

Late Reaction Times (30-45 Minutes) Between 30 and 45 minutes, G’ decreases in
both systems as thermal degradation outweighs nanoparticle reinforcement. Prolonged heat
exposure diminishes reinforcement effectiveness and degrades the matrix’s molecular weight,
resulting in poorer viscoelastic properties.

Final Reaction Time (60 Minutes) After 60 minutes, PIB1’s G’ continues to decline as

matrix degradation outweighs nanoparticle reinforcement. Conversely, PIB2 shows a slight

235



Chapter 5 — In-situ Growth Kinetics of Iron Oxide Nanoparticles in a Polyisobutylene Matrix

G’ increase, correlating with its earlier observed mass fraction increase.
From these evolutions, the rheological behavior of PIB nanocomposites reveals a dynamic

balance between nanoparticle growth/stabilization and polymer degradation:

e Early synthesis stages favor matrix integrity over nanoparticle reinforcement.

e Intermediate stages show competitive interactions between nanoparticle growth and
matrix deterioration.

e Late stages highlight thermal degradation as the dominant factor.

While potentially reducing mechanical properties, this process offers significant im-
provements in nanoparticle dispersion and morphological control, enabling homogeneous
nanoparticle distribution and uniform particle size and shape within the polymer matrix.
This control, difficult to achieve using conventional methods that often lead to aggregation
or polydispersity, makes the resulting nanocomposites promising for soft robotics, where
flexibility and functional integration are key [24], and biomedical applications like magnetic
hyperthermia, where precise nanoparticle control is vital for targeted therapeutic efficacy
[25].

5.8.3 Liquid-Like Behavior to Solid-Like Behavior

From Figure 5.17, we observe that from the G’ and G” curves for each sample, G” is initially
higher than G’. Then, we observe a crossover point where G’ exceeds G”. The crossover
frequencies for each sample were plotted to track their evolution across the reaction time in
Figure 5.19.

The reaction occurs at 274°C, a temperature that facilitates molecular rearrangements,
and nanoparticle formation within the polymer matrix. For PIB1, which has a higher molecu-
lar weight than PIB2, the crossover frequency generally increases with reaction time, starting
at 0.0083 Hz at 15 minutes and reaching 0.1678 Hz at 60 minutes. This trend suggests that
PIB1 transitions to elastic behavior at progressively higher deformation rates as the reaction
proceeds, indicating weaker network formation or reduced elasticity over time. However,
there is a significant drop in crossover frequency at 30 minutes (0.0188 Hz compared to
0.042 Hz at 25 minutes). This drop suggests that PIB1 becomes more solid-like at this stage,
transitioning to elastic behavior at lower deformation rates. The drop is likely due to forced
reinforcement caused by the formation of nanoparticles within the polymer matrix, which
temporarily enhances structural organization and solid-like properties.

PIB2, with its lower molecular weight, exhibits a similar trend but with more pronounced
fluctuations in its crossover frequencies. It starts at 0.0077 Hz at 15 minutes and peaks
sharply at 25 minutes (0.1899 Hz), then drops significantly to 0.108 Hz at 30 minutes. As
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Figure 5.19 - Evolution of crossover frequencies for PIB1 and PIB2, where G’ exceeds G”. The
plot tracks the progression of the viscoelastic transition across reaction time.

with PIB1, this drop reflects an increase in solid-like behavior due to nanoparticle-induced
reinforcement, which strengthens the material’s elastic response by increasing molecular
entanglement or crosslink density. After recovering to its highest crossover frequency of
0.249 Hz at 45 minutes, PIB2 again shows a decline in crossover frequency to 0.1819 Hz at
60 minutes. This second drop indicates that PIB2 regains solid-like behavior as it transitions
to elastic dominance at lower deformation rates once more. The gain in solid-like properties
at this stage may be attributed to further nanoparticle formation or additional crosslinking
within the polymer matrix.

Comparing the two polymers, PIB1 consistently exhibits lower crossover frequencies than
PIB2 across most reaction times. This difference can be attributed to its higher molecular
weight, which facilitates greater chain entanglement and earlier gelation (solid-like behavior)
at lower deformation rates. In contrast, PIB2’s lower molecular weight results in weaker chain
interactions and delayed gelation, requiring higher deformation rates for elastic behavior to
dominate. The dips in crossover frequency observed for both polymers—at 30 minutes for
both and again at 60 minutes for PIB2—highlight critical stages where nanoparticle formation
or structural reorganization reinforces their internal structures, temporarily enhancing solid-
like properties before further curing alters their mechanical response.

Overall, while both polymers show similar trends in their viscoelastic transitions, PIB1
demonstrates relatively stable behavior after its initial dip at 30 minutes, whereas PIB2

shows greater volatility due to its lower molecular weight and sensitivity to curing dynamics.
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The drops in crossover frequency observed for both materials suggest important stages of
nanoparticle-induced reinforcement, where elasticity temporarily dominates as structural

organization increases within the polymer matrix.

5.9 Magneto-Thermal Properties

Beyond their role in reinforcing mechanical properties, iron oxide nanoparticles embedded
in the polymer matrix also exhibit magneto-thermal behavior when exposed to an alternating
magnetic field. This phenomenon, primarily driven by Néel and Brownian relaxation mecha-
nisms (as discussed in Chapter 2), can be exploited for magnetic hyperthermia applications.

To evaluate the heating efficiency of the nanocomposites, alternating magnetic field
measurements were performed using a DM100 system (nanoScale Biomagnetics, Spain) with
a water-cooled copper coil. A 1.5 mL dispersion of nanoparticles was sealed in glass vials and
placed at the center of the coil. The temperature was recorded using a fluoroptic fiber-optic
probe. The magnetic field was applied at a frequency of 776.30 kHz and an amplitude of
300 G (30 mT), and heating was terminated once the sample reached 45°C.

Figures 5.20 and 5.21 show the magneto-thermal responses of PIB1- and PIB2-based
nanocomposites under AMF exposure, synthesized with reaction times of 20, 25, 30, 45, and
60 minutes. The heating profiles indicate the influence of nanoparticle size, crystallinity, and

distribution within the polymer matrices.

5.9.1 Data Analysis and Mathematical Modeling

The experimental heating curves were analyzed using a Python-based fitting script developed
by Dr. Felix Gautier, implementing the Box-Lucas method to account for non-adiabatic
thermal losses [26]. This approach overcomes limitations of traditional initial slope analysis
by modeling the complete temperature evolution [27] [28]. The goal was to extract the
specific absorption rate (SAR) of the nanocomposites, which quantifies the power dissipated

per gram of magnetic material:

p
NP

Here, my, is the mass of the magnetic nanoparticle core, and P is the power generated by
the hyperthermia process. Under the assumption of adiabatic conditions (no heat exchange
with the environment), the power is estimated using the initial slope of the temperature

curve:
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Figure 5.20 — Magnetic heating behavior of PIB nanocomposites under an alternating magnetic
field of 300 Gauss, with heating continued until a target temperature of 45°C was reached.
Linear fits were applied to the temperature profiles to extract heating rates. (a—e) PIB1
nanocomposite measured at 20, 25, 30, 45, and 60 minutes.
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Figure 5.21 - Magnetic heating behavior of PIB nanocomposites under an alternating magnetic
field of 300 Gauss, with heating continued until a target temperature of 45°C was reached.
Linear fits were applied to the temperature profiles to extract heating rates. (a—e) PIB2
nanocomposite measured at 20, 25, 30, 45, and 60 minutes.
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dT

msc; dT
SARyp = —L~ T (5.9)

However, in real conditions, heat losses to the environment must be taken into account.
In this case, Equation 5.8 is modified to include a phenomenological energy loss term, based

on Newton’s law of cooling:

Here, h is the heat transfer coefficient, A is the surface area through which heat is
exchanged, and T, is the ambient temperature. The solution of this differential equation

yields the time evolution of temperature:

P p
T(t)=—+T0——-eXp(—

hA
A A t) (5.11)

My Cy
While this approach can model moderate heat loss scenarios, it may not always suffice
for complex systems (e.g., polymer nanocomposites or inhomogeneous systems). A more

general approach considers the energy loss term as an unknown function of T and T,
denoted f (T, T,):

dT

Assuming T, is constant and the temperature difference (T — T,,) remains small, a Taylor
expansion of f(T) can be used. The first-order approximation recovers Newton’s law:
dT df(Tp)
mec,-—=P—(T—1T,) ———— 5.13
1% 4y ( 0) 3T (5.13)
If this linear approximation does not accurately capture the system’s behavior, a second-

order expansion can be considered:

dT _ Of(Ty) (T—To) 0°f(Tp)
MeC qe ~ F (T=To) oT 2 oT?
This differential equation exhibits greater complexity; therefore, it has been addressed

(5.14)
numerically by employing the finite difference method :

T(t+A)=T(0) + = (P—(T()—Tp) A—(T()—T,?-B)  (5.15)
Mg Cy
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with:
_ 9f(Ty,)
A= T (5.16)
1 3%f(T)
B—z- 372 (5.17)

Lastly, it is worth noting that the effective heat capacity of the system can be expressed

as:
mNP * CV,
mc, = —2 (5.18)
£ C
NP
where ¢ is the volumetric heat capacity of the fluid, and Cy, is the nanoparticle
concentration.

This numerical approach enables a more accurate description of the heating dynamics,

especially when experimental data deviate from idealized models.

5.9.2 Thermal Response Analysis

The second-order Taylor series model (Equation 5.14) was used to numerically fit the
experimental magnetothermia data through the Python-based program. This approach
allows for accurate modeling of non-adiabatic heat losses by accounting for both first- and
second-order contributions to thermal dissipation. The corresponding fits are shown in
red on the magneto-thermal response curves of PIB1- and PIB2-based nanocomposites in
Figures 5.20 and 5.21, respectively. The SAR values were directly extracted from the program
and are provided in Table 5.7.

The measured SAR values fall within the expected range for maghemite/magnetite
nanoparticles [29]. However, a direct comparison of SAR values with those reported in the
literature is not straightforward. This is because SAR depends on various factors, including
the equipment used for testing, the method applied for SAR evaluation—especially in non-
adiabatic environments where multiple methods exist—the concentration and aggregation
state of the sample, particle size, particle material, and the effect of the dispersant [30] [31]
[27]. In our case, the dispersant is a viscous polymer solution. Additionally, heating is not
measured directly at the nanoparticle surface, as an optical fiber probe is used. Therefore, for
our data, we focus on commenting on the relative efficiency of our samples and comparing
them with each other.

In both PIB1 and PIB2 matrices, the specific absorption rate (SAR) non-linearly depends on
reaction time and nanoparticle size. The PIB1 series reaches a maximum SAR of 26 W g™! at 30

minutes with nanoparticles averaging 8.4 nm (long edge) and 7.9 nm (short edge). Although
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Table 5.7 — SAR values of PIB1 and PIB2 nanocomposites calculated using derivative-based
Box-Lucas fitting. The mass fractions (W,,%) correspond to the estimated mass percentage of
nanoparticles in the diluted hexadecene solution before the preparation of the nanocomposite.

Reaction Time (min) Massic Fraction (%) Concentration SAR (W.g_l)
(gmL™) (mg.mL™?)
PIB1
20 0.81 0.0063 6.326 2
25 0.75 0.0059 5.858 9
30 1.09 0.0085 8.513 26
45 1.26 0.0098 9.841 19
60 0.77 0.0060 6.014 25
PIB2
20 0.60 0.0047 4.678 0
25 0.48 0.0037 3.733 8
30 0.50 0.0039 3.850 22
45 0.35 0.0027 2.687 62
60 0.50 0.0039 3.928 29

these dimensions are within the superparamagnetic regime, they are suboptimal for magnetic
hyperthermia, as literature suggests peak SAR values occur with larger nanoparticles (18-
23 nm) where superparamagnetic relaxation and magnetic moment are optimally balanced
for enhanced heating.

After 30 minutes, particle size remains relatively stable, while SAR decreases to 19W g™
at 45 minutes before increasing slightly to 25W g~ at 60 minutes. This later increase could
be attributed to dispersity changes, evidenced by the broader size distribution at 45 minutes,
or alterations in interparticle magnetic interactions. Thus, nanoparticle size alone is not the
sole determinant of heating efficiency; structural or microenvironmental factors, like particle
arrangement, dipolar coupling, or local viscosity, significantly impact SAR values.

PIB2 nanocomposites exhibit a SAR response distinct from PIB1. Initially (20-25 minutes),
PIB2 shows low SAR values (O—8Wg_1) associated with smaller nanoparticles (3.3-7.2 nm).
PIB1, at the same early time points, yields slightly larger particles (6.8-7.8 nm) with similar
SAR values (2-9W g™'). Subsequently, the PIB2 SAR increases to 22W g~ ! at 30 minutes,
matching the PIB1 SAR at that time. At this stage, both materials exhibit comparable average
particle sizes: 8.4 nm for PIB1 and 7.7 nm for PIB2.

PIB2 exhibits a sharp SAR increase at 45 minutes, peaking at 62W g*, exceeding PIB1’s
maximum by more than twofold. This is unexpected because, at this time, both PIB1 and PIB2
have similar average particle sizes ( 8 nm), yet higher SAR values are typically observed with
larger particles (18-23 nm for iron oxide nanoparticles). This suggests that factors beyond
average particle size, such as particle dispersity, crystallinity, interparticle interactions, or the

local microenvironment, likely influence heating efficiency.
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Interestingly, the SAR drops to 29W g~! at 60 minutes, a value similar to those observed
in PIB1 between 30 and 60 minutes and in PIB2 at 30 minutes, despite no significant
change in particle size compared to PIB2 at 45 minutes. This further supports the idea that
subtle changes in particle arrangement, magnetic coupling, or matrix properties can have a

pronounced effect on SAR, independent of average nanoparticle size.

5.10 Conclusion

This study presents a novel approach for synthesizing magnetic nanocomposites by forming
IONPs within a polyisobutylene PIB matrix. Our method effectively addresses common chal-
lenges such as achieving uniform dispersion and minimizing the polydispersity in nanoparticle
size and shape. By carefully monitoring the growth kinetics of IONPs in two PIBs with dif-
ferent molecular weights, we succeeded in producing nanoparticles with a consistent size
distribution that were well-dispersed within the matrix.

A major focus was placed on understanding the growth kinetics of the nanoparticles. By
monitoring the synthesis process at various reaction times, we elucidated the evolution of
particle size, size distribution, and crystalline structure. This kinetic study revealed that the
nucleation and growth phases are strongly influenced by the polymer’s molecular weight.

To assess the quality of the resulting nanocomposites, we employed a range of multiscale
analytical techniques, including TEM, SAXS, and WAXS, all of which provided valuable
insights into their morphological properties.

We used density measurements to quantify the amount of formed nanoparticles. The
mechanical behavior was evaluated through rheological analysis, where we observed changes
in mechanical properties before and after nanoparticle reinforcement. Alternating magnetic
field measurements were also performed to assess the magnetothermal behavior.

Based on the morphological, compositional, and bulk properties evaluated for the two
molecular weights across six reaction times, we identified 30 minutes as the optimal reaction
time. This duration allowed us to balance the rapid formation of nanoparticles with the
need to maintain controlled morphology and limit polymer degradation. Under these
conditions, both molecular weights produced IONPs with a narrow size distribution and well-
defined crystalline structure, which are essential for achieving desirable magnetic properties,

mechanical reinforcement, and specific absorption rate.
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6.1 — Introduction

6.1 Introduction

Building upon our previous work, this chapter presents a systematic investigation into the

effect of polyisobutylene concentration on the in-situ synthesis of iron oxide nanoparticles

within a PIB matrix. We maintain the previously established optimal reaction time of 30

minutes, which was found to yield favorable nanoparticle characteristics—including size,

crystallinity, 3D organization, as well as mechanical and magnetothermal performance—for

both molecular weights of PIB, as summarized in Figure 6.1. Our goal is to explore how vary-

ing the PIB concentration influences the nanoparticle formation process and, consequently,

the properties of the resulting nanocomposites.
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Figure 6.1 — Summary of the rationale for selecting a 30-minute reaction time as optimal for the
in-situ synthesis of IONPs in PIB matrices. This duration was found to yield nanoparticles with
favorable characteristics: controlled (a) size, (b,c) enhanced crystallinity; (d,e) well-defined
3D packing, and improved (f,i) mechanical and (j,k) magnetothermal properties, across both

PIB1 and PIB2, respectively.

The central hypothesis of this study is that the concentration of the polymer significantly
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modulates the physicochemical environment during synthesis. Specifically, increasing the PIB
concentration is expected to raise the solution viscosity, thereby altering precursor diffusion
and affecting the kinetics of nucleation and growth. These changes in reaction dynamics are
likely to impact not only nanoparticle size and size distribution but also their morphology.
Gaining insight into these effects is essential for optimizing the synthesis protocol and
tailoring the final nanocomposite properties.

In addition, this chapter investigates how variations in nanoparticle features translate
into the multifunctional performance of the final IONP-PIB system. The incorporation of
IONPs is expected to enhance properties such as magnetic responsiveness and mechanical
robustness—features that are particularly valuable for applications in soft robotics activated
via magnetothermal stimuli, and in advanced sensor technologies. In this context, we pay
special attention to the interplay between the polymer matrix and the nanoparticles, focusing
on how PIB concentration modulates interfacial interactions and governs overall material
performance.

Through a combination of kinetic analysis, structural characterization, and functional
testing, this chapter aims to establish clear correlations between synthesis parameters,
nanoparticle characteristics, and the final performance of the nanocomposite. These findings
will not only deepen our understanding of IONP formation within PIB matrices but also
offer valuable guidelines for designing and optimizing other polymer-based nanocomposite

systems.

6.2 Samples Preparation

6.2.1 Synthesis Process

The in-situ synthesis of IONP-PIB nanocomposites was conducted as outlined in the previous
chapter, with a few modifications. (1) The reaction time was consistently set at 30 minutes for
all samples, as this was determined to be the optimal duration. (2) Three new concentrations
were examined alongside the previously mentioned 5% concentration for each molecular
weight. (3) A pure iron oleate precursor was used.

Specifically, a given volume of PIB was dissolved in 8 mL of hexadecene in a 250 mL
round-bottom flask and stirred for 72 hours to ensure complete dissolution. Following this,
1.6 mmol of iron oleate and 0.8 mmol of oleic acid were introduced into the PIB-hexadecene
solution, along with an additional 2 mL of hexadecene. The mixture was stirred for another
72 hours to ensure the thorough dispersion of the iron precursors and surfactants. Afterward,
the solution was heated under reflux at 274°C for 30 minutes. Once cooled, acetone was

added to the solution to precipitate the nanoparticles, forming a hydrophobic gel layer
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around the nanoparticles due to the PIB content by diluting the total PIB in hexadecene.

6.2.2 Samples Variety

To control the size and distribution of the nanoparticles, we varied both the dilution ratio
(i.e., PIB concentration) and the molecular weight of PIB. Dilution ratios of 1%, 2.5%, 5%,
and 10% were tested using the two PIB molecular weights: 1000 kDa (PIB1) and 500 kDa
(PIB2) (Table 6.1). By adjusting these parameters, we demonstrate how nanoparticle size,
chemical composition, and dispersion within the PIB matrix are influenced. After completing
these characterizations, we assessed the mechanical properties of the nanocomposites to

evaluate the impact of nanoparticle size and dispersion on the overall material performance.

Table 6.1 — PIB molecular weights and concentrations in Hexadecene

PIB MW Concentration Volume Mass W,,
kg/mol % ml g %
1 0.1 0.09223.1

PIB1 2.5 0.25 0.23 18.4
1000 5 0.5 046 15
10 1 0.92 6.7

1 0.1 0.09244.4

PIB2 2.5 0.25 0.23 16.8
500 5 0.5 0.46 14.8
10 1 0.92 9.6

6.3 Size & Morphology Analysis

6.3.1 Hydrodynamic Diameter

Dynamic Light Scattering technique revealed the hydrodynamic diameter of the IONPs in
colloidal suspension. For the PIB1 sample (Figure 6.2a), the size range spanned from 13
nm to 43.6 nm, while the PIB2 sample (Figure 6.2b) exhibited a narrower range of 13.06
nm to 23.8 nm. DLS analysis revealed a Gaussian size distribution indicative of uniform
nanoparticles and a stable colloidal system in both samples, suggesting well-controlled
synthesis. The hydrodynamic diameter of PIB1 and PIB2 nanocomposites increased with

increasing polymer concentration in the synthesis mixture.
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Figure 6.2 — DLS curves comparing the hydrodynamic size distribution of neat iron oxide
nanoparticles and their size evolution in the presence of PIB during synthesis with dilution
ratios of 1%, 2.5%, 5%, and 10% using (a) PIB1 and (b) PIB2.

6.3.2 TEM-Based Particle Size Analysis

To complement the DLS measurements and gain further insights into the morphology and size
of the nanoparticles, we employed Transmission Electron Microscopy for direct visualization
of the IONPs. The TEM analysis of the IONPs revealed spherical nanoparticles with high
uniformity, arranged in a long-range ordered assembly. The spherical morphology results
from the lack of shape-directing capping agents, allowing unrestricted nanoparticle formation.
For PIB1, the particle diameters ranged from 7.5 nm to 10.8 nm (Figure 6.3a), while PIB2
showed diameters between 7.5 nm and 9.1 nm (Figure 6.3b). In comparison, neat IONPs
synthesized without PIB exhibited the smallest size at 7.3 nm (Figure 6.3c). The results
corroborate hydrodynamic diameter analysis, confirming that increased PIB concentration or
molecular weight yields larger IONP sizes. This finding, consistent with the previous chapter,
reinforces the correlation between polymer molecular weight and particle size. Notably, all
samples maintained low polydispersity, with values ranging from 7% to 12% (Figure 6.3d),

indicating a consistent particle size distribution across different synthesis conditions.
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Figure 6.3 — TEM images and size distributions of IONPs: (a) synthesized in the PIB1 matrix,
(b) synthesized in the PIB2 matrix, (c) synthesized in solvent-only conditions, and (d) size
evolution as a function of PIB dilution in hexadecene.

6.3.3 Size Characterization via Small-Angle X-Ray Scattering

To further investigate size and morphology, SAXS measurements were performed on IONP-
PIB1 (Figure 6.4a) and IONP-PIB2 (Figure 6.4b). These measurements were conducted on
1%, 2.5%, 5%, and 10% solutions (as-synthesized), precipitated nanocomposites, and a
reference solution.

The scattering patterns observed in the diluted regime confirmed the presence of spherical
particles, as evidenced by the shape of the intensity curve showing characteristic form factor
oscillations specific to spheres.

Analysis of the SAXS curves also revealed a consistent trend in the position of the first
minimum. As the concentration increased from neat NPs to 10% IONP-PIB, the first minimum
systematically shifted towards lower q values [32]. The observed progression of the first
minimum followed a clear order: neat NPs > IONP-PIB 1% > IONP-PIB 2.5% > IONP-PIB 5%

251



Chapter 6 — Influence of Polyisobutylene Concentration and Molecular Weight on the Synthesis
and Properties of Iron Oxide Nanoparticle Nanocomposites

> IONP-PIB 10%. This gradual shift towards lower q values with increasing concentration

provides strong evidence for the growth in particle core size as the polymer content increases.
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Figure 6.4 — SAXS patterns of PIB nanocomposites: (a) PIB1 in solution, (b) PIB1 precipitate,
(c) PIB2 in solution, and (d) PIB2 precipitate.

Guinier Plot

Using the Guinier approximation shown in Figure 6.5 for the lower g-range, the radius of
gyration (R,) was determined to range from 33.2 A t0 55.76 A for PIB1 and from 34.7 A to
58.8 A for PIB2 (see Table 6.2). Assuming a homogeneous distribution of spherical particles,
as observed from TEM, the radius calculated using the formula (6.1) [33] aligns well with

the values previously obtained from TEM measurements.

D= 2\l§Rg (6.1)
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Figure 6.5 — Guinier plot of (a) PIB1 and (b) PIB2 nanocomposites.

Table 6.2 — Summary of R, and D for PIB1 and PIB2 nanocomposites at different concentrations.

% R, (A) | D (nm) % R, (A) | D (nm)
IONPs [ 32.6+0.31| 841 IONPs [ 32.6+0.31| 8.41
PIB11% [33.2+0.13| 857 PIB21% [347+0.13]| 9.84
PIB12.5% | 48.4+0.15 | 12.46 | |PIB22.5% | 44.8+0.15 | 11.58
PIB15% |53.8+0.19 | 13.9 PIB25% |462+021 | 12.15
PIB1 10% | 55.7 £ 0.26 | 14.4 PIB2 10% | 58.8+0.26 | 15.2
SASView Fitting

SAXS patterns of the IONP-PIB solutions were also analyzed using SASView to investigate
the structural properties of oleic acid-coated iron oxide nanoparticles and their distribution
within the PIB matrix. The data were fitted to a core-shell sphere form factor model. The
fitting results are presented in Figure 6.6a for the PIB1 solution and in Figure 6.6b for both
composites in their solution states.

The table 6.3 below summarizes the fitting parameters used in SASView for PIB1 and
PIB2 nanocomposites in solution, and the neat nanoparticles, using the spherical core-shell
form factor model. The derived parameters confirmed that the average nanoparticle radius
increased with PIB concentration and/or molecular weight. Core radius values agreed with
TEM results, and the oleic acid coating (shell thickness) ranged from 1 to 1.23 nm.

For precipitate samples (Figure 6.6c,d), where IONP interactions are important, we
included a structure factor S(q). The sticky hard sphere model with Percus-Yevick closure
provided the best fit [34]. Importantly, the results for the nanoparticle size and shell thickness
are closely aligned with those obtained for the PIB nanocomposite in solution (Table 6.3).
This consistency suggests that there is no significant variation in size distribution when

extracting IONPs with PIB using acetone, indicating that the extraction process effectively
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Figure 6.6 — Fitting curves for SAXS data using the spherical core-shell form factor: (a) PIB1
solution and (b) PIB2 solution. Fitting curves incorporating the spherical core-shell form
factor with a sticky-hard sphere structure factor: (c) PIB1 precipitate and (d) PIB2 precipitate.

preserves the nanoparticle characteristics.

Nanoparticles Spatial Arrangement

The SAXS patterns provided valuable insights into the spatial arrangement of IONPs within
the PIB matrix. Specifically, we analyzed the peak positions in the SAXS curves of the PIB1
nanocomposite at 5% concentration (Figure 6.7). The ratios of the peak positions (q;,
-, g3, etc.) relative to the first peak were determined (Figure 6.7). Ratios of V1, v/4,
and +/9 suggested a dominant lamellar arrangement. However, the presence of additional
hidden peaks (shoulders) at +/3, v/6, and /19 hinted at a possible hexagonal arrangement
superimposed on the lamellar structure. The observed shoulders, particularly in g,, further
reinforced this interpretation.

To further investigate the hexagonal arrangement, we calculated the lattice parameter a,
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Table 6.3 — SAXS fitting models and parameters: core-shell sphere model applied for solution
nanocomposites, with an additional Sticky Hard Sphere interaction model included for
precipitated nanocomposites.

PIB1_NPs PIB1_NPs
Solution Precipitate
PIB concentration NPs | 1% | 25% | 5% | 10% | 1% | 2.5% | 5% 10%
NP radius (nm) 4.1 433 (14.88 |6 6 4.1 4.8 5.8 6.1
Form Shell thickness (nm) 1 1 1.15 | 1 1.23 |1 1 1 1.2
Factor Core SLD (10" -7 nm) 7.99 1799|799 | 799|799 799|799 | 799 |7.99
Shell SLD (10" -7 nm) 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4
Solvent SLD (10"™-7 nm) | 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8
Effective radius (nm) / / / / / 5.1 |5.8 6.8 7
lfﬁg;ure Volumic fraction 1/ [/ 7|/ 104 [03 [034 [033
Stickeness / / / / / 0.01 | 0.2 0.015 | 0.15
PIB2_NPs PIB2_NPs
Solution Precipitate
PIB concentration NPs | 1% |2.5% [ 5% | 10% | 1% | 2.5% | 5% 10%
NP radius (nm) 421 {44 | 475 | 5.1 5.1 4.1 4.5 535 |54
o Shell thickness (nm) 1.2 | 1.3 1.4 14 | 1.5 1.1 1.2 1.5 1.5
Factor Core SLD (10" -7 nm) 7.98 | 798|798 | 798|798 |7.98|7.98 |798 | 7.98
Shell SLD (10" -7 nm) 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4 | 10.4
Solvent SLD (10”~-7nm) | 9.8 | 9.8 | 9.8 98 |9.8 |9.8 |98 9.8 9.8
Effective radius (nm) / / / / / 53 |5.8 6.2 6.3
?;zlsg';ure Volumic fraction / / / / / 04 |04 0.34 | 0.34
Stickeness / / / / / 0.01 | 0.1 0.02 | 0.05

representing the center-to-center distance between adjacent cylinders, using the scattering

vector ¢, (corresponding to q;) as shown in Eq. 6.2 [35]:

_4n
1/gql

The calculated lattice parameter for the PIB1 sample at 5% concentration was 14.51 nm.

a (6.2)

This value was consistent with measurements from TEM images, which revealed an average
center-to-center distance of 14.85 nm between adjacent nanoparticles arranged in hexagonal
patterns. The close agreement between the SAXS-derived lattice parameter and the TEM-
measured distance highlights the consistency of the nanoparticle arrangement as observed
through these two techniques. While TEM provides a two-dimensional projection of local
arrangements, SAXS offers insight into the three-dimensional structure of the sample.

The observation of hexagonal patterns in the TEM images aligns with the SAXS data,
suggesting that a hexagonal arrangement is superimposed on the lamellar structure. Al-
though the quantitative analysis was conducted specifically for the PIB1 sample, qualitative
assessments of TEM micrographs and SAXS patterns across all samples revealed similar
structural organization. The consistent presence of hexagonal-like arrangements in the TEM

images, combined with comparable SAXS scattering profiles, strongly suggests that this
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ordered nanostructure is a characteristic feature across the entire series of nanocomposites.
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Figure 6.7 — The SAXS pattern for PIB1 5% after precipitation displays both lamellar and
hexagonal phases. The observed peaks indicate the presence of different ordered structures.
The left inset image shows the hexagonal phase while the right inset image shows the lamellar
phase

An important point is that, from the previous chapter findings, the 3D packing of cubic
IONPs within the polyisobutylene matrix was BCC under the same concentration and reac-
tion time. However, in a spherical system, the IONPs followed a hexagonal close-packed
(HCP) arrangement. According to the literature [19] [36], this difference in packing can
be attributed primarily to the shape of the nanoparticles and the resulting entropic and
geometric considerations.

Packing of Cubic IONPs (BCC Structure): For cubic nanoparticles, the BCC structure
is often favored because the cubic geometry does not allow for the efficient close packing
seen in spherical particles. The BCC lattice, with its lower packing density and larger
interstitial spaces, accommodates the edges and corners of cubic particles more effectively.
This arrangement also provides larger voids, which can be beneficial for the polymer chains
in the matrix, reducing conformational strain and allowing for better dispersion [19].

Packing of Spherical IONPs (HCP Structure): In contrast, spherical nanoparticles
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naturally tend to maximize packing efficiency, leading to either HCP or face-centered cubic
(FCQC) structures. Hard spheres can theoretically form both FCC and HCP lattices [36],
but HCP is frequently observed in polymer nanocomposites because the interconnected
octahedral voids in this lattice allow the PIB chains to explore a larger, continuous volume,
increasing the entropy of the polymer matrix. This entropic gain is thermodynamically
favorable, as supported by studies on block copolymer and homopolymer blends, which
show that the polymer can more easily occupy the interconnected voids in HCP structures,

thus promoting this packing mode [37].

6.4 Structure and Crystallization

To fully grasp the physicochemical properties of nanoparticles, it is important to consider
their crystalline structure and phase composition along with their morphology. The WAXS
patterns showed the presence of maghemite (y-Fe,05), the fully oxidized form of the IONPs,
in all PIB1 and PIB2 nanocomposite samples at concentrations of 1%, 2.5%, 5%, and 10%,
as well as in the IONPs synthesized without PIB, as seen in Figure 6.8a and c. Characteristic
peaks at (220), (311), (400), (511), and (440) were identified, in line with ICDD PDF card
no. 04-025-0576. A prominent amorphous peak at 16° was observed for all nanocomposite
samples at low 20 angles (below 25°), representing the characteristic feature of amorphous
PIB. For IONPs without PIB, however, this peak shifted from 16° to 20°, corresponding to the
peak of ordered iron(oleate) molecules.

In the highly concentrated PIB samples (PIB1 and PIB2 at 10%), WAXS patterns revealed
additional closely spaced peaks, notably at the (400) plane (Figure. 6.8b and d). This
suggests the coexistence of magnetite (Fe;0,) alongside maghemite [38], indicating that the
IONPs were not fully oxidized at high polymer concentrations. This incomplete oxidation
could be attributed to limitations in oxygen diffusion at higher polymer concentrations and
longer chain lengths, with the appearance of magnetite peaks being more pronounced in
PIB1 than in PIB2.
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Figure 6.8 — WAXS patterns of PIB nanocomposites compared to XRD patterns of nanoparticles
synthesized without PIB: (a) PIB1 nanocomposite, (b) zoom-in on the (400) peak, (c) PIB2
nanocomposite, and (d) zoom-in on the (400) peak.

How is it possible to obtain magnetite (Fe;0,), which contains both Fe(II) and Fe(III),
when only Fe(III) oleate is used as a precursor? Although iron(III) oleate (Fe(oleate)s)
is the initial precursor, magnetite formation involves partial in situ reduction of Fe(III) to
Fe(II) during the thermal decomposition process. This reduction is facilitated by the reaction
conditions: elevated temperatures, the presence of excess oleic acid, and organic solvents
like hexadecene, which can act as mild reducing agents. These conditions create a mildly
reducing environment that enables the formation of the mixed-valence oxide Fe;O,. Similar
mechanisms have been reported in the literature for thermal decomposition synthesis of iron
oxide nanoparticles [39, 40, 41].
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6.5 Composition Analysis

6.5.1 Nanocomposites Density

With the nanoparticle size and composition determined, we assessed reaction yields to
evaluate the efficiency of nanoparticle synthesis and the effects of PIB concentration and
molecular weight. Starting with 1.6 mmol of iron oleate as the precursor, the theoretical yield
was calculated to produce 127 mg of maghemite (Fe, ,0,). This corresponds to maximum
mass fractions of IONPs of 57.9%, 35.5%, 21.6%, and 12.1% for PIB concentrations of 1%,
2.5%, 5%, and 10%, respectively.

Figure 6.9 presents a radar chart comparing the densities of PIB nanocomposites synthe-
sized with two different molecular weights: PIB1 (red) and PIB2 (blue). The chart spans
five axes, each representing a specific nanocomposite concentration. The data reveal that,
at all concentrations, PIB2 nanocomposites consistently displayed higher density values
compared to PIB1. This trend indicates that the synthesis of nanoparticles in the PIB2 matrix
results in a greater number of particles at identical PIB concentrations, leading to a denser
polymer matrix. The larger area covered by PIB2 on the radar chart visually underscores

this observation.

6.5.2 Nanoparticles Mass Fraction

Experimentally determined mass fractions, shown in Figure 6.9 and Table 6.1, were lower
than theoretical predictions, likely due to incomplete reactions or material loss during
synthesis. For PIB2, the measured fractions were 44.4%, 16.8%, 14.8%, and 9.6% for PIB
concentrations of 1%, 2.5%, 5%, and 10%, respectively. In contrast, PIB1 yielded 23.1%,
18.4%, 15%, and 6.7% under identical conditions. Notably, at a 1% PIB concentration, PIB1
produced significantly fewer nanoparticles (23.1%) than PIB2 (44.4%).

Despite the discrepancy between theoretical and experimental values, these results remain
reasonable and highlight the challenges of nanoparticle synthesis, including incomplete
reactions and unavoidable material losses. The comparative analysis emphasizes the influence
of molecular weight and concentration on the efficiency of nanoparticle synthesis and the

resulting nanocomposite density.
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Figure 6.9 — Radar chart comparing (a) densities and (b) IONPs mass fractions of PIB nanocom-
posites, PIB1 and PIB2, across four different nanocomposite concentrations (1, 2.5, 5, and
10%).

6.6 Physical Characterization

6.6.1 Rheological properties

After establishing the synthesis parameters and compositional profile of our nanocomposite,
we focused on evaluating its performance, starting with an analysis of its rheological prop-
erties. The frequency sweep test (Figure 6.10) highlighted notable changes in rheological
behavior resulting from the incorporation of IONPs into the PIB matrices. These tests were
conducted on PIB1 and PIB2 nanocomposites at concentrations of 2.5%, 5%, and 10%, as
shown in Figure 6.10. To quantify the effects of nanoreinforcement, the storage modulus
over the frequency range was compared with that of heat-treated PIB (PIB H), which was
prepared by diluting 0.5 mL of PIB in 10 mL of hexadecene and mixing for 144 hours before
refluxing for 30 minutes, as illustrated in Figure 6.11. This assessment aimed to investigate
how IONP concentration, dispersion, and size influence the storage modulus (G") and loss
modulus (G”) in samples subjected to the same heating process, which could improve chain
mobility, lower viscosity, and possibly lead to degradation. Tests at the 1% concentration
were excluded due to insufficient sample volume.

From Figure 6.11, the ratio of G’ of the nanocomposites to that of the heat-treated PIB
revealed significant improvements, especially at a low frequency of 0.01 Hz. At this frequency,
PIB1 nanocomposites exhibited increases in G’ by factors of 22, 13, and 3 at IONP concen-
trations of 2.5%, 5%, and 10%, respectively. PIB2 nanocomposites showed even greater

enhancements, with G’ increasing by factors of 30, 16, and 13 at the same concentrations
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Figure 6.10 - Frequency sweeps illustrating the storage and loss moduli for PIB1 and PIB2
nanocomposites
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(see Figure 6.11b). While the impact of IONPs diminished at higher frequencies due to faster
molecular dynamics, substantial increases in modulus were still observed. For PIB1, G’ rose
by factors of 3, 2.5, and 1.4 for the 2.5%, 5%, and 10% IONP concentrations, respectively.
PIB2 exhibited similar trends, with comparable improvements.
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Figure 6.11 — Rheological properties of PIB nanocomposites. Comparison of storage modulus
(G') between PIB nanocomposites and heat-treated PIB for (a) PIB1 and (b) PIB2 at various
IONP concentrations.

6.6.2 Glass transition temperature

In addition to their mechanical properties, nanoparticles are known to affect the thermal
properties of polymers, including their glass transition temperatures [42]. To evaluate this
effect, we employed differential scanning calorimetry to observe the changes in the Tg of
the polymer matrix upon nanoparticle addition. This phenomenon, often referred to as a
nano-effect, can manifest as either an increase or decrease in Tg, depending on the specific
interactions between the matrix and particles [42]. In the case of polyisobutylenes (PIB1
and PIB2), the DSC curves obtained between -80°C and 80°C, as presented in Figure 6.12,
revealed no sharp transitions. The most notable feature observed was a subtle step in the
heat flow at -68°C, which corresponded to Tg. This value aligns well with previously reported
data for these materials [43].

For the heated PIBs processed with hexadecene, DSC analysis revealed alterations in
the thermal behavior. The observed Tg at -79°C was lower than that typical for PIB, which
may suggest the process thermally degrades the PIB by reducing polymer chain length,
therefore increasing their mobility. Additionally, a sharp endothermic peak between 0 and
10°C is attributed to the melting of residual hexadecene, which has a melting point of 4-5°C.

For the PIB nanocomposites, Tg remained unchanged compared to that of the heated PIB,
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indicating that the IONPs did not have a significant effect. However, a sharp endothermic
peak appeared between -10°C and 0°C, which was lower than the melting points of both
pure oleic acid (13-14°C) and hexadecene (4-5°C). The absence of distinct melting peaks for
these components, combined with the appearance of a new peak at a lower temperature,
strongly suggested the formation of a eutectic mixture between oleic acid (from the IONP
coating) and residual hexadecene. This has been observed in similar cases involving alkenes
combined with fatty acids [44]. A repeatable, unexpected peak was observed at -30°C in the
DSC analysis of PIB2 1%. This peak may be attributed to trace impurities within the sample,

although its precise origin remains unclear.
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Figure 6.12 — DSC curves of (a) PIB1 et (b) PIB2 nanocomposites

6.6.3 Magnetic Behavior

Beyond enhancing the intrinsic properties of PIB, the inclusion of IONPs imparts magnetic
characteristics to the nanocomposite. Both the isolated nanoparticles and the resulting
nanocomposites exhibited superparamagnetic behavior at room temperature. This phe-
nomenon was characterized by magnetization curves for all samples, as shown in Fig-
ure 6.13, with panels (a) and (b) illustrating the results for PIB1 and PIB2, respectively.
The magnetization curves displayed no remanence or coercivity, which are key indicators
of superparamagnetism at room temperature. These results are consistent with previously
reported properties of 10 nm maghemite particles [45] and magnetite particles [46] observed
at 300 K. The maintenance of superparamagnetic behavior in the nanocomposites suggests
that the IONPs preserved their individual magnetic properties within the PIB matrix.

To explore the practical applications of these nanocomposites, their actuation behavior
under magnetic stimuli was evaluated. A time-lapse sequence illustrating the response of the

PIB2-10% nanocomposite to a magnetic field is shown in Figure 6.14, with the full video
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Figure 6.13 — Hysteresis loop of (a) PIB1 and (b) PIB2 nanocomposites, all showing superpara-
magnetic behavior at room temperature.

provided in the Supporting Information of the published article.

This video provides visual evidence of the nanocomposite’s ability to follow the movement
of an external magnet, highlighting its potential for use in smart materials and actuator
technologies. The observed superparamagnetic behavior and magnetic responsiveness
of these PIB-based nanocomposites open exciting opportunities for their integration into

magnetic field sensors and magnetically actuated soft robotics.

Figure 6.14 — Sequential images showing the magnetic field-induced flow of the PIB2-10%
nanocomposite. The 10 frames were extracted every 1.5 seconds, capturing the material’s
gradual movement in response to the magnetic stimulus.
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6.7 Growth Mechanism as a Function of PIB Molecular

Weight and Concentration

6.7.1 Polymer Chain Segregation and Nanoparticle Size

From the previous observations, a connection can be made between the size of the IONPs, PIB
concentration, molecular weight, and the evolution of the storage modulus, all influenced
by the growth mechanism. We suggest that polymer chain segregation further impacts
this process. Specifically, when the synthesis solution has higher PIB concentrations and
molecular weights, larger IONPs are generated due to the thermal decomposition of iron
oleate. This occurs because of an increased tendency for polymer chain segregation under
these conditions. At higher concentrations and with longer chains, PIB molecules are more
likely to segregate, resulting in a less homogeneous distribution of precursor molecules
throughout the reaction medium.

Based on this hypothesis, an increase in PIB concentration and molecular weight likely
leads to a higher concentration of growth species (nuclei) in the medium. This is similar to
the effects seen with solvent volume, where a higher concentration of nuclei at the interface
shortens the diffusion distance, enhancing mass transfer and increasing the growth rate.
As a result, larger nanoparticles are formed within the same growth period [47], as shown
in Figure 6.15. In contrast, with lower polymer concentration and molecular weight, the
precursor molecules are more evenly dispersed in the medium. The reduced tendency for
chain segregation favors this uniform distribution, as shorter polymer chains and lower
concentrations are less likely to aggregate or form distinct domains. This homogeneous
environment minimizes the formation of localized nuclei, thereby limiting the availability
of growth species at nucleation sites. Consequently, the growth process becomes more
controlled and gradual, leading to the formation of smaller nanoparticles.

In a previous study of the nanoparticle growth kinetics, samples collected at different
reaction times (from 15 to 60 minutes) showed structural organization consistent with our
current hypothesis. At 15 minutes, the system displayed a network-like structure, where
nanoparticles were already forming within localized regions enriched with precursors. When
comparing samples synthesized in PIB1 and PIB2, the nanoparticles in PIB1 appear larger
and more spaced apart, as illustrated in Figure 6.16. This observation supports the idea that
higher PIB concentration and molecular weight promote localized precursor segregation and

larger nucleation sites, consistent with faster or less controlled growth.
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Figure 6.15 — IONP size and dispersion as a function of PIB chain length (horizontal) and
concentration (vertical). The four sections illustrate that the smallest IONPs were produced
at the lowest PIB concentration and molecular weight, while higher PIB concentrations and
molecular weights yielded larger nanoparticles. Intermediate conditions result in nanoparti-
cles of intermediate sizes.

6.7.2 Polymer Chain Segregation and Nanoparticle Oxidation

This explanation also accounts for why the nanoparticles did not undergo complete oxidation
when the polymer concentration and molecular weight were high. We hypothesize that,
under these conditions, localized regions of nuclei accumulation are formed due to chain
segregation, which hinders the diffusion of oxygen. As a result, the nanoparticles are not fully
oxidized, leading to the coexistence of maghemite and magnetite phases, as observed in the
XRD pattern previously discussed (Figure 6.8). Moreover, the oxidation behavior of IONPs
is inherently linked to their size and surface characteristics. Fe?* ions at the nanoparticle
surface are highly prone to oxidation, with this susceptibility inversely related to particle size.
In nanoparticles synthesized via coprecipitation, those smaller than 20 nm are typically fully
oxidized to maghemite (y-Fe,0,), while larger particles often form a core-shell structure,
with a magnetite (Fe;O,) core and an oxidized maghemite shell [48].

The thermal decomposition synthesis method, however, introduces additional factors

that influence oxidation. The oleic acid coating and organic solvent likely play a dual role:
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Figure 6.16 — Low-magnification TEM images of (a) PIB1 and (b) PIB2 nanocomposites at an early
reaction stage (15 min). The zoomed-in image highlights the smaller nanoparticles forming
a network within the organic matrix (sample from the previous chapter). (c) Comparison of
the mean size of the organic nucleation sites.

regulating the growth kinetics and providing a protective barrier against oxidation and
coalescence. Consequently, nanoparticles around 11 nm in size tend to preserve a lattice
structure that more closely resembles magnetite, indicating the formation of a core-shell
configuration. This protective effect is especially notable when compared to coprecipitation-
synthesized nanoparticles, which lack such coatings and are more susceptible to oxidation in
aqueous environments [48].

In particular, for IONPs synthesized at high PIB concentrations, an intriguing phenomenon
was observed. At higher PIB concentrations (10%), a more oxygen-restrictive environment
seemed to be created, possibly due to increased solution viscosity or the formation of
a physical barrier around the growing nanoparticles. This limitation on oxygen diffusion,
coupled with the protective effects of oleic acid and the organic solvent, leads to nanoparticles
that undergo incomplete oxidation. Notably, when comparing IONPs synthesized at 5% and
10% PIB concentrations, the particle sizes were nearly identical, as shown by the plateau
in Figure 6.3d. Despite the similarity in size, the 10% PIB sample exhibited incomplete
oxidation, while the 5% sample was fully oxidized. This finding allowed us to associate the
PIB concentration and molecular weight on the oxidation process, separating it from the
effects of oleic acid and organic solvent.
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6.7.3 Polymer Chain Segregation and Storage Modulus

The increase in G’ in PIB nanocomposites, relative to heat-treated PIB, indicates a complex
interaction between polymer molecular weight, nanoparticle size, and the nanoparticle-
polymer interface. In theory, polymers with higher molecular weights should exhibit higher
G’ due to increased chain entanglements, which result in a stiffer network. Indeed, PIB1,
with a higher entanglement factor ( 95), shows a significant advantage over PIB2 (500 kDa,
entanglement factor 48), even after heat treatment, as demonstrated in Figure 6.10g and h.
Despite this, PIB2, in the presence of IONPs at identical concentrations, shows a substantially
greater increase in G’.

This unexpected behavior can be attributed to the effect of nanoparticle size. In PIB2,
the smaller nanoparticles offer a larger surface area for polymer-nanoparticle interactions,
which strengthens these interactions and forms a denser polymer-particle network. This
compensates for PIB2’s lower entanglement density. Conversely, the larger nanoparticles in
PIB1 provide less surface area for interaction, thereby limiting the reinforcement from the
nanoparticles, despite the higher polymer entanglement. Therefore, the greater increase in
G’ observed in PIB2 is mainly driven by the size effect of the smaller nanoparticles, which
enhance the polymer-nanoparticle interactions.

Additionally, when samples with a constant molecular weight are examined, variations
in mass fraction have a notable impact on the mechanical properties. As the nanoparticle
mass fraction increases (which corresponds to lower polymer concentrations), a greater
enhancement in G’ is typically observed. This can be attributed to a higher number of
polymer-nanoparticle interfaces and an increased probability of forming interconnected

networks within the polymer matrix.

6.7.4 Polymer Chain Segregation and Glass Transition Temperature

The substantial increase in the storage modulus of PIB upon the addition of oleic-acid-coated
IONPs, without a corresponding change in T,, presents an interesting observation. The rise
in the storage modulus indicates that the IONPs effectively reinforce the PIB matrix by intro-
ducing physical constraints within the polymer structure. The well-dispersed nanoparticles
restrict the large-scale motion of the polymer chains under stress, enhancing stiffness and
mechanical properties. However, the lack of change in T, suggests that the local segmental
mobility of the PIB chains remains largely unaffected. This can be attributed to the oleic acid
coating on the IONPs, which ensures good nanoparticle dispersion while creating a barrier
that limits direct interactions between the iron oxide core and the polymer chains, thereby
preserving the short-range dynamics responsible for the glass transition in this amorphous

polymer.
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6.8 Conclusion

This chapter complements the findings of the previous one by investigating the effect of
PIB concentration on the synthesis and properties of iron oxide nanoparticle (IONP)-PIB
composites.

We found that higher molecular weight PIB leads to the formation of larger nanoparticles,
confirming and generalizing the results from the previous chapter across both cubic and
spherical nanoparticle systems. The polymer concentration was also shown to influence
nanoparticle size: more concentrated synthesis solutions yielded larger IONPs. Moreover,
high polymer concentrations appeared to inhibit complete oxidation of the IONPs.

The resulting nanoparticles were highly homogeneous and uniform in both size and
shape, and they formed lamellar hexagonal arrangements within the PIB matrix.

The reaction yield was comparable between the two PIB molecular weights, reinforcing
the conclusion from the previous chapter that the lower yield observed with low molecular
weight PIB was more likely due to the presence of sodium oleate rather than the polymer
itself.

At similar nanoparticle mass fractions (reinforcement levels), we observed an enhance-
ment in mechanical stiffness, demonstrating the reinforcing effect and the influence of
nanoparticle size on the composite’s mechanical properties.

Our DSC results indicated that the shifts in glass transition temperature (T,) observed in
the nanocomposites were primarily due to the heating process, rather than the presence of
IONPs. This suggests that the nanoparticles have little influence on the molecular mobility
of the PIB chains, further confirming their minimal effect on the bulk polymer dynamics.
Additionally, the enhanced storage modulus (G’) observed in rheological measurements
supports the conclusion that well-dispersed nanoparticles can significantly improve the
mechanical performance of the composite material.

VSM measurements confirmed the superparamagnetic behavior of the IONPs within
the PIB matrix. Although magnetothermal properties were not studied here, they may be
explored in future work.

Ultimately, we hope that this research contributes to the broader understanding of
polymer nanocomposite processing by elucidating the relationship between nanoparticle
characteristics (size, dispersion, and concentration) and the resulting physical properties of
the composite. This study lays the groundwork for future advancements in the design of
functional materials with tailored properties, opening new opportunities for applications
across diverse technological fields.
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nanocomposites, where the nanoparticle size distribution and
spatial dispersion are finely tuned by adjusting the polymer =
concentration and molecular weight. This method allows us to |1
investigate and control the growth dynamics of nanoparticles
within the polymer solution, providing insights into how the
polymer molecular weight and concentration influence nucleation,
growth, and assembly. Beyond achieving precise size control, our
approach enables the rational design of nanocomposites with
significantly enhanced mechanical strength, evidenced by an increased storage modulus, while preserving their superparamagnetic
behavior. This strategy advances the development of high-performance magnetic polymer nanocomposites and opens up possibilities
for applications that require both robust mechanical properties and responsive magnetic features, marking a significant step forward
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in nanocomposite design and functionality.
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B INTRODUCTION

Polymer nanocomposites are advanced materials that combine
nanofillers within a polymer matrix, resulting in functional
materials with enhanced mechanical, thermal, and electrical
properties.' > The high surface-to-volume ratio of nano-
particles significantly enhances these properties.”*”"" How-
ever, nanoparticle agglomeration, primarily due to their high
surface energy, can diminish these enhancements.'”™'* Addi-
tionally, potential hazards associated with nanomaterials and
the challenges of large-scale fabrication further complicate the
production of nanocomposites with consistent performance.
This paper presents an innovative synthesis procedure for
polymer nanocomposites using polyisobutylene (PIB) as the
matrix and iron oxide nanoparticles (IONPs) as the nanofillers.
PIB, a material widely used in tire tubes, adhesives, sealants,
lubricants, plasticizers, fuel additives, and electrical insulation,
is known for its high flexibility, chemical resistance, and low gas
permeability, all of which enhance the stability and durability
of the resulting nanocomposite.”> For this study, polyisobuty-
lene sourced from Sigma-Aldrich was used as the matrix
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material. PIB is also produced under the OPPANOL brand,
with BASF’s production facilities for this product certified
under ISO 14001:2015 for environmental management and
ISO 50001:2018 for energy management. These certifications
reflect the ongoing shift toward more sustainable manufactur-
ing practices in the industry. Although not directly utilized in
this study, the availability of such environmentally certified
options highlights potential opportunities for incorporating
sustainability into future nanocomposite research.

For IONPs, magnetite (Fe;O,) and maghemite (y-Fe,0,)
were selected mainly for their advantages, like precise control
over their size, surface coating,m_18 morphology,19 etc. These
properties are essential for tuning the mechanical and thermal
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and the HSPs of hexadecene and oleic acid were calculated using the Stefanis

Panayiotou method.>® (b) Synthesis process of PIB-IONPs composites. Created in BioRender. Meftah, S. (2025) https://BioRender.com/

c77k851.

properties. In addition, IONPs are also well known for their
remarkable magnetic properties. The IONPs dispersed within a
polymer matrix result in functional magnetic nanocomposites
with tunable properties that respond to external stimuli, such
as magnetic fields.”® Thus, these materials are extensively
utilized in many applications requiring precise control of the
magnetic behavior, such as energy storage,” environmental
sensing,”””>’ and biomedicine.”* Moreover, incorporating
magnetic nanoparticles enhances the performance of drug
delivery systems, in which targeted therapy is crucial for
maximizing treatment efficacy while minimizing side effects.”

Large-scale manufacturing of polymer nanocomposites
traditionally involves incorporating presynthesized nanopar-
ticles (in solution or powder) into a molten or predissolved
polymer matrix. In this context, the synthesis of IONPs via
thermal decomposition of organometallic precursors exempli-
fied by Park et al. is renowned for its ability to produce
monodisperse nanocrystals with precise size control and has
been demonstrated at large scales (up to 40 g per batch)
without the need for postsynthetic size sorting."® This method,
governed by the LaMer model,”**” involves supersaturation,
nucleation, and growth stages, with critical parameters such as
precursor concentration, temperature, surfactant ratio, and
reaction time dictating the final nanoparticle character-
istics.'”'” However, when it comes to nanocomposite
production, nanoparticles are formed, and the solution
containing them is mixed with the polymer to create a
nanocomposite material. This process aims to uniformly
incorporate nanoparticles into the polymer matrix. However,
achieving a homogeneous dispersion of nanoparticles within
the polymer is not always guaranteed. Indeed, it can be
influenced by various factors, including the affinity between the
coated nanoparticles and the polymer, the mixing method
employed, and the processing conditions.

In this study, we explore the in situ synthesis of iron oxide
nanoparticles directly within a polyisobutylene matrix by
adapting a thermal decomposition strategy orlgmally devel-
oped for producing IONPs in organic solvents.'® By dissolving
the iron oleate precursor in a PIB solution, our method

eliminates the need for pre-synthesized nanoparticles and
subsequent dispersion steps, resulting in a more uniform
distribution throughout the polymer. We maintain precise
control over nanoparticle size, consistently keeping them under
12 nm, which is essential for preserving their super-
paramagnetic behavior. While leveraging prior insights about
PIB oligomers in nanoparticle stabilization,”® our approach
also offers the advantage of forming nanoparticles directly
within the matrix.

Park’s original synthesis has demonstrated its effectiveness at
a large scale by producing high-quality nanoparticles. Our
adaptation of this method to a nanocomposite system albeit at
a smaller scale, allowed us to thoroughly investigate the growth
mechanisms. The successful reproduction of key aspects of the
synthesis at this reduced scale strongly suggests that our
nanocomposite system could be scaled up for larger
production. Although such scalability would likely require
further optimization of heat and mass transfer processes, the
underlying principles remain consistent across scales. This
scalability holds promise for overcoming challenges related to
nanoparticle agglomeration and dispersion in industrial-scale
nanocomposite fabrication.

This study also examines how nanoparticle size affects the
mechanical properties of the nanocomposites, providing
further insight into polymer—nanoparticle interactions at the
nanoscale. In doing so, our work builds on prior research in in
situ nanoparticle synthesis within polymers™ and contributes
to ongoing efforts to develop multifunctional nanocomposites
with enhanced structural and magnetic performance.

PIB was dissolved in hexadecene to obtain a polymer
solution, a choice supported by Hansen solubility parameters
(HSP) analysis.***" The HSP method, which characterizes
materials using dispersion, polarity, and hydrogen bonding
parameters, confirms the chemical compatibility of PIB and
hexadecene (Figure la). Due to the high viscosity of the
solution, the preparation was performed in several steps to
ensure thorough mixing (Figure 1b). Initially, PIB was
solubilized in hexadecene under continuous stirring for 72 h
at room temperature. Subsequently, iron oleate and oleic acid

https://doi.org/10.1021/acsapm.5c00457
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were added, and the mixture was stirred for an additional 72 h
to ensure uniform distribution of the iron precursor
throughout the polymer solution. Finally, the entire solution
was refluxed to induce nanoparticle formation. A fraction of
the oleic acid-coated IONPs-PIB nanocomposite was isolated
by adding acetone, which precipitated the hydrophobic PIB
and coated IONPs from the solvent and unreacted materials.

To control nanoparticle size and distribution, we varied the
dilution ratio and molecular weight of PIB. We tested dilution
ratios of 1, 2.5, S, and 10% with two molecular weights, 1000
kDa (PIB1) and 500 kDa (PIB2) (Table 1). By adjusting these

Table 1. PIB Molecular Weights and Concentrations in
Hexadecene

concentration volume
PIB MW (kg/mol) (%) (mL) mass (g) W, (%)

PIB1 1000 1 0.1 0.092 23.1
2.5 0.25 0.23 18.4

S 0.5 0.46 15
10 1 0.92 6.7
PIB2 500 1 0.1 0.092 44.4
2.5 0.25 0.23 16.8
S 0.5 0.46 14.8
10 1 0.92 9.6

two parameters, we illustrate how the size and chemical
composition of the nanoparticles are influenced and how they
disperse within the PIB matrix. After completing these
characterizations, we examined the mechanical properties of
the nanocomposite to determine how variations in size and
dispersion affect the overall performance of the material.

B RESULTS

Reaction Yields. We assessed reaction yields to evaluate
the nanoparticle synthesis efficiency and the effects of PIB
concentration and molecular weight. Using 1.6 mmol of iron
oleate, we theoretically expected to produce 127 mg of
maghemite (Fey67,0.4), corresponding to maximum mass
fractions of IONPs of 57.9, 35.5, 21.6, and 12.1% for PIB
concentrations of 1, 2.5, 5, and 10%. Experimental results
showed lower mass fractions (Figure S1 and Table 1). For
PIB2, the measured fractions were 44.4, 16.8, 14.8, and 9.6% at
the same concentrations, while PIB1 yielded 23.1, 18.4, 1S5, and
6.7%. Notably, at 1% PIB concentration, PIB1 formed
significantly fewer nanoparticles (23.1%) compared with
PIB2 (44.4%). Although experimental values were lower than
theoretical predictions, they remained reasonable considering
incomplete reactions and material loss.

Nanoparticle Size Distribution. The nanoparticle size
distribution measurements obtained by the Dynamic Light
Scattering (DLS) technique showed the hydrodynamic
diameter of the IONPs ranged between 13 and 43.6 nm for
PIB1 (Figure 2b), and from 13.06 to 23.8 nm for PIB2 (Figure
2c). The DLS analysis suggests a normal size distribution of
one nanoparticle-sized population with a relatively uniform
particle size. Furthermore, Transmission Electron Microscopy
(TEM) images of the IONPs revealed highly uniform
nanoparticles with spherical morphology forming a long-
range order assembly. The diameter ranged between 7.5 and
10.8 nm for PIB1 (Figure 2d) and between 7.5 and 9.1 nm for
PIB2, respectively (Figure 2e), whereas neat IONPs
synthesized without PIB showed the smallest size of 7.3 nm

(Figure 2a), indicating the increase in the concentration or
molecular weight of PIB leads to the increase in size for IONPs
while keeping the low polydispersity (ranging from 7 to 12%
for all samples), as shown in Figure 2f.

Small-Angle X-ray Scattering (SAXS) was employed to
statistically evaluate the particle size, shape, and aggregation
behavior on a larger observable scale. SAXS was performed on
IONP-PIB1 and IONP-PIB2 in dilute hexadecene solutions (1,
2.5, S, and 10%) and the precipitated regime revealed
scattering patterns consistent with spherical particles (Figure
3).

When examining the first minimum of each SAXS curve, we
observed a systematic shift toward lower q values as the
concentration increased from neat NPs to IONP-PIB at 10%
concentration.”” Specifically, the first minimum progression
followed the order IONP-PIB10% < IONP-PIBS% < IONP-
PIB2.5% < IONP-PIB1% < neat NPs. This shift is indicative of
the increase in particle core size with increasing concentration.

From the Guinier approximation in the lower g-range, the
radius of gyration (R,) obtained was between 33.2 and 55.76 A
for PIB1, and between 34.7 and 58.8 A for PIB2 (see Figure S2
and Table S1).

Assuming a homogeneous distribution of spherical particles
based on TEM, the radius calculated using formula 1% shows a
radius in the range of the previously obtained values from the
TEM.

D = 2\/§R
3 ¢ (1)

To determine the nanoparticle size in the samples in the
solution (Figure 3a,b), we evaluated the form factor F(q) by
fitting the scattering data with a spherical core—shell model®
(Figure S3). The parameters obtained from the fitted curves
are listed in Table S2. Our analysis confirmed an increase in
the average radius of nanoparticles with increasing PIB
concentration and/or molecular weight. The core radius values
were consistent with the sizes determined by TEM analysis.
The shell thickness, attributed to the oleic acid coating, varied
slightly between 1 and 1.23 nm.

For precipitate samples (Figure 3c,d), where IONP
interactions are important, we included structure factor S(q).
The sticky hard sphere model with Percus—Yevick closure
provided the best fit*® (Figure S4). Importantly, the results for
the nanoparticle size and shell thickness are closely aligned
with those obtained for the PIB nanocomposite in solution
(Table S2). This consistency suggests that there is no
significant variation in size distribution when extracting
IONPs with PIB using acetone, indicating that the extraction
process effectively preserves the nanoparticle characteristics.

Nanoparticles Spatial Arrangement. SAXS patterns also
provided insights into the spatial arrangement of IONPs within
the PIB matrix. We analyzed peak positions in the SAXS curves
of the PIB1 5% precipitate nanocomposite (Figure 3e). The
ratios of peak positions (q;, q,, g3, etc.) relative to the first peak
were calculated. The ratios of 4/1, 4/4, and \/ 9 suggested a
prominent lamellar arrangement. However, additional hidden
peaks (shoulders) at \/ 3, \/ 6, and \/ 19 indicated a potential
hexagonal arrangement superimposed on the lamellar
structure. The observed shoulders, especially those in g,
further supported this hypothesis. To investigate the hexagonal
arrangement, we calculated the lattice parameter g, represent-
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ing the center-to-center distance between adjacent cylinders,
using the scattering vector g;o (2) (corresponding to ql):37

_ 47
V3g, @)

a

The calculated lattice parameter was 14.51 nm for PIB2 at a
5% concentration. In comparison, measurements from TEM
images revealed an average distance of 14.85 nm between the
centers of adjacent nanoparticles, which appeared to be
arranged in hexagonal patterns. The close agreement between
the SAXS-derived lattice parameter and the TEM-measured
distance supports the consistency of the nanoparticle arrange-
ment across these different techniques. While TEM provides a
two-dimensional projection, revealing local arrangements,

SAXS offers insight into the three-dimensional structure of
the entire sample. The observation of hexagonal patterns in the
TEM images aligns with the SAXS data, suggesting a hexagonal
arrangement superimposed on a lamellar structure. While this
quantitative analysis was performed on the PIB2 sample,
qualitative examination of TEM micrographs and SAXS
patterns across all samples revealed similarities in structural
organization. The consistent presence of hexagonal-like
arrangements in TEM images, coupled with comparable
SAXS scattering profiles, strongly suggests that this ordered
nanostructure is a characteristic feature across the entire
sample series.

Chemical Composition and Crystallization. To fully
understand the physicochemical properties of nanoparticles, it
is essential to examine their crystalline structure and phase

https://doi.org/10.1021/acsapm.5c00457
ACS Appl. Polym. Mater. XXXX, XXX, XXX—XXX



ACS Applied Polymer Materials

pubs.acs.org/acsapm

Y
1

Intensity (a.u)

Intensity (a.u)

o PIB210% :
(o] PIB1S 10% e . PIB1S_5%
10* \\ ! Lamellar ph
., \ phase
- PIB1S 5% TN = \\_/ \
2™ b 2 Hexagonal phase | |[a
5 §10° :
S S :
102 §
T T . o, oo S o 0 217
102 A 10" 102 ) 1 0 1
9 q
b {...FB1 10% d PIB1S 10% f FesQ, r-Fe0, Fe;0,7-Fe;05
PIB15% _ \ PIB1 10% PIB2 10%
E PIB1S 5% “ ) RO W SO R I W= U
2z e \ \’“-«.—.... 2z PIB1 5% > PIB2 5%
2 2 ] 2
2 *, D ftemmrorrse N 9 T "
= e, £ PIBT 2.5% = PIB2 2.5%
) emsmarsmsbet e ey, v e T ]
PIE1 1% PIBZ 1%
. o : Lo PV . N

102 A 10" 102
q

40 41 42 43 44 45 46 40 41 42 43 44 45 46
2Theta (°) 2Theta (°)

Figure 3. SAXS patterns of PIB nanocomposites: PIB1 in (a) solution and (c) precipitate, PIB2 in (b) solution and (d) precipitate. (e) Lamellar
and hexagonal indexing on the PIB2 5%. (f) WAXS pattern of the peak of the plane (400) showing the coexistence of maghemite and magnetite at

higher concentrations.

composition alongside their morphological characteristics. The
Wide-Angle X-ray Scattering (WAXS) patterns indicated the
presence of maghemite (y-Fe,O;), which represents the fully
oxidized state of the IONPs. This composition was observed in
all samples of PIB1 and PIB2 nanocomposites at concen-
trations of 1, 2.5, S, and 10%, as well as in IONPs synthesized
without PIB, as shown in Figure S5a,b. This was confirmed by
the detection of characteristic peaks at (220), (311), (400),
(511), and (440), as identified by ICDD PDF card no. 04-025-
0576. At low 26 angles (below 25°), a prominent amorphous
peak was observed for all of the nanocomposite samples,
representing the characteristic peak of amorphous PIB
centered at 16°. Notably, for IONPs without PIB, this peak
shifted from 16 to 20°, corresponding to the peak of ordered
iron(oleate) molecules, as shown in Figure SSc. However, in
the highly concentrated PIB samples (PIB1 and PIB2 at 10%),
WAXS patterns revealed additional closely spaced peaks,
notably the (400) plane peak (Figure 3f). This indicates the
coexistence of magnetite (Fe;0,) alongside maghemite.’® The
coexistence of maghemite and magnetite indicates that IONPs
were not fully oxidized at high polymer concentrations. This
incomplete oxidation can be explained by the oxygen diffusion
limitation at higher polymer concentrations and longer chains,
as the appearance of magnetite peaks is more pronounced in
PIB1 than in PIB2.

Rheological Properties. Having established the synthesis
parameters and compositional profile of our nanocomposite,
we investigated its performance, starting with its rheological
properties. From the frequency sweep test (Figure S6), the
presence of IONPs within the PIB matrices led to remarkable
changes in the rheological behavior. These tests were
conducted on PIB1 and PIB2 nanocomposites at concen-
trations of 2.5, 5, and 10%, and were compared to heat-treated
PIB (PIB H), which was achieved by diluting 0.5 mL PIB in 10

mL of hexadecene and mixing it for 144 h before refluxing for
30 min. This assessment aimed to evaluate the influence of
IONP concentration, dispersion, and size on the storage
modulus (G’) and loss modulus (G”) for samples that
underwent the same heating process, which may improve
chain mobility, reduce viscosity, and potentially cause
degradation.

Tests at 1% concentration were omitted because of an
insufficient sample volume. Figure 4a shows a comparison of
the storage moduli of the PIB1 nanocomposites and heat-
treated PIB1. The ratio of G’ of the nanocomposite to that of
the heat-treated PIB revealed substantial enhancements,
particularly at a low frequency of 0.01 Hz. At this frequency,
the PIB1 nanocomposites showed increases in G’ by factors of
22, 13, and 3 at IONP concentrations of 2.5, 5, and 10%,
respectively. PIB2 nanocomposites exhibited even greater
enhancements, with G’ increasing by factors of 30, 16, and
13 at the same concentrations (see Figure 4b). Although the
influence of IONPs diminishes at higher frequencies owing to
accelerated molecular dynamics, significant modulus increases
are still observed. For PIB1, G’ increased by factors of 3, 2.5,
and 1.4 for the 2.5, 5, and 10% IONP concentrations,
respectively. PIB2 demonstrated similar trends with compara-
ble enhancement.

Glass Transition Temperature. In addition to their
mechanical properties, nanoparticles are known to affect the
thermal properties of polymers, including their glass transition
temperatures (T,). * To evaluate this effect, we employed
differential scanning calorimetry (DSC) to observe the changes
in the T, of the polymer matrix upon nanoparticle addition.
This phenomenon, often referred to as a nanoeffect, can
manifest as either an increase or decrease in T}, dependmg on
the specific interactions between the matrix and particles.”
the case of polyisobutylenes (PIB1 and PIB2), the DSC curves
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Figure 4. Rheological properties of the PIB nanocomposites. Comparison of storage modulus (G’) between PIB nanocomposites and heat-treated
PIB for (a) PIB1 and (b) PIB2 at various IONP concentrations. (c) IONP size and dispersion as a function of PIB chain length (horizontal) and
concentration (vertical). The four sections illustrate that the smallest IONPs were produced at the lowest PIB concentration and molecular weight,
while higher PIB concentrations and molecular weights yielded larger nanoparticles. Intermediate conditions result in nanoparticles of intermediate
sizes [Created in BioRender. Meftah, S. (2025) https://BioRender.com/c77k851]. All samples exhibit (d, e) a superparamagnetic behavior at 300
K.

obtained between —80 and 80 °C, as presented in Figure S7, which corresponded to T, This value aligns well with
revealed no sharp transitions. The most notable feature previously reported data for these materials.”” For the heated
observed was a subtle step in the heat flow at —68 °C, PIBs processed with hexadecene, DSC analysis revealed
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alterations in the thermal behavior. The observed T, at =79 °C
was lower than that typical for PIB, which may suggest that our
process thermally degrades the PIB by reducing polymer chain
length, therefore increasing their mobility. Additionally, a sharp
endothermic peak between 0 and 10 °C is attributed to the
melting of residual hexadecene, which has a melting point of
4—S5 °C. For the PIB nanocomposites, T, remained unchanged
compared to that of the heated PIB, indicating that the IONPs
did not have a significant effect. However, a sharp endothermic
peak appeared between —10 and 0 °C, which was lower than
the melting points of both pure oleic acid (13—14 °C) and
hexadecene (4—5 °C). The absence of distinct melting peaks
for these components, combined with the appearance of a new
peak at a lower temperature, strongly suggested the formation
of a eutectic mixture between oleic acid (from the IONP
coating) and residual hexadecene. This has been observed in
similar cases involving alkenes combined with fatty acids."'

Magnetic Properties. In addition to enhancing the
intrinsic properties of PIB, IONPs impart magnetic character-
istics to the nanocomposite. Both the isolated nanoparticles
and the resulting nanocomposites exhibited superparamagnetic
behavior at room temperature. This phenomenon was
characterized through the magnetization curves for all samples,
as depicted in Figure 4d,e, with panels (a) and (b) illustrating
the results for PIB1 and PIB2, respectively. The magnetization
curves revealed a lack of remanence and coercivity, which are
hallmark indicators of superparamagnetism at room temper-
ature. These findings are consistent with previously reported
properties of 10 nm maghemite particles*” and magnetite
particles™ observed at 300 K. The preservation of super-
paramagnetic behavior in the nanocomposites suggests that the
IONPs maintained their individual magnetic characteristics
within the PIB matrix, effectively transferring their unique
magnetic properties to the composite material. To further
investigate the practical applications of these nanocomposites,
their actuation behavior under magnetic stimuli was examined.
A video demonstration of the PIB2—10% nanocomposite’s
response to magnetic fields is provided in the Supporting
Information.

This video provides visual evidence of the nanocomposite’s
ability to respond to external magnetic fields, showcasing its
potential for various applications in smart materials and
actuator technologies. The observed superparamagnetic
behavior and magnetic actuation capabilities of these PIB
nanocomposites open up exciting possibilities for their use in
magnetic field sensors, magnetically controlled drug delivery
systems, magnetic separation technologies, magnetic resonance
imaging (MRI) contrast agents, and magnetically actuated soft
robotics.

B DISCUSSION

Based on our previous observations, we can establish a
relationship between the size of IONPs, PIB concentration,
molecular weight, and evolution of the storage modulus, all
based on the growth mechanism. We hypothesize that polymer
chain segregation further influences this relationship. Specifi-
cally, when the synthesis solution contained higher PIB
concentrations and molecular weights, larger IONPs were
produced following the thermal decomposition of iron oleate.
This can be attributed to the increased tendency of polymer
chain segregation under these conditions. PIB molecules are
more likely to segregate at higher concentrations and longer
chains, leading to a less uniform distribution of precursor

molecules throughout the reaction medium. According to this
reasoning, an increase in the PIB concentration and molecular
weight likely results in a higher concentration of growth species
(nuclei) in the reaction medium. Similar to the effects
observed with the solvent volume, higher nuclei concentrations
at the interface of the nuclei resulted in a shorter diffusion
distance and enhanced mass transfer, ultimately leading to a
higher growth rate. This scenario promoted the formation of
larger nanoparticles within the same growth period,™ as
illustrated in Figure 4c. In the case of low polymer
concentrations and low molecular weights, the precursor
molecules were more evenly dispersed throughout the reaction
medium. The reduced tendency for chain segregation further
enhances this uniform distribution because shorter polymer
chains with lower concentrations are less likely to aggregate or
form distinct domains. The resulting homogeneous environ-
ment reduces the likelihood of localized nucleus accumulation,
which in turn limits the availability of the growth species at any
given nucleation site. Consequently, the growth process
becomes more controlled and gradual, leading to the formation
of smaller nanoparticles.

This reasoning may also explain why the nanoparticles did
not oxidize completely when the concentration and molecular
weight of the polymer were high. We believe that under
conditions where localized nuclei accumulation regions are
formed from chain segregation, the diffusion of oxygen is
hindered. As a result, the nanoparticles are not fully oxidized,
leading to the coexistence of maghemite and magnetite phases,
as observed in the XRD pattern discussed previously (Figure
3f). Furthermore, the oxidation behavior of IONPs is
intrinsically linked to their size and surface properties. Fe**
ions at the nanoparticle surface are highly susceptible to
oxidation, and this susceptibility is inversely proportional to
the particle size. In coprecipitation-synthesized nanoparticles,
particles smaller than 20 nm tend to be fully oxidized to
maghemite (y-Fe,0;), while larger particles often exhibit a
core—shell structure with a magnetite (Fe;O,) core and an
oxidized maghemite shell.**

However, the thermal decomposition synthesis method
introduces additional factors that modulate oxidation. The
oleic acid coating and organic solvent likely serve a dual
purpose: they control the growth kinetics and provide a
protective barrier against oxidation. As a result, nanoparticles
with sizes of approximately 11 nm still tend to maintain a
lattice structure that more closely resembles that of magnetite,
suggesting the formation of a core—shell configuration. This
protection is particularly significant when compared to
coprecipitation-synthesized nanoparticles, which lack such
coatings and are more vulnerable to oxidation in aqueous
environments.”> Specifically, for IONPs synthesized at high
PIB concentrations, we observed an interesting phenomenon.
Higher PIB concentrations (10%) appeared to create a more
oxygen-restrictive environment, potentially through increased
solution viscosity or by the formation of a physical barrier
around the growing nanoparticles. This restriction of oxygen
diffusion, combined with the protective effects of oleic acid and
organic solvent, results in nanoparticles with incomplete
oxidation. Importantly, when comparing IONPs synthesized
at 5 and 10% PIB concentrations, we observed that the particle
sizes were close, as evidenced by the plateau in Figure 3f.
Despite this similarity in size, the 10% PIB sample showed
incomplete oxidation, whereas the 5% sample was fully
oxidized. This observation allowed us to isolate the effect of
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the PIB concentration or molecular weight on the oxidation
process, distinguishing it from the effects of oleic acid, organic
solvent, and nanoparticle size.

The enhancement of G’ in PIB nanocomposites, compared
to heat-treated PIB, reveals an interplay among polymer
molecular weight, nanoparticle size, and nanoparticle—polymer
interactions. Theoretically, higher-molecular-weight polymers
are expected to exhibit higher G" due to their increased chain
entanglements, which contribute to a stiffer network. Indeed,
PIB1 has a significantly higher entanglement factor (~95)
compared to PIB2 (500 kDa, entanglement factor of ~48),
even after heat treatment, as shown in Figure S6gh. However,
with the presence of IONPs at identical concentrations, PIB2
demonstrated a much larger increase in G'.

This unexpected behavior can be explained by considering
the effect of the nanoparticle size. In PIB2, the nanoparticles
are smaller than those in PIB1, leading to a larger surface area
for polymer—nanoparticle interactions. This increased surface
area enhances the strength of these interactions, creating a
denser polymer—particle network that compensates for PIB2’s
lower entanglement density. In contrast, the larger nano-
particles in PIB1 provide less surface area for interaction,
limiting the reinforcement provided by the nanoparticles,
despite the higher polymer entanglement. Thus, the superior
increase in G’ observed in PIB2 is primarily driven by the size
effect of the smaller nanoparticles, which leads to stronger
polymer—nanoparticle interactions.

Furthermore, when samples with constant molecular weight
are examined, variations in mass fraction significantly influence
the mechanical properties. As the mass fraction of nano-
particles increases (corresponding to lower polymer concen-
trations), a greater enhancement in G’ is often observed. This
is attributed to a higher number of polymer—nanoparticle
interfaces and an increased likelihood of forming intercon-
nected networks within the polymer matrix.

The significant enhancement in the storage modulus of PIB
upon the incorporation of oleic acid-coated IONPs without a
corresponding change in T, presents an intriguing phenomen-
on. The increase in the storage modulus suggests that IONPs
effectively reinforce the PIB matrix by creating physical
constraints within the polymer structure. These well-dispersed
nanoparticles restrict the large-scale motion of the polymer
chains under stress, leading to improved stiffness and
mechanical properties. However, the unchanged T, indicates
that the local segmental mobility of the PIB chains remained
largely unaffected. This can be attributed to the oleic acid
coating on the IONPs, which ensures good nanoparticle
dispersion but creates a barrier that limits the direct
interactions between the iron oxide core and polymer chains,
thereby preserving the short-range dynamics responsible for
the glass transition in this amorphous polymer.

B CONCLUSIONS

In summary, this study presents a method for synthesizing
magnetic nanocomposites by embedding IONPs in a PIB
matrix. Our approach addresses the challenges associated with
achieving uniform dispersion and low polydispersity in
nanoparticle size and shape. By optimizing synthesis
parameters, such as PIB concentration and molecular weight,
we successfully produced IONPs with consistent size
distribution and satisfactory dispersion within the PIB matrix.
The application of various analytical techniques, including
DLS, TEM, SAXS, and WAXS, has provided valuable insights

into the quality of the resulting nanocomposites. These
analyses indicated that our method can produce well-dispersed
nanoparticles with minimal variation in size and shape. Our
DSC results suggested that the observed shift in T, was
primarily influenced by the heating process rather than the
presence of IONPs, indicating that the nanoparticles do not
significantly affect the molecular mobility of the PIB matrix.
Additionally, the enhancement in G’ observed in our
rheological studies supports the notion that effective nano-
particle dispersion can contribute to a drastic improvement in
mechanical strength. Future efforts could consider incorporat-
ing poly(ethylene oxide)-block-poly(isobutylene) (PEO-b-PIB)
into nanocomposite systems to further enhance material
properties. Previous studies have shown that PEO-b-PIB can
interact with hydrophobically modified Fe,O; nanoparticles to
form hierarchical structures at interfaces.*® This strategy holds
the potential for improving properties, such as water resistance
and mechanical durability. However, further investigation is
required to assess the feasibility and long-term impact of such
approaches. Overall, we hope that our research contributes to
the ongoing exploration of polymer nanocomposites process-

ng.

B MATERIALS AND METHODS

Materials. All of the materials were used as purchased without
further purification. Iron(Il) chloride (FeCly;-6H,0, 99%, VWR),
sodium oleate (97.0%, TCI), 1-hexadecene (for synthesis, Sigma-
Aldrich), oleic acid (technical grade, 90%, Sigma-Aldrich), poly-
isobutylene (average M,, ~ 1,000,000, M, ~ 600,000, PDI ~ 1.67,
Sigma-Aldrich), and polyisobutylene (average M,, ~ 500,000, M, ~
200,000, PDI ~ 2.5, Sigma-Aldrich) were used.

Iron(Oleate); Precursor Synthesis. The synthesis, as explained
in previous papers,'®"” involves a double-displacement reaction
between sodium oleate and iron(III) chloride.

Iron Oxide Nanoparticles Synthesis. 7 nm oleic acid-coated
iron oxide nanoparticles were synthesized by the thermal decom-
position of iron(oleate), as reported previously.'” Briefly, 1.6 mmol
of iron oleate (Fe-oleate) and 0.8 mmol of oleic acid were dissolved in
hexadecene (10 mL) in a 250 mL round-bottom flask, and the
mixture was stirred for 10 min. The solution was then heated under
reflux at 274 °C for 30 min to promote the thermal decomposition of
iron(oleate);. This thermal treatment caused the solution to turn
black, indicating the formation of iron oxide nanoparticles. Upon
completion of heating, the solution was allowed to cool to room
temperature, during which it remained black. Acetone was added to
the cooled solution to precipitate the nanoparticles. The oleic acid-
coated iron oxide nanoparticles were then collected using a magnet to
separate them from the solution. This magnetic separation method is
effective because of the magnetic properties of the iron oxide
nanoparticles.

Polyisobutylene/lron Oxide Nanocomposite Synthesis.
Polyisobutylene incorporated with oleic acid-coated iron oxide
nanoparticles was synthesized using a method similar to that used
for the nanoparticles alone, with the addition of PIB dissolved in
hexadecene. x mL of PIB was dissolved in 8 mL of hexadecene in a
250 mL round-bottom flask, and the mixture was stirred for 72 h to
ensure complete dissolution. Subsequently, 1.6 mmol of iron oleate
and 0.8 mmol of oleic acid were added to the PIB-hexadecene
solution, along with an additional 2 mL of hexadecene. The mixture
was stirred for an additional 72 h to allow for thorough dispersion of
the iron precursors and surfactants. The solution was then heated
under reflux at 274 °C for 30 min. When acetone was added to the
cooled solution to precipitate the nanoparticles, a hydrophobic gel
layer was formed around the nanoparticles owing to the presence of
the PIB.

Studied Samples. Eleven samples were prepared to comprehen-
sively investigate the synthesis and properties of polyisobutylene
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(PIB) and iron oxide nanoparticle (IONP) nanocomposites; (1)
IONPs without PIB synthesized as a reference, without polyisobu-
tylene in the solution. (4 X 2) of PIB concentrations in hexadecene.
Two PIBs, PIB1 with a molecular weight of 1000 kg/mol and PIB2
with a molecular weight of 500 kg/mol, were each used at the
following concentrations in 10 mL of hexadecene (see Table 1). (2)
Heat-treated PIB samples PIB1 (PIB1 H%) and PIB2 (PIB2 H) were
subjected to reflux conditions in hexadecene to simulate the thermal
treatment used during nanoparticle synthesis.

Density and Mass Fraction. The mass fraction of the
nanoparticles within the PIB matrix was determined by measuring
the density of the treated PIB and that of the corresponding
nanocomposites. For each sample, the mass was measured three times
in air and three times in ethanol. The density (p) was calculated using
formula 3:

average mass in air X density of ethanol

average mass in air — average mass in ethanol 3)

The density of the oleic acid-coated maghemite nanoparticles was
estimated using small-angle X-ray scattering data, which provided the
particle radius and shell thickness. Using the density of treated PIB as
a reference, along with the estimated density of oleic acid-coated
maghemite and the measured density of the nanocomposites, the
mass fraction of nanoparticles (w,,) was calculated according to eq 4:

(Z - Z) 4)

where p_ is the density of the nanocomposite, p, is the density of the
treated PIB, and p,, is the estimated density of the oleic acid-coated
maghemite (more details are provided in Section SI 1).

Dynamic Light Scattering (DLS). Dynamic Light Scattering
measurements were conducted by using a Litesizer 500 Anton Paar
particle size analyzer (Anton Paar France, Courtabeouf, France) to
determine the average hydrodynamic diameter of iron oxide
nanoparticles in polyisobutylene. The synthesis solution was diluted
with toluene in a ratio of 1:100 (100 uL synthesis solution in 10,000
uL toluene). Measurements were performed in a PCS111S glass
cuvette at a temperature of 273.15 K. The instrument was operated
with a laser wavelength of 658 nm (single-frequency laser diode) and
a detection angle of 175°. The medium viscosity and refractive index
are 0.8903 mPa-s and 1.3303, respectively.

Transmission Electron Microscopy (TEM). Transmission
Electron Microscopy was performed using a JEOL 2100F instrument
operated at an acceleration voltage of 200 kV. Carbon-coated 200
mesh grids were used to collect the samples for analysis. A drop of the
synthesis solution was deposited onto the TEM grid without washing
to analyze the actual size distribution without any selection bias.
Particle sizes were determined by measuring at least 500 nanoparticles
per sample using the Image] software."”

Wide-Anglea X-ray Scattering (WAXS). Wide-Angle X-ray
Scattering studies were conducted using a Bruker D8 Advance X-ray
diffractometer to investigate the crystallization of iron oxide
nanoparticles within polyisobutylene. The X-ray wavelength was
0.1542 nm, and the instrument was operated at 30 kV and 40 mA.
Scanning was performed over the 20 range of 10—70° with
increments of 0.02°.

Small-Angle X-ray Scattering (SAXS). Small-Angle X-ray
Scattering measurements were performed to determine the shape,
size, and organization of the polyisobutylene/iron oxide nano-
composite samples in the solution and Semi-gel states. SAXS
experiments were conducted using a Xenocs Xeuss 2.0 SAXS
instrument with Cu Ka radiation source (4 = 1.54189 A). For the
solution samples, the material was placed in a capillary tube, whereas
for the semi-gel samples, a small portion was affixed to a sample
holder. The measurements were performed at room temperature with
an exposure time of 150 s for each sample. Scattering data were

collected over a g-range of 0.01—0.3 A™". The sample-to-detector
distance was set at 0.698 m. Data analysis, including background
correction with a constant of 0.00015 and reduction using a factor of
0.1, was performed using the SASView software package to extract
information about particle size, shape, and distribution.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry was conducted to investigate the glass transition
temperature of the synthesized polyisobutylene/iron oxide nano-
composites. The analysis used a DSC Q200 instrument with the
version 24.11 Build 124 software. DSC thermograms were recorded in
the temperature range 183—363 K at a heating rate of 2 K/min. For
sample preparation, approximately 1.3 mg of the product was placed
in a Tzero Aluminum Hermetic pan, and measurements were carried
out under a nitrogen atmosphere.

Rheological Measurements. Rheological measurements were
performed by using a Physica MRC 301 rheometer with parallel plate
geometry, maintaining a 2 mm gap between the plates. The tests were
performed at a constant temperature of 298.15 K. An amplitude
sweep test was first conducted at a frequency of 1 Hz with
deformations ranging from 1 X 1075 to 0.01, to determine the linear
viscoelastic region. Subsequently, a frequency sweep test was
performed for all samples from 0.01 to 10 Hz with a constant
deformation of 0.1%. Each sample, weighing 0.1 g, was analyzed three
times by testing three different portions of the sample. The tested
materials included polyisobutylene and a polyisobutylene/iron oxide
nanocomposite.

Vibrating Sample Magnetometer (VSM). Magnetic measure-
ments were conducted by using a vibrating sample magnetometer
from Quantum Design with fields up to 1 T to measure the
magnetization curves at 300 K for all samples. The magnetic
properties of the nanocrystals were measured at room temperature.
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Conclusion

This PhD research has delved into the intricate interplay between the synthesis, properties,
and applications of iron oxide nanoparticles, and their incorporation into polymer nanocom-
posites, particularly with a polyisobutylene matrix. The overarching aim has been to achieve
precise control over nanoparticle characteristics while ensuring effective integration into the
polymer matrix to address challenges in modern materials science and engineering.

At the heart of this work lies the exploration of IONPs, from their crystalline structure
and magnetic properties to their synthesis and functionalization. The study underscores
the critical relationship between structural attributes—such as size, shape, and surface
chemistry—and their functionality in diverse applications. Through a systematic evaluation
of various synthesis methods, including thermal decomposition and modifications involving
tailored precursors and ligands, this research achieved significant control over nanoparticle
size and dispersion. These findings highlight the impact of precursor and ligand chemistry on
nanoparticle formation, demonstrating the ability to produce particles with specific diameters
and properties. Moreover, novel nanoparticle shapes, such as triangular maghemite, were
synthesized, providing insights into the mechanisms governing their growth and presenting
new opportunities to investigate their unique magnetic behaviors.

In parallel, this study has advanced the understanding of polymer nanocomposites,
emphasizing the complex interactions between matrix materials, nanofillers, and their
interfaces. By embedding IONPs into a PIB matrix, a novel approach was developed to
overcome persistent challenges such as nanoparticle agglomeration and polydispersity. The
optimized synthesis protocol ensured uniform dispersion and consistent nanoparticle size
within the matrix. Analytical techniques such as transmission electron microscopy, dynamic
light scattering, and X-ray scattering revealed the effectiveness of this approach, providing
insights into the structural and morphological properties of the resulting nanocomposites.

The mechanical and thermal properties of the nanocomposites were rigorously evaluated
to elucidate the role of nanoparticles in enhancing polymer performance. Rheological studies
revealed an increase in the storage modulus, demonstrating improved mechanical strength
due to effective nanoparticle dispersion. Interestingly, differential scanning calorimetry
results suggested that the nanoparticles had minimal impact on the molecular mobility
of the PIB matrix, as evidenced by the lack of significant changes in the glass transition
temperature. These findings reinforce the importance of achieving a balance between
nanoparticle dispersion and matrix integrity to optimize composite performance.

This work also sheds light on the potential of nanoparticle-functionalized polymers for
advanced applications. The study’s exploration of ligand chain lengths and their impact on

nanoparticle interactions within the polymer matrix offers valuable insights for tailoring
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interparticle distances and achieving ordered superstructures. Such advancements open
new avenues for designing materials with tunable properties, particularly in fields requiring
lightweight and strong materials, controlled magnetic behavior, or enhanced thermal and
mechanical properties.

In conclusion, this research bridges the gap between nanoparticle synthesis and poly-
mer nanocomposite design, providing a comprehensive understanding of how synthesis
parameters, nanoparticle properties, and polymer interactions influence the final material’s
performance. The findings not only contribute to the fundamental understanding of nanopar-
ticle growth and polymer nanocomposite processing but also lay the groundwork for future
developments in nanotechnology and materials science. By addressing key challenges and
proposing innovative solutions, this work paves the way for the development of advanced

materials tailored to meet the evolving demands of modern technologies.
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Perspectives

Opportunities for Further Exploration

While our work demonstrates the successful synthesis of oleic acid-coated iron oxide nanopar-
ticles uniformly dispersed in a polyisobutylene matrix, there remain several promising av-
enues for further exploration to deepen our understanding of nanocomposite behavior
and improve synthesis methods. These efforts could provide valuable insights into struc-
ture—property relationships and enable the development of tailored materials for advanced
applications.

One particularly intriguing direction is the in-situ synthesis of iron oxide nanoparticles
directly within the PIB matrix using surface chemistries with alternative ligands, such as
octanoic and dodecanoic acids, as discussed in Chapter 3. Ligand chain length plays a
critical role in determining nanoparticle dispersion, interfacial adhesion, and interphase
properties. Shorter-chain ligands, such as octanoic acid, may promote stronger interfacial
adhesion between the nanoparticles and the polymer matrix due to reduced steric hindrance,
potentially enhancing mechanical properties such as stiffness and toughness. Conversely,
longer-chain ligands like dodecanoic acid could introduce steric effects or increase flexibility
at the interphase, influencing nanoparticle packing density and overall composite behavior. By
systematically varying ligand chain length during synthesis, it would be possible to investigate
how these structural changes impact key material properties, such as load transfer efficiency,
fracture toughness, and magnetic behavior.

In addition to ligand chemistry, there is significant potential to refine the synthesis process
itself. The current method relies on precursors that decompose at elevated temperatures,
which can lead to polymer degradation during nanoparticle formation. Exploring alternative
precursors that decompose at lower temperatures could minimize this degradation and
preserve the integrity of the polymer matrix. For example, precursor systems designed for
mild thermal decomposition or chemical reduction could be investigated to reduce thermal
stress on PIB during nanoparticle formation. Alternatively, employing polymers with higher
thermal stability could expand the range of processing conditions while maintaining matrix
compatibility. This approach would allow for greater flexibility in tailoring nanocomposite
properties without compromising polymer performance.

Furthermore, combining these advancements—optimized ligand chemistries and im-
proved synthesis methods—could enable deeper exploration of interphase phenomena in
nanocomposites. The interphase region is often considered a "third material" distinct from
both the nanoparticle core and polymer matrix, with unique mechanical and chemical prop-

erties that dominate overall composite behavior. By systematically tuning ligand chain length
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and synthesis conditions, future studies could investigate how interphase thickness, stiff-
ness gradients, or chemical composition influence macroscale properties such as toughness,

elasticity, or magnetic response.

Numerical Modeling of Nanocomposites: A Roadmap for Interphase

Decoding

The nanocomposites we have developed represent an exciting experimental achievement
that could serve as a model system for understanding interphase phenomena. By addressing
key challenges such as nanoparticle agglomeration and polydispersity, we have created a
reproducible nanocomposite system with well-defined parameters. This system could form
the foundation for future theoretical and computational studies. While our work primarily
focuses on the experimental synthesis and characterization of these nanocomposites, their
unique features open the door for numerical modeling approaches that link nanoscale
interactions to macroscopic properties.

Because of the complexity of the interphase region, a complete understanding of nanocom-
posites requires both macro- and nanoscale analyses [1]. Experimental techniques are gener-
ally effective at capturing macroscopic properties, but they often lack the resolution needed
to fully characterize the intricate nanoscale features of the interphase. These limitations in
spatial and temporal resolution make numerical modeling a crucial tool for bridging the gap.
Multiscale modeling, which integrates different numerical approaches across multiple length
and time scales (Figure 6.17, provides a more detailed view of the interphase and its effect

on the overall properties of nanocomposites [2] [3].
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Figure 6.17 — Multiscale Modeling Hierarchy in Materials Science: Time and Length Scales [4].

At the atomic scale, quantum mechanics (QM) simulations can help elucidate the bonding
mechanisms between functionalized nanoparticle surfaces and polymer chains, shedding light
on interfacial adhesion. Molecular dynamics (MD) simulations offer insights into polymer
chain mobility and packing density near nanoparticle surfaces, helping to understand how
interphase stiffness and thickness emerge from nanoscale interactions. By using parameters
derived from our experimentally synthesized nanocomposite system, such as nanoparticle
size, shape, and dispersion quality, these simulations can closely mirror real-world conditions.

To bridge the gap between atomic and macroscopic scales, coarse-grained (CG) models
can be used to efficiently simulate nanoparticle-polymer interactions while retaining essential
physical behaviors. These models can predict stress distribution, dispersion stability, and
the impact of nanoparticle geometry on mechanical performance. Finite element modeling
(FEM) further extends these insights by incorporating interphase properties from MD and
CG simulations into a continuum mechanics framework, enabling the study of stress transfer
and deformation behavior at the macroscale.

By systematically varying parameters such as nanoparticle spacing relative to interphase

thickness, numerical modeling can help establish design rules for optimizing nanocomposite
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performance. Our ability to produce nanocomposites with controlled nanoparticle geome-
try, size uniformity, and agglomeration-free dispersion makes them an ideal experimental
benchmark for validating theoretical predictions. Combining precise experimental systems
with advanced numerical modeling could lead to a deeper understanding of how interphase
regions influence properties such as stiffness, toughness, and load transfer efficiency.
While much remains to be explored, this integrated approach holds significant potential
for advancing the field of nanocomposites. By leveraging both experimental and compu-
tational insights, we can develop new design strategies for nanocomposites optimized for

applications in structural materials, magnetic systems, and beyond.
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Résumé

Comprendre les mécanismes de synthése et de croissance des nanoparticules est crucial pour obtenir
un contrdle précis de leur taille, de leur forme et de leur chimie de surface, qui sont essentiels pour
leur intégration dans des nanocomposites polyméres. Ce travail explore la synthése par décomposition
thermique des nanoparticules d’oxyde de fer (IONPs), en mettant 'accent sur le réle des différents
précurseurs (oléate, dodécanoate, octanoate) dans I'ajustement des propriétés des nanoparticules.
Une attention particuliére est portée aux défis de robustesse, en soulignant comment la sélection des
précurseurs et les conditions de synthése influencent la morphologie et le controle de la forme des
nanoparticules. Parallelement, la synthese in situ des IONPs au sein d’une matrice de polyisobutyléne
(PIB) est étudiée, en examinant 'auto-assemblage des nanoparticules, leur dispersion et leur impact
sur les propriétés mécaniques et fonctionnelles du nanocomposite résultant. La combinaison de la
nature hydrophobe du PIB et du comportement superparamagnétique des IONPs ouvre des perspectives
d’applications dans la détection et 'actionnement. En apportant des éclairages fondamentaux sur la
croissance des nanoparticules, le contréle de leur forme et les interactions polymeére-nanoparticules,
cette étude contribue a 'avancement du développement de nanocomposites polymeres robustes et a
haute performance.

Mots clés:Nanoparticules d’oxyde de fer, Mécanismes de synthese, Contréle de taille, Défis de

robustesse, Nanocomposites polymeres, Propriétés mécaniques.

Abstract

Understanding the synthesis and growth mechanisms of nanoparticles is crucial for achieving controlled
size, shape, and surface chemistry, all of which are essential for their integration into polymer nanocom-
posites. This work investigates the thermal decomposition synthesis of iron oxide nanoparticles (IONPs),
focusing on the role of different precursors (oleate, dodecanoate, octanoate) in tailoring nanoparticle
properties. Particular attention is given to robustness challenges, highlighting how precursor selection
and synthesis conditions influence nanoparticle morphology and shape control. In parallel, the in
situ synthesis of IONPs within a polyisobutylene (PIB) matrix is explored, examining nanoparticle
self-assembly, dispersion, and their impact on the mechanical and functional properties of the resulting
nanocomposite. The combination of PIB’s hydrophobic nature and the superparamagnetic behavior of
IONPs offers potential applications in sensing and actuation. By bridging fundamental insights into
nanoparticle growth, shape control, and polymer-nanoparticle interactions, this study advances the
development of robust, high-performance polymer nanocomposites.

Keywords: Iron oxide nanoparticles, Synthesis mechanisms, Size control, Robustness challenges, Poly-

mer nanocomposites, Mechanical properties.
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