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Abstract
Ferromagnetism and ferroelectricity are seemingly two orthogonal physical properties
that may not coexist in a single compound. The discovery of coupling between polarization and
magnetization has brought a promise for novel multi-functional materials. Realization of
multiferroic materials that exhibit a magneto-electric coupling, i.e. the ability to influence the
electric polarization by a magnetic field and vice versa, has led to worldwide research interest.
Nanocomposites of organics namely ferroelectric polymers (copolymer of vinylidene
fluoride and trifluoroethylene, abbreviated as P(VDF-TrFE)) with inorganic metal ferrite
magnetic nanoparticles (MNPs) is an interesting approach to realize a multiferroic material.
However, several challenges have limited advancement of multiferroic polymer nanocomposites;
I) Thin film processing of the P(VDF-TrFE) polymers leads to the rough and pours structure
which results in low functional device yield and high leakage current. II) Synthesize of
monodisperse MNPs with optimum size and decent magnetic properties. III) Uniform dispersion
of the nanoparticles by preventing agglomeration and phase separation of the MNPs within the
P(VDF-TrFE) matrix. Therefore, in realizing the multiferroic polymer nanocomposite thin films,
many come into play, which requires systematic addressing.
This thesis provides a detailed study on the synthesis of the constituents of the
nanocomposite, i.e. MNPs, and addresses the aforementioned challenges regarding thin-film
processing, achieving uniform MNP dispersion, and demonstrates coexistence of both
ferroelectric and ferromagnetic properties at room-temperature. This work begins with the
synthesis of truly monodisperse superparamagnetic (Fe3O4) and ferromagnetic (CoxFe3-xO4)
nanoparticles using thermal decomposition technique, and explores the effect of different
reaction parameters on physical and chemical properties of MNPs to obtain the optimum
synthesis condition and magnetic properties. Then the surface of the MNPs (both
superparamagnetic and ferromagnetic) is modified as such to allow for grafting polymer chains
from the surface of the nanoparticle by Surface Initiated Atom Transfer Radical Polymerization
(SI-ATRP). The polymer shell is chosen so that agglomeration of the modified-MNPs inside
polymer matrix is circumvented. The resulting MNPs-P(VDF-TrFE) nanocomposite thin films
shows both remanent/saturation polarization and magnetization and electric/magnetic coercive
fields at room-temperature.
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Chapter 1

Introduction and Outline
1.1

Motivation
Ferromagnetism, the spontaneous bistable ordering of the spin of electrons in magnetic

field, typically occurs in certain metals, whereas ferroelectricity, the spontaneous bistable
ordering of electrical dipoles in an electric field, occurs in certain dielectrics. The polarization
(magnetization) can be switched by application of an electric (magnetic) field, as schematically
shown in Figure 1.1.

Figure 1.1 Ferroelectric, ferromagnetic and multiferroic materials. The hysteresis loops of the polarization (P) and
the magnetization (M) in a ferroelectric and a ferromagnetic material, as a function of electric and magnetic field,
respectively, are represented in yellow and blue. In a multiferroic material, the existing coupling allows to control a
magnetic polarization by applying an external electric field, or vice versa. The image has been adapted from
reference [1].
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Based on the classical Maxwell equations the scientific community was convinced that

ferroelectricity and ferromagnetism are two mutually exclusive properties that cannot coexist in a
single material. Nonetheless, there can be a weak interaction between ferroelectricity and
ferromagnetism. The coupling that allows to control a magnetic polarization by applying an
external electric field, or vice versa, the so-called magneto-electric (ME) effect, was noted in the
1960’s.2 Experimental verification turned out to be a challenge, and the field remained static
until early 2000.
Multi-ferroics are scarce materials because the mechanisms for ferroelectricity and
ferromagnetism have different origins. Ferroelectricity results from relative shifts of positive and
negative ions, that induce spontaneous electrical polarization, whereas in ferromagnets ordering
of electrons’ spin in incomplete shells induces magnetization.3 It is highly unlikely that these
mechanisms are simultaneously operative in a single compound. The field took off again in
20034-5 with the discovery of ferroelectric polarization in epitaxially grown thin films of the
ferromagnetic BiFeO36 and with the discovery of magneto-electric coupling in TbMnO37 and
TbMn2O5.8 The coupling however usually existed at low temperatures which was not useful for
practical applications.9-10 The search for a room-temperature multiferroic is on-going.
Utilizing composite materials of two magnetic and ferroelectric phases is a promising
way to obtain high magneto electric (ME) effect at room temperature. ME composites can be
categorized into two main groups: ceramic- and polymer-based.11 Although ceramic-based ME
composites reveal ME coefficients three orders of magnitude higher than the ones present in
polymer-based ME materials,12-13 piezoelectric ceramics are dense, fragile and might be limited
by reactions at the interface regions, causing higher dielectric losses.14-15 In contrast, such flaws
are absent in highly flexible and non-brittle polymer-based ME nanocomposites and they have
facile, cheap, low-temperature, and scalable production methods compatible with industrial
requirements.14-15 Three main types of magnetoelectric polymer-based composites can be found
in the literatures: nanocomposites, polymer as a binder, and laminated composites.14 Despite the
lower ME effect in polymer nanocomposites (ferroelectric polymer and magnetic nanoparticles),
its flexibility, simple fabrication, easy shaping, possibilities of miniaturization, large uniform
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area production, and the absence of degradation at the interface are obvious advantages of ME
polymer nanocomposites.9, 14, 16
Composites of organics namely ferroelectric polymers with magnetic nanoparticles
(MNPs) can be an interesting system for the study of multi-ferocity. The most commonly used
ferroelectric is poly(vinylidenefluoride) (PVDF) or its random copolymer with trifluoroethylene
(P(VDF-TrFE)), Figure 1.2. They are applied in piezo sensors and actuators and are presently
being investigated as active components in ferroelectric memory for data storage.17-19 Metal
ferrite MNPs or spinel ferrite (MFe2O4 where M is a divalent transition metal, M= Fe, Co, Ni,
Zn) is one of the most promising candidates to be applied as a magnetic part in multiferroic
nanocomposites due to its ease of synthesis, its low cost and the good magnetic properties.9, 14 In
addition, the magnetic properties of the nanoparticles can be tuned by changing the size, shape or
stoichiometry.

Figure 1.2 Chemical structures of the homopolymer PVDF and the random copolymer P(VDF-TrFE).

The number of papers on organic multiferroic composites however is very limited.10, 14, 2024

A possible reason for this hesitation could be the presumption that strain is required for the

coupling of the two separated ferroelectric and ferromagnetic phases. In organic composites and
thin-films strain is absent; therefore, this field has so far been overlooked. However, there are
indications for non-zero coupling.14 Moreover, the limited previous attempts have not been
successful for some reasons. Firstly, solution processing of PVDF polymers at room temperature
results in a polymer phase which is paraelectric, not ferroelectric.25 Beside that, thin film
processing of the PVDF polymers leads to the rough and pours structure which results in low
functional device yield and high leakage current. Secondly, it is challenging to synthesize
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monodisperse magnetic nanoparticles (MNPs) with optimum size, low poly dispersity index
(PDI<10%) and decent magnetic properties. Thirdly, the surface of nanoparticles has to be
functionalized to allow solution processing of smooth thin film. Agglomeration and eventually
phase separation of the MNPs within the P(VDF-TrFE) matrix is the long standing issue. It has
been well recognized that the aggregation and inhomogeneity of nanoparticles are the main
reasons resulting in deterioration of electrical properties in polymer nanocomposites thin films.
In addition, in composite systems the magnetoelectric effect arises from a mechanical coupling
between a magnetostrictive and a piezoelectric phase. In order to enhance this coupling the
interfacial area between the two phases should be maximized. This can be accomplished with
homogenously distributed nanoparticles inside ferroelectric matrix, which have a large surface to
volume ratio. Therefore, it is necessary to prevent phase separation and aggregation of MNPs
inside the polymer matrix. Surface modification of nanoparticles is an efficient way to avoid
aggregation inside polymer matrix and improve compatibility. However, until now surfactants
have been used that are not compatible with PVDF polymers.

1.2

Objectives and outline of this work
In developing multi-phase material systems, many variables like nanocomposite

processing technique, synthesis and optimization of the constituent phases as well as their
implementation into polymer matrix come into play. Only by addressing each step
systematically, a new material with novel properties can be developed. The main objective of
this research work is to develop a new type of ME polymer-based nanocomposites thin films
with ferroelectric polymer and ferromagnetic/superparamagnetic nanoparticles as fillers. Many
phases from initial step of synthesis to application are systematically studied and then combined,
culminating in these nanocomposite materials.
This work begins with the synthesis of truly monodisperse superparamagnetic (Fe3O4)
and ferromagnetic (CoxFe3-xO4) nanoparticles with different size and composition by thermal
decomposition technique. Thermal decomposition is a heat-up synthesis technique in which a
precursor decomposes in a high boiling point solvent in the presence of surfactants and reducing
agent. We systematically investigate the effect of different reaction parameters on physical and
chemical properties of MNPs to obtain the optimum condition. Then the surface of the
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nanoparticles (both superparamagnetic and ferromagnetic) is modified as such to allow for
grafting polymer chains from the surface of the nanoparticle by Surface Initiated Atom Transfer
Radical Polymerization (SI-ATRP). In the next step, we outline how the MNPs aggregation
inside polymer matrix can be circumvented by grafting polymers of methyl methacrylate (MMA)
from the surface of both superparamagnetic and ferromagnetic nanoparticles. We chose PMMA,
since it is miscible with VDF polymers (as a ferroelectric phase in the nanocomposite) and
thermodynamically stable at all compositions due to the dipole/dipole interaction between the
>CF2 groups of P(VDF-TrFE) and the >C=O groups of PMMA and to the hydrogen bonding
between the double bonded oxygen of the carbonyl group and the acidic hydrogen of the –CH2CF2- group.25 Then, by modifying thin film processing condition, we obtain smooth and pin-hole
free thin films of homogeneously dispersed MNPs inside PVDF or P(VDF-TrFE), as
schematically shown in Figure 1.3.

Finally, the ferroic properties of the hybrid films of

MNPs/P(VDF-TrFE) in different loadings are characterized in capacitors. The hysteresis loops
are measured and the remanent/saturation polarization, remanent/saturation magnetization and
electric/magnetic coercive fields are determined as a function of nanoparticle content.

MNP

P(VDF-TrFE)
Substrate
Figure 1.3 MMA-grafted MNPs homogeneously dispersed in a PVDF or P(VDF-TrFE) thin film (not to scale).

This thesis outlines how ultra-smooth P(VDF-TrFE) thin-films can be prepared, how the
nanoparticle aggregation problem can be circumvented using chains of MMA as a polymer shell
for the MNPs, and how thin films of homogeneously dispersed MNPs in PVDF or P(VDF-TrFE)
can be obtained. This dissertation is mainly focused on the development of the required materials
for the proposed multiferroic polymer nanocomposite. Hence, majority of the work is centered
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about synthesis and modification of the MNPs and proper characterizations of the
nanocomposites thin films. This dissertation is organized as follows:
Chapter 2: Background
In this chapter the theoretical background regarding multiferroic, ferroelectric,
ferromagnetic, synthesis of nanoparticles and surface polymerization are given.
Chapter 3: Synthesis and Characterization of Iron Oxide Nanoparticles
In this chapter, we present theoretical and experimental studies on the synthesis of iron
oxide nanoparticles using thermal decomposition route. We systematically investigate different
synthesis parameters to achieve nanoparticles with well-controlled size and with low
polydispersity index (PDI), below 10%. In addition, we have fully characterized the chemical,
physical and magnetic properties of the nanoparticles. This chapter contains three different
sections, which cover all the aforementioned topics.
In the first section, we present a combined experimental and theoretical study on the
influence of the reaction heating rate on crystal growth, size, and monodispersity of iron-oxide
nanoparticles. Using numerical calculations based on the classical theory of nucleation and
growth, we identify the relative time scales associate with the heating rate and precursor to
monomer (growth species) conversion rate as a decisive factor influencing the final size and PDI
of the nanoparticles. The results of this section have been published in Chemistry of Materials
(DOI: 10.1021/acs.chemmater.7b02872).
In the second section, we address the effect of precursor concentration on the final size of
iron oxide nanoparticles and their magnetic properties. We control the concentration of precursor
by carefully varying the amount of solvent, precursor and surfactants. We note that, there are
conflicting reports showing both trends of increase and decrease in size of MNPs with increasing
precursor concentration. We show that the conflicting observations in the literatures can be
explained by the ratio of surfactant to precursor. The results of this section have been published
in CrystEngComm (DOI: 10.1039/C7CE01406F).
In the third section, we present series of experiments in which we experimentally
determine a “golden” surfactants molar ratio of 3/1 (oleic acid/oleylamine) at which all synthesis
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with different reactants concentration produce truly monodisperse nanoparticles of the same size
with remarkably low PDI, less than 8%, without any post synthesis purification steps. With
molecular dynamic simulation we show that the binding energy of surfactant to the nanoparticle
is maximum at the particular surfactant ratio of 3/1, leading to a better-controlled reaction. The
results of this chapter have been published in Langmuir (DOI:10.1021/acs.langmuir.8b01337).
Chapter 4: Composition and Size Dependent Properties of CoxFe3-xO4 Nanoparticles
In this chapter, we present detailed synthesis of cobalt ferrite nanoparticles with different
cobalt stoichiometry and size by changing different reaction parameters. Following an
optimization algorithm, we systematically vary all the reaction parameters to determine the
lowest nanoparticle size at which the cobalt ferrite nanoparticles exhibited room-temperature
ferromagnetic properties. We first show precise fine-tuning of the cobalt stoichiometry and
perform a detailed survey of the magnetic properties to determine the optimum range for the
cobalt stoichiometry. Next, we thoroughly investigate the influence of variation in different
synthesis parameters on the size, polydispersity, and the cobalt stoichiometry, followed by
another full survey of the magnetic properties. Moreover, we investigate the origin of the
commonly observed bi-magnetic behavior of cobalt-ferrite NPs. The results of this chapter have
been published in Journal of Physical Chemistry C(DOI: 10.1021/acs.jpcc.8b09276).
Chapter 5: Surface Modification of the Nanoparticles with PMMA Shell
In this chapter, first we study the ligand exchange of the surfactant (oleate) with surface
initiator of the polymerization in different reaction conditions. Then we grow a poly methyl
methacrylate (PMMA) polymer shell from the surface of both iron oxide and cobalt ferrite
nanoparticles via SI-ATRP route. We suggest a new method of SI-ATRP in which the
polymerization is performed in the bath sonication in order to keep MNPs separated during
reaction. We show that, this process provides perfectly dispersed MNPs grafted with welldefined and dense PMMA shell of variable thicknesses. Then, we investigate the effect of
different polymerization reaction conditions on molecular weight and poly dispersity index.
Moreover, we show that, PMMA improvs the colloidal stability of MNPs by reducing the interparticle magnetic interactions. Owing to the excellent dispersibility and colloidal stability of the
MNP-PMMA, these hybrid nanoparticles can form thin films of the superparamgnetic and
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ferri/ferromagnetic successfully by different solution processing methods with a high degree of
structural order and wide controllability of the inter-particle distances. Then we comprehensively
investigate the effect of polymer shell thickness on the magnetic properties of MNPs. We show
that, by changing the thickness of polymer shell, the inter-particle magnetic interaction changes,
which affects magnetic properties of MNPs. The results of this chapter are ready for submission
to Advanced Functional Materials.
Chapter 6: Thin Film Processing of PVDF Polymers
In this chapter, we provide detail theoretical and experimental studies on the thin film
processing of PVDF polymers. We obtain ultra-smooth and pinhole free thin film and hence
improve functional device yield. We highlight the crucial role of solvent and its miscibility with
water as an overlooked parameter in obtaining smooth thin film of PVDF and P(VDF-TrFE).
The results of this section have been published in Journal of Material Chemistry C (DOI:
10.1039/C7TC01495C).
Chapter 7: Nanocomposite of Ferroelectric Polymers and Magnetic Nanoparticle
In this chapter we comprehensively characterize nanocomposite thin films based on
unmodified and modified MNPs (both superparamagnetic and ferromagnetic) inside P(VDFTrFE) matrix. This chapter contains two different sections which cover the aforementioned
topics.
In the first section, we systematically vary the amount of unmodified MNPs (both iron
oxide and cobalt ferrite) in different loadings inside the P(VDF-TrFE) polymers matrix. Then we
investigate the microstructure, crystal structure, ferroelectric, polarization switching, dielectric
and magnetic properties of the nanocomposite thin films. We show that the non-grafted
nanoparticles start to aggregate especially in high loadings leading to huge leakage and
extremely low functional device yield. The results of this section have been published in ACS
Applied Nano Materials (DOI: 10.1021/acsanm.8b01443).
In the second section, we study the same properties of nanocomposites thin films based
on the modified MNPs and P(VDF-TrFE). We show that MMA coated nanoparticles and
P(VDF-TrFE) are interacting system and miscible. Therefore, the aggregation inside polymer

9

Chapter 1- Introduction and Outline

matrix is effectively prevented leading to remarkably low leakage current and increased
functional device yield.
Chapter 8: Conclusion and Outlook
This chapter summarizes all results and main conclusions of this dissertation, provides
prospective future work, remaining challenges, and forecasts potential future applications.
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Background
2.1

Multiferroic materials and magnetoelectric coupling
Ferroics are an important type of materials with distinctive properties. Ferroelectricity,

ferromagnetism, and ferroelasticity are the three main ‘ferroic’ order parameters in a material.
The brief definition of each ferroics are given in the following:

Ferroelectricity: characteristic of certain materials that have a spontaneous electric
polarization (P) that can be reversed by the application of an external electric field (E).

Ferromagnetism: characteristic of certain materials that have a spontaneous net magnetic
moment M in the absence of an external magnetic field H.

Ferroelasticity: characteristic of certain materials that have a spontaneous strain ε upon
application of an external stress σ or phase change when stress is applied.
Materials in which more than one order parameters coexist simultaneously are called
multiferroics. Figure 2.1 shows the relation between the different ferroic order parameters
magnetization M, polarization P and strain ε that response to magnetic field H, electric field E
and stress σ, respectively.1 In multiferroic materials, all three order parameters may be influenced
by all three fields. Thus, in addition to the direct effects of the fields on their respective order

12

Chapter 2- Background

parameter (depicted by the blue, yellow and red arrows in Figure 2.1), the following six effects
may be observed:


H → P magnetoelectric effect



E → M converse magnetoelectric effect



H → ε magnetostrictive effect



σ → M magnetoelastic effect



E → ε inverse piezoelectric effect



σ → P piezoelectric effect.
Materials showing the existence of both coupling between ferroelectricity and

ferromagnetism, i.e., magnetoelectric (ME) materials, are of high interest.2-3 These characteristics
provide the extra degrees of freedom in the materials which allows a control on the magnetic
properties by applying an external electric field and vice-versa, providing a possibility to develop
new devices based on these materials. Therefore, in the case of ME multiferroic an electric field
not only induces polarization but also changes the spin direction, or magnetic field can control
magnetization as well as the polarization. This has brought a promise for novel multi-functional
data storage devices that can be written electrically and read magnetically, or vice versa.4 In the
following discussion, different types of ME multiferroic materials will be discussed in detail.

Figure 2.1 In ferroic ordered materials, the electric filed E, magnetic field H, and stress σ lead to spontaneous
electric polarization P, magnetization M, and strain ε, respectively. In multiferroics, additional interactions are
possible due to the presence of at least two ferroic orders. In magnetoelectric multiferroics, H may control P or E
may control M directly (indicated with green arrows) or indirectly (indicated with black arrows). The image has
been adapted from reference [1].
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Types of ME multiferroics
ME multiferroics can be divided into two groups: (a) single-phase multiferroic

compounds and (b) multiferroic composite systems.2, 5-8
2.2.1

Single-phase multiferroic materials
In general, the ME effect in the single-phase materials stems from the long-range

interaction between the magnetic moments and electric dipoles in ordered magnetic and
ferroelectric sub-lattices.3 ME coefficient is an important parameter in the evaluation of
multiferroic materials. Generally, the ME voltage coefficient (αME) is defined as the change in
voltage across the sample with the change in applied magnetic field, which can describe the ME
response of composite materials as:
𝑑𝐸

𝛼𝑀𝐸 = 𝑑𝐻

(2.1)

and it has a unit of V.cm-1.Oe-1. The ME coefficient for single-phase ME multiferroic material is
very small (≈ 1mV/cm.Oe) and usually exists at low a temperature which is not useful for
practical applications (for example in R2CuO4, R: Rare earth element, it occurs at 6 K).3,

9-10

Therefore, practical applications of single phase multiferroics is limited.11
2.2.2

Composite multiferroic materials
Due to the remarkable advances in the micro- and nanotechnologies, the research in the

field of ME has been directed towards composite ME materials.5, 12 On the other hand, the ME
effect in composites occur extrinsically by combining ferroelectric and ferromagnetic phases.5, 13
The ME effect in composite materials is the result of the magnetostrictive effect and the
piezoelectric effect as given below:
𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝐷𝑖𝑟𝑒𝑐𝑡 𝑀𝐸 = 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 ×
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑒 𝑀𝐸 = 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 ×

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

(2.2)
(2.3)

The ME nanocomposites can be designed and fabricated by combining different phases at
atomic levels. Moreover, different nanostructure types with different connectivity schemes can
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be fabricated. Recently research interests were shifted towards ME composite thins films.6-7 For
two phases ME nanocomposites, particulate films type 0-3 where one material is dispersed inside
a matrix of the other, layered films type 2-2 where the two phases are layered in bilayer, tri-layer
or multilayer, and vertical heterostructures type 1-3 known as nano pillars with one phase as
nano pillars embedded in a matrix of the second phase are the most common connectivity
schemes. Schematic illustration of these connectivity schemes are shown in Figure 2.2.6, 14-15 In
all kinds of ME composites, coupling always takes place at the interface between the
ferroelectric and the ferromagnetic material. Hence, coupling strongly depends on the
characteristics of the interface between the two phases. Given these considerations, the major
area of focus should be on maximizing the interaction between the two constituent phases and
hence focus on maximizing the interfacial area between the phases via geometry engineering.

Figure 2.2 Schematic illustration of common connectivity schemes (a) 0-3 particulate, (b) 2-2 laminate and (c) 1-3
nanopillers type composite. The image has been adapted from reference [14].

In general, ME composites can be divided into two main classes: ceramic and polymer
based ME materials.16 Ceramic-based ME composites shows ME coefficients which is almost
three orders of magnitudes higher than the ones exist in polymer-based ME composites.17-18
However, piezoelectric ceramics are expensive, dense, brittle and might be limited by reactions
at the interface regions, causing higher dielectric losses.5, 19 Flexibility plays an important role in
device fabrication, which improves the creativity in design. In comparison with the ceramic ME
composites, polymer-based ME materials can be easily fabricated by conventional roomtemperature processing into a variety of forms, such as thin films or molded shapes, and can
exhibit improved mechanical properties.5, 20 Therefore, polymer-based ME materials are better
candidate for flexible and versatile wearable electronic applications. Depending on the interface
between the ferromagnetic and the polymer matrix, three main types of ME polymer composites
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can be found in the literature: 1) nanocomposite; 2) laminate composites; and 3) polymer as a
binder composite as shown in Figure 2.3.5, 21 The first type received the least attention among
researchers.5, 20, 22

Figure 2.3 Types of polymer-based ME composites: a) nanocomposites, b) laminated composites, and c) polymer as
a binder composites. The image has been adapted from reference [5].

In Table 2.1 we have provided a summary of recent works which have been done
regarding polymer based multi-ferroic composites.5,
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ferroelectric polymers with magnetic nanoparticles (MNPs) is an interesting system for the study
of multi-ferroic properties. The highest ME response reported for polymer nanocomposites (42
mV/cm·Oe)23 is almost four orders of magnitude lower than the ME response (383 V/cm·Oe)
reported for polymer laminates.21 Despite that, its flexibility, simple fabrication, easy shaping,
possibilities of miniaturization, large uniform area production, and the absence of degradation at
the interface are obvious advantages of ME polymer nanocomposites.5, 9, 24
Several challenges have limited research advancement for the case of polymer
nanocomposites. First, it is challenging to synthesize truly monodisperse magnetic nanoparticles
(MNPs) with optimum size and magnetic properties. Then the agglomeration of MNPs inside the
ferroelectric polymer matrix is hard to avoid due to the high surface energy of inorganic
nanoparticles. Particularly in the case of high nanoparticle loading and the presence of
magnetically induced aggregation of MNPs. It has been well recognized that the aggregation and
inhomogeneity of nanoparticles are the main reasons resulting in deterioration of electrical
properties in polymer nanocomposites.25-26 The agglomeration will not only increase loss
(leakage) but also give rise to low breakdown strength, particularly when thin films of ME
nanocomposites are used. Moreover, it might also reduce the functional device yield. Moreover,
in composite systems the magnetoelectric effect arises from a mechanical coupling between a
magnetostrictive and a piezoelectric phase. In order to enhance this coupling the interfacial area
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between the two phases should be maximized. This can be accomplished with homogenously
distributed nanoparticles inside ferroelectric matrix, which have a large surface to volume ratio.
The most commonly used ferroelectric polymer is poly(vinylidenefluoride) (PVDF) or its
random copolymer with trifluoroethylene (P(VDF-TrFE)). They are applied in piezo sensors and
actuators and are presently being investigated as active components in ferroelectric memory for
data storage.27-29 Metal ferrite MNPs or spinel ferrite (MFe2O4 where M is a divalent transition
metal, M= Fe, Co, Ni, Zn) is one of the most promising candidates to be applied as a magnetic
part in multiferroic nanocomposites due to its ease of synthesis, its low cost and the good
magnetic properties.5,

9

In the following a brief review of the ferroelectric and ferromagnetic

properties, introduction about PVDF and P(VDF-TrFE), metal ferrite nanoparticles, their
synthesis and surface functionalization are provided.
Table 2.1 Literature review regarding the comparison of the ME coefficient of the developed polymer-based multiferroic composits.

Type

Nanocomposite

Constitution

αME (mv/cmOe)

Reference

P(VDF-TrFE)/CoFe2O4(NPs)

40

30

P(VDF-TrFE)/CoFe2O4(NPs)

41.3

31

P(VDF-TrFE)/No0.5Zn0.5Fe2O4(NPs)

1.35

32

Polyurethane/Fe3O4(NPs)

11.4

33

Polyurethane/Ni (NPs)

6

33

PVDF/CoFe2O4 (NPs)

11.2

34

P(VDF-TrFE)/CoFe2O4 (NPs)

0.04

23

Dimines 2CN&OCN/CoFe2O4(NPs)

0.8

35

P(VDF-TrFE)/CoFe2O4 (NPs)

6.5

36

P(VDF-TrFE)/Fe3O4 (NPs)

0.8

36

P(VDF-TrFE)/Zn0.2Mn0.8Fe2O4

0.16

36
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Polymer as a binder
composite

Laminate

Polyurethane/Fe3C (NWs)

2400

37

P(VDF-TrFE)/Ni(NWs)

2370

38

P(VDF-TrFE)/FeO(OH) (nanosheet)

0.4

36

P(VDF-TrFE)/SmFeO3

45

39

PVDF/(Bi0.5Ba0.25Sr0.25)(Fe0.5Ti0.5)O3

18.4

40

PVDF/MnFe2O4

6.4

41

PVDF/BiFeO3-CoFe2O4

22.18

42

PVDF/BaTiO3

22.2

43

PVDF/CNT/CoFe2O4

16.7

44

P(VDF-TrFE)/ Terfenol-D

38

45

PVDF/Terfenol-D/PZT

42

46

PEO/Terfenol-D/PZT

1.3

47

Li+-PEO/Terfenol-D/PZT

3.2

47

PMMA/Terfenol-D/PZT

4.8

47

PVDF/Terfenol-D/PZT

3000

48

PVDF/Terfenol-D/PZT

6000

49

Epoxy/Terfenol-D/PZT

1100

50

PE/PVDF/Fe3O4

753

51

VER/Terfenol-D/PZT

2700

52

PVDF/Metglas unimorph

238000

53

PVDF/Metglas three layers

310000

53
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PVDF/Metglas

21460

54

PVDF/Metglas

400

55

PVDF-HPFP/Metglas

120000

56

Cross-linked P(VDF-TrFE)/Metglas

383000

57

PVDF/Ni0.5Mn0.5Ga21

1240

58

Gd crystals/P(VDF-TrFE)/Silver conductive
epoxy

500

59

Ferroelectricity
Ferroelectricity was discovered in 1921 by Valasek in the Rochelle salt, sodium

potassium tartrate.60 There are several books61 and excellent reviews28,

62-65

dealing with

ferroelectricity in different materials and their applications. Here, we present a brief but essential
introduction to ferroelectricity in materials. In the following, we discuss the different responses
that different types of insulating materials can show in response to an electrical field, starting
with dielectric materials and ending with ferroelectric materials.
Dielectrics: dielectric materials exhibit low conductivities. If dielectric materials with dielectric
constant, εr, fill the volume between two metal electrodes of a capacitor, the capacitance can be
written in a simplified way as:
𝐶=

𝜀0 𝜀𝑟 𝐴
𝑙

(2.4)

Where A is the area of the plates, l is the distance between the electrodes ( or equally the
thickness of the dielectric layer) and ε0 is the permittivity of the vacuum. By the application of an
external electric field, the dielectric polarizes. Depending on the frequency of the electrical
excitations, there are three different mechanisms: electronic, ionic and orientational
polarization.66 The electronic polarization is due to the influence of the electric field on the
electronic cloud. The ionic polarization originates from the displacement of electrical charges
while an electrical field is applying. The orientational polarization is due to the rotation of the
polar molecules in the direction of the electric field.
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The dielectric displacement (Di) in the capacitor with a dielectric layer, is defined as the

total surface charge density induced by application of an electric field (E, V/m) and is the sum of
induced spontaneous polarizations (Pi, the dipole moment p per unit volume, C/m2) inside the
material and in a vacuum (ε0Ei):
𝐷𝑖 = 𝑃𝑖 + 𝜀0 𝐸𝑖 = 𝜒𝜀0 𝐸𝑖 + 𝜀0 𝐸𝑖 = 𝜀0 (1 + 𝜒)𝐸𝑖 = 𝜀0 𝜀𝑟 𝐸𝑖

(2.5)

where χ is dielectric susceptibility. Dielectrics are categorized into subclasses of materials based
on how the polarization varies with the applied external electric field and how is the polarity of
the crystal structure.

Piezoelectrics: If the dielectric is crystalline and the unit cell is not centrosymmetric, a
relatively large mechanical strain is induced that is proportional to the applied field E. Therefore,
under electrical stress, piezoelectric crystals deform, and a macroscopic dipole appears (inverse
piezoelectric effect). The polarization disappears after field removal. Piezoelectrics generate
voltage under mechanical stress (direct piezoelectric effect).65

Pyroelectrics: Pyroelectrics are a subclass of piezoelectrics, wherein the crystal possesses a
unique polar axis, and the material is polarized even in the absence of an external electric field.67
Spontaneous polarization in pyroelectrics varies with temperature. At temperatures that are high
enough, the crystal goes through a phase transition, and spontaneous polarization disappears.
Therefore, pyroelectrics show a sharp peak in their pyroelectric current at the phase-transition
temperature.65

Ferroelectrics: Ferroelectrics are a subclass of pyroelectrics, for which the crystalline
polarization can be reversed by an external electric field. Therefore, ferroelectrics possess a
permanent electric dipole in their crystalline unit cell, the direction of which can be switched
with the external electric field E to produce hysteretic behavior in their polarization response
versus E, as shall be discussed below.65 Figure 2.4 presents the relationship between the
ferroelectric, pyroelectric and piezoelectric materials.
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Dielectric
Piezoelectric
Pyroelectric

Ferroelectric
Figure 2.4 Schematic representation of ferroelectric, pyroelectric and piezoelectric materials.
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Figure 2.5 Schematic representations of the displacement (or polarization) of (a) an ideal linear dielectric, (b) an
ideal nonlinear dielectric, (c) an ideal true ferroelectric with the inner loops at low and intermediate fields, (d) shunt
measurements of ideal ferroelectrics, wherein the switching peaks are clearly visible and the maxima coincide with
the coercive fields.
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Ferroelectric materials show a non-linear hysteretic dielectric polarization as a function

of applied electric field (as depicted in Figure 2.5 c). This is different from normal dielectrics,
which show a spontaneous polarization which disappears after the removal of the field, Figure
2.5 a and b. The direction of the spontaneous polarization can be switched by applying a reverse
external electric field. The amount of electric field which is required to bring down the
polarization to zero in ferroelectric materials is denoted as the coercive field, EC. The coercive
field determines how easy or hard it is for the ferroelectric material to switch the dipoles
directions. Ferroelectric materials maintain a spontaneous remanent electric dipole moments
polarization Pr even under the absence of an external electrical field. Another important
characteristic of ferroelectric materials is the saturation polarization PS. All these previous are
shown and labeled on the schematic polarization in Figure 2.5 c. Moreover, for ferroelectric
materials, instead of measuring charges (Q), the displacement current (𝑖 =

𝑑𝑄
𝑑𝑡

) shows two

distinct peaks at the same value of EC in their current response owing to polarization switching,
as schematically shown in Figure 2.5 d.65
Ferroelectricity is temperature dependent phenomena. Spontaneous polarization exists
below a temperature defined as Curie temperature TC. Above TC, ferroelectric materials undergo
a phase transition to paraelectric phase. The variation of Pr as a function of temperature in
ferroelectric materials is schematically shown in Figure 2.6 a. Moreover, upon heating, the
dielectric permittivity of the ferroelectric phase presents an irregular variation; that increases
abruptly around the Curie temperature to decrease again at temperatures above the transition
point. The decrease of the dielectric permittivity above the Curie temperature is conventionally
described by the Curie-Weiss’ law:
𝜀𝑟
𝜀0

=

𝐶
𝑇−𝑇𝐶

(2.6)

where C is a material-specific Curie constant, T is absolute temperature, measured in kelvin, and
TC is the Curie temperature, measured in kelvin. Figure 2.6 b schematically depicts the
temperature dependence of the dielectric constant around the Curie temperature.
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Figure 2.6 (a) polarization and (b) dielectric constant or susceptibility of ferroelectric materials as a function of
temperature close to the Curie temperature.

In ferroelectrics, the spontaneous polarization is not aligned throughout the entire
polycrystalline. A polycrystalline ferroelectric material contains small regions called domains.
Inside each domain, the electrical dipoles are parallel to each other and point to the same
direction but their orientation changes from one domain to another. Domains are separated by
small regions called domain walls. Domain structures form spontaneously in bulk ferroelectrics
below the Curie temperature due to the tendency of the system to minimize its energy.
Ferroelectric domains are randomly oriented before applying an external electrical field (as
schematically depicted in Figure 2.7 a). Whereas, upon applying the electrical field above EC,
the domains orientation will be all in parallel to the direction of the field (Figure 2.7 b).

a)

b)

No Field

In Field

Figure 2.7 Alignment of dipole domains with and without applying electric field.
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The dynamics of polarization switching can mathematically be described by the

Kolmogorov-Avrami-Ishibashi (KAI) model,68-70 where polarization reversal starts with the
statistical formation of a huge quantity of nucleation sites followed by homogeneous domain
growth.69 The variation in polarization as a function of time, ∆P(t), is expressed as:71-73
1

𝑆

2𝑃𝑟

∆𝑃(𝑡) = 1 − exp(− ∑𝑖 𝑆 𝑖 )

(2.7)

0

where S0 is the area of the sample and Si reflects the area of growing sporadic domains. The
change of polarization is normalized to 2Pr. This normalized value equals 1 for complete
polarization reversal. The basic assumption of the KAI model is that a domain can expand
unrestrictedly after successful nucleation. Therefore:
𝑆~ (𝑣. 𝑡)𝑛

(2.8)

where v is a constant domain-wall velocity, t is the time, and n is the Avrami index, which
depends on the dimensionality of the domains. The normalized variation of polarization upon
switching can then be written as a compressed exponential function:
1
2𝑃𝑟

𝑡 𝑛

∆𝑃(𝑡) = 1 − exp (− (𝑡 ) )

(2.9)

0

According to the empirical Merz law,74 the switching time, t0, is related to the activation field,
Eact, and can be written as:
𝑡0 = 𝑡∞ 𝑒𝑥𝑝 (

𝐸𝑎𝑐𝑡
𝐸

)

(2.10)

where t∞ is the switching time at infinite applied field. The activation field inversely relates with
the temperature: Eact ~ 1/T . Hence, it is straightforward to conclude that polarization reversal in
ferroelectric thin films is faster for large electric fields and for higher temperatures. The latter
implies a decrease of the activation field.
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Figure 2.8 Schematic representation of the chain conformation for the α, β and γ phases of PVDF. The image has
been adapted from reference [75].

The most widely studied ferroelectric materials are ferroelectric polycrystalline ceramics
belonging to the octahedral cubic perovskite structure in the form of ABO3. Barium Titanate
(BaTiO3) was the first perovskite to be discovered back in the mid-1940s with an unusual high
dielectric constant; and a decade later, Lead Zirconate Titanate (PZT) was reported. In practical
applications, PZT and BaTiO3 have already dominated many fields of smart technologies.76-77
Ferroelectricity is not limited to inorganic materials. Different organic materials and polymers
have shown ferroelectric properties. Among them for instance poly(vinylidene fluoride) (PVDF),
nylon, cyanopolymers, polythioureas, and polyureas are well-known.78 Although their
ferroelectric parameters (such as Pr) are poorer with respect to inorganic materials, ferroelectric
polymers received considerable attention in the last decades especially due to their processing
simplicity, good mechanical properties, flexibility and typically low-temperature fabrication
requirements.79-81 PVDF and its copolymers are the most commonly studied ferroelectric
polymers and most widely used. This semi-crystalline polymer shows five distinct crystalline
phases related to different chain conformations designed as all-trans (TTT) for the β-phase,
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TGTG′ (trans-gauche–trans-gauche) for the α and δ phases and T3GT3G′ for γ and ε phases.75, 82
Figure 2.8 shows the most investigated PVDF phases α, β, and γ-phases.
Many of the interesting properties of PVDF are due to the presence of strong electrical
dipole moment of the PVDF monomer unit (5–8 × 10−30 C m). The strong dipole moment
originates from the electronegativity of fluorine atoms as compared to those of hydrogen and
carbon atoms.75, 83-84 The highest net dipole moment per unit cell and hence most electroactive is
the 𝛽 phase (8 × 10−30 C m)85 due to the optimal alignment of the strong electronegative fluorine
atoms with respect to hydrogen and carbon atoms, forming a net dipole moment perpendicular to
the polymer chain.75 The thermodynamically stable phase at ambient conditions is the α phase.
The α phase is non-polar because of antiparallel packing of the dipoles within the unit cell and
centro-symmetric symmetry of the unit cell.83,

86-87

Thick paraelectric α-PVDF films can be

converted to ferroelectric β-PVDF films by biaxial stretching.75, 88-89 Another way of inducing βphase formation is to blend PVDF with a second polymer, like poly(methyl methacrylate)
(PMMA).90-92 The conformation of the polymer chains in γ-PVDF is in between that of the α and
β-phases. The γ-phase is ferroelectric but experimentally hardly accessible. Formation typically
requires extreme temperature control and high pressure.93 The δ-phase is a polar version of the αphase. It can be formed by electro-forming from an originally α-phase bulk sample in a high
electric field of about 250 MV/m.94
Copolymerization of PVDF with TrFE units introduces sterichindrance and renders
formation of the ferroelectric 𝛽 phase and the all-trans conformation regardless of processing
methods. In addition, P(VDF-TrFE) copolymer shows lower Curie temperature below the
melting point in comparison with PVDF.75, 95-96 It has been shown that when the amount of VDF
in copolymer is more than 50 Mol %, the copolymer starts to show ferroelectric properties (as
depicted in Figure 2.9).97 By increasing the amount of VDF inside copolymer chains, the Curie
temperature increase until it reaches to the melting temperature for percentages above 80%.
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Figure 2.9 Phase diagram of P(VDF-TrFE). The image has been adapted from reference [98].

A schematic of polymer ferroelectric capacitor is shown in Figure 2.10 a. For P(VDFTrFE) a typical value for Ec is 50-70 MV/m and for Pr is 5-8 μC/cm2 (as depicted in Figure 2.10
b). These values depend on the ratio between VDF and TrFE.82,

99

Generally the higher the

amount of VDF inside copolymer, the higher Pr and EC.
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Figure 2.10 (a) Sketch of a thin film capacitor, where P(VDF-TrFE) is stacked between two electrodes. b) The
application of an alternating electric field (triangular wave) with sufficient amplitude allows the measurement of a
ferroelectric hysteresis loop. The displacement at zero electric field is called remanent polarization, Pr. The field
needed to reverse the polarization is called coercive field, EC; it is extracted at zero displacement in the D-E curve.

The mechanism of polarization switching in P(VDF-TrFE) unit cells is based on
successive 60° degrees reorientation processes rather than a simple 180° flipping. The
reorientation polarization switching of dipoles mechanism was supported with experimental
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observations as well as theoretical investigations at the molecular level.95, 100 Figure 2.11 shows
a schematic illustration of the polarization switching mechanism of P(VDF-TrFE).15, 95, 100

Applying electrical field
60 °

60 °

Figure 2.11 Illustration of dipole switching by successive rotation model. The image has been adapted from
references [15, 95, 100].

2.4

Ferri/Ferromagnetic
When a magnetic material is exposed to a magnetic field of strength H, the magnetic

moments response to the field, they align in the direction of the applied magnetic field, and
thereby the material is magnetized.101 The overall induced magnetization, denoted as flux density
B in Tesla, is given by:
⃗ = 𝜇0 (𝐻
⃗ +𝑀
⃗⃗ )
𝐵

(2.11)

with μ0 = 4π × 10-7 H/m the permeability of vacuum and M magnetization is given by:
⃗⃗⃗
⃗⃗ = 𝑚
𝑀
𝑉

(2.12)

where m is the net magnetic moment of volume V of the magnetic material.
General speaking, all materials are to some extent magnetic and in a simple classification,
their magnetization M is linearly proportional to the magnetic field H via volumetric magnetic
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susceptibility χ , which are often defined by how the magnetic material vary with an applied
magnetic field and may be written as:
⃗⃗ = χ𝐻
⃗
𝑀

(2.13)

with χ a dimensionless parameter which is known as magnetic susceptibility.
Substituting Equation 2.13 into Equation 2.11, Equation 2.11 can be rewritten as:
⃗ = 𝜇0 (1 + 𝜒)𝐻
⃗ = 𝜇0 𝜇𝑟 𝐻
⃗
𝐵
⃗ /𝐻
⃗
𝜇=𝐵

(2.14)

(2.15)

in which μr is the relative permeability of a magnetic material.
The difference between “magnetic” materials and the rest is how they respond to an
external magnetic field. The classification considers the orientation of atomic magnetic moments
with respect to each other. In the following, the main classes of magnetism are presented (Figure
2.12).102

Diamagnetism: a material is called a diamagnet if it has no magnetic dipoles in the absence of
an external magnetic field and shows a very weak induced dipole in the opposite direction of the
applied magnetic field as shown in Figure 2.12 a. Therefore, diamagnetic materials show small
magnetic responses with the negative magnetic susceptibility (χ<0) and permeability of μ ~
10−6.103

Paramagnetism: in paramagnetic materials, unpaired electrons result in magnetizability upon
applying an external magnetic field. The magnetic moments get (partially) aligned parallel to the
external magnetic field (as depicted in Figure 2.12 b). The thermal energy causes a
randomization of the moments of different atoms. Therefore, there is no remanent magnetization
after removal of the external magnetic field. Commonly, paramagnetic materials possess μ > 1
and 0 <χ< 0.01. The susceptibility of paramagnetic materials is temperature dependent and
follows the Curie-Weiss law:
𝐶

𝑀
𝜒𝑀 = 𝑇−𝑇

𝐶

(2.16)
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where CM is Curie constant, T is absolute temperature and TC is Curie temperature. The TC is a
critical temperature above which spin alignment is disordered and the magnetization turns zero.
The magnetic response of the paramagnetic materials is relatively weak. The positive magnetic
response of paramagnets compared to the negative one of diamagnets is seen in their
magnetization versus an applied field M-H curves as shown in Figure 2.12 f.

Ferromagnetism: ferromagnetic materials are characterized by their spontaneous
magnetization regardless of the absence or presence of an external magnetic field. The magnetic
moments are aligned parallel in one specific direction depending on the crystal structure as
depicted in Figure 2.12 c. In ferromagnetic materials, the magnetic moments align in parallel,
giving rise to very high susceptibility and remanent magnetization. Figure 2.12 g shows a typical
M-H hysteresis loop of ferromagnetic materials. By applying a sufficiently large DC magnetic
field, the magnetic spins become aligned in the field direction and the magnetization reaches a
plateau, the so-called saturation magnetization MS. By decreasing the H value to zero, spins start
to relax and do not any longer follow the field and thereby the net magnetization drops to a
residual magnetization denoted as remanent magnetization Mr. Eventually, to reach zero
magnetization, a magnetic field in the opposite direction has to be applied. The magnitude of the
requiring field is called coercivity HC which depends on both structural features such as size,
shape, vacancies, impurities, or grain boundaries and intrinsic properties including crystalline
anisotropy, etc. of the investigated material. The coercivity is given by:
𝐻𝐶 =

𝐻 + −𝐻 −
2

(2.17)

with H+ and H- being the positive and negative coercivities.

Ferrimagnetism: the difference between ferrimagnet and ferromagnetic materials is related to
the alignment of adjacent dipoles. In ferrimagnet materials, in the absence of a magnetic field,
weaker magnetic dipoles lined up antiparallel to their adjacent stronger dipoles. Thereby, it
reduces the net magnetization as depicted in Figure 2.12 d.

Antiferromagnetism: antiferromagnetic materials consist of two magnetic sublattices in each
the atomic magnetic moments are coupled ferromagnetically, but the magnetic moments
belonging to two different sub-lattices are oriented antiparallel. Thus, essentially the net
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magnetization of an antiferromagnet is zero. The described mechanism can be seen in Figure
2.12 e.

a)

H=0 M=0

c)

f)

b)

H>0 M<0

H=0 M>0

d)

H>0 M>0

e)

H=0 M>0

g)

M
Diamagnetic

H=0 M=0

H=0 M=0

M

Paramagnetic

+MS

+Mr

H

H
-HC

+HC

-Mr
-MS
Figure 2.12 Most common types of magnetism, (a) diamagnetic, (b) paramagnetic, (c) ferromagnetic, (d)
ferrimagnetic, (e) antiferromagnetic [104]. A typical M-H hysteresis loop of a (f) diamagnet, paramagnet and (g)
ferromagnet.

Magnetic nanoparticles have received considerable interest not only because of their
fundamental scientific interest,105 but also due to their promising properties.106-126 When MNPs
experience an external magnetic field in equilibrium, the total magnetization points in a direction
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in which the minimum anisotropy energy is achieved.127 The magnetic anisotropy energy, being
assumed uniaxial for spherical particle, is given by:
𝐸𝐴 = 𝐾𝑉𝑆𝑖𝑛2 𝜃

(2.18)

with V the magnetic core volume, K the effective anisotropy coefficient and θ the angle between
the magnetization easy axis (tendency of the magnetization in MNPs in a certain crystallographic
direction known as the magnetization easy axis) and magnetic moment. The term KV in is
recognized as the anisotropy energy barrier.
The magnetization of MNPs is affected by two general types of anisotropy: bulk and
surface. The most common sorts of the bulk anisotropy in nanomaterials are magnetocrystalline
and shape anisotropy. The magnetocrystalline anisotropy is an intrinsic property of a material
independent of its shape. In polycrystalline particles, containing some primary crystallites
oriented in different directions, tiny net magnetocrystalline anisotropy is expected due to
averaging over all directions. The shape anisotropy, also known as the magnetostatic anisotropy,
is the anisotropy of a magnetic material, which depends on its shape. For spheroidal magnetic
nanoparticles, the shape will lead to a magnetization process, which is intrinsically uniform in all
directions. On the other hand, non-spherical magnetic materials magnetize easier along the long
axis than along a short one. The surface to volume ratio for nanomaterials is much higher than in
the case of their bulk counterpart. In such cases, the coordination environment of the atoms on
the surfaces is significantly lowered compared to the bulk volume of the material.128-129 This is
known as surface anisotropy. The relation between the effective K, bulk Kb and surface KS
anisotropies per unit volume for spherical particles can be described using a phenomenological
model given by:103, 130
6

𝐾 = 𝐾𝑏 + 𝑑 𝐾𝑆
𝑐

(2.19)

The surface anisotropy plays a crucial role in the magnetization of MNPs especially for
smaller MNP due to the higher surface to volume ratio.127
In general, for an interacting MNPs, extra energy factor introduces in the expression of
the anisotropy energy barrier (EA):
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𝐸𝐴 = 𝐾𝑉𝑆𝑖𝑛2 𝜃 + 𝐸𝑑 + 𝐸𝑒𝑥

(2.20)

where Ed and Eex are energy factors describing the interparticle interactions and exchange
interaction energy, respectively.128, 131-133 For a magnetic system of single-domain particles, the
energy corresponding to the dipole–dipole interactions can be expressed as:
𝜇 𝑚2

0 0
𝐸𝑑 = − 4𝜋𝑑
3

(2.21)

According to the above equation, increasing the distance between MNPs (d) results in the
reduction of the strength of the dipolar interaction. Thereby, decrease of the anisotropy energy
barrier (EA).128
Similar to ferroelectric materials, the spatial regions in bulk magnetic materials in
which the spins are aligned parallel to each other are known as magnetic domains. MNPs can be
categorized into two general groups: single and multi-domain particles. The domain walls form
due to the energy competition between magnetostatic energy, depending on the size of
nanoparticles, and the domain wall energy depending on the inter-domain areas. This means that
a new domain wall forms when the cost of the magnetostatic energy is larger than the domain
wall formation. Therefore, the bigger the particle size, the higher the chance to form further
domain walls. On the other hand, when the particle size drops below a certain limit, the energy of
the formation of a new domain wall will be higher than the magnetostatic energy of a single
domain-particle and thus being single-domain is energetically more favorable.

HC

b)
Superparamagnetic regime

a)
Single-domain
regime

Multi-domain
regime

Single-domain
Ferromagnetic

M

H

rSPM

rS

Particle size (r)

Multi-domain
Ferromagnetic

Figure 2.13 (a) Size dependent coercivity in single and multi-domain and superparamagnetic particles and (b) M-H
hysteresis loops of single and multi-domain ferromagnetic materials.
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The dependence of the coercivity HC on the particle size is depicted in Figure 2.13 a.

When the particle size is below so-called superparamagnetic size (rSPM) there is no HC. By
further increasing the size of particles, HC starts to appear and increases by increasing particle
size and at specific particle size (rS) it reduces. Different magnetization responses (HC) originate
from the fact that a much higher energy is required to homogeneously rotate the spins in single
domains than in multi-domains due to the presence of domain walls (as depicted in Figure 2.13
b).102, 134-135
The superparamagnetism appears when the anisotropy energy barrier E can be overtaken
by thermal fluctuations and consequently, its condition is given by:
𝐸 = 25𝑘𝐵 𝑇𝐵

(2.22)

where kB is the Boltzmann constant and TB is the blocking temperature. Superparamagnetism
depends strongly on temperature. Above a certain temperature known as the superparamagnetic
blocking temperature TB and in zero magnetic field, the thermal fluctuation destroys the
magnetic ordering and therefore the net magnetization is zero. The superparamagnetic blocking
temperature TB is the temperature at which the maximum magnetization is achieved in the zero
field cooled (ZFC) magnetization branch. Typical field cooled (FC) and ZFC magnetizations for
superparamagnetic nanoparticle is shown in Figure 2.14. It is reported that this temperature for
magnetic nanoparticles depends on the applied field, inter-particle interaction (dipole-dipole) and
to a much higher extend on the particle size distribution.136 Therefore ferri/ferromagnetism

Magnetization (emu/g)

occurs at T < TB < TC and superparamagnetism for TB < T < TC.137

TB

FC

ZFC

Temperature (K)

Figure 2.14 FC and ZFC magnetization curves.
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Metal ferrite MNPs or spinel ferrites are among the most promising candidates to be

applied in industrial scale due to their ease of synthesis, its low cost, its biocompability and the
good magnetic properties. The general chemical formula of spinel ferrites is MFe2O4 (where M
is a divalent transition metal, M= Fe, Co, Ni, Zn) and their crystal structure can be described as a
closed-packed arrangement of the voluminous oxygen ions with the cations distributed over the
64 tetrahedral and 32 octahedral sites. When the oxygen ions arrange in a faced centered closed
pack structure thereby defining two types of interstitial sites: tetrahedral and octahedral,
respectively. There are 32 octahedral sites and 64 tetrahedral sites, respectively, When 1/8 of the
tetrahedral sites are occupied with the smaller Fe3+ cations and 1/2 of the octahedral interstices
are occupied by the M2+ ions, the structure of the ferrite is called normal. When the divalent ions
swap up with half of the trivalent Fe3+ species the structure is called an inverse spinel.138

Figure 2.15 Inverse spinel structure of magnetite (Fe3O4) and electron states of magnetite. Arrows depict spin of
electrons. The image has been adapted from references [139].

The most well-known metal ferrite MNPs is iron oxide. Iron oxide can be found in four
different phases in the nature including Fe1-xO (wustite), α-Fe2O3 (hematite), γ-Fe2O3
(maghemite) and Fe3O4 (magnetite). The most common iron oxides are magnetite and
maghemite. The physical properties of them are listed in Table 2.2.
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Magnetite and maghemite have the same crystal structure. The iron and oxygen ions form

a face-centered cubic crystal system, and the oxygen ions are in the cubic close-packed
arrangement. Magnetite has an inverse spinal structure, and Fe3+ ions occupy all the tetrahedral
sites and both Fe3+ and Fe2+ ions occupy all the octahedral sites. Maghemite has a spinel
structure. Differing from magnetite, vacancies exist in the octahedral sites in maghemite, and
Fe3+ ions occupy two-thirds of the sites.138, 140 The magnetic properties of the ferrites (Fe3O4, or
Fe2O3), the conventional material used in tapes, changes upon nano-sizing.141-146 The ferrite
nanoparticles become superparamagnetic or weak ferro/ferrimagnetic as the particle diameter
falls below 25 nm. Increased spin-orbit coupling strength of the divalent ions in octahedral sites
enhances magnetocrystalline anisotropy,126, 147 where for instance an increasing strength can be
observed for Mn2+ < Fe2+ < Co2+.126,

142, 148

Then the incorporation of Co2+ in to the ferrite

structure (CoFe2O4) results in an increase in magnetocrystalline energy and hence increase in
TB.142 This means that magnetic hysteresis and the occurrence of remanence and coercivity can
be even observed at room temperature for very small particles in cobalt ferrite. Beside the size of
MNPs, in ferrites (MxFe3-xO4) the composition/stoichiometry also strongly affects the magnetic
properties.110,

142, 146

It strongly depends on the magnetic moment of the M2+ cation, e.g. in

increasing order for Ni, Co, Fe, Mn, m = n·μB with n= 2, 3, 4 and 5, respectively.
Table 2. 2 Physical properties of iron oxides (magnetite and maghemite) [140].

Properties

Magnetite (Fe O )

Maghemite (Fe O )

Density (g/cm3)

5.18

4.87

Melting point (°C)

1583-1597

-

Hardness

5.5

5

Curie temperature (K)

850

820-986

MS at 300 K (emu/g)

80-100

60-80

Lattice parameter (nm)

a= 0.8396

a= 0.8346

3

4

2

3

As we mentioned earlier, compared to bulk ferrite MNPs, surface effects play a more
important role. On the one hand, the stoichiometry on the surface differs from the center and
thereby the surface can be regarded as amorphous due to non-periodicity of the crystal structure.
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Both result in a spin-disordered surface layer (“dead layer”) where spin-canting effects occur and
magnetic properties deviate. Spin canting means a non-collinear coupling of surface spins,
producing magnetically disordered shell. The effect of spin canting is higher at lower
temperature due to the collectively frozen state of spins. The saturation magnetization in this
layer is lowered due to harder alignment of magnetic moments with respect to each other (higher
activation energy due to presence of disorders).128-129

2.5

Synthesis of ferrite MNPs
A vast number of chemical and physical routes have been recommended for the synthesis

of ferrite MNPs with focus on obtaining different aspect such as monodispersity, reproducibility
and high crystallinity, to name a few. The chemical methods usually follow bottom-up
approaches. Physical methods are mainly top-down approaches. Around 90% of the publications
on the synthesis of ferrite MNPs are based on the chemical routes and around 10% on physical
methods. In the following, the most common synthesis techniques will be explained.

Co-precipitation: co-precipitation is considered as the easiest method to prepare MNPs (like
Fe3O4 or Fe2O3). For example, for the synthesis of iron-oxide MNPs, salts of ferrous and ferric
iron are dissolved in water and precipitated with alkali.
Fe2+ +2 Fe3+ +8OH− → Fe3O4 +4H2O
The physical and chemical properties of particles strongly depend on the nature of the iron salt
(chlorides, sulfates, and nitrates), the ferric to ferrous ions ratio, the reaction temperature, the pH
value, the ionic strength of the media, etc. Apparently, having a reasonable control over the long
listed influential parameters is not a trivial task and thus the reproducibility and robustness of
this method are controversial.137, 149 In the same way, the particles synthesized by this method
show a relatively poor crystallinity and imperfect spin ordering on the surface. These phenomena
lead to a lower MS value (30-70 emu/g) compared to the one reported for bulk iron oxide (80-100
emu/g) in literature.150-151 In addition, the synthesized particles through this method show a large
polydispersity distribution, leading to a broad range of magnetic properties (like blocking
temperatures) which eventually hinders their usage for some applications. These features limit
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the feasibility of using particles, for instance inhomogeneous bioassays where size
monodispersity is highly required.152-153

Microemulsion: microemulsion is a solution phase synthesis technique, which has been
recently used for the preparation of metallic and oxide MNPs with defined size and shape. A
microemulsion is a dispersion of two immiscible liquids of an aqueous and oily phase. There are
two types of microemulsions; water-in-oil and oil-in-water. The second one, which is the most
common one, is known as reverse micelles. In a normal microemulsion synthesis, water
microdroplets are formed in a mixture of an oily phase and surfactants. The generated micelles
act as micro-reactors, with a certain volume, which can be tuned by varying the ratio between
water and surfactant. These microdroplets are surrounded by an interfacial layer of surfactants
and contain a certain amount of metal salts acting as a precursor. The metal salt is subjected to a
reduction process and eventually, particles are formed inside microdroplets. By adjusting the
concentrations of the dispersed phase and surfactant, the size of the droplets can be tuned in the
range 1 – 100 nm approximately. The availability of the precursor inside micelles determines the
particle growth rate.154-155 The main advantage of this method is that the reactions can be done
economically at ambient conditions within a few hours. However, the adjustment of many
parameters renders this method complicated to control. The low yield of this method and the
proneness for agglomeration when no additional surfactants are used to speak against the use of
the microemulsion method.156-157

Sol-gel: sol-gel technique is used as a general scheme for wet chemical synthesis. It consists of
the hydrolysis as well as condensation of precursor to a “sol” and the subsequent (poly-)
condensation as well as polymerization to a metal oxide network “gel”. The rates of hydrolysis
and condensation are very important parameters in the method, and it largely influences the
properties of particles produced. The lower and more controlled hydrolysis rate can produce
smaller particles. The size of the particles is also related to the solvent, concentration, pH, and
temperature.158-159 One of the advantages of this method is the economic synthesis of variously
shaped particles with narrow size distribution. The main drawback of sol-gel method is its
requirement for an additional annealing step in order to a yield highly crystalline material with
high magnetization.153
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Hydrothermal/solvothermal: A very well investigated synthesis method for ferrite MNP is
the hydrothermal method, where aqueous solutions of iron precursors are heated to high
temperatures (200°C) in the presence of autogenous pressure (2000 psi). Ferrites are formed
either by hydrolysis and oxidation or neutralization of metal hydroxides, where the former is
more common. The key parameters in this technique are the selection and concentration of
solvent, temperature and reaction time. With this method, size and morphology of particles can
be tuned precisely; with a very narrow size distributions are usual. A further plus is a very high
crystallinity, yielding excellent magnetic properties. Nevertheless, the use of hydrothermal
methods requires special safety measures due to the high pressures in the reaction vessel.
Furthermore, reactions can take many hours up to many days.160-161

Sonochemical: exposing an aqueous solution of metal salts to the probe sonication produces
bubbles, which causes very high local temperature and pressure inside a confined volume upon
rapid collapsing. The high power applied to the precursor solution activates nucleation and
growth of particles. The introduction of such a high amount of energy can also favor the
production of metastable phases. The main advantage of this method is the very fast production
of small particles with acceptable size distribution even though the particle size cannot be
controlled precisely. The main drawbacks is the low degree of crystallization resulting in weak
magnetic properties. In addition, the deficiency in large-scale production makes it an unfavorable
method.153

Polyol: metal ferrite nanoparticles can be also produced by the reduction of dissolved metal
slats (such as iron acetyl acetonate, Fe(acac)3) and direct precipitation in the presence of polyol
(such as polyethylene glycol). In this method, the precursor is suspended inside a polyol liquid.
Increasing the temperature of solution to the boiling point of polyol makes the precursor soluble
in diol. Then it reduces the precursor to form metal nucleuses that finally form metal particles.
The particles with the desired size and shape can be produced by controlling the kinetics of the
process. The yield and properties of nanoparticles produced by this method depends on the type
of polyols, ferrous salts, concentration, and temperature.162-163
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Thermal decomposition: with this method, a metal organic precursor (like Fe(acac)3) is
decomposed in a high boiling point organic solvent (like benzyl ether) at high temperatures in
the presence of surfactants (like oleic acid and oleylamine). In some cases reducing agents, such
as 1,2-hexadecanediol or oleylamine, are used.150, 164-166 In order to control size, morphology and
particle size distribution, many parameters have to be controlled: concentration167-169 and nature
of the solvent,145 reaction duration,170 temperature,145 ratio of surfactant to the precursor,168-169
heating rate,171 ratio between surfactants172 and etc. By adjusting these parameters, truly
monodisperse particles in a broad range of size with a variety of morphologies can be obtained
precisely. The crystallization process at high temperatures yields particles with high crystallinity
and high magnetic properties. Further advantages of thermal decomposition are the high yield
and the scalability of the reaction while using inexpensive standard lab equipments. Besides the
control of many parameters, however, usually the reaction should be performed in an inert
atmosphere and it requires long reaction times in order to obtain well-defined particles. The
yielding synthesized nanoparticles possess a core shell structure, where the highly crystalline
core is surrounded by an inner shell of disordered iron oxide (dead layer) and an outer shell
consisting of a monolayer of organic surfactant (oleate surfactant). The presence of surfactant
makes the MNPs dispersable in the none polar solvent like hexane directly after synthesis.164 In
addition, doping of MNPs with other metals like cobalt is simply possible during synthesis by
using the combination of both iron and cobalt precursors with different feed ratios.142
By comparing the advantages and drawbacks of all aforementioned methods, thermal
decomposition turns out to be the superior method for the synthesis of the desired MNPs.135, 144,
173

Generally two routes for conducting thermal decomposition experiments exist: hot-injection

and heat-up method.164,

174

For the hot-injection method, a solution which contains the metal-

organic precursor is injected into the heated mixture of the remaining reactants with controlled
injection rate.174 Unfortunately, syntheses that employ the well-established hot-injection method
cannot be readily scaled, as inherent within this method are a number of insoluble drawbacks as
follows. (i) Reagent mixing time: it becomes slower and less predictable as the volume of the
batch and the consequent injection volume increases. (ii) Reaction cooling time: the cooling rate
does not scale linearly with reaction volume, hence leading to a scale-dependent cooling time,
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which varies the reaction product. (iii) Practicality: that typical injection volumes are in the
range of 25−50% of the volume of the mother solution. It becomes impractical and less feasible
to inject large volumes. (iv) Reproducibility: the time taken to inject a reagent often changes
from user-to-user and from batch-to-batch. This leads to change in reaction kinetics and hereby
hinders reproducibility.175

Figure 2.16 Schematic of typical heat-up syntheses method. The image has been adapted from references [175].

The formation of NPs using a heat-up approach avoids all of the aforementioned
drawbacks and provides a way to completely control and scale-up syntheses. In contrast, for the
hot-injection route, all reactants are already combined before starting the reaction. Figure 2.16
shows the schematic of the main phases of the NP formation in a typical heat-up synthesis and
their relation to the temperature of the reaction vessel. At low temperatures the reaction solution
contained precursor and surfactants. Precursor is considered to be the initial source of growth
species. By increasing the temperature, these precursors experience an increased thermodynamic
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driving force to form monomer. The heating process finally triggers the nucleation of nascent
crystallites, with continued heating required to grow these nuclei into mature NPs by growing the
rest of monomers.175 Despite the slightly different experimental procedure of both methods, the
principles of nanoparticle formation are the same. Both routes yield particles of similar
monodispersity when synthesis parameters are well adjusted.173
In the following, the basic theoretical background knowledge, i.e. the classical
crystallization theory, for the synthesis of NP will be explained. This includes homogeneous
nucleation, growth by kinetically and thermodynamically controlled processes and Ostwald
ripening.

2.5.1

Classical theory of nucleation and growth
The theory for the synthesis of monodisperse colloidal suspensions was originally

proposed by LaMer & Dinegar in 1950.176 In their study they showed that, in order to synthesis
particles with well-defined size and low poly dispersity, the nucleation and growth processes
should occur at two different temperatures. This nucleation and growth concept, later known as
LaMer model, has been exploited extensively to design new solution phase syntheses since it
was discovered. Based on LaMer model, first, a precursor is decomposed in solution, e.g. by
thermal activation. This decomposition yields monomers, which are considered as the smallest
building units of the final particles. The more precursor gets decomposed, the higher the
[𝐶]

monomer concentration, C, gets, leading to a supersaturation S (𝑆 = [𝐶 ], where [C∞] is
∞

equilibrium concentration) of this species (stage I in Figure 2.17). When the supersaturation of
the monomer is high enough to overcome the energy barrier for nucleation (C > Cmin), burst of
nucleation will take place (stage II in Figure 2.17). At this point, the solution is supersaturated.
As monomer is rapidly consumed during the nucleation event, the concentration of free
monomer eventually drops below [Cmin] and nucleation ceases. For newly formed nuclei, growth
occurs by the diffusion of the monomers (stage III in Figure 2.17). This step does not last for a
long time due to the lack of monomers. In this case, due to the lack of monomer concentration,
smaller particles dissolve in order to support the growth of larger particles (Ostwald ripening).
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This stage is typically characterized by a broadening of the particle size distribution (stage IV in
Figure 2.17).

Stage I

Stage II

Stage III

Stage IV

Concentration

Cmax

Cmin
C∞

Time
Figure 2.17 Evolution of monomer concentration during heat-up thermal decomposition method. Stages: I:
Monomer formation, II: Nucleation, III: Growth, IV: Growth+Ripening.

To gain a deeper understanding of the LaMer model, the theory of nucleation and
growth in solution will be reviewed in the following.

Nucleation: nucleation is the process in which nuclei act as templates for crystal growth.
Homogeneous nucleation takes place when nuclei form homogeneously inside the phase of
reaction. On the other hand, heterogeneous nucleation occurs in the presence of inhomogeneities
(such as impurities). In liquid phase, heterogeneous takes place much easier, since a stable
nucleating surface is already present and there is no need to form new surface. Homogeneous
nucleation is the formation of a new surface surrounding a bulk component. The process of
homogeneous nuclei formation can be considered thermodynamically130, 175, 177-178 by looking at
the total free energy of a nanoparticle. In the case of spherical nuclei, the surface contribution
(ΔGS) enhances the free energy of the system according to ΔGS = 4πr2γ, where γ is the surface
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energy. Meanwhile, the bulk contribution (ΔGv) reduces the free energy through Δ𝐺𝑉 =
−

4𝜋𝑟 3 𝑅𝑇
ln 𝑆,
3𝑉𝑚

where R, T, Vm and S are the gas constant, temperature, molar volume of a

monomer and supersaturation respectively. The total (radius dependent) free energy of the
system (ΔGT) is given by the sum of the surface and bulk terms:
∆𝐺𝑇 = ∆𝐺𝑣 + ∆𝐺𝑆

(2.23)

by replacing the ΔGS and ΔGB terms in the equation, the total free energy as a function of the
nuclei radius can be given as:
∆𝐺𝑇 = −

4𝜋𝑟 3 𝑅𝑇𝑙𝑛𝑆
3𝑉𝑀

+ 4𝜋𝑟 2 𝛾

(2.24)

Figure 2.18 depicts a schematic of the surface, bulk, and total free energies for a given
standard set of reaction conditions as a function of radius. For very small nuclei, the surface to
volume ratio is high. Therefore, the surface term dominates the free energy. However, by
increasing the size of nuclei, the bulk free energy term dominates and, as such, ΔGT rises to a
maximum and then declines. Consequently, the critical energy barrier ΔGN is obtained by
inserting dΔGT/dr=0 and may be written as:
16𝜋𝛾3 𝑉 2

𝑀
∆𝐺𝑁 = 3𝑅2 𝑇 2 (𝑙𝑛𝑆)
2

(2.25)

This thermodynamic barrier represents the energy required to form a stable nuclei for a
given supersaturation, surface energy, and temperature. The corresponding radius at this
maximum is known as the critical radius, rC, which is given by:
2𝛾𝑉

𝑀
𝑟𝐶 = 𝑅𝑇𝑙𝑛𝑆

(2.26)

Given that a system tries to lower its free energy, existing nuclei with r > rC will reduce their
ΔGT through growth via accretion of monomer, while nuclei with r < rC will reduce their ΔGT by
partially or completely dissolving. As such, the critical radius represents the size that divides
stable from metastable nuclei.
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Free Energy, ΔG

ΔGS

ΔGN
rC

ΔGT

ΔGv
Radius, r
Figure 2.18 Total free energy of nucleation as a function of radius.

It has been shown that, for a system containing monomers of size rm and corresponding
volume of Vm, based on the nucleation kinetics, the nucleation rate is given by:175
𝑅𝑛𝑢𝑐 = 8𝜋𝑟𝑚 𝐷𝑁𝐴 𝑆 𝑝𝑢+1 [𝐶]2∞ 𝑒𝑥𝑝 {

−(4𝜋𝑟𝑐2 𝛾)
3𝑘𝐵 𝑇

}

(2.27)

where D is the monomer diffusion coefficient, NA is the Avogadro constant, S=[C]/[C] ∞ is the
dimensionless supersaturation which is defined as the bulk concentration of the monomer
normalized to the equilibrium concentration of the monomers near an infinitely flat surface. The
exponents of the supersaturation are the normalized critical radius to the monomer radius,
p=(rc/rm)3 and the coagulation parameter u. The surface energy is given by γ which is normalized
to the thermal energy kBT.

Growth: stable nuclei participate in a growth process. The growth of the nuclei is governed by
diffusion of the monomer to the surface of the particle and the subsequent incorporation into the
crystal structure by surface reactions (see Figure 2.19). For isotropic particles, a spherical
diffusion layer is assumed by the model, leading to three main stages of the crystal growth.177
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ce

Fe3O4
ce

kdesorption

diffusion

kadsorption

ci diffusion

cb

Figure 2.19 Surface and diffusion processes involved in the growth of particles in solution.

For the first stage, Fick’s first law of diffusion describes the flux of monomers through a
diffusion layer of infinite dimensions (r → ∞):
𝐽𝑑𝑖𝑓𝑓 = 4𝜋rD(𝑐𝑏 − 𝑐𝑖 )

(2.28)

Where r is particle radius, x is distance from surface, D is diffusion coefficient and c is monomer
concentration. In the next stage, monomers diffuse on the crystal surface in stick-slip motion, i.e.
they get adsorbed (ki) and desorbed (kdes) continuously. These processes govern the flux of
monomers in the surface. The ratio of the rate constants for both processes yields the equilibrium
solubility. Finally, the incorporation of the monomer into the crystal structure takes place. The
deposition rate depends on molar volume and surface area of the crystal.
The classical (crystallization) theory implies two limiting cases for growth. If the
concentration of monomer is high in bulk solution (cb), diffusion D exceeds the monomer
deposition rate kr (D>>kr) and the monomer concentration at the interface ci and in the bulk are
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equal (ci ~ cb). Thus the growth rate is governed by reactions on the surface, making it a reaction
controlled growth process (thermodynamically controlled).179
𝐽𝑟𝑒𝑎𝑐𝑡 = 4𝜋𝑟 2 𝑘𝑟 (𝑐𝑏 − 𝑐𝑒 )
𝑑𝑟
𝑑𝑡

= 𝑉𝑀 𝑘𝑟 (𝑐𝑏 − 𝑐𝑒 )

(2.29)
(2.30)

where r is particle radius, kr is monomer deposition rate, Vm is molar volume, cb and ce are
concentration in solution or bulk crystal.
In the other limiting case, the diffusion controlled growth, bulk monomer concentration is
very low or surface reactions are very fast (D << kr), thus diffusion determines the growth rate
(kinetically controlled):
𝐽𝑑𝑖𝑓𝑓 = 4𝜋𝑟𝐷(𝑐𝑏 − 𝑐𝑒 )
𝑑𝑟
𝑑𝑡

1

= 𝑉𝑀 𝐷 𝑟 (𝑐𝑏 − 𝑐𝑒 )

(2.31)
(2.32)

Both cases have different influence on the particle size distribution. So far, it still remains
unclear whether NP growth is diffusion or reaction limited. An argument for diffusion limited
growth is based on the experimental observation of narrowing polydispersity, which due to the
form of the growth rate is most easily simulated under diffusion limited growth conditions.
However, it has recently been shown that narrowing polydispersity can also occur in the reaction
limit region.175, 180-181

2.6

Surface Modification of MNPs
The as-synthesized MNPs (like iron oxide) after thermal decomposition are covered with

surfactants (oleate) which make them dispersable in different organic solvents (such as hexane or
toluene). However, due to the presence of strong magnetic attraction between MNPs, the
surfactants are not enough to protect particles against magnetically induced aggregation for long
time.106 In addition, the surfactant, which provides good dispersion in organic solvent, does not
necessarily prevent agglomeration in a polymer matrix because surfactant and polymer have to
be miscible, too. In order to overcome these issues and to prevent degradation of properties, the
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particles have to be modified with a surfactant, which is compatible with the matrix and long
enough to avoid agglomeration of MNPs. The most promising approach is to graft polymer shell
around the surface of MNPs, which are miscible with the host polymer matrix. In the following,
we will introduce different methods for the grafting of polymer chains on the surface of MNPs.
Two general approaches exist for obtaining polymer chains on the surface of NPs:
grafting to and grafting from approach.182-185 Grafting-to is achieved through covalent grafting of
a pre-synthesized polymer with anchoring groups on the particle surface (see Figure 2.20).186-188
For the grafting from method, the polymer chains are grown from the surface of the particle by
using a surface-initiator which is usually a small molecule covalently bound to the particle
surface (see Figure 2.20).182-183 The advantage of the first method is that the desired polymer can
be synthesized by well-known methods and apply size-selection processes in order to obtain
polymers with controlled molecular weight. However, the drawback of grafting to technique is
entropy-driven coiling of the polymer chains at the interface which block the suitable anchoring
sites on the NP. This results in a lower grafting density, lower coverage of the NPs and
eventually weak stability and dispersion of NPs.182-183,

189-190

In grafting from strategy, the

polymer chains are grown directly from an initiator that is pre-grafted to the surface of MNPs.
As a result, the grafting density and the efficiency are higher in comparison to grafting to,
especially for higher molecular weight of grafted polymer.
For growing polymer brushes, there are several techniques including anionic
polymerization, cationic polymerization, ring-opening polymerization, ring-opening metathesis
polymerization, conventional free radical polymerization.182, 185, 191 However, among the various
grafting from approaches, surface initiated living radical polymerization (SI-LRP) is one of the
most promising ones, because of its tolerance to impurities and versatility to various monomers
and versatility of LRP techniques.182,

184-185, 192

Examples of SI-LRP techniques are stable

nitroxide-mediated polymerization, NMP,193-194 iodide-mediated polymerization,195 atom transfer
radical polymerization, ATRP,196-197 reversible addition-fragmentation chain transfer, RAFT,

198

organotellurium-mediated radical polymerization, TERP,199 and etc.200 The reversible activation
reactions in most successful LRPs are classified into three types, which are (a) the dissociationcombination (for NMP and TERP), (b) the atom transfer (for ATRP), and (c) the degenerative
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chain transfer (for iodide, RAFT, and TERP) mechanisms. Among these available techniques,
atom transfer radical polymerization (ATRP) has been most extensively used to produce polymer
brushes from the surface of NPs.192,

201-215

Compared to other LRP techniques, ATRP is

chemically versatile and robust which allows to precisely control the molecular weight and
polydispersity of graft polymers.

Figure 2.20 Surface polymerization with two different approaches of grafting to and grafting from.

Atom transfer radical polymerization (ATRP) represents a method to obtain
controlled/”living” radical polymerizations with well-controlled molecular weight and narrow
molecular weight distribution.216 ATRP is controlled by an equilibrium between propagating
radicals (Pn•) and dormant species, predominately in the form of initiating organic
halides/polymer species (Pn-X).
The normal schematic of the ATRP equilibrium is given in Figure 2.21. The active
radicals form with a measurable rate constant of activation kact, subsequently propagate with a
rate constant kp and are reversibly deactivated kdeact, but, since ATRP is a radical based process,
the active species can also terminate with a rate constant kt. This emphasizes the repetitive nature
of the activation and deactivation steps and the need to push the equilibrium to the left hand side.
Hence, by pushing the reaction to the left side, lower concentration of radical forms which leads
to the reduction of radical-radical termination reactions, and ensure a high mole fraction of
dormant chains, as it is shown in Figure 2.21.
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kp

kact
Pn-X + Mtm/L
Mtm:

transition metal
L: ligand
Pn: polymer chain
X: Br or Cl

kdeact

X-Mtm+1/L + Pn

+M

Kt

Figure 2. 21 Mechanism of metal complex-mediated ATRP.

The ligand (L) form complex with the metal (Mtm) salt and is responsible for improving
its solubility in organic solvents during polymerization. The radical generation process involves
the alkyl halide (P-X) undergoing a reversible redox reaction catalyzed by a transition metal
compound, where the metal center will undergo an electron transfer and a simultaneous halogen
atom abstraction. As a result, a radical species (R●) and a complex with a metal in a higher
oxidation state (deactivator) (X-Mtm+1/L) will be generated. The formed radical can polymerize
by reaction with the monomer (M) (kp) or in majority it will react with the deactivator (kdeact),
where the propagating radicals will coordinate with the deactivator and form dormant species.
The formed dormant species react periodically with the transition metal complexes in their lower
oxidation state to form the growing radicals (kact).216-217 As the reaction progresses, radical
termination is diminished as a result of the persistent radical effect (PRE),218-219 chain length
increases, as well as conversion and viscosity.220 Consequently, the equilibrium is strongly
shifted towards the dormant species (kact<<kdeact).
The livingness of this polymerization process can be determined from a linear first-order
kinetic plot (Figure 2.22), accompanied by a linear increase in polymer molecular weight with
conversion, with the value of the number-average degree of polymerization (DPn) determined by
the ratio of reacted monomer to initially introduced initiator (i.e., DPn = D[M]/[RX]0). It is known
that, the semi-logarithmic plot of Ln([M]0/Ln[M]) (where [M]0 and [M] are initial concentration
of monomer and concentration of monomer in defined time) as a function of time is very
sensitive to any change of the concentration of the active propagating species. A constant
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concentration of propagating species is revealed by a straight line. A steady concentration of
propagating species in an ATRP is established by balancing the rates of activation and
deactivation and not by balancing the rates of initiation and termination as in a conventional
radical polymerization (Figure 2.22). An upward curvature in the kinetic plot indicates an
increase in the concentration of propagating species, which occurs in case of slow initiation
(Figure 2.22). On the other hand, a downward curvature suggests a decrease in the concentration
of propagating species, which may result from termination reactions increasing the concentration
of the persistent radical, or some other side reactions such as the catalytic system being poisoned
or redox processes on the radical (Figure 2.22).213

Ln[M]0/Ln[M]

Constant [P*]

Termination

Slow initiation

time
Figure 2.22 The evolution of Ln([M]0/Ln[M]) as a function of time (kinetic of polymerization).[195]

Understanding the process and kinetics of the atom transfer technique is necessary to run
a successful ATRP. Therefore, it remains a very important objective to get to know the kinetic
of polymerization. In ATRP method, the concentration of the propagating radicals can be
calculated by:221
𝑅∙ =

𝐾[𝐼][𝑀𝑡 𝑚 ]
[𝑀𝑡 𝑚+1 ]

(2.33)
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Where, K=kact/kdeact, [I] is concentration of initiator, [Mtm] and [Mtm+1] are concentrations of
transition metal species in lower and higher state of oxidation, respectively. The polymerization
rate can be calculated by:
𝑅𝑃 =

𝑘𝑝 𝐾[𝐼][𝑀𝑡 𝑚 ]

(2.34)

[𝑀𝑡 𝑚+1 ]

Where [M] is the concentration of the monomer. The polymerization rate expressed by monomer
concentration over time is demonstrated in:
𝑙𝑛

[𝑀]0
[𝑀]

=

𝑘𝑝 𝐾[𝐼][𝑀𝑡 𝑚 ]
[𝑀𝑡 𝑚+1 ]

𝑡

(2.35)

Following the conditions for a living polymerization, where all propagating chains grow at the
same rate and for the same length of time, the degree of polymerization can be calculated by:
[𝑀]0 −[𝑀]
p[M]
𝑋̅ = [𝐼]
= [𝐼] 0
0

(2.36)

0

Where [M]0 and [I]0 are initial concentrations of monomer and initiator, respectively and p is the
fractional conversion of monomer at any time in the reaction.
The polydispersity index (PDI) is given by:
̅̅̅̅
𝑋𝑤
̅̅̅̅
𝑋𝑛

= 1 + [𝑘

𝑘𝑝 [𝐼]0

2

𝑚+1 ]
𝑑𝑒𝑎𝑐𝑡 [𝑀𝑡

] [𝑝 − 1]

(2.37)

To obtain a narrow polydispersity value some requirements are necessary, such as low
initiator concentration, fast initiation of the propagating chains, high values of conversion, high
values of kdeact and [D] (rapid deactivation), and low value of kp. By fulfilling these conditions,
the resultant molecular weight distribution follows the Poisson distribution and can be calculated
by:
̅̅̅̅
𝑋𝑤
̅̅̅̅
𝑋𝑛

̅̅̅̅
𝑋

𝑛
= 1 + (𝑋̅̅̅̅+1)
2
𝑛

(2.38)

Which can be approximated to:
̅̅̅̅
𝑋𝑤
̅̅̅̅
𝑋𝑛

1

= 1 + ̅̅̅̅
𝑋
𝑛

(2.39)
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There are several important parameters that affect atom transfer radical polymerizations.

Like monomer, initiator, catalyst, ligand, temperature, solvent and etc. Typical monomers in
ATRP are for examples styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile.222 When
the concentration of the propagating radical balances the rate of radical termination, high
molecular weight with low dispersity can be obtained by ATRP. The propagating rate is unique
for each individual monomer. Hence, it is important that other parameters of the polymerization
(initiator, catalyst, ligand, and solvent) are optimized in a way that the concentration of the
dormant species to be greater than that of the propagating radical while not being too low to stop
or slow down the reaction.213
Initiator plays an important role in kinetic of ATRP. The number of growing polymer
chains is determined by the concentration of initiator. The rate of initiation should be faster than
the rate of propagation in order to obtain polymer chains with low polydispersity in a controlled
condition. Then, in an ideal condition, all the chains initiate quickly and propagate at the same
rate. Initiators are usually alkyl halides with similar structure to that of the propagating
radical.213,

222

Alkyl halides such as alkyl bromides and alkyl chlorides are the most known

initiators. The former is more reactive than the later. 213, 222
The catalyst plays a vital role in ATRP, since it controls the equilibrium constant between
the active and dormant species and therefore the polymerization rate. Too small equilibrium
constant may hinders or slows down the rate of polymerization while too high equilibrium
constant may leads to a large polydispersity.213,

222

In most of the researches copper (Cu) has

been used as a transition metal213 but a wide range of other metals can be employed in an ATRP
including Ti, Mo, Re, Fe, Ru, Os, Rh, Co, Ni, and Pd.223-226
There are also other parameters that affect KATRP like temperature,227-228 pressure,229-230
media/solvent (which increases with polarity: toluene < anisole < MeCN < DMF < DMSO <
H2O)231 and obviously alkyl halide and catalyst.232 Reaction temperatures are usually in the range
of room temperature to 150 °C and the reaction usually conducts under vacuum or inert gas.233
On the other hand, there are some techniques, which enable polymerization under air, moisture
and oxygen or using lower amount of catalyst.234-237 Sometimes the higher oxidation state
transition metal (deactivator) are added directly to a reaction prior to initiation. Since this may
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increase the efficiency of initiation, by reducing the fraction of low molecular weight termination
reactions initially required to generate the PRE,238 or can be formed in situ by reaction with
dissolved oxygen.239 Addition of the persistent radical, (Mtm+1 in the case of ATRP) is of really
useful especially during performing a grafting from reaction with a multifunctional initiator or
grafting from a surface. Often for SI-ATRP sacrificial initiator is added to the reaction medium
to provide a means of following the reaction, assist in controlling initiation from the surface and
avoid intra-particle polymerization.192, 203-204

2.7

Conclusion
In this chapter, the basic theoretical concepts needed as background for this dissertation

have been discussed. Note that for the convenience of the reader, certain equations from this
chapter will be given again later, when the theory is applied to the experimental results.

2.8
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3.1.1 Introduction
As discussed in Chapter 2, the synthesis of monodisperse magnetic MNPs with welldefined sizes is a key factor for different applications, as the size strongly influences the NPs’
magnetic properties.1-8 We have chosen thermal decomposition synthesis route to make size
controlled NPs.9-12 In a typical reaction, an organometallic precursor is decomposed at high
temperature in a solvent with a high boiling point. Organic ligands, such as oleic acids and
oleylamine, are typical surfactants that serve as stabilizers during the reaction.10, 13

3.1.1.1
1

Motivation

The results of this chapter are fully or in part published in Chem. Mater. with DOI:
10.1021/acs.chemmater.7b02872 and J. Phys. Chem. C. with DOI: 10.1021/acs.jpcc.8b06927 by H. Sharifi et al.
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In a typical thermal decomposition reaction, the precursors - either reagents or the

secondary complexes - undergo an increased thermodynamic driving force to form "monomers".
Reaction of monomers with each other leads to the formation of nuclei. The nucleation of
nascent NPs is triggered by the growth heating process. Upon continued heating during reflux
time, the initial nuclei grow into mature NPs. Thermal decomposition endows specific subtleties
due to the complex interplay between reaction variables, such as concentrations of precursors,14
solvent15, surfactants,16 as well as solvent boiling point,10-11, 17 reaction time,18-19 and precursor to
surfactant ratio,14,

16-17

all of which drastically influence the final size and the respective size

distribution of the NPs. In a typical thermal decomposition synthesis, the heating rate is a crucial
factor because it affects nucleation through the monomer concentration. Tuning the heating rate
is therefore a rational way to modulate the nucleation process and consequently to tune the final
size and polydispersity of the NPs.20-21
The underlying phenomenology of the particle formation mechanism can be usually
understood within the context of classical nucleation and growth theory and within a model
proposed by LaMer.22 The nucleation and growth of NPs is described by a set of coupled timedependent equations that govern the dynamics of monomer concentration, nucleation rate, and
particle size distribution.20,

23-26

A numerical treatment provides a powerful tool for a better

understanding of the nucleation and growth processes of NPs at the molecular level and therefore
provides information on how to design an effective synthesis. As a result, a more systematically
controlled synthesis can be devised.

3.1.1.2

Aim of this section

This section presents a combined experimental and theoretical study on the size evolution
and polydispersity of magnetic iron-oxide NPs while varying only the growth heating rate during
synthesis. NPs with controllable sizes from 6 nm to 27 nm were obtained with a narrow size
distribution (typically below 10%). Crystallinity and the magnetic properties of the NP were
investigated using different analytical techniques. To gain further insight concerning the NPs
formation we numerically simulated the nucleation and growth process at different heating rates
to understand the time-dependent evolution of the NP size distribution (among other
observables).
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3.1.2 Experiment
3.1.2.1

Materials

Iron (III) acetylacetonate (97%), oleylamine (OAM, >70%), benzyl ether (BE, technical
grade 98%), oleic acid (OAC, technical grade, 90%), hexane, ethanol and acetone were
purchased from Sigma Aldrich. Hexadecandiol (99%) was purchased from TCI. All chemicals
were used as received.

3.1.2.2

Synthesis method

To synthesize the NPs, 2.0 mmol of iron acetylacetonate, 10 mmol of hexadecandiol, 6
mmol of oleylamine and 6 mmol of oleic acid were mixed in 20 mL of benzyl ether in a threenecked round bottom flask under a gentle flow of N2. The mixture was magnetically stirred and
degassed under vacuum (0.1-0.2 mbar) at 383 K (110 °C) for 60 min. Under N2 blanketing, the
temperature was then raised to 453 K (180 °C), with a heating rate (H.R.) of about 6.5 K/min.
The solution was kept at 453 K for two hours to ensure full decomposition of the precursor.
Subsequently, the solution was heated to a reflux temperature of almost 567 K (~ 294 °C) at a
constant heating rate. Different syntheses were performed in which the heating rates were
systematically varied from 6.4 K/min (A1), 5.4 K/min (A2), 4.2 K/min (A3), 3.2 K/min (A4), 2.2
K/min (A5), 1.5 K/min (A6) and 0.8 K/min (A7), where Ai represents the synthesis batch. The
reaction was kept at the reflux temperature for 1 h. Figure 3.1.1 schematically summarizes the
reaction conditions. The resultant black solution was cooled down to room temperature under N2
blanketing. After precipitation of the product by adding 40 mL of ethanol/acetone, a mild
centrifugation (6000 rpm for 8 min) was applied to collect the purified product. The NPs formed
a stable dispersion in toluene/hexane after further purification by dispersion in hexane and
precipitation by ethanol.

3.1.2.3

Characterizations

The NPs were characterized by transmission electron microscopy (TEM) and high
resolution TEM (HRTEM), with an accelerating voltage of 120kV on JEOL JEM1400 and
200kV on FEI Tecnai F20 200kV respectively. The size distributions of NPs were calculated
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from the size measurements of more than 2000 NPs using image J software. Samples were
prepared using the self-assembly method at the water-air interface.27
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Figure 3.1.1 Heating conditions of samples (A1-A7).

The X-ray diffraction (XRD) was performed at room temperature with a monochromatic
copper radiation source CuKα (λ=1.5406 Å) in the 15−65° (2θ) range with a scan step of 0.03°.
The mean size and lattice parameter of the crystal domains calculated from XRD pattern by
using Scherrer and Bragg equations,28-30 respectively. The crystallite size of NPs for the most
intense, (311) plane was determined using Scherrer formula:29
𝐷 = 𝐾λ/βCosθ

(3.1.1)

where λ is the wavelength of X-ray (λ=1.5406 Å); β the full width at half maximum (obtained
from fitting the 311 peak); ϴ is Bragg’s diffraction angle (around 35°-obtained from fitting the
311 peak) and K is the shape factor which is normally taken as 0.9-1.0 for ferrites. The
interplanar distances dhkl (A˚) (for 311) were calculated using Bragg’s law
lattice constant of the samples was calculated using the relations:
𝑛λ = 2𝑑𝑆𝑖𝑛𝜃
𝑎 = 𝑑ℎ𝑘𝑙 √ℎ2 + 𝑘 2 + 𝑙 2

(3.1.2)
(3.1.3)

29-30

and then the
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where a is lattice constant; (hkl) is the indexing plane of atoms which can be obtained from Xray diffraction data.31 Infrared spectra were recorded between 4000 and 400 cm−1 with a Fourier
transform infrared (FTIR) spectrometer. The NPs were gently ground and diluted with KBr and
compressed into a pellet. Thermogravimetric measurements were performed on dried powder
samples from 20 to 800 °C at 10 °C/min under N2. Using TGA, one can determine the grafting
density of the surfactant on the surface of NPs. The amount of grafting was calculated from the
TGA and DTA data, according to the following equations:
Number of surfactants (molecules)
Number of NPs
Graft density (molecules/nm2)

𝑁𝑠 =
𝑁𝑃 =

𝑚1 −𝑚3
𝑀

𝑚3

(3.1.4)

(3.1.5)

𝜌×𝑉

𝐺. 𝐷. =

× 𝑁𝐴

𝑁𝑠
𝑁𝑃 ×𝐴

(3.1.6)

where m1 and m3 are the amount of mass in the first and third DTA peaks, ρ is the density of NPs
(~ 5.18 g/cm3), M is the molecular weight of capped surfactant (282.46 g/mol-here is oleate), V is
the volume of each individual NP and A is the average surface area of single NP. Magnetization
measurements of powder samples were performed using a quantum design SQUID
magnetometer. Hysteresis loops M(H) were measured at room temperature and 2 K. Zero-fieldcooling (ZFC) and field-cooling (FC) magnetization curves were performed in the temperature
range between 5 K and 300 K to determine blocking temperature, TB, and magnetic anisotropy
constant, K. Mössbauer experiments (57Fe) were performed at two different temperatures, above
the Verwey transition at 124 K and below at 5 K, in transmission geometry in a closed cycle
cryostat (Montana Inst.) with a custom built sample holder. We obtained from Lorentzian Site
Analysis of the experimental data (Recoil software)32 three Fe-sextets which we ascribed to the
magnetic hyperfine splitting of iron-sites on tetrahedral and octahedral positions as present in
magnetite and maghemite. The spectral intensities associated with the charge ordering of Fe2+ in
octahedral and tetrahedral coordination was used as an indicator for the fraction of magnetite.
Furthermore, paramagnetic Fe-contributions were absent in all Mössbauer spectra of this series.
Mössbauer spectra of sample with small size shows superparamagnetic behavior in zero field and
could not be resolved down to lowest experimental temperature of 5 K. In order to slow down
the magnetic fluctuations of these particles, we applied an external magnetic field of 1 T.
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3.1.2.4

Simulation details

Using standard population balance model,20-21,

23, 26

the population (number) of the

particles with radius 𝑟 and at time 𝑡 is given by 𝑁(𝑟, 𝑡). The evolution of the particles with
different size is propagated by the governing equation obtained from the mass conservation:
𝜕𝑁(𝑟,𝑡)
𝜕𝑡

+

𝜕[𝑁(𝑟,𝑡)𝛤(𝑟,𝑡)]
𝜕𝑡

(3.1.7)

= 𝑅𝑛𝑢𝑐 𝑔(𝑟)

where 𝛤(𝑟, 𝑡) is the instantaneous growth rate, 𝑅𝑛𝑢𝑐 is the nucleation rate and 𝑔(𝑟) is the
nucleation distribution function.
The surface free of a particle of radius 𝑟 is Δ𝐺𝑆 = 4𝜋𝑟 2 𝛾 where 𝛾 is the surface energy.
The bulk free energy is given by Δ𝐺𝑉 = −

4𝜋𝑟 3 𝑅𝑇
3𝑉𝑚

ln 𝑆, where 𝑅, 𝑇, 𝑉𝑚 and 𝑆 are the gas

constant, temperature, molar volume of a monomer and supersaturation respectively. The
nucleation process occurs for the particles having a radius comparable to the critical radius,
which is obtained by the minimization of total free energy Δ𝐺𝑇 = Δ𝐺𝑆 + Δ𝐺𝑉 with respect to the
particle radius 𝑟,
(3.1.8)

𝑟𝑐 = 2𝛾𝑉𝑚 /𝑅𝑇ln𝑆

For a system containing monomers of size 𝑟𝑚 and corresponding volume of 𝑉𝑚 , based on
the nucleation kinetics, the nucleation rate is given by
𝑅𝑛𝑢𝑐 = 8𝜋𝑟𝑚 𝐷𝑁𝐴 𝑆 𝑝𝑢+1 [𝐶]2∞ exp {

−(4𝜋𝑟𝑐2 𝛾)
3𝑘𝐵 𝑇

}

(3.1.9)

Where 𝐷 is the monomer diffusion coefficient, 𝑁𝐴 is the Avogadro constant, 𝑆 = [𝐶]/[𝐶]∞ is the
dimensionless supersaturation which is defined as the bulk concentration of the monomer
normalized to the equilibrium concentration of the monomers near an infinitely flat surface. The
exponents of the supersaturation are the normalized critical radius to the monomer radius,
𝑝 = (𝑟𝑐 /𝑟𝑚 )3 and the coagulation parameter 𝑢. The surface energy is given by 𝛾 which is
normalized to the thermal energy 𝑘𝐵 𝑇. The new nuclei are formed by a thermalized Gaussian
distribution around the critical radius with fwhm ≈ 𝑘𝐵 𝑇
1

𝑔(𝑟) = 𝜎√2𝜋 𝑒

−

𝑘(𝑟−𝑟𝑐 )2
2𝜎2

Where 𝑘 = 1.0 𝑘𝐽 𝑚𝑜𝑙 −1 𝑛𝑚−1 and 𝜎 2 ≅ 𝑘𝐵 𝑇/2.

(3.1.10)
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The mechanism of the particle growth is carried out when the bulk monomers diffuse to

the interface of the particles. Using the Fick’s law, the total diffusive flux of monomers to the
surface of spherical particle of radius 𝑟 is determined by
(3.1.11)

𝐼𝑑𝑖𝑓𝑓 = 4𝜋𝑟𝐷([𝐶]𝑏 − [𝐶]𝑖 )

Where [𝐶]𝑏 and [𝐶]𝑖 are the bulk and interfacial monomer concentrations. At the interfacial
region, the diffused monomers adsorb on the particle surface according to the reaction rate 𝑘𝑟
which is leading to the particle growth or the monomers which are already adsorbed on the
particle surface desorb with the rate of 𝑘𝑑𝑒𝑠 into the interface. The reaction flux becomes
𝐼𝑟𝑒𝑎𝑐𝑡 = 4𝜋𝑟 2 (𝑘𝑟 [𝐶]𝑖 − 𝑘𝑑𝑒𝑠 )

(3.1.12)

In the steady state, the diffusive and reactive fluxes should be equal 𝐼𝑑𝑖𝑓𝑓 = 𝐼𝑟𝑒𝑎𝑐𝑡 . This
enables us to find the interfacial concentration
[𝐶]𝑖 =

𝐷[𝐶]𝑏 +𝑘𝑑𝑒𝑠 𝑟

(3.1.13)

𝑘𝑟 𝑟+𝐷

By replacing Equation (3.1.12) into Equation (3.1.10), the steady state flux becomes
𝐼𝑆𝑆 = 4𝜋𝑟𝐷 [[𝐶]𝑏 − (

𝐷[𝐶]𝑏 +𝑘𝑑𝑒𝑠 𝑟
𝑘𝑟 𝑟+𝐷

(3.1.14)

)]

For a particle of size 𝑟 based on the equilibrium solubility, the equilibrium concentration is given
by
[C]e =

𝑘𝑑𝑒𝑠

(3.1.15)

𝑘𝑟

Moreover, using Gibbs-Thomson equation, the equilibrium concentration is obtained by
2𝛾𝑉

[C]e = [C]∞ exp { 𝑚 }
𝑟𝑅𝑇

(3.1.16)

The total steady state flux is related to the particle volume change over time
𝑑 4𝜋𝑟 3

𝐼𝑆𝑆 = 𝑑𝑡

3𝑉𝑚

=

4𝜋𝑟 2 𝑑𝑟
𝑉𝑚 𝑑𝑡

(3.1.17)

where 𝑉𝑚 is the molar volume of a monomer. Combining Equations (3.1.13)-(3.1.16), the
instantaneous growth rate of a particle of size 𝑟 becomes
2𝛾𝑉𝑚

Γ(r, t) =

𝑑𝑟
𝑑𝑡

𝐷𝑉𝑚 𝑆(1−𝑒 𝑟𝑅𝑇 )

=

(𝑟+

𝐷
)
𝑘𝑟

(3.1.18)
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By rescaling the radius and time in the above relation, it is possible to rewrite the relation

in the following dimensionless relation
Γ=

𝑑𝛽
𝑑𝜏

=

1
𝛽

(𝑆−exp{ })

(3.1.19)

(𝛽+𝜉)

Where 𝛽 = 𝑟𝜙, 𝜏 = 𝑡𝜓, 𝜙 = 𝑅𝑇/2𝛾𝑉𝑚 , 𝜓 = 𝜙 2 𝐷𝑉𝑚 [𝐶]∞ . The dimensionless number 𝜉, which
is known as Damkohler number, determines the ratio of diffusion to reaction rates
𝜉=

𝐷𝜙

(3.1.20)

𝑘𝑟

As it is clear from Equation (3.1.11), the growth rate asymptotically tends to zero as the
Damkohler number increases. For systems possessing 𝜉 ≫ 1, the kinetics of the growth is
reaction limited. Since in this regime 𝑘𝑟 ≪ 𝐷, the reaction rate has slower kinetics in comparison
to the diffusion mechanism of the monomers. On the other hand, when 𝜉 ≪ 1, the kinetics of the
growth becomes diffusion limited since in this regime, 𝑘𝑟 ≫ 𝐷, accordingly the diffusion
mechanism has relatively slower kinetics with respect to reaction of monomers to the particle
surface.
The precursor disassociates from its ligands or reacts to form free monomer. The
dynamics of the precursor release is determined by
𝑑[𝑃]
𝑑𝑡

=−

𝑑[𝐶]
𝑑𝑡

−𝐸

= −𝐴exp { 𝑅𝑇𝐴} [𝑃]

(3.1.21)

Here A is a prefactor, 𝐸𝐴 is the activation energy and the temperature of the solution is given by
𝑇.
The conservation of monomer mass of the system between time 𝑡𝑖 and 𝑡𝑖+1 is given by
∞

𝑆(𝑡𝑖+1 ) = 𝑆(𝑡𝑖 ) − 𝑄 ∫0 𝑑𝑟 𝑟 3 {𝑛(𝑟, 𝑡𝑖+1 ) − 𝑛(𝑟, 𝑡𝑖 )},
𝑄=

(3.1.22)

4𝜋𝜌
3𝑀𝑤 𝑉𝑡𝑜𝑡 [𝐶]∞

Here 𝑛(𝑟, 𝑡𝑖 ) is the number density of the particles with radius of 𝑟 at time𝑡𝑖 . The Constant 𝑄 is
determined by the density of the material (𝜌), monomeric molecular weight (𝑀𝑤 ) and the volume
of the solution 𝑉𝑡𝑜𝑡 . A finite but infinitesimal initial bulk concentration of free monomers 0.857
mol/m3 was assumed.
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Coupling Equation (3.1.13) and (3.1.14), we can write the following generalized

equation for the supersaturation at time 𝑡𝑖+1 = 𝑡𝑖 + Δ𝑡:
∞

𝑆(𝑡𝑖+1 ) = 𝑆(𝑡𝑖 ) − 𝑄 ∫0 𝑑𝑟 𝑟 3 {𝑛(𝑟, 𝑡𝑖+1 ) − 𝑛(𝑟, 𝑡𝑖 )}
+

(3.1.23)

𝐴[𝑃]Δ𝑡 −𝐸𝐴
𝑒 𝑅𝑇
[𝐶]∞

In the heating process, the temperature of the solution is linearly increased from the initial
temperature 𝑇0 to the final temperature 𝑇𝑓 via heating rate 𝐻𝑅 :
𝑑𝑇
𝑑𝑡

= 𝐻𝑅 for T ≤ Tf

(3.1.24)

To numerically solve the coupled equations, Equation (3.1.7) is discretized over the bin
size of Δ𝑟 and explicit time-stepping procedures with timestep of Δt are used. The Van Leer
limiter function is used to interpolate functions on the grids and to avoid false numerical
diffusion. The stability and accuracy of the discretization is ensured by the Courant condition via
lowering the value of
|Γ|Δ𝑡
Δ𝑟

≤1

(3.1.25)

3.1.3 Results and discussion
3.1.3.1

Experimental study of nanoparticle size evolution

Figure 3.1.2 shows the TEM images of NPs. It exhibits that the heating rate has a
dramatic effect on the NPs size. The particle shape evolves with size and varies from pseudospherical for A1 and A2 to faceted polyhedra for A3-A6. Due to monodispersity and shape
regularity, the NPs have a strong tendency to self-assemble as shown in the TEM images of
Figure 3.1.2 and also large view TEM images of Figure A3.1.1 in appendix. The average
particle diameter, DTEM, and the standard deviations, σTEM, were derived from size distribution
histograms obtained from the TEM images. The size distribution histograms of the NPs are given
in Figure 3.1.3.
As the heating rate increased from 0.8 K min−1 to 6.4 K min−1 the size of the NP
decreased from 27 nm to 6.3 nm. The polydispersity index for all NP batches was typically
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around 10%. We note that the heating rate (first heating rate) used to reach the decomposition
temperature of 453 K has no influence on the final NP size. To unambiguously rule out the effect
of the first heating rate, synthesis with three different rates of 5 K/min, 6.5 K/min and 8 K/min
were performed. The mean NP size did not show variation with different first heating rate as
shown in Figure 3.1.4 and in agreement with previous literature reports.33

a)

b)

c)

d)

e)

f)

g)

h)

Figure 3.1.2 TEM images of (a) A1, (b) A2, (c) A3, (d) A4, (e) A5 and (f) A6 reactions. (g) HRTEM images of sample
A4 and (h) SAED pattern of the same A4 sample and measured lattice spacings, d (Å), using the rings and standard
atomic spacings for NPs following with their respective hkl indices.
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Figure 3.1.3 Particle size distributions obtained by fitting TEM histograms for (a) A1, (b) A2, (c) A3, (d) A4, (e) A5,
(f) A6, and (g) A7.
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Further structural information was obtained from high resolution TEM, HRTEM, and

selected area electron diffraction, SAED. A representative HRTEM image of a single NP with a
diameter of 13.0 nm (A4) is shown in Figure 3.1.2 a. HRTEM images of other samples are given
in Figure A3.1.2 in appendix. The HRTEM images show the presence of high-quality singlecrystalline phase in the A4 (and likewise for other) NPs. The measured inter-planar distances
from adjacent lattice fringes are consistent with known values of face centered cubic (fcc) Fe3O4
10, 17, 29

(Figure 3.1.2 g). A characteristic SAED pattern is shown in Figure 3.1.2 h for sample

A4. The measured dhkl for A4 NPs are listed in the inset of Figure 3.1.2 h and match well with
the reported values for bulk magnetite (Fe3O4).10, 17

Mean diameter (nm)
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7

8

9

Decomposition heating rate (K/min)
Figure 3.1.4 The mean diameter of NPs as a function of different first heating rates (383 to 453K) with
corresponding TEM images. The growth heating rate was fixed at 4.4 K/min.

The crystal size and structure of the NPs were further investigated with XRD. The
diffraction patterns and the intensities, as shown in Figure 3.1.5 a, could be indexed to an
inverse spinel structure. Interplanar distances dhkl (A˚) (311) for all NPs were calculated, as
shown in Figure 3.1.5 b and compared with that of stoichiometric magnetite Fe3O4 (8.396 Å)
(0.8396 nm, JCPDS file 19-629) and maghemite γ-Fe2O3 (8.346 Å) (0.8346 nm, JCPDS file 391346) phases.17, 34-35
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Figure 3.1.5 (a) XRD diffractograms of all nanoparticles (black) and their corresponding modelling (blue). Positions
of the Bragg reflections of the sample holder are indicated by stars. Red dashed line is for highlighting the peak
position in (311). (b) Lattice parameter as a function of NPs diameter, compared with those of the stoichiometric
magnetite (red line) and of maghemite (blue line).

The value of the lattice constant increases with increasing particle size, and changes from
maghemite for the smallest particles A1 to stoichiometric magnetite for the larger particles. The
crystalline sizes were also obtained from (311) reflection. A summary of the NPs crystal size
evolution with heating rate is given in Figure 3.1.6. The particle crystal size for A1-A6 is
consistent with the statistical analysis of the TEM images, implicitly indicating single
crystallinity of the individual particles.
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Figure 3.1.6 Mean diameter of NPs as a function of heating rate obtained via TEM and XRD. The simulated NP
size is obtained with an activation energy of EA=70 kJ/mol. The error bars represent size dispersion at FWHM of the
particle size histograms.
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Effective hindrance of particles aggregation in solvent is a qualitative indication of good

surfactant coverage. To survey the surface of the nanoparticles fourier transform infrared, FTIR,
spectroscopy was performed. A representative FTIR spectrum is given and discussed in Figure
3.1.7 a for A4 nanoparticles. The bands around 3000 cm-1 and 2800 cm-1 are assigned to methyl
groups on the surface of the particles. The bands between 1300 cm -1-1650 cm-1 are due to the
asymmetric and symmetric COO¯ bands of oleate. Hence the ligand adsorbed on the particle
surface is oleate.36-39
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Figure 3.1.7 (a) IR spectrum of sample A4 between 4000 and 400 cm-1. (b) IR spectra of all samples between 750
and 500 cm-1, (c) position of the most intense IR band for all samples.

The magnetite (Fe3O4) shows a single broad peak at 580−590 cm-1 and a shoulder at
around 700 cm-1 due to the oxidation of surface. On the other hand, the maghemite (γ-Fe2O3)
phase displays several peaks between 800 and 400 cm-1 whose number and resolutions depend
on the structural order of vacancies in maghemite.36, 40 considering a qualitative study of the ratio
of magnetite (and maghemite) in synthesized NPs, the position of Fe-O peak has been compared
among different sizes. For all samples peak position is intermediate between that characteristic of
maghemite (630 cm−1) and magnetite (570 cm−1) which shifted to magnetite via increasing size
(Figure 3.1.7 b and c). Moreover, some other revealing differences are observed between the
spectra in Figure 3.1.7 b. It is worth noting that a drop in the depth of the peak at around 630
cm-1 is observed when the size of the NPs increased indicating the evolution from maghemite to
magnetite. So that, the qualitative results of both XRD and FTIR confirm the evolution of the
composition from maghemite to magnetite by increasing sizes which is in consistence with
literatures.36 However for quantitative study Mössbauer spectrometry is used in the literature,
which measures the composition of NPs by determining the oxidation state of iron species.36, 41
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Figure 3.1.8 Mössbauer spectra for sample (a) 8.6 ± 0.8 nm and (b) 12.7 ± 1 nm taken at 124 K and 5K fitted as a
superposition of three magnetic sextets.

Mössbauer spectroscopy of

57

Fe was performed on two different nanoparticle batches

with nominal small and intermediate sizes with diameters that amount to 8.6 ± 0.8 and 12.7 ± 1.0
nm, respectively. We obtained from Lorentzian site analysis of the experimental data (Recoil
software)32 three Fe-sextets which we ascribed to the magnetic hyperfine splitting of iron-sites
on tetrahedral and octahedral positions as present in magnetite and maghemite. The spectral
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intensities associated with the charge ordering of Fe2+ in octahedral and tetrahedral coordination
was used as an indicator for the fraction of magnetite. Furthermore, paramagnetic Fecontributions were absent in all Mössbauer spectra of this series. Figure 3.1.8 shows the
Mössbauer spectra for samples at two different temperatures T = 124 K and 5K above and below
Verwey transition, respectively. All the fitting parameters of the Mössbauer data have been
included in the Table 3.1.1. The fitted three sextets at 5 K are assigned to (i) Fe3+ octahedral
(chemical shift 0.52(1) mm/s, hyperfine field 527.9(3) kOe), (ii) Fe2+ and Fe3+ in tetrahedral
coordination (chemical shift 0.41(1) mm/s, hyperfine field 506.7(2) kOe), and (iii) Fe2+ in
octahedral coordination (chemical shift 0.88(2) mm/s, hyperfine field 472(1) kOe). We observe
corresponding spectral fractions of 29:49:22 at 5 K and 19:36:45 at 124 K for intermediate size
sample and conclude that the changes stem from charge ordering across the Verwey transition of
the magnetite fraction. The spectra for the first, second and third sextets, give a magnetite
percentage of ~55 % and ~66 % for small and large samples respectively. Mössbauer
spectroscopic data show an increase in magnetite phase fraction upon nanoparticle size increase,
in agreement with XRD and FTIR results.
Table 3.1.1 Hyperfine Parameters obtained from Lorentzian fits to 57Fe-Mössbauer spectra at selected temperatures.
The respective chemical assignment of Fe-species to specific sites are given. The labels (i, ii, iii) refer to the spectra
shown in Figure 3.1.8.
Hhf (kOe)
Sample

8.6 ± 0.9 nm
12.7 ± 1.2 nm

CS (mm/s)

Fraction (%)

Site
Fe3+ (i)
3+
Fe , Fe2+ (ii)
Fe2+ (iii)
Fe3+ (i)
3+
Fe , Fe2+ (ii)
Fe2+ (iii)

T=5K
519.2 (8)
497 (2)
469 (3)
527.9 (3)
506.70 (2)
472.4 (1)

T = 124 K
500.0 (8)
479 (2)
451 (1)
491.1 (3)
470.6 (3)
438.5 (5)

T=5K
0.44 (1)
0.47 (1)
0.90 (4)
0.52 (1)
0.41 (1)
0.88 (2)

T = 124 K
0.41 (1)
0.47 (1)
0.90 (4)
0.45 (1)
0.43 (1)
0.65 (1)

T=5K
48.5
32
18.5
29
49.0
22

T = 124 K
37
25
38
19.0
36
45

The TGA curves of iron oxide nanoparticles under nitrogen shows a weight loss between
7.2 % and 28.2 % (Figure 3.1.9 a) from bigger to smaller particle size (from A7 to A1) which can
be explained by the larger surface area/volume ratio for smaller nanoparticles. TGA spectra of all
samples show three weight loss plateaus.37, 42 The slight weight-loss below 200 °C is attributed to
the evaporation of adsorbed water molecule and solvent remainders in the powder. The second
and the third lost between 200–400 °C and 500–750 °C correspond to the decomposition of the
monolayer of surfactant molecules adsorbed on the surface of nanoparticles.37,

42

Moreover,
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grafting density of the surfactants on the nanoparticle surface remains fairly constant for all the
different sizes (~ 3 molecules/nm2) as shown in Figure 3.1.8 b. This observation confirms the
effective attachment of surfactants on the surface regardless of the size of the nanoparticles.
Furthermore, using TGA data and subtraction of the mass of the organic ligand, the “mass
reaction yield” of the pure inorganic nanoparticle for three different heating rates of 2.2 K/min,
3.2 K/min and 5.4 K/min, amounted to 75.5 %, 80.5 % and 81 % respectively in good agreement
with reported literature values.43
100
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Figure 3.1.9 (a) TGA graph of all samples (30-800 °C) and (b) graft density of the surfactants as a function of size .

3.1.3.2

Modeling of nanoparticle nucleation and growth

To gain insight on NPs’ nucleation and growth process at the molecular level, we set up a
numerical model based on classical nucleation theory.20,

23, 25-26

The model relies on a rate

equation that accounts for population balance,20-21, 23, 44-49 which describes the dynamics of the
precursor-to-monomer conversion:
𝑑[𝑃]
𝑑𝑡

=−

𝑑[𝐶]
𝑑𝑡

−𝐸𝐴

= −𝐴𝑒 𝑅T [𝑃]

(3.1.26)

where [𝑃] and [C] are the concentrations of precursors and monomers, respectively, 𝐸𝐴 is the
precursor-to-monomer activation energy, 𝑅 is the gas constant, 𝑇 is the system temperature and
𝐴 is a constant prefactor. The model is based on the kinetics of a population of Fe3O4 monomers.
For the sake of simplicity, the surfactant is ignored. The population of monomers, and therefore
supersaturation, defined as 𝑆 = [𝐶]⁄[𝐶]∞ , increases up on heating. Formation of the nuclei is
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then thermodynamically allowed by the reaction of monomers. For the nuclei larger than a
critical radius, rc, further reaction of the monomers decreases the Gibbs free energy leading to
stable nuclei. The rate at which the nuclei are formed, the nucleation rate, is determined by
monomer concentration, surface energy, critical radius, and temperature, 𝑅𝑛𝑢𝑐 = 𝑓([𝐶], 𝛾, 𝑟𝑐 , 𝑇).
The nucleated NPs grow further to larger sizes as the time lapses. The number of NPs of radius 𝑟
at time 𝑡 has a distribution, 𝑁(𝑟, 𝑡), the time evolution of which reads as:
𝑑𝑁(𝑟,𝑡)
𝑑𝑡

=

𝜕𝑁(𝑟,𝑡)
𝜕𝑡

+

𝜕[𝑁(𝑟,𝑡)𝛤(𝑟,𝑡)]
𝜕𝑟

= 𝑅𝑛𝑢𝑐 𝑔(𝑟)

(3.1.27)

where, 𝛤(𝑟, 𝑡) is the instantaneous growth rate. The nucleation rate, 𝑅𝑛𝑢𝑐 , is the source term
which accounts for the possibility of nucleating new NPs at a given time modulated by the sizedependent distribution function, 𝑔(𝑟). When nucleation is terminated, 𝑅𝑛𝑢𝑐 = 0. Equation
3.1.27 still describes the growth of NPs with time, based on 𝛤(𝑟, 𝑡). A full description of the
model is given section 3.1.2.4. The values of parameters which used in the simulation is given in
Table 3.1.2.
Table 3.1.2 The values of parameters being used in the simulation.

Parameter

Value

Δ𝑡

1e-4 𝑠

Δ𝑟

0.5e-10 𝑚

𝑀𝑖

708e-3 𝑔 [Exp.]*

𝑀𝑤

231.54 𝑔 𝑚𝑜𝑙 −1 [50]

𝑉𝑡𝑜𝑡

0.0252e-3 𝑚3 [Exp.]

𝜌

5.17e6 𝑔 𝑚−3 [50]

𝐷

1e-11 𝑚2 𝑠 −1 [20]

𝐶∞

1e-3 𝑚𝑜𝑙 𝑚−3 [20]

𝛾

0.4 𝐽 𝑚−2 [51-52]

𝑢

0.42 [20-21, 24]

𝜉

7e4 [20]

A

4e3 𝑠 −1

* Experimental values
To investigate the NPs size evolution with heating rate, simulations were performed by
mimicking the experimental conditions. The following parameters needed in the model, namely
molar mass (MW), initial mass of the precursors (Mi), and reaction volume (Vtot), are known a
priori from the experimental setups. It was assumed that at t=0, there are no particles i.e.,
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𝑁(𝑟, 𝑡 = 0) = 0. At t=0, the temperature was set at 𝑇0 = 453 K (180 °C), and linearly increased
up to 𝑇𝑓 = 567 K (294 °C) with different heating rates. The system is kept at reflux temperature
𝑇𝑓 for 3600 s. The amount of the NPs at the end of the simulation (𝑡 = 𝑡𝑓 ), was calculated by
summing the number of NPs of all sizes i.e. 𝑁𝑡𝑓 = ∑𝑟 𝑁(𝑟, 𝑡𝑓 ). Unfixed parameters, such as
precursor-to-monomer activation energy, EA, were explored within the physical range reported
for nanocrystals growth.20 An optimal set of parameters was identified, so that the simulated
results follow closely the experimental trend for the NP size evolution. Figure 3.1.6 shows that
the numerically calculated mean NPs diameter monotonically decreases as a function of
increasing heating rate, in excellent agreement with the experiment.
The effect of the heating rate on the final NPs size can be explained quantitatively. We
investigated the relative conversion rates of the precursor-to-monomers process as well as the
relative dynamics of the system supersaturation. Selected three different heating rates, namely
1.5 K/min, 3.5 K/min and 6.5 K/that represent slow, intermediate and fast heating rates,
respectively. Figure 3.1.10 a shows the time evolution of supersaturation. For a slow heating
rate of 1.5 K/min, the precursor is slowly converted into monomers and supersaturation increases
slowly in time. The change in the total number of NPs in time, dN/dt, is directly proportional to
nucleation rate, see Equation 3.1.27. It has to be emphasized that for all heating rates, the
nucleation rate at the beginning of the simulation is negligible which is a key feature of the heatup reaction. As supersaturation increases, after an elapsed time, t= 1600s, nucleation starts.
Despite the initiation of nucleation process and monomer consumption, supersaturation does not
drop, due to the fact that monomers are being produced progressively faster as the temperature
rises (see Equation 3.1.26). Once nucleation is triggered, increase in the supersaturation is
sustained for a period of time until the system contains enough nuclei to result in a net decrease
in the monomer concentration, which is associated with a substantial drop in supersaturation and
subsequently quenching of the nucleation rate. Upon termination of the nucleation process, the
remaining population of monomers then acts as a reservoir for the continued growth of the
nascent nuclei. The remaining monomers are consumed at a rate faster than the precursor
conversion rate until the monomers concentration becomes infinitesimally small and/or final
simulation time is reached.
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Figure 3.1.10 a) The simulated supersaturation profiles of reactions at different heating rates along the simulation
time. b) The corresponding nucleation rate for the same heating rates used in part (a). c) The number of NPs at the
end of simulation reflux time, 3600 second.

For higher heating rates the supersaturation shows a faster increase with time. The
nucleation therefore occurs in earlier stages with relatively higher rates, as shown on Figure
3.1.10 a and b. For fast heating rates, the release of monomer is much faster than the growth of
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the existing nuclei. The available monomers contribute almost solely to nucleation, resulting in a
higher number of nascent nuclei. Upon termination of the nucleation, in contrast to the case of
slow heating rate, the majority of the monomers are consumed. The remaining monomers must
then be evenly distributed among a much larger number of nuclei, leading to significantly
reduced final NP size.53 The nucleation process is much shorter (Figure 3.1.10 b). A narrower
nucleation window means that all NPs are formed and subsequently grow “almost”
simultaneously. As a result, a higher heating rate would yield NPs with a narrower size
distribution and better monodispersity. A good agreement between the calculated and
experimentally observed polydispersity is obtained, as shown in Figure 3.1.6. We found out that
activation energy, EA = 70 kJ/mol gives the best description of the experimental trend (as shall be
discussed later). A natural consequence of higher heating rates is that 𝑁𝑡𝑓 at the end of
simulation time increases as a function of increasing heating rate, as shown in Figure 3.1.10 c.
The evolution of the total number of NPs in the course of simulation time for three representative
different heating rates is shown in Figure 3.1.11 a. Moreover, experimentally from the
nanoparticle mean diameter as determined from TEM images, an approximate nanoparticle
count, N, could be determined. The experimentally determined N for three different heating rates
is included in Figure 3.1.11 b. The N showed an increase with the heating rate, in agreement
with simulation prediction. We note however that the simulation and experimental determined N
cannot be directly compared, due to the loss in N as result of post synthesis purification steps.
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Figure 3.1.11 (a) The number of nanoparticles in the course of simulation time for three heating rates. (b) The
number of NPs as a function of heating rate from experimental data. (c) The evolution of mean diameter as well as
the standard deviation of the nanoparticles in the course of simulation time for three heating rates.

The evolution of mean diameter is predominantly determined during the heating stage.
Shortly after the final temperature has reached, the nanoparticle size and its deviation from the
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mean value approaches the final mean value and does not change further with increasing the
reflux time, as shown in Figure 3.1.11 c. Further syntheses were performed at a fixed heating
rate of 3.2 K/min, and different reflux time from ranging from 0 min to 360 min. The size of the
resulting nanoparticles was fixed at 13.0 ± 1.2 nm, in accordance with the simulation data, and
previous reports. 17, 54

Figure 3.1.12 The simulated size distribution of nanoparticles at different simulation times, (a) t = 1 sec, (b) t = 100
sec, (c) t = 2000 sec, (d) t = 4000 sec and (e) t = 4500 sec. The precursor activation energy is 𝑬𝑨 = 𝟕𝟎𝒌𝑱𝒎𝒐𝒍−𝟏 . In
each panel the size distributions of the heating rates of 1.5 K/min (blue), 3.5 K/min (red), and 6.5 K/min (green), the
critical radii are represented with blue square, red circle and green triangle. The insets show an enlarged view of the
marked region of the curves.
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The populations of the NPs for representative heating rates at different reaction times are

shown in Figure 3.1.12. The critical radius, rc, for each heating rate is marked with a symbol. At
the beginning of the simulation, 𝑡 = 1𝑠, the nascent nuclei appear around the critical radius. As
the nucleation process continues, 𝑡 = 100𝑠, the nascent nuclei grow to larger NPs and
approximately reach the steady-state distribution around 𝑡 = 2000𝑠. For the slowest heating rate
critical radius, rc, does not change substantially with time. Therefore, the nuclei that are formed
are stable and can grow further to NPs of larger sizes. For the fastest heating rate however, rc
grows to larger values as the time lapses. Hence early Ostwald ripening

24

takes place and

particles that are formed with r<rc dissolved into monomers favoring the growth of the larger
particles.
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Figure 3.1.13 (a) The simulated nanoparticle size as a function of heating rate for different precursor activation
energies (𝑬𝑨 ). (b) Standard deviation (Polydispersity) of the nano particles as the function of the heating rates. The
legend is similar to panel (a).

The activation energy of the precursor-to-monomer conversion, 𝐸𝐴 , is an influential
parameter as it determines the relative timescales of the temperature rise and the monomer
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release rate. The sensitivity of the final NPs’ diameter and standard deviation to the heating rates
was therefore tested for very high and low activation energies, 𝐸𝐴 = 90𝑘𝐽𝑚𝑜𝑙 −1 and 𝐸𝐴 =
5𝑘𝐽𝑚𝑜𝑙 −1 respectively (Figure 3.1.13). For high precursor activation energy (𝐸𝐴 =
90𝑘𝐽𝑚𝑜𝑙 −1 ), the timescale of the temperature rise is much shorter compared to that of the
monomer release rate, leading to a low concentration of bulk monomers during the temperature
rise. Hence, the growth of nuclei into larger NPs is hindered. Since the rate of the temperature
rise does not effectively change the monomer release rate (see Equation 3.1.26), the dynamics
of the system is approximately the same for all heating rates. For the low activation energy
(𝐸𝐴 = 5 𝑘𝐽𝑚𝑜𝑙 −1), the precursors are rapidly converted into the monomers, irrespective of the
heating rate, leading to rapid rise in the supersaturation, while the temperature of the system is
not significantly changed. Therefore, the same nucleation rate is obtained for all heating rates,
and the subsequent temperature rise with different rates does not remarkably change the growth
dynamics of the nascent nuclei and the final NP size. The slightly larger NP size obtained for the
case of lower activation energy compared to high activation energy is due to much higher
supersaturation.

3.1.3.3

Size dependent magnetic properties

The hysteresis loops of the NPs at 300 and 2K are shown in Figure 3.1.14 a and b,
respectively. At 300K the A1-A6 NPs are superparamagnetic, whereas at 2K particles show
ferrimagnetic behavior.
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Figure 3.1.14 Hysteresis lopes of all samples at 300 K (a) and (b) 2 K. (c) Saturation magnetization (MS) versus the
average diameter (1/d) of the NPs.
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The values of the saturation magnetization (MS) of samples A1-A6 at room temperature

and 2K are plotted in Figure 3.1.14 as a function of inverse diameter. As the size of the NPs
increases from 6.3 nm to 16.2 nm, Ms increases at 300 K from 54.8 emu/g to 79 emu/g and at 2K
from 64.1 emu/g to 85.7 emu/g. The MS values are close to the reported values of 84 emu/g for
pure bulk magnetite at 300K.10, 55-57 The reduction in MS with decreasing size can be explained
by the existence of surface spin disorder layer on the surface of the NPs, which is formed due to
the lack of some oxygen ions from the spinel lattice, weak coordination of surface atoms and the
capping of the NPs with surfactants.58-60 The thickness of the magnetically disordered shell can
be calculated using the following relation:59
𝑀𝑠 = 𝑀𝑠(𝑏𝑢𝑙𝑘) (1 −

6𝑒
𝑑

)

(3.1.28)

where e is thickness of the disordered layer and d is the particle diameter. Using least square
fitting, MS(bulk) values of 92.4 emu/g and 98.4 emu/g at 300K and 2K were obtained, respectively.
The values of MS (bulk) at 2K is remarkably close to the theoretical value of 98 emu/g for Fe3O4.56,
61-62

The thickness of the spin disordered layer was estimated using the values of MS(bulk), and

amounted to 0.42 nm and 0.35 nm at 300 K and 2 K, respectively (in agreement with previous
reports).15, 59, 63-64 The measured saturation magnetization was obtained for NPs covered with an
organic surfactant. The saturated magnetization can be corrected by using only the mass of the
iron oxide NPs obtained by TGA (Figure 3.1.9 a). Corrected MS values for different NPs do not
show a strong dependence on the size for NPs larger than 8 nm, as shown in Figure 3.1.15 a.
Low temperature MS values approach the theoretical bulk value for pure single crystalline
magnetite (98 emu/g)56,

62

indicating size-independent, bulk-like magnetic properties.65-66 By

increasing the size of the NPs the coercive field (HC) raises up to the size of 11.6 nm and then by
further increasing the size, HC decreases slightly as shown in Figure 3.1.15 b. The behavior can
be explained by the shifting of NPs from single domain to multi-domain regime.7,

17, 67

The

flipping of magnetic moments in each domain is controlled by magnetic anisotropy energy,
domain wall motion and thermal energy. When a NP is in the regime of a single domain, domain
wall motion does not exist and by increasing the size magnetic anisotropy the energy increases.
As a result, HC becomes higher. However, by further increasing the size, the domains will be
shifted to the multi-domain regime and due to the existence of domain wall motions the
coercively becomes lower.
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Figure 3.1.15 (a) Saturation magnetization of the sample after removing the mass of surfactant at 300 K and 2 K. (b)
the values of HC as a function of size.
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Figure 3.1.16 A representative MZFC-MFC curves as a function of temperature for samples (a) A1-A5. (b) size
dependence of TB and K obtained from ZFC-FC curve

The magnetic anisotropy constant was determined via zero-field-, and field-cooling
(ZFC-FC) measurements. Upon increasing the temperature from 5K to 300K, at blocking
temperature, TB, the thermal energy overcomes the magnetic anisotropy energy

55, 67

and the

transition from ferro-ferrimagnetic to superparamagnetic takes place. A representative
measurement at an applied magnetic field of 100 Oe, for all the samples is given in Figure
3.1.16 a. Evolution of TB as a function of size is shown in Figure 3.1.16 b. Upon decreasing size
from 14.9 nm to 6.3 nm the value of TB is shifted to lower temperatures, in agreement with
previous reports.9,
equation.9, 59

17, 59

The magnetic anisotropy constant, K, was determined using following
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𝐾=

25𝑘𝐵 𝑇𝐵
𝑉

(3.1.29)

where kB is Boltzmann’s constant and V is the volume of a single NP determined by TEM. The
value of K are shown in Figure 3.1.16 b, show an increase with decreasing particle size. The
disorder of the NP’s surface results in broken spin symmetry i.e. surface anisotropy.14,

58, 60

Therefore the NPs with smaller sizes have higher surfaces to volume ratio (higher surface
anisotropy) and as a result higher anisotropy constant and lower magnetization.

3.1.4 Conclusion
In this section, we have presented a combined experimental and theoretical study on the
size evolution of iron oxide NPs by varying only the growth heating rate during synthesis.
Superparamagnetic highly crystalline NPs with controllable size from 6 nm to 27 nm were
obtained with a narrow size distribution typically below 10%. NPs showed nearly ideal
magnetization values, which evolved with their size. Numerical simulations of nucleation and
growth provided a valuable insight into the formation of the Fe3O4 NPs at different heating rates.
The model reproduced the experimental trends, and showed that the relative time scales
associated with the heating and precursors to monomer conversion rates is a decisive factor
influencing the NP final size in thermal decomposition synthesis processes. For slow heating
rates, large NPs with high polydispersity are predicted and obtained. The NPs were crystallized
in inverse spinel structure with a high degree of crystallinity. The particles were
superparamagnetic and showed increase in saturation magnetization with increasing size, with a
disorder magnetic shell of less than 0.5 nm.
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Chapter 3

Section 2
Effect of Precursor Concentration on Size
Evolution of Iron Oxide Nanoparticles1

3.2.1 Introduction
Precise control over the size and dispersity of magnetic nanoparticles is crucial for
different applications.1-3 In a thermal decomposition reaction, the nanoparticle size, morphology,
dispersity, and crystallinity are controlled, among the other factors, by the precursor,4-5 solvent,67

surfactant5,

8

and their respective concentrations.9-11 Typically, LaMer model12 is used to

explain the nucleation and growth of the nanoparticles.

3.2.1.1

1

Motivation

The results of this chapter are fully or in part published in CrystEngComm with DOI: 10.1039/C7CE01406F
and J. Phys. Chem. C. with DOI: 10.1021/acs.jpcc.8b06927 by H. Sharifi et al.
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Under identical heating and synthetic conditions for different reactions the nucleation rate
depends on supersaturation and thereby the initial precursor concentration. Therefore, tuning the
precursor concentration has been used to control the size of the nanoparticles.5-6 Concentration
tuning can be obtained in different ways, e.g. changing the amount of solvent or precursor.
Concentration tuning by solvent is straightforward because the solvent has only a dilution effect.
By changing the precursor concentration, the ratio between surfactant and precursor is also
varies. Several studies have shown that an increase of the concentration may lead to both, an
increase4, 6, 13-14 and a decrease5, 15 of the particle size. A conclusive explanation is still lacking.

3.2.1.2

Aim of this section

This section addresses the effect of concentration on the final size (distribution) and the
magnetic properties of the nanoparticles. First, as reference, a nanoparticle batch is prepared and
characterize under “standard condition”. Size tuning by controlling the precursor concentration is
achieved in two ways: by changing (1) the amount of solvent, or (2) the amount of the precursor.
We show that the particle size monotonically decreases with increasing amount of solvent
whereas for changing the precursor amount two size regimes are observed, first an increase and
then a decrease in size as the amount of precursor increases. We show that the ratio of surfactant
to precursor plays a crucial role in tuning the size by changing the concentration, and we explain
the observed opposite increasing/decreasing trend reported in literature.4-6,

13-14

Magnetic

measurements show that the nanoparticles are superparamagnetic at room temperature and
possess magnetizations close to the theoretically predicted values.

3.2.2 Experiment
The same materials as Section 1 of Chapter 3 have used for the synthesis of
nanoparticles. The standard sample was prepared under “standard condition”, wherein a threenecked round-bottom flask was charged with 2 mmol of iron acetylacetonate, 6 mmol of OAC
and 6 mmol of OAM, 10 mmol of 1,2 hexadecandiol, and 20 mL of benzyl ether. The mixture
was heated to 110 °C, and stayed at that temperature for 60 min under vacuum. Temperature was
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then raised to 180 °C, under N2 blanket with a heating rate of 6.5 °C/min and kept at that
temperature for 120 min to fully decompose the precursor. Subsequently, temperature was raised
to ∼295 °C with a constant heating rate of 3.3 °C/min and refluxed for 1 hour. Upon cooling of
the solution, the nanoparticles were precipitated by addition of ethanol. The nanoparticles were
washed three times by a mixture of toluene/ethanol/acetone followed by centrifugation
(6000rpm, 10 min), and finally stored under argon in toluene or hexane.
From standard condition, the amount of solvent (series A), the total amount of precursor
(series B) and the total amount of surfactant (series C) were varied. Other synthesis and post
synthesis parameters/processes were kept unchanged with respect to the standard condition. A
summary of the experimental conditions is given in Table 3.2.1. The particles were characterized
by TEM, HR-TEM, XRD, FTIR, TGA and VSM (Cryogenic Ltd). The conditions of the
characterization techniques were given in previous section (Section 1 of Chapter 3).

Table 3.2.1 Summary of experimental conditions. A, B and C are the variable parameters, where A = 28 ml (A 1), 24
ml (A2), 16 ml (A3), 12 ml (A4); B = 0.6 mmol (B1), 1.2 mmol (B2), 1.6 mmol (B3), 3 mmol (B4), 4.5 mmol (B5), 6
mmol (B6); C = 2 mmol (C1), 4 mmol (C2), 8 mmol (C3), 10 mmol (C4).

Reactants

Standard condition

Series A

Series B

Series C

Benzyl ether (ml)

20

A1-A4

20

20

Fe(acac)3 (mmol)

2

2

B1-B6

2

OAC (mmol)

6

6

6

C1-C4

OAM (mmol)

6

6

6

C1-C4

3.2.3 Results and discussion
3.2.3.1

Properties of standard (reference) sample

Under standard condition nanoparticles with regular polyhedral morphologies were obtained as
shown in Figure 3.2.1 a. The size histogram can be fitted well with a normal Gaussian
distribution. It gives a mean size of 13.00 nm with a standard deviation of 1.1 nm and hence a
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polydispersity of ~ 8.5% (Figure 3.2.1 b). The reference nanoparticles are monodisperse with a
narrow size distribution. Particle aggregation is effectively hindered by the surfactant, and well
dispersed colloidal solutions in hexane or toluene are obtained. The ligand shell around the
nanoparticles consists predominantly of oleate as determined from the FTIR spectra of the
nanoparticles (as discussed in detail in section 1 of Chapter 3). In the high resolution TEM
(HRTEM) images of the nanoparticles, shown in the inset of Figure 3.2.1 a, demonstrates that
the crystalline structure is extended up to the edge of the nanoparticles, thereby minimizing the
thickness of the disordered shell16-17 at the particle surface. In the next step we investigate the
influences of the amount of A) solvent, B) precursor, and C) surfactants on the size evolution
(dispersity) of the nanoparticles.

b)300

a)

Average diameter = 13.00 nm
Size variation = 1.1 nm

Frequency

250

111
4.81 A
220
2.98 A
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14

16

18

Diameter (nm)

Figure 3.2.1 (a) TEM images of nanoparticles prepared under standard condition. The inset shows a typical
HRTEM image where crystalline planes are indicated. (b) Size distribution obtained for more than 2000 particles.

3.2.3.2

The role of solvent amount

Different reactions were performed where only the amount of solvent (A) was
systematically varied, 12 ml (A1), 16 ml (A2), 20 ml (standard sample), 24 ml (A3) to 28 ml (A4).
TEM images of the resulting nanoparticles are shown in Figure 3.2.2 a-d. XRD diffractograms
of all samples are shown in Figure A3.2.1 a. The crystal structure of all samples are comparable
with standard sample and are indexed in the fcc inverse cubic spinel structure of magnetite.18-21
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The crystallite size of the nanoparticles were calculated from the XRD diffractograms using
Scherrer’s formula.22-23 TGA traces of all nanoparticles (A1-A4) show (Figure A3.2.1 b) that the
grafting densities for all samples were almost ~ 3 molecules/nm2 compared to the standard
reference.
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Figure 3.2.2 TEM images and particle size distribution of samples (a) A1, (b) A2, (c) A3 and (d) A4. (e) Evolution of
nanoparticle size as a function of solvent volume. Nanoparticle diameters were determined from both TEM and
XRD analysis.

The nanoparticles A1-A3 are truly monodisperse with polydispersities well below 10%.
With increasing amount of solvent (from 12 ml to 28 mL), i.e. decreasing concentration, the
average size of the nanoparticle drops from 24.1 ± 5.7 nm to 9.1 ± 0.71 nm (as depicted in
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Figure 3.2.2 e). The observed drop in the size with increasing the solvent volume can be
explained by the decrease in the concentration of monomer in the reaction medium. At low
solvent volume, the concentration of monomer in solution is high. The concentration of the
available monomers at the interface of the nuclei (the crystal growth front) is close to that of the
bulk solution. Hence the diffusion distance for monomers is shorter, which leads to a higher
mass transfer and therefore higher growth rate.6 As a result, larger nanoparticles are formed
during the same growth period compared to the standard condition. We note that for low solvent
volumes (high concentrations) nanoparticle growth is reaction controlled as the growth rate is
mainly governed by reactions on the surface of the nanoparticles. As the amount of solvent
increases (low concentration), the concentration of precursor, and therefore monomer, is lowered
which increases diffusion constant and reduces the growth rate due to less mass transfer in the
reaction medium. Nanoparticle growth is therefore diffusion limited. Therefore, smaller
nanoparticles are formed during the same growth time compared to the reference condition.

3.2.3.3

The role of precursor amount

The amount of Fe(acac)3 (B) was systematically varied from 0.6 to 6 mmol (B1-B6). TEM
images of the resulting nanoparticles with corresponding size distribution are shown in Figure
3.2.3 a-f. The nanoparticle size evolution is given in Figure 3.2.3 g. Two different size regimes
were observed. In the first regime, the size of the nanoparticles increases from 6 ± 0.9 nm to
13.00 ± 1.1 nm by increasing the amount of precursor from 0.6 to 2 mmol. The increase in size
can be understood based on the increased concentration of the monomer in the fixed reaction
volume, as discussed for the solvent case. To show that the governing mechanism is the same we
have plotted size evolution for both series A and B as a function of precursor concentration in
Figure 3.2.4 a. The trend observed for the case of solvent variation describes well the first
regime in Figure 3.2.3 g. The trend of increasing size is hold up to a precursor concentration of 2
mmol, beyond which the nanoparticle size continuously drops. We note that as the concentration
of precursor increases in a fixed reaction volume two parameters are changed simultaneously:
the precursor concentration and the ratio between surfactants and Fe(acac)3. The drop in size can
be attributed to the decreasing amount of surfactants available for the stabilization of the
monomers. Therefore the saturation concentration of monomer increases and more nuclei are
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formed. As a result, less monomer is available for the growth and hence smaller nanoparticles
are formed.9-10, 24 To substantiate the role of the surfactant to precursor ratio, we systematically
varied the amount of surfactant in the next step.
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Figure 3.2.3 TEM images of samples (a) B1, (b) B2, (c) B3, (d) B4, (e) B5 and (f) B6. Particle size distributions
obtained by fitting TEM histograms are also shown. (g) Evolution of the nanoparticle size (TEM and XRD) as a
function of precursor amount.
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Figure 3.2.4 The evolution of mean diameter as function of (a) precursor concentration and (b) precursor to
surfactants ratio.

3.2.3.4

The role of surfactant amount

Several studies have investigated the effect of surfactant concentration. By increasing the
ratio, both trends of either increasing5, 7, 9-10, 25-27 or decreasing the size7-8, 28-29 has been observed.
To elucidate on the role of precursor/surfactant ratio, different synthesis were performed wherein
only the amount of surfactant (OAC + OAM = C, OAC/OAM= 1) was systematically varied
from 2 mmol to 10 mmol (C1-C4). TEM images of the resulting nanoparticles are shown in
Figure 3.2.5 a-d. The mean nanoparticle size (Figure 3.5.4 e) continuously increases from 5.8 ±
0.8 nm to around 16.3 ± 2 nm as the precursor/surfactant ratio decreases. As the amount of
surfactant increases, more oleate molecules react with the precursor and more stable monomers
with reduced reactivity are formed.7, 9-10, 24-25, 30 According to LaMer model12 for nucleation and
growth, reduced active monomer concentration reduces the nucleation rate and hinders formation
of a large number of nuclei hence favors the growth of larger nanoparticles. We have also plotted
size evolution for both series B and C as a function of precursor/surfactant ratio in Figure 3.2.4
b. The trend observed for the case for surfactant variation describes well the second regime in
Figure 3.2.3 g. We note that an excess of surfactants prevents nanoparticle growth by blocking
growth sites and stabilizing the growth species7, 24 and manifested a dramatic drop in the mass
reaction yield of nanoparticles.
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Figure 3.2.5 TEM images of samples (a) C1, (b) C2, (c) C3 and (d) C4. Particle size distributions obtained by fitting
TEM histograms are also shown. (e) Size (based on TEM and XRD) evolution of the nanoparticles as function of
precursor/surfactants ratio. The dashed line is guide to the eye.

3.2.3.5

Magnetic properties

Magnetic properties of the particles depend on the size.8, 31 Representative magnetization
hysteresis loops of samples A1-A4 as a function of applied field measured at 300 and 2 K are
given in Figure 3.2.6 a, b, respectively. At 300 K, no hysteresis loops were observed for samples
A1-A4, confirming that the nanoparticles are superparamagnetic. However, sample A4 (24.1±
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5.7nm) showed a hysteresis loop with a small coercivity, HC (~10 Oe), and remnant
magnetization, indicating that the critical nanoparticle size is reached.

26, 32-33

Hysteresis loops at

2 K confirm that all the samples are ferri-ferromagnetic at 2 K. As the size of the nanoparticles
increases Ms approaches the values reported for the bulk phase magnetite (84 emu/g) and the
theoretically predicted value (98 emu/g) at low temperature.16, 18, 34-37 The blocking temperature
TB was determined with zero-field (ZFC) and field cooling (FC) in an applied magnetic field of
100 Oe between 5 K - 320 K (Figure 3.2.6 a). With increasing temperature, the thermal energy
increases, and the ZFC curve starts to plunge as TB is reached. The values of TB are given in
Figure 3.2.6 b as a function of size. With increasing size the volume of the nanoparticle
increases, and TB moves to higher temperatures.4, 35, 38 The increase in TB with size is caused by
the increased magnetocrystalline energy (Figure 3.2.6 b). Consequently, higher thermal energies
are required to unblock the magnetic moment of larger nanoparticles. The anisotropy constant K
increases because of the increased surface to volume ratio as nanoparticle size decreases.4, 10, 37-39
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Figure 3.2.6 Hysteresis loops of all samples at (a) 300 K and (b) 2 K. (c) Temperature dependence of magnetization
measured after zero-field cooling (ZFC) at 100 Oe. The magnetization data are normalized with respect to the value
at the maximum of the ZFC magnetization M(TB) for each sample. (d) Values of TB (blocking temperature) and K
(anisotropy constant) as a function of size.
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3.2.4 Conclusion
In summary, changing the concentration via (1) the amount of solvent or (2) the amount
of precursor can control the size of iron oxide nanoparticle. Two competing mechanisms were
identified that influence nucleation and growth of the nanoparticles: (i) concentration dependent
monomer diffusion and (ii) monomer stabilization by excessive amount of surfactant. The former
controls the size when the amount of solvent (to some extent, precursor concentration) is
changed. At a fixed solvent amount, lowering the precursor amount, changes precursor/surfactant
ratio which can lead to monomer stabilization, less nucleation and hence growth of larger
nanoparticles. The resulting nanoparticles show superparamagnetic behavior at room temperature
and ferro-ferrimagnetic behavior at low temperature with a high MS close to the theoretical value
for magnetite.
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Chapter 3
Section 3
Impact of Binding Energy of Surfactant on Polydispersity
of Iron-Oxide Nanoparticles1

3.3.1 Introduction
As synthesized nanoparticles, typically show a wide distribution in size. Usually, size selective
precipitation1-3 is performed to narrow the size distribution and lower poly dispersity index (PDI) of the
nanoparticles. It is therefore highly desirable to find a recipe that eliminates any post purification steps.
It has been shown that surfactants play a key role in the final size distribution of the nanoparticles.

4-8

The surfactant molecules bind to the growth species and therefore control the growth rate of the
nucleated nanoparticles.
In a thermal decomposition synthesis of iron-oxide nanoparticles, usually oleic acid (OAC),9-10
olelyamine (OAM)

11-14

or the combination of both OAC/OAM with, mainly, 1/1 molar ratio15-19 have

been used as surfactant.15, 20-22

23-25

Presence of OAM, in a mixture of OAC/OAM deprotonates OAC

molecules more efficiently via the following acid-base reactions (Equations 3.3.1 and 3.3.2), hence
improving the adsorption of OAC, the primary surfactant, to the surface of the nanoparticles.
1

The results of this chapter are fully or in part published in
10.1021/acs.langmuir.8b01337 by H. Sharifi et al.

Langmuir with DOI:
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𝑅𝐶𝑂𝑂𝐻 + 𝑅𝐶𝑁𝐻2 ⇆ 𝑅𝐶𝑂𝑂 − + 𝑅𝐶𝑁𝐻3+

(3.3.1)

𝑅𝐶𝑂𝑂𝐻 ⇆ 𝑅𝐶𝑂𝑂− + 𝐻 + and 𝑅𝐶𝑁𝐻2 + 𝐻 + ⇆ 𝑅𝐶𝑁𝐻3+

(3.3.2)

The free protons (H+), is neutralized in the reaction medium by OAM through formation of
RCNH3+ or by desorbing of a bounded oleic acid group (RCOO-) from the nanoparticle surface.24-25
Therefore, next to the type and concentration of the surfactant in the reaction, the molar ratio between
them plays a key role in the reaction, and critically influence the nanoparticles’ shape, size and size
distribution. Since the surfactant molecules bind to the growth species and control the growth rate, it is
therefore highly desirable to find an optimum surfactant concentration, and ratio between OAC and
OAM that yields truly monodisperse nanoparticles. Numerous studies have investigated the role of
surfactants concentration.4, 7, 17, 26-28 However, only a handful of reports investigated the effect of the
surfactants molar ratio.24,

29-31

A combined experimental/theoretical study on the role of molar ratio

between OAC and OAM on the size, and PDI of the nanoparticle is still missing, and the optimum
OAC/OAM ratio is still unknown.

3.3.1.1

Motivation

The motivation of this chapter is to study the role of surfactant and the interplay between the
molar ratio between OAC and OAM on the size, and PDI of the nanoparticle.

3.3.1.2

Aim of this section

In this chapter, we present a detailed experiment wherein the ratio of OAC to OAM is
systematically varied in three different ways, all ranging from OAC-rich to OAM-rich reaction. We
reemphasis that only the surfactant amounts are changed. All other synthesis parameters are held
constant. We performed molecular dynamic (MD) simulations to further elucidate the role of surfactant
and its binding energy on PDI of the nanoparticles. We aim to find an optimum OAC/OAM ratio that
gives the lowest PDI, and use the optimum ratio to synthesize nanoparticles with one-nanometer control
over the size with very narrow size distribution, preferably without any post synthesize purification such
as size selective precipitation just by changing the reaction heating rate.

3.3.2 Experiment and simulation
3.3.2.1

Synthesis method
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The detail of synthesis method is reported in previous sections in detail (Section 1 and 2 of

Chapter 3).7, 32-33 2 mmol of iron acetylacetonate, 10 mmol of 1,2 Hexadecandiol as reducing agent, and
20 mL of benzyl ether as solvent were charged in a three-necked flask. OAC and OAM were added by
(Series A) fixing the total initial moles of the both surfactants (molOAC+ molOAM = 12 mmol) and
changing the ratio between them, or by (Series B) fixing the mole of OAM at 6 mmol and changing the
amount of OAC from 2 mmol to 22 mmol, or finally (Series C) by keeping the amount of OAC fixed at
6 mmol, and varying the amount of OAM from 0.86 mmol to 18 mmol. Total of 22 different syntheses
were performed, each at least twice, to ensure reproducibility of the results. A summary of the reaction
series is given in Table 3.3.1.

Table 3.3.1 Summary of experimental conditions. With the variable parameters as:
A = 0 (A1), 3 (A2), 4.5 (A3), 6 (A4), 7.5 (A5), 8.25 (A6), 9 (A7), 9.75 (A8), 10.5 (A9), 12 (A10) mmol
B = 2 (B1), 6 (B2), 10 (B3), 14 (B4), 18 (B5), 22 (B6) mmol
C = 0.86 (C1), 1.38 (C2), 2 (C3), 2.5 (C4), 6 (C5), 10 (C6), 14 (C7), 18 (C8) mmol

Seri A

Seri B

Seri C

Fe(acac)3 (mmol)

2

2

2

Benzyl Ether (ml)

20

20

20

OAC (mmol)

A

B

6

OAM (mmol)

12-A

6

C

All reaction mixtures were stirred, purged with nitrogen and heated to 110 °C, and kept at the
same temperature under vacuum for 60 min to remove water traces and dissolve the reactants. The
temperature is then raised to 180 °C under N2 blanketing, with a heating rate of about 6-7 K/min. the
reactions were kept at 180 °C for 120 min for complete decomposition of the precursor. Afterward the
solution is heated to 300 °C with a constant growth heating rate (H.R.). The reaction is cooled to room
temperature after being for 60 minutes at the reflux temperature. The nanoparticles were precipitated by
the addition of ethanol. No further post synthesis processes such as size selective precipitation is
performed. The particles were characterized by TEM, HR-TEM, XRD, FTIR, TGA and VSM
(Cryogenic Ltd). The conditions of the characterization techniques are given in previous section
(Section 1 of Chapter 3).

3.3.2.2

Simulation details

Theory and simulation method: the simulation was done by Richard Anthony Harris. In the following
a brief description regarding simulation details is given. The adsorption locator module of the Materials
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Studio 6.0 software package is used to simulate the initial adsorptions. The details of the simulation is
given in previous report by Harris.24 Different ratios of the number of OAC/OAM- molecules are used
and the molecules are simultaneously adsorbed onto the nanoparticle surface. These ratios are produced
by first keeping the sum of OAC and OAM constant (for an array of different surfactant concentrations),
as the number of OAC and OAM is varied. Possible adsorption configurations is identified by carrying
out Monte Carlo searches of the configurational space of the substrate-adsorbate system as the
temperature is slowly decreased according to a simulated annealing schedule. For the initial adsorption,
a universal force-field is used and the charges are assigned using the charge equilibration method. As a
check, the same experiments are repeated using the charge consistent valence force-field with charges
assigned by the force-field.

The same results are generated.

The summation method for the

electrostatics and the Van der Waals interactions are both atom based and the quality of the calculation
is set to ultra-fine. The experiment is repeated 15 times for each OAC/OAM ratio.
Geometry Optimization: molecular mechanics are used to do geometry optimization for each of the
resulting OAC, OAM nanoparticle systems. The ‘Discover’ module of MS6.0 is employed for this task.
The cvff force-field is used with charges assigned by the force-field. Settings are applied to both Van
der Waals and Coulomb forces with an ‘atom based’-summation method. A smart minimization
algorithm is employed which uses combinations of the steepest descent, conjugate gradient and newton
methods. The Fletcher-Reeves algorithm is used for the conjugate gradient method and for the newton
method the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm is used.
Molecular Dynamics simulations: the resulting geometries from the molecular mechanics geometry
optimization calculations are used as input to the molecular dynamics simulations to arrive at the final,
energy-optimized systems.

A constant temperature, constant volume ensemble (NVT) at room

temperature is used with a time step of 1.0 femtoseconds and a dynamic time of 20.0 picoseconds. An
Anderson-thermostat is used with a collision ratio of 1.0 and the number of simulation steps are selected
as 20 000.
Binding Energy: the total energy of the system (Etotalsystem) is the sum of the total energy of each
separate system plus, i.e. the interaction energy between the surfactants (Es) (OAC and OAM), between
the nanoparticles (Enp), and the binding energy of the surfactants to the nanoparticle and (Eb). The
binding energy is calculated according to:
Eb = (Etotalsystem) – Enp – Es

(3.3.3)
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After the optimum configuration of the nanoparticle-ligand systems are determined, the

nanoparticle is removed from the system. A single point energy calculation is carried out, from which
the total energy of the surfactant is determined. To calculate the total energy of the nanoparticle, the
surfactants are removed and a single point energy calculation is carried out to obtain the total energy of
the nanoparticle.

3.3.3 Results and discussions
We start with series A, OAC+OAM is fixed at 12 mmol. The OAC concentration is changed
from 0 (A1), 3 (A2), 4.5 (A3), 6 (A4), 7.5 (A5), 8.25 (A6), 9 (A7), 9.75 (A8), 10.5 (A9), and 12 (A10)
mmol. The representative TEM images of the series A with different OAC amount (different
OAC/OAM ratio), and the respective size distribution for nanoparticles are given in Figure 3.3.1. The
nanoparticles size evolution of the series A as a function of increasing the amount of OAC is given in
Figure 3.3.4 a. As the amount of OAC increases in the reaction from 0 mmol, the nanoparticle size
steadily increases from 6.6 nm (PDI = 14.5 %). Simultaneously, PDI increases steadily. At OAC
concentration of 9 mmol, the size suddenly dropped to 9.8 nm with significant fall in PDI = 7.1 %.
Upon further increasing of OAC concentration, the size shows a sharp rise, as well as a sharp rise in the
PDI. The crystalline size of nanoparticles determined from XRD (Figure 3.3.4 a, red circles) using
Scherrer’s formula32, 34 (details in Section 1 of Chapter 3), follows the trend observed for TEM size.

Figure 3.3.1 TEM images of samples (a) A1, (b) A2, (c) A3, (d) A4, (e) A5, (f) A6, (g) A7, (h) A8, (i) A9 and (j) A10. Particle
size distributions obtained by fitting TEM histograms are also shown.
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Next, the concentration of OAM is fixed at 6 mmol, and OAC concentration is freely changed

from 2 (B1), 6 (B2), 10 (B3), 14 (B4), 18 (B5) to 22 (B6) mmol. Details of TEM size analysis are given in
Figure 3.3.2. The size evolution of the series B as a function of increasing OAC is given in Figure 3.3.4
b. As the amount of OAC increases in the reaction the nanoparticle showed a steady increase in both
size and PDI until OAC concentration is 18 mmol at which the size suddenly dropped to 11.8 nm with
very low PDI of 6 %. Upon increasing of OAC concentration to 22 mmol, the size shows again a sharp
rise, with a dramatic increase in PDI.
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Figure 3.3.2 TEM images of samples (a) B1, (b) B2, (c) B3, (d) B4, (e) B5, and (f) B6. Particle size distributions obtained by
fitting TEM histograms are also shown. The image of (b) is also given in before.

For the third experiment, series C, OAC concentration is fixed and OAM concentration is
changed from 0.86 (C1), 1.38 (C2), 2 (C3), 2.5 (C4), 6 (C5), 10 (C6), 14 (C7), to 18 (C8) mmol. Details of
the TEM size analysis are given in Figure 3.3.3. The size evolution is given in Figure 3.3.4 c. At low
OAM concentration, the nanoparticle size is large with large variation in size (high PDI). At 2 mmol
OAM, the size drops to 9.5 nm with the lowest PDI (7.6 %). A slight increase in OAC to 2.5 mmol,
leads to an increase in the size and its dispersity. By further increasing the OAM concentration, the

113

Chapter 3, Section 3- Synthesis and Characterization of Iron Oxide Nanoparticles

average diameter monotonically decreased, and PDI despite a slight decrease, remains always well
above 10%.
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Figure 3.3.3 TEM images of samples (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7 and (f) C8. Particle size distributions
obtained by fitting TEM histograms are also shown. The image of (d) and (f) are also given in before.

The size evolution and PDI is plotted as a function of OAC/OAM in Figure 3.3.5 a and b,
respectively. Strikingly, all different series follow the same general trend in size for OAC/OAM ratios
below 3/1 where upon increasing the OAC/OAM ratio, the nanoparticle size increases. PDI follows the
same increasing trend as the OAC/OAM ratio increases. At an exact OAC/OAM ratio of 3/1 the trend is
interrupted, all synthesis series yield smaller nanoparticles which are of nearly the same size (9-12 nm)
with strikingly low PDIs well below < 8 %. We note that nanoparticles obtained with the OAC/OAM
ratio of 3 are readily monodisperse after the synthesis and further post synthesis purification such as size
selective precipitation is not needed. Further increase of OAC/OAM ratio beyond 3, yields colossal
increase in the size with large PDI and shape irregularity of the nanoparticles. We conclude therefore
that the OAC/OAM of 3 is the optimum ratio in the synthesis of truly monodisperse iron oxide
nanoparticles with regular shape.
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Figure 3.3.4 The average diameter of the nanoparticles for Series A (OAC+OAM= 12mmol= constant) (a), Series B (OAM=
6mmol= constant) (b) and Series C (OAC= 6mmol= constant) (c).

The trend of increase in size observed in Figure 3.3.5 a for OAC/OAM ratio smaller than 3 can
be explained by the acid-base complex formation. As the OAC/OAM ratio increases the amount of
RCOO- increases, which leads to formation of more stable intermediate metal complexes (growth
species). As a result, activity of the growth species is lowered. According to the LaMer’s theory35 of
nucleation and growth, less nuclei with larger sizes are formed and therefore nanoparticles of bigger size
are yielded.12-13, 17, 26, 36

Figure 3.3.5 General graph for size evolution (a) and PDI (b) of the nanoparticles as a function of ratio (OAC/OAM) for all
three series (A, B and C).
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The drop in size and formation of truly monodisperse nanoparticles for all reaction series

occurring at the specific OAC/OAM ratio of 3/1 is rather unexpected. To understand the exact
mechanism, we perform molecular dynamic (MD) simulations.24 The binding energy (kcal/mol) of the
oleate to the nanoparticles is calculated for two different situations; I) the amine groups of the OAM do
not absorb the deprotonated H+ atoms and remain as NH2, whereas in situation II) the amine groups of
the OAM can absorb deprotonated H+ atoms and form NH3+.
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Figure 3.3.6 Binding energies (a) and normalized binding energy (b) of surfactants as a function of OAC/OAM ratio to the
NP for different situation of I and II).

The calculated binding energies for both situations are shown in Figure 3.3.6 a. The binding
energy extremum lies at OAC/OAM ratio between 3 and 4, as shown in the Figure 3.3.6 b for the
normalized binding energies. The maximum values of binding energies reach -8000 and -4000 kcal/mol
for situation I and II), respectively. The oleate binding in situation I) however is stronger than situation
II). In reality, the number of surfactant molecules is large. The number of absorbed deprotonated H +
atoms are significantly lower and therefore the number of predominant NH2 functional groups remain
unchanged. Hence, situation I) where the amine group does not absorb the deprotonated H+ is the most
likely mechanism.24 Due to the strong binding energy, the rate of desorption of oleate from the surface
of the nanoparticle (via free protons) reduces, thereby lowering the growth kinetic of the nanoparticle
(more controlled synthesis).24 Therefore, smaller nanoparticles with much narrower size distribution and
shape regularity are formed (Figure 3.3.7 a-c). Due to the stability of the oleate-nanoparticle bond at the
specific ratio of 3/1, higher oleate (surfactant) coverage is also expected. Experimentally, OAC/OAM
ratio of 3/1 produced the lowest PDI (< 8 %) (Figure 3.3.5 b), in agreement with the MD simulation.
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Several studies have investigated the effect of surfactant concentration.4-6,

9, 17, 26, 28, 37-39

We

showed in previous section that the ratio of precursor to surfactant is a critical parameter that controls
the size when surfactant amount is changing. For a fixed precursor amount, increasing the amount of
surfactant increases the nanoparticle size because more oleate molecules react with the precursor
leading to formation of more stabilized monomers.4-6, 17, 40-41 According to the nucleation and growth
model of LaMer,35 reduced concentration of active monomer lowers the nucleation and inhibits
formation of a large number of nuclei hence favoring the growth of larger nanoparticles. We have
plotted in Figure 3.3.7 d, size evolution of the nanoparticles as a function of precursor/surfactant ratio
for both OAC/OAM ratios of 1 and 3. The trend observed for the case of OAC/OAM=1 shows a steep
slope, whereas for the case of OAC/OAM=3, the slope is substantially reduced and the particle size is
almost constant for the range investigated. The results of MD simulations rationalizes the insensitivity
of the size to precursor/surfactant. At OAC/OAM=3, binding energy of the oleate to the growth species
is maximized, which leads to the formation of highly stable growth species with reduced growth rate,
which is manifested in the insensitivity of the final size to precursor/surfactant ratio.
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Figure 3.3.7 TEM images of samples with ratio 3 for three different synthesis series of (a) series A, sample A 7 OAC/OAM =
9/3 (b) Series B, sample B5 OAC/OAM = 18/6 and (c) series C, sample C3 OAC/OAM= 6/2. (d) The evolution of average
diameter and PDI as a function of precursor/surfactants ratio in both OAC/OAM ratios of 1 and 3.
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We also measure the values of surfactants grafting density of series A using TGA (Figure 3.3.8

a). Interestingly, the surfactant grafting density shows a maximum value of 4.7 molecules/nm 2 for the
specific ratio of 3/1 (OAC/OAM), whereas for other un-optimized OAC/OAM ratios remains almost
constant at ~3 molecules/nm2 with further reduction via increasing the amount of OAC (Figure 3.3.8 b).
At OAC/OAM ratios above 3/1, the amount of OAC present in the reaction becomes more important.
Excessive OAC concentrations, leads to an increased concentration of free protons in the reaction
medium. Due to a limited number of amine groups the free protons are not completely neutralized. As a
result the electrostatic pressure and chemical potential between the medium and the surface of the
nanoparticle increases leading to desorption of the bonded oleate from the surface (lower grafting
density in higher ratios).24-25 The nanoparticle surface becomes unprotected and therefore anisotropic
colossal growth occurs, yielding faceted large nanoparticles as shown in TEM images for higher OAC
concentration. The trend observed for colossal growth in the reactions of different A, B and C series is
in agreement with the above justification, since the amount of OAC for series B > series A > series C.
Therefore, uncontrolled growth in series B is more pronounced.

Figure 3.3.8 (a) TGA of Series A nanoparticles, (b) the values of graft densities as a function of ratio. The red line is a guide
to the eye.

It has been shown in the Section 1 of Chapter 3, that the nanoparticle size of the syntheses with
equimolar 1/1 OAC/OAM ratio can be controlled by changing the reaction heating rate. 32, 42 The effect
of heating rate on the size and dispersity of the nanoparticle has been studied in depth previously. To
perform size tuning we changed the heating rate for both equimolar 1/1 and the optimized 3/1
OAC/OAM ratios. Four heating rates for each molar ratios are tested. For the equimolar OAC/OAM =
1/1 we performed post synthesis size selective precipitation. To demonstrate the power of the new
synthesis recipe of OAC/OAM = 3/1 in production of monodisperse particles, we do not perform post
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synthesis size selection procedures. Exemplary TEM images of the samples for both ratio of 1 and 3 are
shown in Figures 3.3.9 (a)-(h). The size of the nanoparticles obtained from both reactions show the
same reducing trend as the heating rate increased (Figure 3.3.10 a). It has been shown that in the
nucleation and growth of iron oxide nanoparticles, the relative time scales associated with the heating
and precursors to monomer conversion rates determines the nanoparticle final size.32, 35, 42 The synthesis
with OAC/OAM= 3 ratio yields the same trend in size evolution with heating rate but with PDI below <
8 %, as shown in Figure 3.3.10 b. Due to the low PDI, the synthesis with OAC/OAM = 3 ratio allows
for precise control of the nanoparticle size at the nanometer level.
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Figure 3.3.9 TEM images of samples at ratio surfactant ratio of 1 (a)-(d) and ratio 3 (b)-(h) with their corresponding size
distribution histogram obtained at different heating rates.

In the next step, we investigate whether the new OAC/OAM ratio affects the crystallinity and the
magnetic properties of the resulting nanoparticles. The XRD diffractograms, shown in Figure 3.3.11 a,
indicate that both nanoparticles have a fcc inverse spinel structure with high crystallinity.9,

32-33

The

mean values of inter-planer distances and the lattice parameters amounts to 8.39 Å for both ratio 3 and
1, which matches well with the reported value for magnetite.4, 33, 43-44 The crystalline size of the NPs is
shown in Figure 3.3.4 b.34 The consistent agreement obtained with the statistical analysis of the TEM
images, demonstrated that each individual particle is a single crystal.33 HRTEM image and SAED
pattern for the nanoparticle obtained with OAC/OAM=3/1 (sample A7), given in Figure 3.3.11 c,
indicated that the crystalline structure is extended up to the edge of the nanoparticle.45 The OAC/OAM
= 3/1 ratio has therefore no influence on the crystalline structure of the nanoparticles.
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Figure 3.3.10 The average diameter of nanoparticle (e) and PDI (f) as a function of heating rate for the ones with ratio 1
(OAC/OAM of 6 mmol/6mmol) (red dots) and black dots with ratio 3 (OAC/OAM of 9 mmol/3 mmol).

Figure 3.3.11 (a) XRD diffractograms of ratio 1 (red) and its corresponding modelling (blue) and of ratio 3 (black) and its
corresponding modelling (green). (b) FTIR spectrum of samples with different ratio of OAC/OAM. (c) HRTEM images of
sample with ratio 3 and (h) SAED pattern of the same sample.
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FTIR spectra of the nanoparticles obtained at different OAC/OAM ratios, given in Figure 3.3.11

b, showed similar feature for all synthesis. The sharp peak at 570-590 cm-1 attributed to the Fe-O stretch
of iron oxide nanoparticle. The bands at 2920 and 2850 cm-1 are assigned to asymmetric and symmetric
stretch of methyl group (CH2), respectively. The broadband between 1370 and 1650 cm-1 is
characteristic of asymmetric and symmetric stretch of COO-. For high ratio of OAC/OAM (OAC rich)
no peak of pure OAC (like 1710 cm-1) is observed, showing that the OAC molecules are chemically
adsorbed to the surface of nanoparticle via carboxylate group. We note that for low ratio of OAC/OAM
(OAM rich), no peaks of amine-containing group (NH2) are detected.

Figure 3.3.12 Hysteresis loops of samples with ratio 3 and 1 at (a) 300 K and (b) 2 K. The details are given in Table 3.3.2.

Subsequently magnetic hysteresis loops of both nanoparticle batches are measured using VSM.
Nanoparticles obtained from OAC/OAM = 3 ratio with different sizes, are compared to the
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nanoparticles obtained from the conventional OAC/OAM = 1 synthesis. To reach a fair comparison, we
selected particles of nearly the same size from both syntheses.
The hysteresis loops recorded at 300 K and 2 K are shown in Figure 3.3.12 a and b,
respectively. At 300 K all nanoparticles are superparamagnetic (Figure 3.3.12 a). At 2 K all
nanoparticles show ferri/ferromagnetic behavior (Figure 3.3.12 b) with saturation magnetization (Ms),
remanent magnetization (Mr), and coercive field (HC) values that are nearly the same for all
nanoparticles and similar to reported values for magnetic iron oxide nanoparticles (See also Table
3.3.2).28,

45-47

Slight differences in Ms, Mr and Hc values are due to nanoparticle size variation. By

comparing the magnetic responses, we conclude that the excess of OAC in the synthesis with
OAC/OAM = 3, has no measurable influence on the macroscopic magnetic properties of the
nanoparticles.

Table 3.3.2 Summary of the magnetic properties of iron oxide NPs with surfactants ratio of 1 and 3 at 300 K and 2 K.

OAC

Heating

(mmol)/OAM

rate

(mmol)

(K/min)

6/6

5.1

6/6

MS (300 K)

MS (2 K)

(emu/g)

(emu/g)

7.2 ± 1.2 nm

55.6

67

350

4.3

11.4 ± 1.7 nm

64.7

75.6

525

6/6

3.3

13 ± 1.9 nm

75.2

81.2

496

9/3

4.6

6.8 ± 0.45 nm

53.9

64.5

330

9/3

3.3

9.8 ± 0.7 nm

62.2

73.6

475

18 / 6

3.3

11.8 ± 0.7 nm

66.1

77.5

520

9/3

2.3

12.8 ± 0.95 nm

73.4

79.8

505

Size (TEM)

HC (2 K) (Oe)

3.3.4 Conclusion
The surfactant ratio plays a critical role on the final size of the iron oxide nanoparticles and its
respective dispersity obtained through thermal decomposition. An optimized OAC/OAM ratio of 3/1
yields nanoparticles with lowest monodispersity without a need for any post synthesis size selective
precipitation. Molecular dynamic simulations reveal that the binding energy of oleic acid to the
nanoparticle is maximized at an acid/amin ratio of 3/1, leading to a better control of the nucleation and
growth of the nanoparticles. The nanoparticles synthesized using the new synthesis recipe show similar
structural and super-paramagnetic properties comparable to those obtained from the conventional 1/1
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ratio of OAC/OAM. Variation of the reaction heating rate allows for precise control of the nanoparticle
size with one nanometer precision.
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Chapter 4

Composition and Size Dependent Properties of CoxFe3xO4

Nanoparticles1

4.1

Introduction
Iron-oxide nanoparticles (NPs) are usually composed of both Fe3O4 and Fe2O3 phases,

which become superparamagnetic or a weak ferro/ferrimagnetic as the NP size reduces below a
critical value.1 The critical size depends on the composition of the NPs. For iron-oxide NPs, the
superparamagnetic behavior is typically observed below 25 nm (for spherical NPs).2-3 Due to low
magnetocrytalline anisotropy of the iron-oxide nanoparticle, achieving ferromagnetic nanomagnets with a size (diameter) below 50 nm and with stable magnetization at room-temperature
is challenging. Engineering of the magnetocrystalline anisotropy is required to achieve such
nano-sized magnets in order to be used in multiferroic nanocomposites.
Metal-oxide nanoparticles (NPs) with a large magnetocrystalline anisotropy like cobaltferrite (CoxFe3-xO4) 6, 13-14, 17-18 nanoparticles are particularly attractive candidates because of high
1

The results of this chapter are fully or in part published in J. Phys. Chem. C with DOI:
10.1021/acs.jpcc.8b09276 by H. Sharifi et al.
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coercivity, Curie temperature, remanent magnetization, good physical and chemical stability,
excellent corrosion resistance and ease of synthesis.4-8 The magnetic properties of the cobaltferrite NPs can be finely tuned by changing the cobalt content or the size of the NPs. 5-6,
15

9-

Moreover, synthesis of cobalt-ferrite NPs are more cost-effective in comparison with other

ferrimagnet NPs such as FePt, SmCo and NdFeB. Cobalt-ferrites are also relevant in other field
of applications such as in biomedicine, magnetic hyperthermia, spintronic, magnetic resonance
imaging (MRI), catalyst, and sensors.4-5,

16-25

For the aforementioned applications, a detailed

systematic study of the magnetic properties of the CoxFe3-xO4 NPs as a function of cobalt
stoichiometry, x, and the size of the NPs, is required to achieve nano-magnets with stable
remanent magnetization at room-temperature, high coercivity and large magnetocrytalline
anisotropy.
Among the various techniques for preparation of CoxFe3-xO4 NPs,26-30 thermal
decomposition of metal complexes is a promising methods to finely control the size and
composition.5, 7, 12, 31 The magnetic properties, and in particular magnetocrytalline anisotropy, of
the NPs strongly depends on the cobalt stoichiometry, x, which can be affected among many
factors by the ratio/amount/type of precursors, growth temperature, and growth time.4-6, 26, 32-33
Moreover, the magnetic properties of the NPs strongly depends on their size,

5, 9, 22, 34-36

which

could be tuned by varying the thermal decomposition reaction parameters such as reagent
concentration, boiling point of the solvent, and reaction heating rate.

5, 36-41

Therefore, for

realization of cobalt-ferrite nano-magnet with stable room-temperature magnetization, a
thorough study of the magnetic properties as a function of both cobalt stoichiometry and NP size
is required.

4.1.1 Motivation
We would like to systematically explore the parameter space of the thermal
decomposition reaction for the synthesis of CoxFe3-xO4 NPs to find the value of x that gives the
optimal magnetic properties at room temperature and room temperature, and tuned the size of the
magnetic NPs at this optimal composition.
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4.1.2 Aim of this chapter
The aim is to present a detailed study on the evolution of the coercive field, HC, remanent
magnetization, Mr, saturation magnetization, MS, blocking temperature, TB, and magnetic
anisotropy energy as a function cobalt stoichiometry and size over a wide range of temperatures
ranging from 2 K to 400 K. At a fixed NP size, the value of x in the CoxFe3-xO4 NPs nanocrystals
is systematically changed by changing the feed ratio of cobalt and iron precursors to find the
optimal stoichiometric value that provides the best compromise between HC, MS, room
temperature stability of Mr and the highest TB.42-43 We Subsequently experimentally determine
the lowest size limit, for the nanoparticle with stable room temperature remanence and coercivity
by size tuning at the optimum x value. To tune the size, the following parameters are changed:
(1) the amount of solvent, (2) precursors concentration, (3) heating rate and (4) molar ratio of
surfactant to total metal (Co + Fe) precursors.

4.2

Experiment

4.2.1 Materials
Cobalt (II) acetylacetonate (99 %) was purchased from Sigma Aldrich and was used as
received. The rest of the materials are the same as the ones for synthesize of iron oxide
nanoparticles as described in Chapter 3.

4.2.2 Synthesis of cobalt ferrite NPs
CoxFe3−xO4 NPs were synthesized by thermal decomposition following the previously
described procedure in Chapter 3.12, 37, 39, 44 The only difference is using the combination of both
cobalt and iron precursors. Syntheses conditions for all the NPs, their respective size and
compositions are summarized in Table 4.1 and 4.2. In total, 43 different syntheses were
performed, each at least twice, to ensure reproducibility and good statistics of the results. All the
NPs showed colloidal stability, due to surfactant coating.
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Table 4.1 Synthesis conditions for all the synthesized NPs with different cobalt stoichiometry. The values of initial
precursors (both iron and cobalt), solvent, surfactants, heating rate, and average diameter of the NPs and final
compositions of CoxFe3-xO4 are reported.

Name

Co(acac)2 Fe(acac)3

OAC

OAM

BE

H. R.

Diameter

σ

Final

(nm)

(nm)

Composition

(mmol)

(mmol)

(mmol) (mmol) (ml) (K/min)

A0

0

2

6

6

20

3.3

10.8

1.0

Co0.00Fe3.00O4

A1

0

2

6

6

20

2.8

12.1

1.0

Co0.00Fe3.00O4

A2

0.1

2

6

6

20

3.3

11.1

1.15

Co0.10Fe2.90O4

A3

0.1

2

6

6

20

2.8

12.3

1.25

Co0.10Fe2.90O4

A4

0.2

2

6

6

20

3.3

11.5

1.35

Co0.17Fe2.83O4

A5

0.2

2

6

6

20

2.8

12.5

1.4

Co0.18Fe2.82O4

A6

0.3

2

6

6

20

3.3

11.9

1.5

Co0.28Fe2.72O4

A7

0.3

2

6

6

20

2.8

12.7

1.6

Co0.26Fe2.74O4

A8

0.6

2

6

6

20

3.3

12.5

1.6

Co0.45Fe2.55O4

A9

0.8

2

6

6

20

3.3

12.7

1.7

Co0.58Fe2.42O4

A10

1

2

6

6

20

3.3

13.2

1.7

Co0.72Fe2.28O4

A11

1.2

2

6

6

20

3.3

13.7

1.85

Co0.83Fe2.17O4

A12

1.4

2

6

6

20

3.3

14.1

2.4

Co0.95Fe2.07O4

A13

1.6

2

6

6

20

3.3

14.0

2.2

Co1.17Fe1.83O4

A14

1.8

2

6

6

20

3.3

13.5

2.6

Co1.25Fe1.75O4

A15

2

2

6

6

20

3.3

14.1

4

Co1.30Fe1.70O4

A16

2.4

2

6

6

20

3.3

13.9

3.7

Co1.52Fe1.48O4

Table 4.2 Synthesis conditions for all the synthesized NPs with different size. The values of initial precursors (both
iron and cobalt), solvent, surfactants, heating rate, average diameter of the NPs and final compositions of Co xFe3-xO4
are reported.

Method

Heating
rate

Co(acac)2

Fe(acac)3

OAC

OAM

BE

H. R.

Diameter

σ

Final

(mmol)

(mmol)

(mmol)

(mmol)

(ml)

(K/min)

(nm)

(nm)

Composition

A17

1

2

6

6

20

1.0

22.5

3.7

Co0.71Fe2.29O4

A18

1

2

6

6

20

1.25

18.2

3.5

Co0.70Fe2.30O4

A19

1

2

6

6

20

1.5

17.5

3.2

Co0.70Fe2.30O4

A20

1

2

6

6

20

2.5

15.5

2.4

Co0.72Fe2.28O4

A10

1

2

6

6

20

3.3

13.2

1.7

Co0.72Fe2.28O4

Sample
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Solvent
amount

Precursors
amount

Surfactants
amount

A21

1

2

6

6

20

6.4

11.5

1.2

Co0.73Fe2.28O4

A22

1

2

6

6

20

8.4

10

1.1

Co0.69Fe2.31O4

A23

1

2

6

6

20

11

8.7

0.95

Co0.70Fe2.30O4

A24

1

2

6

6

20

20

6.8

0.8

Co0.71Fe2.29O4

A25

1

2

6

6

13

3.3

18.1

3.2

Co0.69Fe2.31O4

A26

1

2

6

6

14.5

3.3

17.6

3.0

Co0.71Fe2.29O4

A27

1

2

6

6

16

3.3

16.5

2.8

Co0.72Fe2.28O4

A28

1

2

6

6

17.5

3.3

15.5

2.5

Co0.69Fe2.31O4

A10

1

2

6

6

20

3.3

13.2

1.7

Co0.72Fe2.28O4

A29

1

2

6

6

24

3.3

10.1

1.25

Co0.70Fe2.30O4

A30

1

2

6

6

28

3.3

9.5

1

Co0.71Fe2.29O4

A31

1

2

6

6

32

3.3

7.2

0.95

Co0.71Fe2.29O4

A32

0.33

0.67

6

6

20

3.3

7.1

0.85 Co0.69Fe2.31O4

A33

0.5

1

6

6

20

3.3

9.4

1

Co0.69Fe2.31O4

A34

0.67

1.33

6

6

20

3.3

11.9

1.4

Co0.73Fe2.27O4

A10

1

2

6

6

20

3.3

13.2

1.7

Co0.72Fe2.28O4

A35

1.34

2.66

6

6

20

3.3

9.9

1.3

Co0.72Fe2.28O4

A36

2

4

6

6

20

3.3

8.4

1.2

Co0.68Fe2.32O4

A37

2.7

5.3

6

6

20

3.3

7.9

1.75 Co0.71Fe2.29O4

A38

1

2

2

2

20

3.3

9

0.95

Co0.75Fe2.25O4

A39

1

2

4

4

20

3.3

10.2

1

Co0.7Fe2.3O4

A10

1

2

6

6

20

3.3

13.2

1.7

Co0.72Fe2.28O4

A40

1

2

8

8

20

3.3

16.5

3.5

Co0.69Fe2.31O4

A41

1

2

10

10

20

3.3

17.4

2.8

Co0.73Fe2.27O4

A42

1

2

12

12

20

3.3

17.6

3

Co0.68Fe2.32O4

4.2.3 Characterizations
To quantify the cobalt and iron stoichiometry, Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) analysis was performed using ACTIVA M. Samples of
MNPs were digested in concentrated aqua regia (3:1 ratio of hydrochloric acid to nitric acid) for
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1 hours. The resulting solutions were diluted to 50 ppm. The metal calibration standards
(0.1−100 ppm) were prepared by diluting aliquots from inorganic ventures stock solutions of
1000 ppm metal content (iron, cobalt). Since the composition of the cobalt ferrite NPs is defined
as CoxFe3-xO4, it is possible to calculate the cobalt stoichiometry(x) according to the following
expression:5
𝐶𝑜

𝑥=

3[𝐹𝑒] 𝐼𝐶𝑃
𝐶𝑜
]
𝐹𝑒 𝐼𝐶𝑃

1+[

(4.1)

Interaction effects in magnetic NPs are usually examined via ∆M technique,45-47 which is
based on the comparison of the isothermal remanent magnetization (IRM) and the DC
demagnetizing remanence (DCD) curves and it is explained well in the literature.

45-47

The IRM

curve, mr(H)= Mr(H)/Mr(Hmax), which is obtained by measuring the remanence from the initially
demagnetized state and taking the sample through progressively increasing loops and the DCD
curve, md(H)= Md(H)/Md(Hmax), which is obtained by measuring the remanence with
progressively increasing demagnetization in a previously saturated sample. In non-interacting
systems mr(H) and md(H) are expected to be related within the Stoner–Wohlfarth model
through:48-49
𝑚𝑑 (𝐻) = 1 − 2𝑚𝑟 (𝐻)

(4.2)

Wohlfarth49 predicted that the two remanence curves should be identical for non-interacting
sample and hence ∆M = 0. If ∆M ≠ 0 there is magnetic interactions which can be either
demagnetizing or magnetizing interactions.45-47
For the DCD measurements we used the following sequence of applied fields: −Hsat,
(ΔH, 0), (2ΔH, 0), ... In this method a negative saturation field −Hsat is applied only at the
beginning of the experiment and each data point is obtained at H = 0 after applying a field of H =
nΔH. Hsat and ΔH depend on the corecieve field of the sample. The IRM curve is acquired by
starting from a demagnetized state and measuring the magnetization at zero field following the
sequence: (ΔH, 0), (2ΔH, 0), ... There are many different ways to demagnetize a sample like
heating the sample above the Curie temperature, TC, and then cooling in zero field. However, due
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to the high TC of cobalt ferrite MNPs (> 600 ⁰C), we used other method to demagnetize the
samples in which the sample is saturated in one direction and a sequence of decreasing fields is
applied in both senses, until zero field is reached.
The elemental distribution within the NPs was determined by energy-filtered TEM
(EFTEM), carried out on a FEI Tecnai F20 200 kV TEM. On the same instrument, operated in
high angle annular dark field scanning TEM (HAADF-STEM) mode, elemental quantification of
the samples was then performed via energy dispersive X-ray spectroscopy (EDS) analysis. The
details for the other characterization techniques were given in previous Chapter.

4.3

Results and discussion

4.3.1 Tuning Co stoichiometry at a fixed size
Initial series of syntheses were performed in which the amount of cobalt precursor (here
Co(acac)2) added to the reaction flask was systematically varied from 0 to 2.4 mmol (A0-A16),
while the amounts of all other chemicals were kept fixed (see Table 4.1). The representative
TEM images of the resulting NPs and the corresponding size distribution histograms are shown
in Figure 4.1 a-i. The cobalt stoichiometry, x, in the CoxFe3−xO4 NPs is given in Figure 4.1 j.
Upon increasing the Co(acac)2/Fe(acac)2, i.e. the Co/Fe feed ratio, from 0 to 1.2, the Co
stoichiometry, x, changes from 0 to 1.5. The rate of change in x with Co/Fe feed ratio is linear. 5-6
The Co/Fe ratio found in the NPs is always lower than the initial Co/Fe feed ratio. These findings
are in agreement with previous literatures.5-6The evolution in the NPs size as a function of Co
stoichiometry, x, in the NPs is shown in Figure 4.1 k. In general by increasing the x from 0.0 to
~ 1.0, the NP size slightly increased from 10.8 to 13.5 nm. For x > 1.0 the size remained
constant. Considering the observed polydispersity and also shape irregularities, one can disregard
the variation in the diameter of the NPs for x > 0.4, hence an average diameter of ~ 13 ± 1.7 nm
could be assumed. The magnetic properties strongly depend on the size. Therefore, for a fair
comparison between magnetic properties of the NPs with different x, similar NP sizes are
required. To increase the average size of the NPs with x < 0.4 (A0, A2, A4, A6- detail in Table
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4.1) to same size regime of ~ 13 nm, we lowered the growth heating rate from 3.3 K/min to 2.8
K/min. The size of the resulting NPs, as depicted in Figure 4.1 k, increased to the range of ~ 13
nm. We discussed in Section 1 of Chapter 3 that growth heating rate is an efficient way to tune
the NP size and has no influence on the stoichiometry.
a)

x= 0

c)

x= 0.1

b)

x= 0.26

600
450
300
150

150

8

10

12

14

8

16

10

12

14

Diameter (nm)

d) x= 0.45

e) x= 0.58

0

8

12

10

x= 0.72

300
200
100
0

8

Diameter (nm)

12

16

8

20

12

16

20

Diameter (nm)

Diameter (nm)

i)

h) x= 0.93

g) x= 0.83

15

400

200

0

16

5

f)

Relative count

Relative count

250

250

Diameter (nm)

400

500

500

16

Diameter (nm)

750

750

0

0

0

Relative count

Relative count

Relative count

Relative count

750

x= 1.17

200
100
0

8

12

500
400
300
200
100
0

16
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Figure 4.1 TEM images of the NPs obtained with different Co(acac) 2/Fe(acac)2 feed ratio as (a) A1, (b) A3, (c) A7,
(d) A8, (e) A9, (f) A10, (g) A11, (h) A12 and (i) A13 (see Table 4.1 for details of the reaction conditions). The inset
shows the corresponding size distribution histogram. j) The cobalt stoichiometry (left) and Co/Fe ratio (right) in the
NPs measured with ICP as a function of the ratio of cobalt precursor and iron precursor in the reaction. k) The
average diameter of NPs as a function of cobalt content. Black squares are for the samples when the heating rate is
3.3 K/min and red dots are for the state that heating rate is 2.8 K/min. Note that all the other synthesis parameter
remains unchanged.
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A representative HR-TEM image of the NPs is given in Figure 4.2 a for the NPs batch
A10 with average diameter of almost 13.2 nm and cobalt content of x= 0.72. Observation of the
lattice fringes indicated formation of well-crystallized NPs. The measured distances of 2.91 Å
and 2.51 Å can be attributed, respectively, to the dhkl of 220 and 311 planes of the spinel structure
of CoFe2O4, respectively, in agreement with the literature reports.12, 26, 50 The crystalline structure
of the NPs with different cobalt content and the same average size, were further characterized by
powder X-ray diffraction (XRD). The recorded XRD patterns of the NPs are shown in Figure
4.2 b. For the NPs with x < 1, the XRD patterns matched the bulk pattern for the stoichiometric
CoFe2O4 spinel ferrite crystal structure (JSPDC card number 22−1086). It can be therefore
concluded that the NPs do not contain impurities ascribable to FeO, CoO, or Co3O4. However,
for the NPs with x > 1, a secondary wustite phase of FeO or CoO appeared.5
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Figure 4.2 (a) HR-TEM images of sample A10 (13.2 nm and x= 0.72). (b) XRD patterns of samples with almost
fixed size (~ 13 nm) and different cobalt stoichiometry (x). HAADF-STEM images of a single NPs from each
sample and profile of the normalized Fe and Co Ka peaks along the diagonal lines drawn for each sample of (c) 13.2
nm (A10) and (d) 18.2 nm (A18).
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To rule out formation of Co- (or Fe-) rich phases within the NPs, we performed EFTEM
to probe the distribution of Co and Fe within the NPs. A representative EFTEM image for the
nanoparticle A10, with size 13.2 ± 1.7 nm and x = 0.72 is given in Figure 4.2 c. The elemental
map indicated a homogeneous distribution of Fe and Co within the NPs, without any evidence of
a core-shell structure or enrichment of Co (or Fe) on surface (or in bulk). The EFTEM image of
larger NPs with diameter of 18.2 nm, and x=0.70 (details to be discussed later), Figure 4.2 d,
indicates a homogenous distribution of Co and Fe. Therefore, EFTEM confirms that our
synthesis yields NPs with good crystallinity, and elemental homogeneity.
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Figure 4.3 M-H hysteresis loops at (a) 300 K and (b) 2 K of samples with different cobalt stoichiometry, x, and
fixed size of almost 13 nm.

To characterize the magnetic properties of the nanoparticles, we performed magnetization
measurements and recorded magnetization, M, as a function of magnetic field, H. The M-H loops
shown in Figure 4.3 a and b were recorded at 300 K (room temperature) and at 2 K, respectively
for the NPs with x varying from 0 to 1.52. The characteristic feature for room-temperature ferroor ferrimagnetic NPs is the observation of a hysteretic M-H curve and finite coercive field, HC
(or coercivity). The cobalt ferrite NPs exhibited HC at room-temperature and a hysteresis
behavior for x > 0.1. The coercivity however is accompanied with compromised saturated
magnetization, MS. The cobalt ferrit NPs showed lower MS values. The M-H curves obtained at 2
K, showed a clear shift in the HC towards higher fields, which is due to the higher magnetic
ordering at low temperature.51
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Similar to previous studies, the M-H curves of the cobalt ferrit NPs showed “bimagnetic” behavior at 2 K; a sudden reduction of M as the field approached from a large value to
zero.5, 26 Different mechanisms have been proposed for the observation of bi-magnetic behavior,
such as presence of two different NP size distribution with the sample,52 formation of a coreshell structure5, 26, 53 and strong dipolar interaction between the NPs.5, 54 In the present cases, it
was evident from the TEM analysis that samples had narrow size distributions. Furthermore, the
EFTEM measurements ruled out formation of a core-shell structure. Therefore, we conclude that
the bi-magnetic behavior is due to the presence of strong inter-particle interactions. The
isothermal remanent magnetization (IRM) and dc demagnetization (DCD) measurements were
performed in order to clarify the magnetic coupling interactions between cobalt ferrite NPs. 46, 5556

For non-interacting NPs, ΔM should be zero at any value of applied field while deviations of

ΔM curves from zero in magnetic materials are ascribed due to magnetic coupling interactions
between NPs.

46, 56

The calculated ΔM curves (Figure 4.4) revealed a negative peak with a

magnitude of -0.5 for the oleate-coated Co0.7Fe2.3O4 NPs. This negative value is indicative of
magnetic dipole coupling interactions. Similar results were reported for ferromagnetic cobalt
ferrite46 and FePt nanoparticles.56 So, the observed bi-magnetic behavior can be ascribed by the
existence of strong coupling interaction between NPs.

Figure 4.4. mr (H), md (H) and ∆M curves for a Co0.7Fe2.3O4 sample with 13.2 nm diameter, at 2 K.

136

Chapter 4- Composition and Size Dependent Properties of CoxFe3-xO4 Nanoparticles

a)

2.2

d)

600

400

2.0
500

360

300

1.4

2K
300 K

1.2

TB(K)

400
1.6

Hc (Oe)

HC (T)

1.8
320

Room temperature

280

200
240

1.0
100
0.8
80

e)

2.8
2.0
2.4

60
50



MS (emu/g)

70

1.5

2.0
40

1.6

30

HC(0) (T)

b)

1.0

20

f)

0.8
0.20

12

0.15

0.5

Mr/Ms

Mr/MS

0.7
0.6

1.2
14

Keff * 10-6 (erg/cm3)

c)

10
8
6
4

0.10

0.4

2
0.3
0.0

0.2

0.4

0.6

0.8

x

1.0

1.2

1.4

1.6

0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

x

Figure 4.5 Variation of (a) coercive field (HC), (b) saturation magnetization (MS), (c) Mr/Ms and (d) TB of samples
with different cobalt content and fixed size (~ 13 nm) at both 300 K and 2 K. (e) Effective magnetic anisotropy, Keff,
of cobalt ferrite NPs with different cobalt stoichiometry in a fixed size of ~ 13 nm. (f) the value of β and HC(0) as
a function of average diameter of NPs. The data were obtained from M-H loops at different temperature, with
the assumption of only coherent rotation switching mode and neglecting any temperature dependent term.

From the M-H curves at 300 and 2 K, we extracted HC, MS, remanent magnetization, Mr,
and calculated squareness, Mr/MS. The values for HC, MS, and Mr/MS as a function of cobalt
stoichiometry, x, in the range 0 ≤ x ≤ 1.5 are shown in Figure 4.5 a-c. For the CoxFe3−xO4 NPs
with an average diameter of 13 nm, HC increased from 120 to 610 Oe at 300 K when x increased
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from 0.1 to 0.7 (Figure 4.5 a). Further increase of x from 0.8 to 1.5, HC lead to a continuous drop
in HC to 325 Oe for x=1.5. The observed maxima in HC at x ~ 0.7 is consistent with literature
reports.5-6 HC showed a similar trend at 2 K, and showed a peaked again at x ~ 0.7. Due to
increased magnetic ordering,51 the low temperature value of HC at x ~ 0.7 reached 21.7 kOe,
which to best of our knowledge is amongst the highest reported values for cobalt ferrite NPs.
Larger HC of the CoxFe3– xO4 NPs compared with the Fe3O4 NPs, indicates Co2+ substitution of
Fe2+ in the magnetite structure improving the magnetocrystalline anisotropy energy and
coercivity. Interestingly, the NPs with 0.5 < x < 0.7 show the highest HC and effective magnetic
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Figure 4.6 ZFC and FC measurement of the samples with different cobalt content, x, and fixed size of ~ 13 nm.

The MS of CoxFe3– xO4 NPs, shows the same decreasing trend, both at 300 and 2 K, as a
function of x, as shown in Figure 4.5 b. This trend is rationalized because Co has a lower
magnetic moment than the Fe (in Bohr magneton), hence resulting lower Ms. The Co2+ ions with
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equal probability occupy both octahedral and tetrahedral sites in the inverse spinel structure of
Fe3O4. The mixed occupancy breaks the antiferromagnetic ordering among the Fe3+ ions.5-6 In
contrast to MS, the squareness, Mr/MS shows a non-monotonic variation with x. At roomtemperature, 300 K, the highest squareness of 0.22 is observed for 0.5 < x < 0.7. At 2 K, the
maximum squarennes is 0.8 and is observed for the range 0.1 < x < 0.5. Blocking temperature,
TB, defined as the temperature below which the magnetic moments are blocked, was determined
from the magnetization measured as a function of temperature after zero field (ZFC) and field
cooling (FC). ZFC-FC plots for all the CoxFe3– xO4 NPs are given in (Figure 4.6).
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Figure 4.7 Evolution of (a) HC and (b) Mr/MS as a function of temperature for the series of cobalt ferrite NPs with
different cobalt content and at almost fixed size of ~ 13 nm.

The extracted TB values are given in Figure 4.5 d. All the samples (except x = 0.0 and
0.1) showed TB that was above room temperature. Interestingly, TB exhibited a maximum for the
CoxFe3–xO4 NPs with x between 0.4 and 0.7. Above TB, the nanoparticles show
superparamagnetic behavior and no coercivity. Below TB, the coercivity, HC, and squareness,
Mr/MS, are temperature dependent.
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We note, to the best of our knowledge, the temperature dependence of HC and squareness
have been overlooked in the literature (see Table 4.3). We therefore measured the M-H curves at
various temperatures, in the range of 2-400 K (data is not given here), from which we extracted
the values of HC and Mr/MS at different temperatures for the CoxFe3-xO4 NPs at every x
composition. The temperature evolution of HC and Mr/MS in different cobalt content are shown in
Figure 4.7 a and b, respectively. Besides strong dependence on the cobalt content, x, the HC and
Mr/MS showed strong dependence on temperature; decaying with increasing temperature,
vanishing at T= TB.
Temperature dependence of HC is well describe with Stohner-Wohlfarth (SW) model:48-49
HC = HC(0)[1 − (T/TB)]β

(4.3)

where HC(0) is the coercive field at 0 K and β is the decay factor.57-58

58-59

. By fitting Equation

4.3 to the experimentally obtained HC-T plot of Figure 4.7 a, the values of HC(0) and β were
obtained. The β values, given in Figure 4.4 e, showed a monotonic drop from 2.8 to 1.4 upon
increasing the cobalt content in the CoxFe3– xO4 NPs. The HC(0) values as a function of
composition are given in Figure 4.4 e. The SW model provides an estimate for the effective
magnetic anisotropy (Keff):33, 48-50, 57-60
Keff = HC(0)MS/ 0.64
by assuming that Keff is temperature-independent.33, 50, 60,

(4.4)
22, 61-65

The HC(0) is determined from

Equation 4.3. The calculated Keff, Figure 4.4 f, exhibited again a non-monotonic dependence on
x with the maximum occurring for 0.5 < x < 0.7. The maximum Keff value amounted to 13.2 ×
106 erg/cm3 for 0.6 < x < 0.7, which is close to the value for the stoichiometric bulk CoFe2O4 (19
× 106 erg/cm3). 22, 66 For the compositional range of 0.5 < x <0.7 the cobalt-ferrite NPs show the
highest values for HC, squareness, TB and Keff, indicating stability of the remanent magnetization
at room-temperature and suitability of the NPs for nano-magnet applications. The best
compositional region for the CoxFe3–xO4 NPs at which the NPs are stable at room-temperature are
highlighted on Figure 4.4. Therefore, CoxFe3-xO4 NPs with 0.5 < x <0.7 are suited the envisioned
applications as nano-magnets in for instance non-volatile memories.
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4.3.2 Size tuning at the optimum Co stoichiometry
The magnetic properties, next to the stoichiometry, strongly depend on the size of the
NPs. Therefore we set out to tune the size of the NPs. At the optimized cobalt stoichiometry of x
~ 0.7, we tune the size of the NPs by changing different reaction parameters i.e. (i) growth
heating rate, (ii) concentration of the surfactants, (iii) concentration of the precursor and
investigate the effect of each reaction parameter on average diameter, polydispersity,
stoichiometry, crystalline structure, and magnetic properties.
(i)

Growth heating rate
Changing the growth heating rate (from 180 °C to 300 °C) is an easy way to tune the size

of the NPs.37-38, 67 Here we changed the heating rate from 1 to 20 K/min (detail is Table 4.2)
while the other reaction parameters were unchanged. The TEM images of the resulting NPs, with
their corresponding size distribution diagram is shown in Figure 4.8 a-h.
To determine the effect of the heating rate on the cobalt stoichiometry, x, we first
measured the cobalt content, using ICP, for different average diameters. The cobalt
stoichiometry remained almost constant (x~ 0.7) for all the NPs obtained using different growth
heating rates (as depicted in Figure 4.8 i). Changing growth heating rate, therefore does not
affect the stoichiometry. The evolution of the average diameter of the NPs as a function of
heating rate is shown in Figure 4.8 i. As the heating rate increased from 1.0 K min−1 to 20 K
min−1 the final average diameter of NPs droped from ∼ 22.5 nm to ∼ 6.8 nm.
We have shown in previous chapter (Chapter 3 and Section 1) the underlying mechanism
responsible for size tuning of iron-oxide nanoparticles by changing growth heating rate.

37

The

size reduction trend is due to the dominant effect of growth heating rate on nucleation. Briefly,
the higher the heating rate results in the higher production of monomer which based on the
LaMer theory,68 leads to formation of higher number of smaller nuclei after nucleation. The
higher number of nuclei contributes to formation of smaller nanoparticles.37-38 At low heating
rates, polydispersity was higher. Higher polydispersity is due to the less defined threshold
between nucleation and growth under low heating rates, which results in the formation and
growth of nuclei during a longer time.
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Figure 4.8 TEM images of the NPs with fixed cobalt stoichiometry (x ~ 0.7) and different heating rate (a) 1 (A17),
(b) 1.25 (A18), (c) 1.5 (A19), (d) 2.5 (A20), (e) 3.4 (A10), (f) 6.4 (A21), (g) 8.4 (A22), (h) 11 (A23) and (i) 20 (A24)
K/min with their corresponding size distribution histogram (see Table 4.2 for details of the reaction conditions). (j)
The summary of average diameter and the cobalt stoichiometry of the NPs as a function of heating rate.
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Surfactants concentration
To clarify the role of the surfactants concentration, different syntheses were performed

wherein only the total amount of surfactants OAC+OAM was systematically varied from 4 mmol
to 24 mmol while keeping the ratio of OAC/OAM=1. All other reaction parameters were
unchanged (Table 4.2).
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Figure 4.9 TEM images of samples with different total amount of surfactants (OAC+OAM, OAC/OAM=1), (a) 4
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The TEM images of the resulting NPs with their corresponding size distribution
histograms are shown in Figure 4.9 a-f. Altering the surfactant concentration did not show any
influence on the cobalt stoichiometry, x, as all the NPs showed x ~0.7 hence remained unchanged
for all the NPs (as shown in Figure 4.9 g). The size evolution of the NPs, Figure 4.9 g, shows
that the mean nanoparticle diameter continuously increased from 9 nm to around 17.6 nm as the
amount of surfactants increased from 4 mmol to 24 mmol.
Oleate surfactant in the synthesis acts as the surfactant to stabilize the monomer also as
the growth rate controller of different crystallographic plans of the crystal structure.4, 6, 44 The
growth rate of each crystal plan depends on the coverage of surfactant on the respective plan.
Oleate molecules attach preferentially to the lowest energy [100] crystal plane and inhibit the
growth of the NPs in the respective direction by forming a dense layer. The hindered growth of
the [100] and faster growth of [111] or [110] planes yields truncated and cubic NPs. 7, 33, 41, 69-71
At low surfactant concentration the surfactant layer is not dense enough to reduce the growth of
the [100] plane, thus more spherical shape are formed, and the shape anisotropy is not
pronounced.7,

35

At high surfactant concentration, the shape of the NPs change from semi-

spherical to more truncated NPs. We note the surfactant also play a role as a monomer stabilizer
and control the size. The observed trend of increasing the size of the NPs by increasing
surfactants amount can be rationalized by the formation of more stable monomer upon adding
more surfactants amount. As the amount of surfactants increases, more oleate molecules (RCOO) react with the precursor and bind to monomer, which leads to the formation of more stable
monomers with, reduced reactivity. According to LaMer's model,68 a reduced active monomer
concentration reduces the nucleation leading to the formation of less nuclei. As a result of the
reduction in nucleation, nanoparticles with bigger size forms. 34, 36, 39, 72-76
(iii)

Precursor concentration
Changing the concentration of precursor in the reaction medium was obtained in two

different ways: (1) by changing the amount of solvent or (2) by varying the amount of
precursors.
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Figure 4.10 TEM images of the NPs prepared with different amount of solvent (a) 13 (A 25), (b) 14.5 (A26), (c) 16
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(see Table 4.2 for details of the reaction conditions). (h) The average diameter and the cobalt stoichiometry of the
NPs as a function of solvent amount.
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(1) The amount of solvent in the reaction medium was varied from 13 ml to 32 ml, while
keeping the other reaction parameters unchanged (detail in Table 4.2). TEM images of NPs with
their corresponding size distribution histograms are shown in Figure 4.10 a-g. The average
diameter of the CoxFe3-xO4 NPs as a function of solvent volume is shown in Figure 4.10 g. By
increasing the amount of solvent from 13 ml to 32 ml, the average diameter of the nanoparticle
dropped monotonously from 18.1 nm to 7.2 nm. For all the CoxFe3-xO4 NPs, ICP measurements
showed that changing the amount of solvent does not influence the stoichiometry value of x in
CoxFe3-xO4 and it remains unchanged (x~ 0.69-0.72) for all sizes (as depicted in Figure 4.10 g).
Similar size drop with the amount of solvent has been shown in previous chapter for the
growth of iron oxide NPs.39 The solvent in the reaction medium has only a dilution effect on the
growth species. At high solvent amount, (hence low precursor concentration), diffusion distance
for the growth species from the bulk solution to the surface of the growing NPs becomes large.
The diffusion therefore becomes the limiting step in the growth process, lowering the growth rate
and yielding smaller NPs. At low amount of solvent, the concentration of the growth species in
the bulk solution is high such that the concentration of growth species at the interface of nuclei
and in the bulk solution are nearly equal. Under these conditions, the diffusion distance is
shorter, leading to higher mass transfer and growth rates and therefore larger NPs. 39, 72, 77-79
(2) Amount of precursor (Fe(acac)3 + Co(acac)2) in the standard synthesis was changed from
1 to 8 mmol, while the ratio of Co(acac)2/Fe(acac)3= 0.5 was fixed. All other synthesis
parameters were unchanged (detail in Table 4.2). 39, 72, 78 Figure 4.11 a-f shows TEM images of
samples with different precursor concentration with their corresponding size distribution
histogram.
The size evolution of the NPs is given in Figure 4.11 g. Similar to iron oxide NPs
(Section 2 of Chapter 3) two different size regimes were observed (marked with yellow and
green). In the yellow regime, the concentration of the precursor is low. The size of the
nanoparticles increased from 7.1 ± 0.85 nm to 13.2 ± 1.7 nm by increasing the total amount of
the precursors from 1 to 3 mmol. The change in precursor concentration in the yellow region has
only dilution effect, similar to the case of solvent. The trend of increasing in size was held up to
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a precursor’s concentration of 3 mmol, beyond which the nanoparticle size continuously dropped
(the green regime).
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Figure 4.11 TEM images of the NPs with different total precursors amount (Co(acac) 2/Fe(acac)3 = 0.5) of (a) 1
(A32), (b) 1.5 (A33), (c) 2 (A34), (d) 3 (A10), (e) 4 (A35), (f) 6 (A36) and (g) 8 (A37) mmol with their corresponding size
distribution histogram (see Table 4.2 for details of the reaction conditions). (h) The average diameter and the cobalt
stoichiometry of NPs as a function of total precursor’s amount.
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The drop in the green regime is attributed to the reduction of the amount of surfactants
available for the stabilization of the monomers (as explained in details in Chapter 3). The
saturation concentration of the active monomers increases and more nuclei are formed, which
based on LaMer’ theory, leads to formation of the NPs with smaller size. The results are in
agreement for our previous result of Fe3O4.39
Finally, we performed ICP to determine the cobalt content. The value of x remains
almost unchanged by changing the size of NPs via varying the amount of precursors (Figure
4.11 g). The ICP measurements of the size tuned NPs showed that the cobalt stoichiometry in the
CoxFe3-xO4 NPs is insensitive to the variation of the aforementioned reaction parameters, and is
only sensitive to the Co(acac)2/Fe(acac)3 feed ratio. We note that we have not investigated the
influence of the reaction time and growth temperature on the final stoichiometry of the NPs.
However, Sun et al6 have demonstrated increase in the x value for prolonged reaction times.
Moreover, we performed XRD measurements on the size tuned NPs obtained from the
different syntheses batches. For the size tuned NPs, the XRD patterns, Figure 4.12, matched
well with the bulk pattern of the stoichiometric CoFe2O4 spinel ferrite crystal structure (JSPDC
card number 22−1086) without any traces of impurities like FeO, CoO, or Co 3O4. The series of
diffractograms (Figure 4.12) reveals the expected gradual narrowing of the peaks associated
with the increase of average diameter. The values of lattice parameter for NPs with size 18.2 nm
(A18), 15.5 nm (A20), 13.2 nm (A10), 11.5 nm (A21) and 8.7 nm (A23) are 8.437, 8,423, 8.407,
8.357 and 8.346 A° respectively, which is increasing via increasing the size of NPs. The
observed enhancement of lattice parameter via increasing the size of ferrite NPs are in agreement
with previous reports and similar to iron oxide.22, 36-37 These values are slightly higher than the
one of bulk CoFe2O4 (8.391 A, JCPDS file 22-1086) which can be assigned either to a lower
concentration in cobalt or to a different cationic distribution.26
Furthermore, EFTEM on the NPs with the size of 13.2 and 18.2 nm, as shown in Figure
4.2 d, showed a homogenous distribution of Co and Fe within the NPs. No evidence for the coreshell and Co or Fe enriched structures (on the surface or bulk) were observed (in agreement with
the XRD findings).
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Figure 4.12 XRD diffractograms of cobalt ferrite NPs with different sizes and same cobalt content of x~0.7.

The M-H hysteresis curves of the Co0.7Fe2.3O4 NPs with different sizes (ranging from 6.822.5 nm) were recorded at 300 K and 2 K, as shown in Figure 4.13. At 2 K, all loops exhibited
nonzero Mr and HC. At 300 K, the NPs smaller than 10 nm showed superparamagnetic and those
larger than 10 nm showed ferri/ferromagnetic behavior.3-5 We note that at 2 K, most of the NPs
showed the bi-magnetic behavior, which we discussed in detail earlier.
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Figure 4.13 M-H hysteresis loops at (a) 300 K and (b) 2 K of samples with different size and fixed cobalt
stoichiometry of x~ 0.7.
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The evolution of HC, MS and Mr/MS as a function of the NP size is shown in Figure 4.14
a-c. A non-monotonous dependence of HC with average diameter was observed, Figure 4.14 a,
in accordance with previous reports.4-5, 22, 80 At 300 K, the NPs with an average diameter below
10 nm, are superparamagnetic and show hysteresis-free M-H curves. For the NPs larger than 10
nm, HC showed a linear growth with the NPs’ size, and reached 1884 Oe for the NPs with
average diameter of 22.5 nm. At 2 K however, HC initially increased until it reaches the
maximum value of 22.8 kOe for an average diameter of 11.5 nm. To the best of our knowledge,
HC is the highest reported values for cobalt ferrite NPs in this range of size.

5-6, 12, 22, 26

For the

NPs with average diameter beyond 11.5 nm, HC dropped. The observation of the maxima in HC
at 2 K can be ascribed to transition from a magnetic single domain NP to a multi-domain one,3, 36,
80-84

or to the combination of a crossover on magnetic rotation (changing from uniform coherent

rotation of all atomic spins to an incoherent curling mode).22, 50, 85 It has been also shown that at
higher temperature this non-monotonic behavior shifts to larger NP size.22, 85 However, we did
not observe this behavior in the range of the NPs sizes investigated here. MS showed the same
increasing trend with increasing the NPs size at both 300 K and 2 K (Figure 4.14 b). The MS
values are in accordance with the previously reported values.5, 22, 26, 33, 36-37, 79, 86-87 To the best of
our knowledge, HC is the highest reported values for cobalt-ferrite NPs in this range of particle
size. To substantiate our claim, we have provided in Table 4.3 a comparison of the reported HC
and MS, TB and Mr/MS both at room-temperature and at low-temperature between literature and
the present work.
The squareness, Mr/MS, showed different behavior at 2 K and 300 K (Figure 4.14 c). At 2
K, squareness, remained unchanged at 0.75 for the NP size below 12 nm, and only slightly
changed to 0.70 at NP sizes larger than 12 nm. The squareness values of Mr/MS at 2 K are in
good agreement with the theoretically expected ones for randomly oriented cobalt-ferrite nano
grains.5, 22 At 300 K however, the squareness was zero for the NP sizes below 10 nm, and then
gradually increased to 0.25 for the NP sizes above 15 nm. On the other hand, the values of Mr/MS
at room T, due to thermal effects, is lower and the variation in Mr/MS values are more pronounce
via changing the size of NPs.5, 22, 88
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Variation in the NP size, substantially changes TB. We therefore performed ZFC and FC
measurements (inset of Figure 4.14 d). The Co0.7Fe2.3O4 NPs smaller than 10 nm showed TB
below the room temperature (300 K).3 NPs larger than 10 nm showed TB > 300 K and therefore
blocked magnetization at room temperature. We have therefore identified the lowest size limit of
10 nm for the cobalt ferrit NPs with the optimized cobalt stoichiometry (x ~ 0.7) at which the
nanoparticles showed remanence and coercivity at room temperature.
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Figure 4.14 Evolution of (a) HC, (b) MS and (c) Mr/MS as a function of average diameter of NPs in a fixed cobalt
content of ~ 0.7. (d) Size dependence of the blocking temperature, TB , which obtained via ZFC-FC measurement
(balk dots) or by fitting HC versus T curves to the Stohner-Wohlfarth equation, HC= HC(0)[1-(T/TB)]β (redo dots). (e)
Effective magnetic anisotropy, Keff, of cobalt ferrite with different sizes in a fixed cobalt content of 0.7 and (f) the
value of β and HC(0) as a function of average diameter of NPs. The inset of (d) shows ZFC and FC curves of
samples with different size and fixed cobalt content of x~ 0.7. Superparamagnetic and ferri/ferromagnetic regions
are marked with green and yellow, respectively.
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For the NPs larger than 14 nm, TB can not be measured due to limitation of our VSM
setup. We therefore estimated TB using the SW model (Equation 4.3).22,

57-58

To estimate the

value of TB, M-H loops at different temperature were measured to extract HC as a function of
temperature (Figure 4.15 a). Subsequently, the value of TB was calculated using Equation 4.3.
The calculated TB for the small NPs matched well the experimentally extracted ones from ZFC
magnetization curves, supporting the validity of this approach. The calculated TB increased with
increasing NPs size.89 The values of β (Figure 4.14 e) are also in the range of 1.9 < β < 2.1
which matches well for the previous reported values for metal ferrite NPs.22
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Figure 4.15 Evolution of (a) HC and (b) Mr/MS as a function of temperature for different size of NPs in a fixed
cobalt content of x~ 0.7.

The calculated Keff

22, 61-62

as a function of particle size, Figure 4.14 f, showed a linear

increase as the particle size increased from 7.8 nm to 11.4 nm, where Keff showed a maximum
value of 13.1 × 106 erg/cm3 (comparable with Keff value for the stoichiometric bulk CoFe2O4 (19
× 106 erg/cm3).22, 66

152

Chapter 4- Composition and Size Dependent Properties of CoxFe3-xO4 Nanoparticles

In addition, temperature dependence of HC and Mr/MS changs with the size of the NPs, as
shown in Figure 4.15 a and b. HC always showed reduction with increasing temperature (Figure
4.15 a) with different curvatures for different sizes,22, 85 linear for the small and convex for the
large NPs.22 The squareness, Mr/MS, Figure 4.15 b, decays linearly with temperature for the
small NPs while for the large NPs, initially shows a plateau at low temperatures followed by a
smooth drop upon increasing temperature.22

4.4

Conclusion
The magnetic properties of CoxFe3-xO4 NPs are thoroughly investigated as function of

varying cobalt stoichiometry and size. The NPs have been synthesized by thermal decomposition
of cobalt and iron precursors. By changing the cobalt to iron precursor feed ratio, the cobalt
stoichiometry is varied from 0 to 1.5, at a fixed NP size ( ~ 13 nm). We have experimentally
shown that the variation of the reaction heating rate, and the amount of solvent, precursor, does
not affect the stoichiometry and only modifies the nanoparticle size. We have determined the
best range for cobalt stoichiometry where the NPs show stable remanent magnetization at roomtemperature. The optimum x value is in the range of 0.5-0.7 at which the NPs have exhibited the
highest HC, Mr/MS, TB and Keff, suited for room-temperature applications of the cobalt-ferrite NPs
as nano-magnets. Within the framework of LaMer’s theory of nucleation and growth, we have
explained how variation in the reaction heating rate and solvent/precursor/surfactant
concentration enable fine-tuning of the NP size. We have experimentally showed that the NPs
with a size smaller than 11.5 nm, are composed of single magnetic domains, whereas larger
nanoparticles are composed of magnetic multi domains. Furthermore, we unambiguously show
that the commonly observed bi-magnetic behavior of cobalt-ferrite NPs is due the inter-particle
magnetic interactions. Finally, at an optimum cobalt stoichiometry (x ~ 0.7), we have achieved
room-temperature stability of remanent magnetization for NPs with diameter as small as 10 nm,
which is highly promising for instance for multiferroic polymer nanocomposites and magnetic
non-volatile memory applications.
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Table 4.3 Comparison of the values for HC, MS, Mr/MS and TB reported in literaturesa and in this work for cobalt
ferrite NPs.

Ref.

[4]

[5]

x
CoxFe3-xO4

0.6
0.1
0.3
0.4
0.5
0.6
0.7
0.85
1

[22]

[9]

[6]

[26]

1

0.06
0.12
0.19
0.37
0.42
0.55
0.2
0.4
0.6
1
1.2
0.6
0.9
1

Size

MS

(nm)

(emu/g)

20 ± 1
15 ± 0.6
10
20 ± 2
20 ± 1.8
20 ± 2
20 ± 1.5
20 ± 2
20 ± 2.3
20 ± 2.2
15 ± 2
19 ± 2
20 ± 2.5
27 ± 3
4±1
7±1
11 ± 1
20 ± 2
30 ± 4
40 ± 7
60 ± 4
6.3 ± 1.13
5.9 ± 0.76
6 ± 0.9
6 ± 0.72
6.4 ± 0.64
6.4 ± 0.64
35 ± 4
35 ± 4
35 ± 4
35 ± 4
35 ± 4
35 ± 4
35 ± 4
8 ± 1.6
15.7 ± 2.6

Mr/MS

HC
(Oe)

Room temperature
55
810
47
170
40
15
75
100
65
700
68
750
60
0.46
1100
50
1000
45
450
60
300
47
670
48
300
40
500
62
0.32
400
c
48
SPM
no
65
SPM
no
64
SPM
no
80
0.48
950
85
0.5
1550
82
0.56
2900
82
0.48
2100
74.7
SPM
no
79.8
SPM
no
65.6
SPM
no
69.2
SPM
no
75.2
SPM
no
80.5
SPM
no
300
1050
1250
1100
1000
81.8
0.66
1690
90.3
0.6
1180
SPM
0
-

MS
(emu/g)

Mr/MS

HC
(Oe)

Low temperature b
87
9000
85
9500
75
11000
70
0.82
13500
71
12000
60
7500
80
8000
57
9300
64
8000
55
7500
74
0.71
7000
59.4
0.5
11000
77.4
0.78
13500
80
0.77
14700
85.5
0.82
16700
89.1
0.79
12100
88.7
0.77
10000
84.7
0.75
8000
83.3
0.45
2000
93.7
0.64
5000
71.6
0.70
10000
83.4
0.83
15000
80.9
0.83
17000
85.4
0.84
20000
38
19000
68
20600

TB (K)
85
220
300
420
487
545
619
70
118
145
178
220
230
212
340
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x
CoxFe3-xO4

[33]

1

[79]
[90]
[91]

1
1
1

[92]

1

[93]

0.9
0.54
0.77
0.68
0.67
0.61
0.66
0.7

[94]

1

This
work

0.1
0.185
0.26
0.45
0.58
0.72
0.83
0.93

Size

MS

(nm)

(emu/g)

5
8
10
12
13
8
9
10
11
11.9 ± 2
16
9.5
8.1 ± 4.9
8.8 ± 5.3
12.2 ± 7.4
5 ± 0.8
8.8 ± 1.3
11 ± 1.6
13.3 ± 1.3
14.3 ± 2.6
16.8 ± 1.7
18.6 ± 2.1
25 ± 4.1
17.5
21
24
26
32
38
42
48
12.3 ± 1.2
12.5 ± 1.4
12.7 ± 1.6
12.5 ± 1.6
12.7 ± 1.7
13.2 ± 1.7
13.7 ± 1.8
14.1 ± 2.4

Mr/MS

HC
(Oe)

Room temperature
50
0.08
180
400
68
SPM
no
67
7
60
SPM
no
30
60
24
SPM
no
43
SPM
no
51
SPM
no
76
SPM
no
57
47
47
48
56
800
65
1080
68
0.43
1250
70
1150
72
1100
75
650
76
300
79
330
70.2
SPM
no
70
0.086
120
69.7
0.168
285
68.4
0.201
555
66.7
0.217
600
63.15
0.2
610
58.7
0.19
600
56
0.187
590

MS
(emu/g)

Mr/MS

HC
(Oe)

Low temperature b
77
0.51
11000
79
0.54
14000
80
0.65
17000
81
0.72
18000
80
0.72
14000
80
0.62
9000
80
0.68
10000
79
0.76
11000
80
0.75
7500
54
0.4
17250
20000
82
12500
79
17200
70
15100
35
9100
30
4875
54
20064
61
11500
86
20064
66
20064
55
17500
57
18750
53
12875
40.8
0.85
11000
79
0.7911 8302.5
78.1
0.7938 14820
77.5
0.7935 18537
76
0.7852 21100
74
0.7162 21640
69.5
0.7093 21765
65.9
0.6418 20518
62.8
0.6098 20905

TB (K)
150
245
280
340
410
270
330
360
400
270
222
>300
42
182
259
306
345
>400
>400
>400
263
267
270
260
340
374
384
392
386
375
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x
CoxFe3-xO4
1.17
1.25
1.32
1.52

~ 0.7

a

Size

MS

(nm)

(emu/g)

14 ± 2.2
13.5 ± 2.6
14.1 ± 4
13.9 ± 3.7
6.8 ± 0.8
7.2 ± 0.95
8.7 ± 0.95
9.5 ± 1
10.1 ± 1.2
11.5 ± 1.4
13.2 ± 1.7
15.5 ± 2.5
18.2 ± 4
22.5 ± 4

Mr/MS

HC
(Oe)

Room temperature
46.5
0.174
540
36.1
0.155
505
33.2
0.150
480
17.3
0.121
325
57.5
SPM
0
58
SPM
0
58.9
SPM
0
59.4
SPM
0
61.1
0.0736
30
62.2
0.1366
150
63.5
0.1984
520
64
0.2171
650
65.5
0.2458 1050
69.9
0.2949 1785

MS
(emu/g)

Mr/MS

HC
(Oe)

Low temperature b
53
0.5849 20300
43.5
0.5632 19000
38.3
0.5065 18000
20.3
0.4433 15762
68
0.7647 20650
68.3
0.7598 21000
68.5
0.7518 21635
68.7
0.7423 22000
69
0.7434 22300
69.6
0.7471 22800
70
0.7071 21765
71
0.6873 20855
72
0.6847 18660
76
0.6907 17220

TB (K)
348
336
251
285
295
305
341
386
395d
410d
425d

The literature values are extracted by digitizing the reported M-H loops. b The low temperature

measurements are performed at 5 K in references [5], [22], [26], [33], [79], [92] and [93], at 10 K
in reference [90] and [91] at 15 K in reference [9], at 77 K in reference [94] and finally at 2 K in
present work.

c

SPM stands for superparamagnetic behavior.

d

Calculated from Stohner-

Wohlfarth.
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Chapter 5

Surface Modification of the Magnetic Nanoparticles
with PMMA Shell1

5.1

Introduction
The

polymer

multiferroic

nanocomposites

based

on

P(VDF-TrFE)/magnetic

nanoparticles (MNPs) are advantageous for many applications due to their flexibility, simple
fabrication, ease of processing and shaping for large area applications. However, agglomeration
and eventually phase separation of the MNPs within the P(VDF-TrFE) matrix is the long
standing issue. It has been well recognized that the aggregation and inhomogeneity of MNPs are
the main reasons resulting in deterioration of electrical properties in polymer multiferroic
nanocomposites.1-2 The agglomeration will not only increase loss (leakage) but also give rise to
low breakdown strength and consequently low functional device yield, particularly when thin
films of multiferroic nanocomposites or high loadings of MNPs are used.

1

The results of this chapter are fully or in part are ready for submitting to Adv. Func. Mater. by H.
Sharifi et al.
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Absence of inter-particle repulsive interactions is detrimental for obtaining a uniform
dispersion because the nanoparticles favor clustering and agglomeration due to attractive interparticle van der Waals interactions. For the case of MNPs, in particular the nano-magnets,
agglomeration can be further amplified by attractive magnetic thereby impairing particle
dispersion uniformity inside the matrix.
Furthermore, magnetic information storage application requires dense but well-separated
(individual) nano-magnets in a two- or three dimensional arrays.3-8 Hence, the ability to form a
film with tunable packing density of nano-magnets is important. The only solution processed
thin-film of nano-magnets has been reported by Dai et al., where the nanoparticle are modified
via grafting-to approach.3 However, their report does not provide large-scale surface area
formation of nano-magnet thin-films with controllable particle packing density (inter-particle
distances). To the best of our knowledge there are not enough reports regarding solutionprocessed thin-films of MNPs with controllable packing density.3
One way to effectively overcome the aggregation of MNPs and also to make them
solution processable is to functionalize the surface of them with polymer chains, which are
compatible with the matrix.9-13 Several techniques have been used for modifying the surface of
the MNPs with a polymer chains.14-17 There are two main strategies; grafting to and grafting
from the MNPs.14-15 The grafting to strategy involves the attachment of pre-synthesized
polymers with a suitable end-group to the surface of MNPs, suffers from several limitations,
such as steric repulsions between the polymer chains and inefficient reaction between the endgroups and the surface of the MNPs especially for high molecular weight polymers (leading to
low grafting density).14, 18-22 In grafting from strategy, growth of the polymer chains are directly
initiated from the surface of MNPs resulting in high grafting density.14-15
Among the various grafting from approaches, surface initiated living radical
polymerization (SI-LRP) is one of the most promising ones.14,

16-17, 23

Among the different

available SI-LRP techniques, atom transfer radical polymerization (ATRP) has been most
extensively used to produce polymer brushes.23-38 Compared to other LRP techniques, ATRP is
chemically versatile and robust which allows precise controlling of the molecular weight and
polydispersity of grafted polymer.
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The first crucial step in SI-ATRP, is to functionalize the MNPs’ surface with surface
initiator from which the polymer brushes grow on the surface. Therefore, effective coverage of
the MNP by polymer brushes is obtained by controlling the number of initiators on the surface.
One of the most promising surface initiator for grafting of a wide range of polymer brushes with
SI-ATRP is 2-(4-chlorosulfonylphenyl)ethyltrichlorosilane (CTCS) (Figure 5.1).30, 32, 34, 39 The
second crucial step in SI-ATRP is to tune the reaction conditions such that the grafted polymer
shell grows on every individual MNP, not on a bundle of particles. Various reports have
employed SI-ATRP on superparamagnetic iron-oxide nanoparticles for biomedical applications.
Only a limited number of reports have investigated SI-ATRP for realization of well-separated
ferri/ferromagnetic MNPs.40 The reported SI-ATRPs on MNPs have shown a wide variability in
reaction conditions and the final morphology of the grafted-MNPs, viz. aggregated versus wellseparated MNPs.26, 28-30, 32, 34 To the best of our knowledge, a complete systematic study on the
effect of different reaction parameters of SI-ATRP (temperature, concentration of initiator,
superparamagnetic or ferri/ferromagnetic MNPs etc) on kinetic of grafting polymerization,
molecular weight and PDI of grafted polymer is still lacking.

5.1.1 Motivation
To functionalize the surface of the MNPs with a polymer shell that: i) allow for solution
processing of the polymer-grafted MNPs using spin-coating, ii) avoid aggregation in solution
and iii) is compatible with P(VDF-TrFE) matrix which will later be used for the fabrication of
the multiferroic polymer nanocomposite. The growth of the polymer chains should be achieved
in a very controlled fashion. Moreover, in order to control the electrical and magnetic interaction
between materials and also to tune packing density of MNPs in nanocomposite thin films, MNPs
with controllable shell thickness that are homogenously dispersed inside nanocomposite are
required.

5.1.2 Aim of this section
This chapter presents a systematic study from the initial state of synthesis of MNPs to the
end of preparation of solution processable magnetic thin film. First, truly monodisperse and wellshaped MNPs of both superparamagnetic (Fe3O4) and ferro/ferrimagnetic (CoFe2O4) MNPs at

164

Chapter 5- Surface Modification of the Magnetic Nanoparticles with PMMA Shell

room temperature with thermal decomposition technique are synthesized. Then the surface
initiator (CTCS) is anchored to the surface of MNPs (Figure 5.1) and the effect of different
reaction parameters such as the concentration of surface initiator and the time of reaction on
grafting density and grafting yield of surface initiator are investigated to obtain the optimum
reaction condition.

Ligand exchange
OAC → CTCS
MNP

Grafting from:
SI-ATRP

MNP

MNP

Oleate
CTCS-PMMA
CTCS

Figure 5.1 Schematic representation for the synthesis of polymer-coated MNPs by SI-ATRP.

Afterward poly methyl methacrylate (PMMA) brushes are grown from the surface of
both iron oxide (superparamagnetic) and cobalt ferrite (ferri/ferromagnetic) MNPs with SIATRP technique (Figure 5.1). We suggest a new method of SI-ATRP in which the
polymerization is performed in the bath sonication in order to keep MNPs separated during
reaction. The effect of different reaction parameters such as temperature and the concentration of
free initiator on the kinetic of the polymerization, molecular weight of the grafted polymer, poly
dispersity index (PDI) etc. are investigated. We change the molecular weight of polymer (at a
constant PDI, and grafting density) to allow for tuning the shell thickness of PMMA brushes.
Then we systematically investigate the effect of polymer shell thickness on magnetic properties
and particularly inter-particle magnetic dipole-dipole interaction. Finally, superparamagnetic and
ferri/ferromagnetic thin films of MNPs with different film processing techniques (dip coating
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and spin coating) are fabricated. The individual nanoparticles can be realized with a packing
density that is controlled by the molecular weight of the grafted PMMA-brushes.

5.2

Experiment

5.2.1 Materials
4,4′-dinonyl-2,2′-bipyridine (dNbipy, 97 %), copper(I) bromide (Cu(I)Br, 99.9 %), ptoluenesulfonylchloride (TsCl, 99 %), methyl methacrylate (MMA, 99%), hydrochloric acid
(HCl), nitric acid, extra dry toluene (99.99 %), hexane, ethanol, tetrahydrofuran and acetone
were all purchased from Sigma Aldrich. 2-(4-chlorosulfonylphenyl)ethyltrichlorosilane (CTCS,
50% solution in CH2Cl2) was purchased from ABCR. Methyl methacrylate (MMA) was purified
prior to use by washing 2 times with 5 % NaOH solution to remove inhibitor, followed by
washing 2 times with deionized water and then drying over anhydrous MgSO4. Afterward MMA
was distilled over CaH2, then degassed by argon bubbling and stored under agron atmosphere in
the fridge (-20 °C). Copper bromide was purified with glacial acetic acid (5 times washing),
washed with pure ethanol (3 times washing), then washed with extra dry diethyl ether (5 times
washing) and stored under argon.41 All the other chemicals were used as received.

5.2.2 Synthesis of MNPs
Iron oxide (Fe3O4) and cobalt ferrite MNPs were synthesized as described in detail in
Chapters 3 and 4.42-44

5.2.3 Fixation of ATRP-initiator on the surface of MNPs
Fixation of surface initiator was performed by exchanging oleate with CTCS (ligand
exchange). In general, MNPs were dried at 60 °C under vacuum overnight. Then 100 mg of
MNPs, were loaded in a two necked pre degassed flask (degassed three times and refill with
argon) followed by adding 30 ml extra dry toluene under argon blanketing. The mixture was kept
at 25 °C during the ligand exchange, under bath sonication (equipped with temperature
controller) in order to obtain and keep a homogenous MNP dispersion. After 20 min, CTCS was
added drop-wise while sonicating. The reaction was stopped after a certain time. Different
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parameters such as CTCS concentration and reaction time were investigated. The modified
MNPs were washed 4 times with fresh THF and 2 times toluene by consecutive separation and
re-dispersion. Finally, the MNPs were dispersed in toluene and stored under argon.

5.2.4 SI-ATRP of PMMA brushes on the surface of MNPs
The initiator-fixated MNPs suspensions were re-dispersed in dry toluene (8.3 wt %) in a
pyrex glass tube. Subsequently, MMA (32 g- 0.3 mol), TsCl (I1= 19 mg (99.7 µmol), I2= 11.4
mg (59.8 µmol) or I3= 44 mg (231 µmol)) and dNbipy (485 mg) were quickly added. TsCl and
dNbipy were used as free initiator and ligand for complexation with copper, respectively. After
adding Cu(I)Br (85.2 mg) to the mixture, the glass tube was immediately degassed four times by
freeze−pump−thaw cycles and sealed off under vacuum. The polymerization was carried out in a
temperature controlled bath sonication (3510 Branson). Two different reaction temperatures of
65 °C (T1) and 50 °C (T2) were investigated. The reactions were performed on different time
scales, after which the solution temperature was quenched to room temperature. To gain the
polymer-grafted MNPs, the reaction mixture was diluted with acetone and centrifuged (25000
rpm, 3h). The centrifugation and re-dispersion cycle was performed five times to collect PMMAgrafted MNPs without any trace of free, unbounded PMMA chains. To determine the molecular
weight of grated polymer, grafted PMMA was cleaved from the MNPs by removing of particles
with 37 % aqueous HCl. 2 mL of HCl solution was added to 20 mg of MNPs dispersed in 2 mL
of toluene. Then, two phases were vigorously stirred for 2 h. The organic part of solution was
washed with aqueous NaHCO3 solution and water, precipitated via methanol, filtered, and then
subjected to GPC to determine the molecular weight and its distribution.

5.2.5 Thin film formation of MNPs
Thin films of MNPs-PMMA were prepared on thermally oxidized Si-wafers by spin
coating and dip coating. Spin-coated thin-films were prepared from toluene solution (10 mg/mL)
by spinning at 300 rpm for 10 s and subsequently 1000 rpm for 60 s. Dip-coated films were
prepared by pouring a drop of the 1 mg/ml suspension of the PMMA-grafted MNPs in toluene on
the surface of DI water in a Becher (diameter: 5 cm). Thermally oxidized Si-substrate or the
copper grid for TEM measurement, were positioned in water parallel to water surface. The film
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formed on the water surface, was carefully transferred onto the substrate by vertically lifting the
Si-wafer or the TEM-grid with constant speed of 0.5 cm min-1.23

5.2.6 Characterizations
Gel Permeation Chromatography (GPC) measurements were carried out on Agilent
Technologies 1260 Infinity system equipped with a RI and an UV detectors. THF was used as
solvent with a flow rate of 1 mg/ml and with PMMA as standard reference. Hydrodynamic radii
of PMMA-grafted MNPs brushes in toluene solution (concentration of almost 1 mg/ml) were
determined by dynamic light scattering (DLS) analysis using a Malvern Nano-S90.
Hydrodynamic radii are reported as averaged number values.

5.3

Results and discussion

5.3.1 Magnetic nanoparticles
Representative TEM images of iron-oxide and cobalt-ferrite MNPs are shown in Figure
5.2 a and b, respectively. Fitting a Gaussian a distribution function to the size distribution
histograms gives an average particle diameter of 12 ± 1 nm for iron-oxide and 12.6 ± 1.6 nm for
cobalt-ferrite MNPs. The polydispersity index of MNP size is low and is nearly 15%. We note
both MNPs do not show any aggregation and are well dispersed in hexane or toluene, indicating
effective surface coverage by OAC surfactant molecules. However, for the cobalt-ferrite MNPs,
OAC alone cannot stabilize dispersion of the particles beyond few weeks, because irreversible
magnetically induced aggregation, and eventual precipitation from solution occurs.
The cobalt stoichiometry in the cobalt-ferrite nanoparticles (CoxFe3-xO4) is determined by
ICP-AES analysis. The value of x amounts to 0.7. We note the choice of cobalt stoichiometry of
x = 0.7 is intentional because of the optimal room-temperature magnetic properties of the
nanoparticles, viz. with the highest coercive field and remanent magnetization (detail in Chapter
4).45-46 Figure 5.2 c shows magnetization of the MNPs as a function of external magnetic field at
room temperature (300 K). The iron-oxide MNPs show superparamagnetic behavior, whereas the
cobalt-ferrite nanoparticles show hysteresis and remanent magnetization at 300 K. Therefore
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cobalt-ferrite nanoparticles are regarded as nano-magnets at 300 K. The values of Mr/MS
(squarness) and coercive field, HC for the cobalt-ferrite nanoparticles amount to 0.19 and 465 Oe
at 300 K, respectively. The values of saturation magnetizations, MS, at magnetic field of 5 Tesla
amount to 62 and 63.5 emu/g for iron-oxide and cobalt-ferrite nanoparticles, respectively, in
accordance with literature.45, 47-49 Both types of MNPs show feri/ferromagnetic behavior at 4 K
(Figure 5.2 d). The values of MS, Mr/MS and HC are amounted to 72 emu/g, 475 Oe and 0.32 for
iron oxide MNPs and 71 emu/g, 22400 Oe and 0.74 for cobalt ferrite MNPs.
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Figure 5.2 TEM images of iron oxide (a) and cobalt ferrite (b) MNPs. The insets show a typical Size distribution
histograms obtained for more than 2000 particles. (c) Magnetization as a function of applied magnetic field at 300 K
(c) and 4 K (b) for both iron oxide (green) and cobalt iron oxide (blue) nanoparticles.
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5.3.2 Fixation of the surface initiator on MNPs
The surface initiator, CTCS, was anchored to the MNPs by reaction of the organosilane
with the hydroxyl group which covers the surface of MNPs, as depicted in Figure 5.1 and
Figure 5.3.

Hydrolyze of
trichlororsilane

+ H2O

+ HCl

H
H-bond formation

Chemical bond
formation

O

MNP

MNP

+ H2O

Figure 5.3 Schematic of the condensation reaction between silane molecules and an oxide surface. The Si–Cl bonds
hydrolyze readily with water to form silanol Si–OH groups, which can then condense with each other to form
polymeric structures with hydroxyl groups on the material surface. F: organo-functional group

After exchanging ligands with CTCS, the particles are less protected against aggregation,
since the long chain surfactants of (oleate) on the surface of MNPs are replaced by short CTCS
chains. The exchange of oleic acid with CTCS is confirmed using FT-IR spectroscopy (Figure
5.4 a). The IR spectrum of initiator coated MNPs shows a large band observed at 1000-1150 cm1

that is attributed to Si-O-Si and Fe-O-Si vibrations.29-30, 34 It also shows a new absorption peak

at 1380-1390 cm-1, which can be assigned to the S=O stretching of CTCS.30
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TGA studies are carried out for the MNPs before and after anchoring CTCS in order to
determine grafting density and grafting yield. Figure 5.4 b shows the TGA curves before and
after grafting surface initiator to the surface of iron oxide MNPs. Iron oxide MNPs show a
weight loss of almost 18 % due to removal of physically and chemically adsorbed surfactants.
However, the thermogram of iron oxide MNP-CTCS sample shows a broad degradation regime
between 100 and 700 °C. The DTG pattern (the curve is not plotted here) indicates that the
organic parts are released in different steps. The initial weight loss at 50-100 °C is due to the
removal of absorbed water. Then the CTCS grafted on MNP start to decompose from T> 200 °C.
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Figure 5.4 (a) FTIR, (b) TGA and (d) XRD of MNPs (Fe 3O4) before and after surface modifications. The condition
of reaction is 3 mmol CTCS/gMNP for 3 hours at 25 °C. The molecular weight of grafted polymer is 50 kg/mol.

CTCS concentration in the reaction is varied from 0.75 to 1, 1.5, 2, 3, 4, 5, 10 to 20 mmol
per gram of iron-oxide MNPs (mmol/gr-nanoparticle) in the reaction medium. Initially, the
reaction time was fixed to three hours. The values of grafting densities and grafting yields as a
function of CTCS concentration are shown in Figure 5.5 a. The grafting density sharply
increases from 0.9 molecules/nm2 to 2.2 molecules/nm2 by increasing CTCS concentration from
0.75 to 3 mmol CTCS/gr-nanoparticle, beyond which, the grafting density gently increases to 2.7
molecules/nm2 when CTCS concentration increases to 20 mmol/g-nanoparticle. Further increase
in CTCS concentration does not have pronounce effect on grafting density and it may even cause
silane condensation self-polymerization (as shown in Figure A5.1),50-51 with formation of HCl,
which adversely affects the properties of MNPs.50
To evaluate the influence of the reaction time on the grafting density, we choose four
different CTCS concentrations, namely 1, 2, 3 and 5 mmol/gr-nanoparticle, and varied the
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reaction time from 1 to 2, 3, 4 and 5 h. Figure 5.5 b shows the values of grafting density as a
function of reaction time. For all the concentrations, the grafting density shows an initial sharp
increase until reaction time of 3 h, after which the grafting density saturates. Moreover, reactions
with lower CTCS concentration, show higher sensitivity of the grafting density with time. The
observed trend is due the high reactivity of trichlorosilane coupling agents, which quickly react
at the initial stage of the reaction with the OH groups at the surface of the nanoparticles. Based
on Figure 5.5, we have chosen CTCS concentration of 3 mmol/gr-nanoparticle and reaction time
of 3 h as an optimum condition for fixation of CTCS surface initiator.
Figure 5.4 c illustrates XRD patterns after grafting CTCS on iron oxide MNPs.
Diffraction pattern of the MNPs remained unchanged, which proves that the ligand exchange
with CTCS does not affect the crystalline structure of the MNPs. We noted that cobalt ferrite
MNPs show the same characteristics as iron oxide MNPs in FTIR, XRD and TGA.
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Figure 5.5 (a) The amount of grafting density and grafting yield as a function of ligand concentration in the reaction
medium after 3 h of reaction. (b) The amount of grafting density as a function of reaction time for four different
ligand concentrations.

5.3.3 SI-ATRP of MMA
The initiator coated Fe3O4 and Co0.7Fe2.3O4 MNPs are subsequently subjected to the
ultrasound-mediated ATRP of MMA (Figure 5.2). To obtain a satisfactory result, we paid
particular attention to the following points: first, the polymerization solution is constantly
sonicated inside an ultrasonic bath with a controlled temperature to avoid aggregation of the
MNPs during the polymerization. Second, the initiator coated MNPs should not be dried before
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starting the polymerization. Third, we perform the polymerization in the presence of sacrificial
(free) initiator of TsCl to control the process so called persistent radical effect, as described in
Chapter 2.23,

25-26, 52

Another role of the free initiator is to prevent inter-particle coupling and

particle aggregation during polymerization. Since the free polymer, which produced by free
initiator keep the particles separated while it is difficult for the MNPs to diffuse through the
entangled network of polymer chains.
A systematic study is carried out with MMA as a monomer to investigate the effect of
different reaction parameters on the polymerization reaction of both Fe3O4 (12 nm) and
Co0.7Fe2.3O4 (12.6 nm) MNPs. We have investigated the effect of reaction temperature and
concentrations of free initiator on kinetic of reaction, molecular weight and poly dispersity index
(PDI). To investigate the effect of the reaction temperature, polymerization is performed at two
temperatures i.e. 50 °C and 65 °C while keeping the other polymerization parameters unchanged.
The Ln([M]0/Ln[M]) (where [M]0 and [M] are initial concentration of monomer and
concentration of monomer in defined time) is monitored in time.
Figure 5.6 a shows Ln([M]0/Ln[M]) versus time for two different reaction temperatures.
As illustrated in Figure 5.6 a, the rate of change in monomer concentration remains constant and
it is linear as a function of time during the polymerization. As we explained in detail in Chapter
2, this is due to the negligible contribution of non-reversible termination, so that the
concentration of the active propagating species is constant. Hence, the polymerization follows a
first order kinetic. The linear relationship between monomer concentration and time at both
temperatures reveals that the concentration of the propagating radical species remains constant
throughout the polymerization time. The slope of the curve exhibites the rate of the
polymerization reaction. As we expect, the slope is higher for higher temperature, since the
monomer consumption rate is faster at higher temperatures. The rate of ATRP is given by:
[𝐶𝑢𝐵𝑟]

𝑅 = 𝑘𝑝𝐾𝑒𝑞[𝐼] [𝐶𝑢𝐵𝑟2] [𝑀]

(5.1)

where kp is the rate constant for propagating, Keq is the ratio between the rate constant of
activation and deactivation, [I] is the concentration of initiator, [CuBr] and [CuBr2] are the
concentrations of catalyst and deactivator, respectively and [M] is the monomer concentration.
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Since all reaction parameters are kept constant, the ratio of the ATRP reaction rates at different
temperatures can be written as 𝑅65 ℃ ⁄𝑅50 ℃ = 𝑘𝑝65 ℃ ⁄𝑘𝑝50 ℃ . From the slopes of the Figure
5.6 a, we obtain 𝑘𝑝65 ℃ ⁄𝑘𝑝50 ℃ = 1.48. Therefore, the rate of reaction is almost 1.5 times faster
when the temperature is 65 °C compare to 50 °C. We note for ATRP of stand-alone PMMA, kp
values of 915 and 632 L mol-1 s-1 have been reported for ATRP polymerization at, 65 °C and 50
°C respectively,27, 53-55 which would give a relative rate of propagating of kp 65 °C/kp 50 °C = 1.44.
This ratio is interestingly similar to the ratio which we obtained in our SI-ATRP system.
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Figure 5.6 (a) Plot of ln([M]0/[M]) versus time for MMA polymerization at different reaction temperature of 50 and
65 °C for iron-oxide nanoparticles with [MMA]0 : [p-TsCl]0 : [Cu(I)Cl]0 : [dNbipy]0 3000:1:6:12, and (b) the
evolution of Mn and PDI (top) and Mn (bottom) of free PMMA (filled symbols) and grafted-PMMA (hollow
symbols) as a function of monomer conversion. (c) Ln([M]0/[M]) versus time for MMA polymerization from the
surface of iron-oxide nanoparticles at 65 °C with different free initiator concentrations of [MMA] 0 : [p-TsCl]0 :
[Cu(I)Cl]0 : [dNbipy]0 of 3000:0.60 6:12 (red) 3000:1:6:12 (black) , and 3000:2.3:6:12 (blue). (d) Evolution of PDI
(top) and Mn (bottom) of the free PMAA as a function of monomer conversion for different initiator concentration of
part c). (e) Plot of ln([M]0/[M]) versus time for MMA polymerization from the surface of cobalt-ferrite nanoparticle
at 50 °C with [MMA]0 : [p-TsCl]0 : [Cu(I)Cl]0 : [dNbipy]0) of 3000:1:6:12, and (f) the evolution of PDI (top) and Mn
(bottom) of the grafted PMMA on cobalt-ferrite nanoparticles as a function of monomer conversion. The dotted
lines in panels b), d) and f) show theoretically calculated Mn.
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The top panel of Figure 5.6 b shows the evolution of PDI (defined as the ratio of
molecular weight to number-average molecular weight i.e. Mw/Mn) of the grafted-PMMA as
function of monomer conversion at 50 and 65 °C. We calculated monomer conversion by
dividing the mass of synthesized polymer (sum of free and grafted polymer) to the initial mass of
monomer. The PDI at both polymerization temperatures is below 1.2, indicating that the
polymerization proceeded in a living fashion.53 For both temperatures, Mn grows linearly as a
function of conversion and is temperature independent. We compared the molecular weight of
the grafted-PMMA, after cleavage from the nanoparticle surface, with that of a free polymer. As
it is illustrated in Figure 5.6 b, Mn values of the grafted-PMMA (hollow symbols) and that of a
free polymer (filled symbols) are nearly identical and both increase via increasing the monomer
conversion.

23, 25-26, 34

This maybe indicative of similar kinetic of growth for free polymer and

grafted polymer.
As we discussed in detail in Chapter 2, following the conditions for a living
polymerization, where all propagating chains grow at the same rate and for the same length of
time, the molecular weight of polymerization can be calculated by:
𝑀

×𝑝×[𝑀𝑀𝐴]

0
𝑀𝑛,𝑡ℎ𝑒𝑜𝑟𝑦 = [𝑇𝑠𝐶𝑙] 𝑀𝑀𝐴
+[𝐶𝑇𝐶𝑆 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒]
0

0

(5.2)

where MMMA is the molecular weight of MMA (100.1 g/mol), p is the conversion, and [MMA] 0
and [TsCl] 0 are the initial feed concentrations of MMA and free initiator, respectively.
[𝐶𝑇𝐶𝑆 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒]0 is the number of CTCS sites available on the nanoparticle’s surface, which
is determined from grafting density obtained by TGA. The grafting density of the CTCS on the
surface of iron oxide is amounted to 2.2 molecules/nm2. The density of iron oxide MNPs is 5.18
g/cm3. Therefore, the [𝐶𝑇𝐶𝑆 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒]0 calculates to 35.3 µmol. Since all the other
parameters are set experimentally, 𝑀𝑛,𝑡ℎ𝑒𝑜𝑟𝑦 is easily calculated, and is plotted in Figure 5.6 b,
as dotted line. The experimental Mn values agree well with Mn,theory which further proves that the
reaction is following the first order kinetic.
Next we investigate the effect of free initiator concentration on the reaction kinetic. The
monomer conversion as a function of time at a fixed temperature of 65 °C for three different free
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initiator concentrations is shown in Figure 5.6 c for SI-ATRP on iron-oxide nanoparticles’
surface. For all cases, the monomer consumption follows the first order kinetic with linear time
dependence of monomer consumption. However, we note that, when the concentration of the
free initiator is low (I2) the curve starts to show nonlinear behavior in longer reaction time. As
we explained earlier, an upward curvature in the kinetic plot indicates an increase in the
concentration of propagating species, which occurs for the case of slow initiation. In lower
concentration of free initiator (I2), the rate of initiation and as a result deactivation is lower in
comparison to the rate of propagation in ATRP.36 Therefore, we observe the deviation in the
kinetic of reaction. The deviation gets more pronounced in longer time due to the increased
viscosity of the system that leads to reduced termination, enhanced polymerization rate, gel
effect or slow initiation.23
Increasing the initiator concentration, as shown in Figure 5.6 c, enhances the
polymerization rate in agreement with the polymerization rate Equation 5.1. The enhancement
in polymerization rate is due to the growing number of propagating chains by increasing the
concentration of free initiator. As a result, lower Mn at higher free initiator concentration is
expected due to the higher number of propagating chains (assuming that all the chains grow with
the same rate), which is in agreement with the measured molecular weight, as shown in Figure
5.6 d. The values of PDI as a function of conversion are shown in top panel of Figure 5.6 d.
Interestingly, the value of PDI, remains insensitive to initiator concentration. The slight deviation
between Mn,theory and experimentally obtained Mn for low concentration of initiator (I2) can be
rationalized due to the slight deviation of reaction kinetic from first order. We also compared the
experimentally obtained Mn with Mn,Theory using Equation 5.2. The experimental Mn values agree
well with Mn,theory which further proves that the reaction is following the first order kinetic.
We also perform ultrasound-mediated SI-ATRP from the surface of CTCS-coated
Co0.7Fe2.3O4 MNPs with the average diameter of 12.6 nm. The reaction was conducted at 52 °C
with [MMA]0 : [p-TsCl]0 : [Cu(I)Cl]0 : [dNbipy]0 3000:1:6:12 for different time in order to
obtain different molecular weights. The polymerization follows a first order kinetic (Figure 5.6
e). The Mn values, Figure 5.6 f, of the graft- and free PMMA are identical, and both increase
linearly. While Mn increases proportionally as a function of the monomer conversion, the PDI
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remains around 1.2, proving that polymerization proceeds in a living fashion. We also compare
the experimentally obtained Mn and Mn,theory. The grafting density of the CTCS on the surface of
cobalt ferrite MNPs is amounted to 2.1 molecules/nm2. The density of cobalt ferrite MNPs is
5.25g/cm3. Therefore the [𝐶𝑇𝐶𝑆 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒]0 amounts to 31.6 µmol. The experimentally
obtained Mn values agree well with Mn,theory which further proves that the reaction is following
the first order kinetic.
A comparison of FTIR spectra of MNPs before and after polymerization is shown in
Figure 5.4 a. The spectrum of polymerized MNP clearly shows a sharp absorption peak at 1730
cm-1 which is characteristic peak of the ester group of PMMA and confirms the success of the
polymerization.30, 34 XRD of MNPs after polymerization is also shown in Figure 5.4 c. All the
diffraction peaks remains unaffected, which shows that the SI-ATRP with PMMA did not affect
the crystalline structure of the magnetic core of MNPs.
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Figure 5.7 TGA of samples with different molecular weight of polymer shell for both (a) Fe 3O4 and (b)
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TGA tests were also performed for both polymer coated iron oxide and cobalt ferrite
MNPs to determine the grafting density of PMMA on the surface of MNPs (Figure 5.7 a and b).
For the MNPs-PMMA, the decomposition of polymer starts when the temperature is ~ 200 °C
and it fully decomposes when the temperature is above ~ 400 °C. This decomposition trend is
similar to the pure PMMA chains.23,

32, 34

Moreover, by increasing the molecular weight of

polymer, the amount of weight loss increases. The value of grafting density as a function of
reaction time amounts to the average value of 0.4 and 0.36 molecules/nm2 for polymer coated
iron oxide and cobalt ferrite MNPs, respectively, as it is shown in Figure 5.7 c and d. The
grafting density remains nearly unchanged and independent of polymerization time and the
molecular weight, which indicates the growth of initially grafted chains by increasing reaction
time.23, 25-26, 34, 56

5.3.4 Morphology of the MNPs-PMMA
The MNP-PMMA, were easily dispersed in toluene (or common solvents of PMMA)
after polymerization. We measured the hydrodynamic radius, Dh, of the nanoparticles using
DLS. We note that, the Dh values for all MNPs (both iron-oxide and cobalt-ferrite) remains
unchanged in time demonstrating high colloidal stability of the MNPs-PMMA. Both MNPs
remains dispersable in organic solvent over a long time and do not separate even in the presence
of strong magnet. The pictures of cobalt-ferrite MNPs in toluene before and after SI-ATRP when
exposed to an external magnet are shown in Figure 5.8.

Cobalt ferrite
MNPs-PMMA

Cobalt ferrite
MNPs

Magnet

Cobalt ferrite
MNPs-PMMA

Cobalt ferrite
MNPs

Figure 5.8 Colloidal stability of ferrimagnet cobalt ferrite MNPs after polymerization in toluene.
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Co0.7Fe2.3O4-PMMA

Fe3O4-PMMA
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PDI = 1.15
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Mn = 77000
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Mn = 240000
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h)

Mn = 110000
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Figure 5.9 TEM images of thin films of Iron oxide (a-d) and cobalt ferrite (e-h) end-grafted with PMMA brushes
with different number-average molecular weight.
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Representative TEM images of PMMA-grafted iron-oxide and cobalt-ferrite MNPs, are
shown in Figures 5.9 a-d and 5.9 e-h, respectively. Unfortunately, direct observation of the
polymer shell is not possible due to the low contrast of PMMA under TEM. The nanoparticles
are however easily identified. We do not observe any aggregation of particle. PMMA-grafting
has yield particles that are individually separated. Center-to-center distance was calculated by
analyzing All TEM images. Figure 5.10 a and c shows that the TEM center-to-center distance
for both iron-oxide and cobalt-ferrite MNPs increases by increasing the degree of polymerization
(N) of the grafted-PMMA. Note that we assume the similar molecular weight for both free and
grafted-PMMA.
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Figure 5.10 Center-to-center distance between MNPs after polymerization as a function of degree of polymerization
(N) of the grafted PMMA for both ferrite (a) and cobalt ferrite (c) and hydrodynamic diameter (Dh) of Fe3O4-PMMA
MNPs (b) and Co0.7Fe2.3O4-PMMA (d) as a function of degree of polymerization (N). The D h values were
determined by dynamic light scattering in dilute toluene suspension at 30 °C.
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Moreover, the hydrodynamic diameter of the MNPs-PMMA is estimated by DLS.
Measurements were performed for the MNPs with different molecular weight of the graftedPMMA in dilute toluene. The Dh, for both types of MNPs are given in Figure 5.10 b and d as a
function of the degree of polymerization, N, of the grafted-PMMA. Generally, Dh rises with
increasing Mn. However, two regimes can be identified; at low N values, Dh increases with a
steeper slope (TEM analysis also yielded the same trend, Figure 5.10 a and c). Similar trend has
been also reported for grafted-silicon nanoparticles.25, 33, 57-58 At low Mn, regime I, due to the high
grafting density of PMMA and segmental repulsion between the chains, the PMMA chains are
fully extended, the state that is known as ‘concentrated particle brush’ (CPB). At high Mn
,regime II, segmental repulsion between PMMA chains is reduced, and the chains transform to a
more relaxed coil conformations, the state is known as ‘semi-dilute particle brush’ (SDPB). Both
CPB and SDPB are shown schematically in Figure 5.11.33,

57-59

Therefore, as we expect, the

distance between MNPs increases faster by increasing N in when the chains are in CPB regime
than SDPB regime. Moreover, it has been shown theoretically that when the distance between
particles are assumed to be in the CPB regime (with d~Nx and 0.6<x<1) whereas for the SDPB
regime (x~0.6) is expected.58, 60 We have observed the similar values of x as depicted in Figure
5.10. It is known that, the SDPB regime has better mechanical properties due to effective

t2

CPB

D MNP

SDPB

t1

entanglement of the particles brush.23, 60

Figure 5.11 Illustration of a particle brush system with stretched (CPB) and relaxed/coiled chain conformation
(SDPB).
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5.3.5 Magnetic properties of MNPs-PMMA
The M-H curves of the Fe3O4-PMMA MNPs at 300 K and 4 K are shown in Figure 5.12
a and c, respectively. Fe3O4-PMMA MNPs show superparamagnetic behavior at 300 K and
ferri/ferromagnetic behavior at 4 K.
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Figure 5.12 Field dependence of magnetization curves for polymer coated iron oxide nanoparticles with different
molecular weight at two different temperatures of (a) 300 K and (c) 4 K. The amount of saturation magnetization as
a function of organic shell percentage (obtained from TGA) at both temperature of (b) 300 K and (d) 4 K. The insets
show the M-H curves after removing the organic shell.

Moreover, it is shown in Figure 5.12 b and d that by increasing the molecular weight of
grafted polymer the value of saturation magnetization of MNPs-PMMA reduces (black square) at
both temperatures. However, when the amount of magnetizations are corrected by removal of the
mass of organic part (obtained from TGA measurement (Figure 5.7 a and c)), no significant
difference on saturation magnetizations are observed among the MNPs with different grafted
PMMA molecular weights at both temperatures (Figure 5.12 b and d). The value of saturation
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magnetization (after removal of organic part) amount to 76 emu/g and 88 emu/g at 300 K and 4
K, respectively. These values are in agreement with the values obtained for bare iron oxide
MNPs (oleate coated MNPs) given in Chapter 3 with similar average diameter. Therefore,
polymerization has no effect on the saturation magnetization of the iron oxide MNPs.
Co0.7Fe2.3O4-PMMA shows ferri/ferromagnetic behavior at both 300 K and 4 K (Figure
5.13 a and c). Similar to Fe3O4-PMMA, the same trend of decreasing saturation magnetization
by increasing the molecular weight of polymer is observed. We correct the value of saturation
magnetization to the amount of core magnetic part (obtained from TGA results, Figure 5.7 b and
d), as depict in Figure 5.13 c and d at 300 K and 4 K respectively. Regardless of the molecular
weight of PMMA, they show the saturation magnetization of 79 emu/g and 89 emu/g at 300 K
and at 4 K, respectively, which is close to the bulk value of pure cobalt ferrite.45, 49
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Figure 5.13 Field dependence of magnetization curves for polymer coated cobalt ferrite nanoparticles with different
molecular weight at two different temperatures of (a) 300 K and (c) 4 K. The amount of saturation magnetization as
a function of organic shell percentage (obtained from TGA) at both temperature of (b) 300 K and (d) 4 K. The insets
show the M-H curves after removing the organic shell.
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Figure 5.14 a and b show the variation of squarness (Mr/MS) and coercivity (HC) for
Fe3O4-PMMA as a function of the molecular weight of grafted organic shell at 4 K (Fe3O4PMMA MNPs show no remanent and coercivity at 300 K) . Figure 5.14 c-f shows the same
characteristics at 300 K and 4 K for Co0.7Fe2.3O4-PMMA. Regardless of the MNP’s type and the
measurement temperature, squareness and corecivity increase sharply with increasing the
molecular weight of grafted PMMA and then slightly rises (with slower steep) at high molecular
weight (Mn> 60 kg/mol).
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Figure 5.14 Mr/MS and HC of MNPs-PMMA for (a) and (b) Fe3O4 and (c)-(f) Co0.7Fe2.3O4 at 4 K in panels (a) and
(d) and 300 K in panels (e) and (f).

Next, ZFC and FC measurements were performed to determine the blocking temperature,
TB, of MNPs-PMMA in different molecular weight of grafted PMMA. The curves are illustrated
in Figure A5.2 and Figure A5.3 for Fe3O4-PMMA and Co0.7Fe2.3O4-PMMA, respectively. In
Figure 5.15 a and b we summarize the variation of TB as a function of the Mn of grafted PMMA
for Fe3O4-PMMA and Co0.7Fe2.3O4-PMMA, respectively. For both types, TB decreases sharply as
the molecular weight increases till almost Mn= 60 kg/mol. Then after this abrupt decrease, further
increasing of the molecular weight slightly reduces the value of TB. Such similarities in the
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variation pattern of TB, HC and Mr/MS with the polymer molecular weight suggest that they have
the same origin, which is the magnetic interaction between MNPs.
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Figure 5.15 The values of blocking temperatures (TB) as a function of the molecular weight of grafted organic shell
for (a) Fe3O4 and (b) Co0.7Fe2.3O4.

This behavior can be explained by the Dormann–Bessais–Fiorani (DBF) model which
introduces an extra energy factor (Ed) in the expression of the anisotropy energy barrier (EA) of a
magnetic system with inter-particle interactions. In general, for interacting MNPs, extra energy
factor introduces in the expression of the anisotropy energy barrier (EA):
𝐸𝐴 = 𝐾𝑉𝑆𝑖𝑛2 𝜃 + 𝐸𝑑 + 𝐸𝑒𝑥

(5.3)

where K represents the anisotropy constant, V is the volume of the magnetic particle, θ stands for
the angle between the easy axis of the magnetic particle and the magnetization direction in an
applied magnetic field. Ed and Eex are energy factors describing the inter-particle interactions and
exchange interaction energy, respectively.61-64 However, when the nanocrystals’ surface is
functionalized with long chain organic polymers the exchange couplings are minimized and,
thus, the energy factor Ed from the equation of the anisotropy energy barrier (EA) is dominated by
the magnetic dipole-dipole interactions. For a magnetic system of single-domain particles, the
energy corresponding to the magnetic dipole–dipole interactions can be expressed as:
𝜇 𝑚2

0 0
𝐸𝑑 = − 4𝜋𝑑
3

(5.4)
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where μ0 represents the permeability constant of the vacuum and m0 stands for the magnetic
moment of the particle.61, 65 Based on the equation above, increasing the distance between MNPs
(d) results in the reduction of the strength of the magnetic dipolar interaction. Therefore,
decrease of the anisotropy energy barrier (EA).61
As we illustrated in Figure 5.10, by increasing the molecular weight of grafted polymer,
the inter-particle distance between MNPs increases. Therefore, by increasing magnetic interparticle distance, Ed and subsequently EA decreases resulting in decrease of the TB and the
increase of HC and Mr/MS. Decrease of Mr/MS indicates positive effect of magnetic dipole-dipole
interactions on demagnetization process. We note that, above a certain molecular weight of
almost (~ 60 kg/mol) and consequently certain inter-particle distance, the change in TB, HC and
Mr/MS become negligible. Since above a certain inter-particle distance, the magnetic interparticle dipole-dipole interactions become extremely weak so that the further increase of it has no
significant influence on the aforementioned values.66-70
In addition, as we discussed in Chapter 4, the M-H curves of the cobalt ferrit MNPs show
bi-magnetic behavior at low temperature; a sudden reduction of M as the field approached from a
large value to zero.45,

49

The observed bi-magnetic behavior was ascribed by the existence of

strong coupling interaction between MNPs. However, as it is shown in Figure 5.13 c, by
increasing the molecular weight of grafted PMMA, the bi-magnetic behaviors are disappeared.
This is another indication of the reduction of the magnetic dipole interaction between cobalt
ferrite MNPs by increasing the molecular weight of grafted PMMA.
The isothermal remanent magnetization (IRM) and dc demagnetization (DCD)
measurements were performed in order to clarify the magnetic coupling interactions between
polymer coated iron oxide and cobalt ferrite MNPs (details of the measurement were given in
Chapter 4).3, 71-72 As we explained in Chapter 4, for non-interacting MNPs, magnetization and
demagnetization process are equivalent. Therefore ΔM (∆𝑀 = 𝑚𝑑 (𝐻) − [1 − 2𝑚𝑟 (𝐻)]) should
be zero at any value of applied field while deviations of ΔM curves from zero in magnetic
materials are ascribed due to magnetic coupling interactions between the MNPs.

3, 72-73

ΔM < 0

suggests that interactions are demagnetizing (since the measured md (H) is smaller than the
expected value (1-2mr (H))) indicating that the sample demagnetizes faster than when particles
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are non-interacting. While when ΔM > 0 suggests that interactions are magnetizing. The
calculated ΔM curves for both polymer coated Fe3O4 (at 4 K) and Co0.7Fe2.3O4 in different
molecular weights of grafted polymer are shown in Figure 5.16 a and b, respectively. Figure
5.16 revealed a negative peak with a magnitude of almost -0.5 for them. This negative value is
indicative of demagnetizing magnetic dipolar interactions. However, by increasing the molecular
weight of the grafted polymer and subsequently increasing in inter-particle distance, the absolute
value of ΔM reduces for both types of MNPs and remains unchanged when the molecular weight
exceeds almost 60 kg/mol. This indicated effective weakening of magnetic dipolar interaction by
increasing the inter-particle distance. The results of ΔM measurements are in accordance with the
variation of TB, Mr/MS and HC by increasing the molecular weight of grafted polymer.
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Figure 5.16 ΔM value as a function applied field for different molecular weight of grafted polymer for (a) Fe3O4 (4
K) and (b) Co0.7Fe2.3O4.

5.3.6 Solution processing of magnetic thin films
After polymerization due to the presence of PMMA shell, thin film assemblies of the
MNPs can be prepared by different film processing techniques. Figure 5.17 a-c shows SEM
images of the thin films with different grafted PMMA molecular weight obtained by spin
coating. Uniformly distributed self-organized MNPs films are obtained. The MNPs are single by
single separated from each other without any obvious aggregation (in agreement with TEM
results). The cross sectional images of spin coated thin films for different molecular weight are
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shown in the inset of Figure 5.17 a-c revealing no aggregation and well distribution of
nanoparticles.

a)

b)

c)

Figure 5.17 Top view SEM images of Fe3O4-PMMA thin films obtained by spin coating with different molecular
weight of (a) 46 K, (b) 65 K and (c) 120 K. The cross-section images are shown in the inset. The scale bar is 300
nm.
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Due to the absence of aggregation, the MNPs can be addressed individually. The packing
density of the MNPs can be tuned by changing the molecular weight of the grafted polymer
shell. The densities of the particles are estimated from the images as a function of molecular
weight, as depicted in Figure 5.18 a. The packing density is decreasing by increasing the
molecular weight of grafted polymer. This high packing density enables the fabrication of high
recording density magnetic tape memories. Room-temperature M-H curves of thin film prepared
by spin coating from Fe3O4-PMMA and Co0.7Fe2.3O4-PMMA are shown in Figure 5.18 b.
Therefore, solution processable thin films of both superparamagnetic (Fe3O4-PMMA) and
ferri/ferromagnetic (Co0.7Fe2.3O4-PMMA) behavior are obtained at room temperature. In
addition, after polymerization due to presence of PMMA shell on the surface of MNPs, they
become compatible with ferroelectric polymer matrix. Therefore, they homogeneously disperse
inside ferroelectric polymer matrix and do not aggregate. The details will be given in Chapter 7.
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Figure 5.18 (a) Packing density of the spin coated thin films as a function of Mn. (b) Normalized M-H magnetization
curve of spin coated superparamagnetic and ferri/ferromagnetic thin film at room temperature.

5.4

Conclusion
Monodisperse superparamagnetic (Fe3O4) and ferri/ferromagnetic (Co0.7Fe2.3O4) MNPs

were synthesized using thermal decomposition method. The surface of the MNPs was
functionalized with CTCS as surface initiator for SI-ATRP. The grafting densities for CTCS can
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be tuned ranging from 1 to 3 molecules/nm2. SI-ATRP of MMA was performed in bath
sonication and preceded in a living fashion. This process provided perfectly dispersed MNPs
particles grafted with well-defined and dense PMMA shell with variable thickness. The effect of
different polymerization reaction conditions on kinetic, molecular weight and PDI of grafted
polymer were investigated. Grafting the MNPs with PMMA shell, improved the colloidal
stability of the MNPs by reducing the inter-particle magnetic interactions. Due to presence of
PMMA shell, MNPs can be easily dispersed in common organic solvents. Therefore, we
prepared spin-coated thin-films of the MNPs with high degree of packing order and wide
controllability of the inter-particle distances.
In addition, we showed that surface modification does not have pronounced effect on
crystal structure of MNPs. On the other hand, growing polymer shell from the surface of MNPs
affects the magnetic properties of MNPs. Since, growing polymer form the surface of MNPs,
change inter-particle distance. This leads to the change in magnetic dipole-dipole interaction and
subsequently magnetic anisotropy energy.
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6.1 Introduction
Non-volatile memories based on solution-cast thin films of ferroelectric polymers have
emerged as a promising low-cost information storage technology for large-area microelectronic
applications.1-2 The random copolymer poly(vinylidene-fluoride-co-triflouroethylene) (P(VDFTrFE)) is the most attractive material due to its high remanent polarization 3-5 and therefore
frequently used in memory elements, such as capacitors,6-7 ferroelectric field-effect transistors8-9
and diodes.10-13 To write/erase data, the ferroelectric polarization is switched by an external
electric field that is larger than the coercive field, Ec, which for P(VDF-TrFE) amounts to ~50
MV/m.4-5 In principle, this high coercive field of P(VDF-TrFE) requires a high voltages for
polarization switching. To keep the operation voltage below 10 V, polymer films with a
thickness below 200 nm are required. Moreover, recently research interests were shifted towards
1

The results of this chapter are fully or in part published in J. Mat. Chem. C with DOI:
10.1039/C7TC01495C by H. Sharifi et al.
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polymer based ME thins films due to their distinctive advantages However, thin layer-devices
are more susceptible to film imperfections, such as a rough microstructure, which prohibitively
suppress the yield of functional devices.
Limited device yield, and concomitant large scatter in coercive voltage, hinders upscaling
of integrated arrays of P(VDF-TrFE) memory elements. Generally, P(VDF-TrFE) is cast from
dimethylformamide (DMF) or ketones, which are often hygroscopic. For the homopolymer
poly(vinylidene fluoride) (PVDF), it has been shown that condensation of ambient water into the
DMF solution causes vapor-induced phase separation (VIPS), because water is a non-solvent for
PVDF.14-15 When, a PVDF film is cast from, a high boiling point solvent (DMF) that evaporates
slowly. Water vapor from humidified air is fully miscible with DMF and penetrates the wet film
by diffusion. The evaporation of DMF is slower than the intake of water. Since water is a nonsolvent for PVDF, phase separation occurs (see Figure 6.1). The resulting microstructure
compromises PVDF film integrity and smoothness. Smooth PVDF films have so far only been
obtained under inert atmosphere,15-18 or at elevated substrate temperature,15, 19 conditions that are
not beneficial for cost-effective production viz. processing under ambient conditions (20 °C, 50%
relative humidity (RH)). VIPS is also expected to occur for P(VDF-TrFE) since its properties are
similar to PVDF. Although avoiding processing-related film defects is still a major challenge for
sub-200 nm thin-films, consistent studies considering the full spectrum of material properties,
processing conditions, microstructure formation and thin film device performance are
unfortunately still lacking.

DMF

Water

P(VDF-TrFE)
Substrate
Figure 6.1 Vapor induced phase separation (VIPS) of P(VDF-TrFE) films.
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6.1.1 Motivation
To understand the underlying film forming mechanisms of solution processed P(VDFTrFE), and to obtain ultra-smooth thin films with superior performance in electronic devices
such as capacitors.

6.1.2 Aim of this chapter
This section aims to provide insight in the dynamics of the early stages of VIPS, and how
these relate to dry film integrity and device performance. This section covers all aspects of
device preparation, starting with modeling and simulation of VIPS to pre-estimate solution
behavior, proceeds with detailed microstructural analysis of cast P(VDF-TrFE) films and finally
discusses device fabrication and electrical characterization. As such, a direct link is established
between material properties, processing conditions and device performance. The main goal is to
achieve ultra-smooth pin-hole free thin films of P(VDF-TrFE) by modifying processing
condition. The approach is general and applicable not only to the field of thin-film electronics,
but hopefully to any technology relying on polymer/solvent/non-solvent processing, perhaps
most prominently the manufacture of microporous membranes.

6.2 Experiment
6.2.1 Materials, methods and devices
Materials
Ferroelectric copolymer P(VDF-TrFE) (65% - 35% molar) with molecular weight, Mn=
140000

(PDI=2.5)

was

purchased

from

Solvay.

Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS) was purchased from Clevios. N,N-dimethylformamide
(DMF), anhydrous DMF (a-DMF) (≥ 99.9%), cyclohexanone and cyclopentanone were
purchased from Sigma Aldrich. All the chemicals were used as-received without further
purification.
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Film preparation
P(VDF-TrFE) was dissolved in different solvents (DMF, a-DMF, cyclohexanone and
cyclopentanone) at a concentration of 100 mg/ml. Glass substrates were cleaned by scrubbing in
soap-water and subsequently sonicated for 10 minutes in deionized water, acetone and propanol,
respectively. After drying at 120 °C for 10 minutes, the substrates were treated for 5 minutes
with UV-O3. P(VDF-TrFE) films were coated under humidity-controlled conditions from
solution using a wire-bar coating (K202 control coater, RK Print- see Figure A6.1a). Substrate
temperature was varied between 20 °C and 80 °C. The relative humidity was adjusted between
10% and 80%. Film thicknesses were measured using a Dektak profilometer. The polymer films
for morphological analysis were cast using the same initial solution volume of 100 µL and the
same wire bar diameter. Since the initial concentration is constant, each coated film hence
contained the same amount of polymer material.15 Polymer films prepared for devices were all
tuned to have the same apparent mean thickness. This was accomplished by adjusting the
concentration of the casting solution.
Sample preparation for specific AFM analysis
To probe the morphology at the polymer/substrate interface, a sacrificial layer of
PEDOT:PSS (~ 80 nm) was spin coated and dried in vacuum 100 °C for 10 minutes prior to
P(VDF-TrFE) spin coating. After spin coating of the P(VDF-TrFE) layer, the substrates were
submerged in deionized water to dissolve the PEDOT:PSS. The P(VDF-TrFE) films were picked
up-side-down using a piece of mica. Both polymer/air and polymer/substrate interfaces were
probed using atomic force microscopy (AFM) (Nanoscope Dimension 3100 Bruker). The
topography and roughness were characterized before and after annealing at 140 °C for an area of
30 µm × 30 µm.
Thin-film devices
Ferroelectric capacitors were fabricated by thermal evaporation of Au (70 nm) on the
substrates using Cr (2 nm) adhesion interlayer. Contact lines were defined using shadow masks.
P(VDF-TrFE) thin films were deposited under ambient conditions (20 °C and 50% RH). The
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nominal layer thickness was tuned to be 150 ± 20 nm for all the solvents via changing the
concentration of polymer solution. After annealing at 140°C for 2h in vacuum, a 70 nm Au top
electrode was evaporated through a shadow mask. The schematic of the device is given in
Figure A6.1b. Electric displacement versus electric field, D-E loops were measured under
ambient conditions using a Sawyer-Tower circuit. Details about Sawyer-Tower measurement is
given in the following
Sawyer-Tower measurements were performed using a Tektronix AFG3022B function
generator, a LeCroy waverunner LT372 oscilloscope and a Krohn- Hite 7602M wide-band
amplifier. A schematic of the setup is presented in Figure A6.1c. The function generator (FG)
provides a triangular waveform, which defines the frequency (typically 100 Hz or 1 kHz). The
bias is then amplified and applied to the ferroelectric capacitor. The capacitor is in series with a
reference capacitor. The bias applied to the circuit is measured as a function of time (triangular
waveform on the left) by the first channel of the oscilloscope (Ch 1). The voltage drop over the
reference capacitor is measured as a function of time by the second channel of the oscilloscope
(Ch 2). If the reference capacitance is known, the amount of charges on the reference capacitor
can be calculated. This amount is equivalent to that of the ferroelectric capacitor, because both
elements are in series. Therefore, the displacement can be determined by dividing the charge by
the capacitor’s area. The electric field is the applied voltage divided by the thickness of the
ferroelectric film. Ferroelectric hysteresis curves can be shown, by plotting the displacement as a
function of the applied electric. Note that the capacitance of the reference capacitor should be
orders of magnitude higher than the capacitance of the ferroelectric capacitor. Then, the voltage
measured for Ch 2 is approximately equivalent to the voltage over the ferroelectric capacitor,
because the voltage drop over the reference capacitor is very small and can be disregarded.20-21

6.2.2 Input parameters for modeling
Input parameters Flory-Huggins model
The simulation (modeling) here has done by Dr. Jasper J Michels. In the following I will
give a brief overview. The Flory-Huggins free energy density for our ternary blend is given by:22
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𝑓
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𝜙

𝜙
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𝑃

𝑊

𝑆

(6.1)

We obtain the effective molecular sizes Ni in terms of numbers of lattice sites by
normalizing the molar volumes of all components by that of the smallest species in the mixture
(here water, so: 𝑁𝑊 = 1). The polymer is obviously much larger and taken to have an effective
degree of polymerization of 𝑁𝑃 = 1000. The average molecular weight of the experimentally
used P(VDF-TrFE) (see Experimental section) even suggests 𝑁𝑃 ~7000. We nevertheless take
the lower value as it renders more numerical stability while calculating the binodal
concentrations, with only minor changes to the phase diagram and demixing dynamics. We take
𝑁𝑆 = 5 for cyclohexanone and cyclopentanone and 𝑁𝑆 = 4 for DMF, with the remark that the
exact molecular size of the solvent does not noticeably affect the phase behavior. The binary
interaction parameters used in our study are: 𝜒𝑃𝑊 = 2.8, 𝜒𝑃𝑆 = 0.1 and 𝜒𝑊𝑆 = 0.89, 1.67 and 2.3
for DMF, cyclohexanone and cyclopentanone respectively. The value for 𝜒𝑃𝑊 is consistent with
the literature value for PVDF:water,23 assuming a comparable interaction for P(VDF-TrFE). The
value for 𝜒𝑃𝑆 assumes the solvent to be moderate to good in all cases, in line with experimental
observations. The values for 𝜒𝑊𝑆 for the interaction between water and the various solvents are
to some extent a trade-off between approaching physical reality as closely as possible and
obtaining numerical stability. The value for χwater-DMF assures full miscibility between water and
solvent. The values for χwater-cyclohexanone and χwater-cyclopentanone give water saturation concentrations
of ~14% and ~4%, respectively, and somewhat overestimate the water compatibility of both
solvents at 20 oC. The former is in fair agreement with tabulated data.24 The latter is
overestimated in comparison to tabulated data,25 but that does not affect our reasoning. In
contrast, it even sketches a “worser case” scenario.
Vapor pressures water and solvents.
The vapor pressures relevant to this work have been retrieved from readily accessible
°
° (20
(20 ℃) =
tabulated values: 𝑝𝑊
℃) = 2333 Pa (subscript “W” for water), 𝑝cyclohexanone
°
(20 ℃) = 1467 Pa. The polymer (indicated by subscript “P”) is
667 Pa, and 𝑝cyclopentanone

non-volatile: 𝑝𝑃° = 0 Pa. The applied partial pressures are assumed constant and taken to be
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RH

∞
𝑝𝑖∞ = 0 Pa for i = S, P (subscripts “S” and “P” for solvent and polymer) and 𝑝𝑊
= 100 ∙
° (20
𝑝𝑊
℃) for water, with RH the relative humidity given as a percentage of 𝑝H° 2 O .

Mass transfer coefficient
The mass transfer coefficient 𝑘 is (for all modeled blends) assigned a value of 0.01
𝐷𝑆0 𝑀𝑆 ⁄𝜌𝑆 𝜅𝑅𝑇, with 𝐷𝑆0 , 𝑀𝑆 and 𝜌𝑆 the self-diffusivity, molar weight and mass density of the
solvent, 𝜅 an effective gradient energy coefficient (see below), 𝑅 the ideal gas constant and 𝑇 the
absolute temperature (here assumed to be 293 K). The choice for the value of k, which in reality
is hard to establish, represents a situation wherein, roughly stated, the typical timescale for
evaporation somewhat exceeds that of solvent diffusion. Changing the magnitude of k does affect
demixing dynamics, but the general trends in the humidity-dependence of the characteristic time
and length scales associated to vapor-induced demixing predicted by our ternary phase field
model remains.

6.3 Results and discussion
6.3.1 Model predictions
In order to pre-estimate whether the water-affinity of the solvent could cause VIPS to
occur during solution casting under ambient conditions, we calculated for three different solvent
polarities the isothermal phase diagrams of the ternary blend of P(VDF-TrFE) polymer
(“P”)/water (= “non-solvent”) (“W”)/solvent (“S”), as well as the composition trajectories drawn
through the phase diagram upon simultaneous solvent evaporation and water vapor dissolution.
As mentioned above, three solvents were considered: DMF, cyclohexanone, and cyclopentanone,
all known to be good solvents for P(VDF-TrFE). Especially cyclohexanone is often used for the
fabrication of P(VDF-TrFE)-based capacitors and memory diodes.11,

20

DMF is fully miscible

with water,26 whereas cyclohexanone and cyclopentanone exhibit partial miscibility: 86g and 9g
water per liter at 20 °C, respectively.24-25 The phase diagrams were calculated using FloryHuggins theory22, 27 based on input parameters, i.e. binary interaction parameters χij and relative
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molecular size N, either derived directly from literature, or matched so as to represent the above
given water-solvent miscibilities. The calculated diagrams which is plotted in Figures 6.2, are
consistent with previously reported (experimental) ones for polymer/non-solvent/solvent
blends.14, 23, 28
a)

b)

c)

Figure 6.2 (color online) Calculated ternary phase diagrams for polymer (P)/water (W)/solvent (S) blends with S
representing a) DMF, b) cyclohexanone, and c) cyclopentanone. For b) and c) only the high-solvent region is shown.
The curved colored lines in a) and b) indicate the numerically simulated composition trajectories associated with
exposing an initially dry 3 vol% polymer solution to an atmosphere carrying a relative humidity in the range 45 99%. In b) demixing occurs, where the open symbols indicate the mean composition (dashed) at which the mixtures
phase separate. The dash-dotted black line represents critical mean compositions, for which a bicontinuous structure
is expected upon demixing.

The phase diagram for DMF (Figure 6.2 a) is shown completely, whereas of the ones for
cyclohexanone and cyclopentanone (Figure 6.2 b and c), which are of comparable nature to the
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one for DMF, only the top part is shown for clarity’s sake. The phase diagrams are characteristic
for a polymer/non-solvent/solvent ternary, evidenced by i) a large miscibility gap, ii) a
pronounced asymmetry, and iii) steeply tilted tie-lines. The first feature is mainly due to the high
value of the polymer-nonsolvent interaction parameter (χPW = 2.8). The asymmetry is a result of
the difference in molecular size between a polymer and a water molecule and the tilt in the tie
lines shows that if VIPS occurs, the solvent strongly prefers the polymer-poor phase. Figure 6.2
c shows that a lower solvent polarity reduces the miscibility gap somewhat.
The colored curves in Figures 6.2 b and c represent calculated (mean) composition
trajectories resulting from simultaneous solvent evaporation and water ingress from/into the
drying polymer solution, at various RH levels (see legend). These curves were calculated
assuming the volume flux 𝜎𝑖 of a blend component 𝑖 across the liquid-vapor interface to be
governed by the difference between its partial pressure just above the film and the applied partial
pressure 𝑝𝑖∞ away from the vapor-liquid interface. Just above the drying film, a liquid-vapor
equilibrium is assumed, so that the fluxes of water and solvent are given by:
〈𝜇 〉

−1
𝜎𝑃
(𝜎 ) = 𝑘 ( 〈𝜙 〉
𝑊
𝑊
1−〈𝜙𝑃 〉

〈𝜙𝑃 〉
1−〈𝜙𝑊 〉

−1

𝑝𝑃° exp ( 𝑅𝑇𝑃 ) − 𝑝𝑃∞

〈𝜙𝑃 〉
1−〈𝜙𝑆 〉
)
〈𝜙𝑊 〉
1−〈𝜙𝑆 〉

〈𝜇𝑊 〉

°
𝑝𝑊
exp (

𝑅𝑇
〈𝜇𝑆 〉

(

𝑝𝑆° exp (

𝑅𝑇

∞
) − 𝑝𝑊

) − 𝑝𝑆∞

(6.2)
)

with 〈𝜙𝑖 〉 the mean volume fraction, 〈𝜇𝑖 〉 the mean chemical potential, 𝑝𝑖° the vapor
pressure of the pure substance (tabulated for all solvents and water), and k a mass transfer
coefficient expressed in units of Pa-1s-1 and for simplicity taken equal for water and solvent. The
∞
coefficient matrix on the RHS of Equation 6.2 enforces incompressibility. By defining 𝑝𝑊
>0

and 𝑝𝑆∞ = 0 and by combining Equations 6.2 with the generalized 2D-diffusion model we
published earlier,27, 29-30 we not only track composition as a function of time, but also model the
actual dynamics of structure formation due to VIPS.
The calculations (Figure 6.2 b and c) assume an initially dry solution with a polymer
concentration of 3 vol%. In the case of cyclohexanone the mean composition (dashed lines)
readily enters the spinodal region, whereas for the more hydrophobic cyclopentanone, the
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trajectories remain within the single phase region. The calculations hence predict that for
cyclohexanone spinodal VIPS occurs, but probably not for cyclopentanone even for high relative
humidity. For DMF the results were similar to cyclohexanone and are hence not explicitly
shown.

6.3.2 Microscopic analysis
As a next step we performed microscopic (AFM) analysis on dry P(VDF-TrFE) thin
films cast from the above mentioned solvents under controlled humidity and substrate
temperature conditions. Below only representative data are reported to substantiate the
discussion. The appendix contains a full account of all casting experiments and AFM analyses
(Figure A6.2-Figure A6.6).

Figure 6.3 Tapping mode AFM height images of P(VDF-TrFE) thin films coated at (a) DMF, 20°C and 50%
relative humidity, (b) 65°C and 50% relative humidity, (c) DMF, 20°C and 10% relative humidity, and (d) a-DMF,
20°C and 50% relative humidity. The scale bar is 10 μm.

Figure 6.3 shows AFM topology images of films cast from wet (i.e. equilibrated) and
anhydrous DMF under various conditions (see caption). Figures 6.3 a, c and d show that at a
substrate temperature of 20 oC the polymer layers consist of impinged micron-sized drop-like
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domains having considerable topological gradients, irrespective of the RH. For these films a root
mean square (rms) roughness of ~50 nm was obtained. In contrast, at a substrate temperature of
65 oC the films show much smaller features and are significantly smoother (Figure 6.3 b), the
rms roughness decreasing to ~5 nm.
Just as observed previously for PVDF in DMF,15 and in line with the modeling results,
the morphologies in Figures 6.3 a, c and d form due to water-vapor induced phase separation,
initially giving polymer-rich droplets suspended in a DMF-swollen medium. During evaporation
ripening and coalescence of the P(VDF-TrFE)-rich droplets takes place until solvent is depleted
and the film solidifies. The grain structure in the dry film suggests that at some point coarsening
halts and the droplets impinge onto each other. The fact that DMF and anhydrous DMF give
similar structure sizes indicates that water ingress is fast compared to solvent evaporation. VIPS
seems virtually absent at 65 oC, even at 50 % RH, which suggests i) a decreased water
miscibility at elevated temperature and/or ii) suppression of VIPS domain growth due to fast
solidification upon enhanced solvent evaporation. We note that a similar decrease in roughness
with substrate temperature has also been observed for DMF-cast films of PVDF.15
Figure 6.4 shows AFM topology images of P(VDF-TrFE) films cast from cyclohexanone
(Figure 6.4 a and b) and cyclopentanone (Figure 6.4 c and d) 20 oC, with RH values varied between
10%, 50% and 80%. In excellent agreement with the model, microstructure formation due to VIPS is
observed for cyclohexanone and not for cyclopentanone, even at 80% RH. It is however fair to note that
the significantly higher vapor pressure of cyclopentanone further suppresses possible VIPS due to fast
solidification of the film. The effect of solidification, which for P(VDF-TrFE) probably partly relies on
crosslink formation via nano-crystallization, is not taken into account by our model.

We note that the used cyclohexanone was not anhydrous. Hence, demixing might have
been induced by water already present in solution prior to casting.15 Just as for DMF, the
cyclohexanone solutions produce smooth and uniform films at elevated substrate temperature
(Figure A6.5). In the case of cyclopentanone, the surface roughness and morphology does not
change substantially upon increasing the substrate temperature (Figure A6.6). Evidently, for
ambient processing of P(VDF-TrFE), VIPS can only be avoided if a hydrophobic solvent with a
water-miscibility well below 10 wt% is used.
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Figure 6.4 AFM height images of P(VDF-TrFE) thin films coated from cyclohexanone (a,b) and cyclopentanonbe
(c,d). Conditions: (a,c) 20°C, 50% RH, (b) 20°C, 10% RH, (d) 20°C, 80% RH. The scale bar is 10 μm.

In order to discriminate the VIPS-related dry film features from possible spherulitic
crystallization, we also scanned the topology at the polymer-substrate interface. To this end, dry
films were floated of the substrate and placed upside down under the AFM tip (see Experimental
section for details). The recorded images are given in Figure 6.5 for cyclohexanone (Figure 6.5
a) and cyclopentanone (Figure 6.5 b). Since in both cases the topological and microstructural
features are the same as those at the polymer-vapor interface heterogeneously nucleated
spherulitic crystal growth can be ruled out, as that would not lead to topological gradients at the
polymer-substrate interface.
Film thickness and rms roughness, acquired at 50% RH for all three solvents are plotted
in Figure 6.6 a and b as a function of substrate temperature (also for 10% RH in Figure 6.6 c
and d). Figure 6.6 a shows that for the films processed from DMF and cyclohexanone under
ambient conditions the apparent mean thickness is strongly overestimated due to the large
topological features resulting from VIPS (Figure 6.7a). By increasing substrate temperature the
structure densifies and the apparent mean thickness saturates at a value of 300 nm. Expectedly,
the rms roughness follows the same trend (Figure 6.6 b). For cyclopentanone however, due to
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the absence of VIPS, a dense smooth film of 300 nm with ~10 nm rms roughness is already
obtained at room temperature, irrespective of relative humidity (Figure 6.7 b).

Figure 6.5 AFM topography images of the polymer/substrate interface of P(VDF-TrFE) layers cast from (a)
cyclohexanone and (b) cyclopentanone. The substrate temperature and relative humidity were fixed at 20°C and
50% in both cases. The scale bar is 10 μm.
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Figure 6.6 (color online) (a) Layer thickness and (b) rms roughness plotted as a function of substrate temperature
measured for films prepared at a fixed relative humidity of 50%. (c) Layer thickness and (d) rms roughness plotted
as a function of substrate temperature measured for films prepared films at a fixed relative humidity of 10% (80%
only for cyclopentanone).
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a)

b)

Unpacked and pours film = Thicker
DMF and Cyclohexanone

Packed film = Thinner
Cyclopentanone

Figure 6.7 Schematic cross-sectional images explaining why the mean thickness of VIPS-influenced films is
overestimated due to the high roughness. Films cast under under ambient conditions (20°C and 50% RH) from (a)
cyclohexanone and (b) cyclopentanone. The scale bar is 10 µm.

In what follows we give our view on the origin of the impinged dry-film domain structure
resulting from VIPS (e.g. Figure 6.4 a and b). The morphology suggests that at some point
during drying coarsening ceases, whereby the polymer-rich droplets mutually impinge and
deform from their circular or spherical shape. We speculate that elastic stresses occurring in the
final stages of drying underlie this phenomenon. In general, free energy reduction by elastic
deformation competes with domain coarsening driven by liquid-liquid interface minimization.
The question is whether the dry film structure develops under influence of purely elastic or
viscoelastic stress. In case of the former, domain deformation is caused by elastic asymmetry,
such as a difference in shear modulus between the phases.31-33 Reduction of the total free energy
is accomplished by anisotropic deformation of the softer phase into an extended network-like
structure embedding domains of the harder phase.31
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In contrast, viscoeleastic structure development is driven by a dynamic asymmetry
between the phases in a fluid mixture.34 In this case structure development is governed by the
partitioning of the total stress between the phases, as governed by the force balance condition. In
contrast to elastic demixing, morphologies develop in which the temporarily harder, i.e. more
viscoelastic, phase forms the network surrounding domains of the “softer”/more fluid phase. We
argue that the impinged dry film morphologies form under the influence of elastic rather than
viscoelastic stress. We hypothesize that the elastic anisotropy, and the concomitant stagnation of
coarsening, is introduced by late-stage development of P(VDF-TrFE) crystallites, giving rise to a
gel-like state in polymer-rich regions.

6.3.3 Device characteristics
To probe the effect of solvent hygroscopicity on device performance we carried out a
systematic study involving more than 100 ferroelectric capacitors fabricated per each solvent
under ambient condition (20°C and 50% RH). The device architecture is depicted in the inset of
Figure 6.9 b. The (apparent) mean film thickness was fixed at d = 150 ± 20 nm by adjusting
the polymer concentration in solution. We noted that the morphology is not affected by varying
the thickness. Enhanced crystallinity by subsequent annealing of the P(VDF-TrFE) films at 140
o

C (see Experimental Section), only marginally increased the film roughness (Figure 6.8 a and

b). The annealed samples show needle-like domains (Figure 6.8 c) which are typical structure
for crystallized P(VDF-TrFE).
a

rms roughness = 9.5

b

1.2

rms roughness = 10.5

c

1.3

Figure 6.8 AFM height images of P(VDF-TrFE) thin films coated from solution in cyclopentanone at 50% relative
humidity and substrates temperature of 20°C (a) before and (b) after annealing. The scale bar is 4 µm.(c) a zoom in
image of (b).
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Figure 6.9 (a) Device yield as a function of water miscibility of solvents. (b) Histogram of coercive voltage for
cyclohexanone and cyclopentanone. The insets show a ferroelectric displacement loop for P(VDF-TrFE) capacitor
and capacitor layout. The capacitors were measured with a continuous triangular bias at a frequency of 100 Hz and
using a reference capacitor of 220 nF.

A typical hysteresis loop of P(VDF-TrFE) is presented in the inset of Figure 6.9 a. The
ferroelectric remanent polarization of all the capacitors was about the same and amounted to 6-7
μC/cm2, in agreement with literature data.3-5 The graph in Figure 6.9 a shows that the yield of
functioning thin-film capacitors drops substantially with increasing water miscibility of the
solvent: whereas no functional capacitor was obtained using DMF, cyclohexanone gave a yield
of ~50%. However, processing devices using cyclopentanone gave an impressive yield of >93%,
the few non-working devices probably resulting from particle-induced short-circuits, rather than
morphological flaws. Ferroelectric thin-film quality is also reflected by scatter in the coercive
voltage, i.e. the voltage at which the polarization switches sign. Figure 6.9 b shows the
histogram of the coercive voltages measured for capacitors fabricated from cyclohexanone and
cyclopentanone. Whereas the coercive voltage of cyclohexanone-processed devices shows
significant scatter, a narrow distribution of 7.3 ± 0.5V is obtained in case of cyclopentanone,
reflecting the low surface roughness and excellent film uniformity.

6.4 Conclusions
The role of ambient humidity, temperature and solvent hygroscopicity on the
microstructure of P(VDF-TrFE) thin-films applied in flexible memory devices has been
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investigated. Computational predictions using a combination of phase diagram calculations and
structure evolution modeling provides detailed insight in the mechanism of water vapor-induced
phase separation (VIPS) during solution casting of the polymer under ambient conditions.
Simultaneous solvent evaporation and water ingress destabilizes the blend in case the solvent is
fully or partially miscible with water. We demonstrate that VIPS can occur even in solvents with
a water-miscibility as low as 10%. The model predicts the formation of polymer-rich droplets
suspended in a solvent-rich medium, which is consistent with AFM analysis on solid P(VDFTrFE) films cast from DMF and cyclohexanone, which indeed comprise clear drop-like features.
In contrast, the more hydrophobic cyclopentanone gave smooth, near featureless layers, also in
agreement with model predictions. Film quality is directly reflected by thin-film capacitor yield,
which for DMF and cyclohexanone remains well below 50% with considerable scattering in
coercive voltages, but increases to >93% and narrowly distributed coercive voltage when
cyclopentanone is used.
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Chapter 7
Section 1
Thin-Film Polymer Nanocomposites for Multi-Ferroic
Applications Based on MNPs/(PVDF-TrFE) 1

7.1.1 Introduction
Ferroelectric polymers, such as polyvinylidene fluoride (PVDF) and in particular its
random copolymer poly(vinylidene-fluoride-co-triflouroethylene) (P(VDF-TrFE)) have been
recently investigated for their potential applications in flexible non-volatile memories, energy
storage, and multiferroic composites.1-20 P(VDF-TrFE) has a relatively low remanent
polarization, Pr and a high coercive field, EC, which depending on the VDF to TrFE
composition, amounts to 5-8 µC/cm2 and 45-65 MV/m, respectively.21-22 The high coercive field
of P(VDF-TrFE) mandates realization of thin films that should be operable at voltages suited for
microelectronic applications.23-24 Since inorganic ferroelectrics, such as BaTiO3, generally
1

The results of this chapter are fully or in part published in ACS Appl. Nano Mat. with DOI:
10.1021/acsanm.8b01443 by H. Sharifi et al.
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exhibit higher Pr and a lower EC, mixing PVDF or P(VDF-TrFE) with inorganic ferroelectric
nanoparticles has been pursued to create a composite with higher Pr and lower EC, and higher
dielectric permittivity, ε.21,

25-30

Moreover, recently P(VDF-TrFE) nanocomposites have been

suggested (depending on the filler properties) for polymer multiferroic and energy storage
applications, and therefore are of high technological interests.31-42 Intuitively, addition of nonferroelectric fillers should reduce Pr, because the volume of the P(VDF-TrFE) phase in
nanocomposite is lowered. Hence, upon addition of fillers, reduction of Pr is expected.
Interestingly, as the filler loading increases both increasing34-39 or decreasing trends in Pr,31, 33 EC
and ε have been reported.
In Figure 7.1.1, we have plotted the reported trends of Pr and EC after addition of
different types of NPs. For comparison, the values for each data series are normalized to the Pr
and EC values at 0 wt% loading of the same series. Interestingly, Pr as high as 18.1 µC/cm2 has
been reported which is nearly two times the maximum theoretically achievable Pr of P(VDFTrFE).34-35, 43-44 A summary of the film thickness of the filler size, filler type, Pr and EC values of
the nanocomposite films at 0 wt% loading is given in Table 7.1.1. The overall reported results so
far are however inconclusive. The proposals on the origin of the increased Pr are diverse and
vary depending on the type of the nanoparticle used. Subash et al. 37 have argued that addition of
zinc oxide nanoparticles generally leads to the formation of more ferroelectric β-phase crystals in
P(VDF-TrFE). Park et al.

38

have argued that metallic (Ag) nanoparticles enhance the dipolar

alignment due to the field concentrations in the matrix. For the same Ag nanoparticles in P(VDFTrFE) system, Tsutsumi et al.

39

have attributed the increased remnant polarization to a high

dielectric constant of the nanoparticle and higher local electric field on the crystalline phase,
whereas Zou et al.

36

have suggested that the Ag nanoparticles reduce depolarization. Li et al.32

have suggested existence of a large Maxwell–Wagner–Sillars (MWS) interfacial polarization at
low frequencies for TiO2 nano fillers. For ferrite magnetic nanoparticle fillers, Martins et al.35
have suggested that, the ferrite nanoparticles simultaneously act as heterogeneous nucleation
centers for ferroelectric domains and provide additional free charges required for stabilizing the
polarization. On the other hand, the large interfacial area promotes the exchange coupling effect
through a dipolar interface layer. However, the have investigated the thick films of with
inhomogeneous MNPs and presence of huge aggregation in matrix.
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It is evident from the literature overview, Figure 7.1.1, that a systematic and selfconsistent study on P(VDF-TrFE)/MNPs nanocomposite thin film is still missing. Despite the
interesting results reported so far, there is still much need of a reliable data sets and studies that
investigate the effect of the magnetic fillers on the microstructure of the nanocomposite, the
remanent polarization and its switching time. Data presented in Figure 7.1.1, and Table 7.1.1,
spans over eight orders of magnitude, but were extracted from ten different reports. A systematic
study on the influence of magnetic nanoparticle loading on polarization switching dynamics of
P(VDF-TrFE) in the nanocomposite is also lacking in the literature.39,

45

Moreover,

microstructural studies of the nanocomposite and the effect of the filler loading on the dynamic
of the ferroic properties have not been extensively reported yet. Understanding and engineering
of the microstructure is of crucial importance for the application of the P(VDF-TrFE)/MNPs
nanocomposites in multiferroic applications.

7.1.1.1

Motivation

A solid understanding of the microstructure evolution upon adding MNPs to P(VDFTrFE) and its relation to the ferroelectric performance,( i.e. Pr, Ec, ε, switching time) and
magnetic properties of the nanocomposite thin film, would help to design polymer based
multiferroic nanocomposites with optimized performance.

7.1.1.2

Aim of this section

This section reports in-depth investigations on the influence of the MNPs fillers on the
microstructure, ferroelectric and magnetic properties of the nanocomposite thin films using
P(VDF-TrFE) as a polymer matrix. For the first time, to the best of knowledge, the filler loading
is varied over an unprecedented range of nearly six orders of magnitude. As filler, we have used
freshly synthesized truly monodisperse magnetic iron oxide (superparamagnetic) and cobalt
ferrite (ferromagnetic) MNPs.46-48 The loading is changed from 10-4 wt% to 30 wt%. Smooth and
pinhole free nanocomposite thin- and thick films have been produced by suppression of vapor
induced phase separation (VIPS).49 We have realized thin-films of P(VDF-TrFE)/MNPs
nanocomposites suited for low-voltage operations. Besides investigating the effect of
nanoparticle loading on the evolution of microstructure, crystallinity, Pr and Ec, we have studied
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the evolution of the dielectric properties, kinetics of the ferroelectric polarization reversal and
magnetic properties upon filler loading over the whole composition range.
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Figure 7.1.1 Overview of the reported normalized (a) Pr and (b) Ec of P(VDF-TrFE) composites with nonferroelectric fillers. All the points were normalized to their respective value of 0 wt % given in Table 7.1.1. The
insets show the zoom in of each graphs in the range of 1-100 wt %.
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Table 7.1.1 Overview of the non-ferroelectric fillers, size, and film thickness on the ferroelectric properties of the
P(VDF-TrFE) composite.

Ref.

P(VDF-TrFE)
composition

Nanoparticle
Nanoparticle

size
(nm)

Composite

Pr (µm/cm2)

EC (MV/m)

thickness (µm)

at 0 wt%

at 0 wt%

[31]

70/30

CoFe2O4

80-100

80

10.7

58.6

[32]*

78.8/5.4/15.8

TiO2

50-70

25-50

6.3

-

[33]

75/25

Ni0.5Zn0.5Fe2O4

10-20

50-60

8.25

40

[34]

75/25

Ni0.5Zn0.5Fe2O4

10-30

25, 50 and 75

9

50

[35]

-

CoFe2O4

35-50

50

9.5

65

[36]

70/30

Ag

-

-

5.6

-

[37]

70/30

ZnO

40-100

1

3.43

64

[38]

75/25

Ag

-

15

8.29

38

[39]

75/25

Au,Ag,SiO2

10-60

0.28

7.2

60.4

[40]

-

CoFe2O4

35-50

50

6.5

40

[41]

70/30

MgO

< 50

20

6.3

60

* P(VDF-TrFE-CtFE) was used as matrix

7.1.2 Experiment
Details of the synthesis of monodisperse magnetic nanoparticles (iron oxide and cobalt
ferrite) have been reported in Chapters 3 and 4.46,

48, 50-52

P(VDF-TrFE) (65 %-35 %) was

purchased from Solvey. The detail of solution preparation, thin film processing and device
preparation are given in Chapter 6.49, 53-54 Briefly, stock solution of P(VDF-TrFE) (3.5 wt %)
and nanoparticles (1 wt%) in Tetrahydrofuran (or cyclopentanone) were first prepared.
Subsequently, P(VDF-TrFE) solution mixtures with 0, 10-4, 10-3, 10-2, 10-1, 0.5, 1, 4, 6, 10, 15,
20 and 30 wt % iron oxide MNPs and with 0, 3, 6, 12, 20, 30 and 40 wt% cobalt ferrite MNPs
were prepared. The mixture was sonicated under bath sonication (3510 Branson) for 8 hours at
room temperature to obtain a good disperssion. To prepare capacitors, glass slides were first
throughly cleaned in aceton, propanol and DI-water. As bottom electrode, 50 nm Au/1 nm Cr
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electrode were evaporated. Films of P(VDF-TrFE) nanocomposites were formed by spin coating
or bar coating under low humidity of <10 % to supress VIPS (as discussed in detail in previous
Chapter 6).49 Instead of THF we can use cyclopentanone as a hydrophobic solvent. Then we can
avoid VIPS without any requirement for low humidity film processing condition. We tuned the
solution concentration or spin coating condition to arrive at comparable layer thicknesses for all
nanocomposites, which was in the range of 350 to 450 nm for thin-films and 1900 to 2100 nm
for thick-films (measured using Dektak profilometer). Root mean square (rms) roughness of
pristine P(VDF-TrFE) film was well below 10 nm, indicating effective suppresion of VIPS. The
rms roughness of the nanocomposite thin-films slightly increased to nearly 22 nm for 20 wt%
loading, Figure 7.1.2. Considering that the diameter of the nanoparticles are in the range of 1114 nm, the increase in roughness is fully justified, as shall be seen later. After film formations,
the substrates were annealed at 140 °C for 2 h in vacuum (10-1 mbar) to increase the crytallinity
of P(VDF-TrFE). The capacitors were finished by evaporation of a 50 nm Au top electrode. The
capacitor areas amounted to 0.0016-0.04 cm2. To arrive at a reliable statistics, more than 50
capacitors for each loading ratio were tested.
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Figure 7.1.2 Roughness of thin-film nanocomposites as a function of nanoparticle loading (Iron oxide MNPs).
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The ferroelectric properties were determined using a Sawyer-Tower circuit for low
loadings (below 4 wt%) and Positive-Up-Negative-Down (PUND) pulse sequence for higer
loadings (due to the persence of huge leakage current).55 Details of the measurements are given
elsewhere.56 Briefly, first we apply a negative pulse to fully polarize the capacitor to −Pr. Then,
we short the capacitor to ensure that any extra charges at the electrodes are removed; only the
compensating, equal to the remanent, polarization remains. We then apply a positive square
pulse. The pulse is long enough to reach complete polarization reversal. We measure the voltage
drop over the reference capacitor and calculate the polarization as a function of time. Afterwards,
the same positive square pulse is applied to measure the nonswitching contribution. Subtracting
the two transients then yields the net polarization as a function of time.56 Details of the
Differential scanning calorimetry (DSC) was conducted under N2 atmosphere, on as-cast films,
at a scan rate of 10 °C/min, using a Mettler Toledo calorimeter. The degree of crystallinity of the
P(VDF-TrFE) nanocomposites was calculated according to the weight fraction of polymer using
the calculated value of enthalpy corresponding to a theoretical 100% crystalline P(VDF-TrFE)
(70/30) copolymer as 91.45 J/g.57 The schematic of the whole experimental part is shown in
Figure 7.1.3.
PUND measurements: it stands for positive-up, negative-down pulse. PUND allows
separating the switchable from the non-switchable part of the polarization. The pulse (positive or
negative) is a pair of pulses. The first pulse is the “switching” pulse which integrates both
switching and non-switching charge. The second pulse only integrates non-switching charge (see
Figure A7.1.1). By subtracting both, then, the true remanent polarization can be revealed. The
electrical measurement methods have been discussed in detail in recent reviews.56, 58-60
Dielectric spectroscopy: dielectric properties were characterized using a Novocontrol
spectrometer with a frequency sweep from 0.1 Hz to 10 MHz. Dielectric spectroscopy measures
the dielectric permittivity as a function of frequency. The material permittivity is a complex
number, which consists of a real part ε’ and an imaginary part ε’’. ε' is a measure of the energy
stored whereas ε’’ is a measure of energy loss. Another useful quantity is the loss factor

𝑇𝑎𝑛 (𝛿) =

𝜀 ′′
𝜀′

(7.1.1)
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The term Tanδ is called loss tangent and loss angle δ is correlated with impedance phase
angle θ, for a lossless capacitor, voltage drop always lags current by 90°, so the impedance phase
angle is -90° and Tanδ is 0. But because of material absorption, the impedance phase angle of
the real capacitor is
𝜃 = −(90 − 𝛿)
P(VDF-TrFE) + THF

(7.1.2)

NPs + THF

H

P(VDF-TrFE)/NPs + THF

Low humidity
Spin coating

Au evaporation
Cr + Au

Bath sonication

Glass

Electric/magnetic
Measurement

Glass

E

Spin coating

Figure 7.1.3 The schematic of experimental process. Note that cyclopentanone can be also used as solvent without
any requirements for low humidity processing. Moreover, the film processing can be also done by bar coating
technique.

7.1.3 Results and discussion
A typical TEM image of the nanoparticles for iron oxide and cobalt ferrite nanoparticles
are shown in Figure 7.1.4 a and b respectively. Nanoparticles have regular polyhedral (pseudo
spherical) shapes. The nanoparticles show a Gaussian size distribution, inset of Figure 7.1.4 a
and b, with mean size of 11.5 ± 1 nm and 16.2 ± 2.7 nm. Polydispersity index is therefore 9.1 %
and 16.6 % for iron and cobalt ferrite NPs, respectively.50 The iron oxide NPs are superparamagnetic and cobalt ferrite NPs are ferri/ferromagnetic at room temperature with saturation
magnetization at 50000 Oe that amounts to 62 emu/g and 64 emu/g, respectively, as shown in
Figure 7.1.4 c. The value of HC and Mr/MS for cobalt ferrite MNPs at room temperature are 0.22
and 720 Oe respectively.
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Figure 7.1.4 TEM images of (a) iron oxide and (b) cobalt ferrite NPs with their corresponding size distribution
histogram. (c) Magnetization as a function of applied magnetic field for both types of MNPs at room temperature.
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Figure 7.1.5 a) AFM height and phase (inset) image of P(VDF-TrFE) film processed under low humidity conditions
(chemical structure of P(VDF-TrFE) is given in the inset). b) A typical ferroelectric hysteresis loop of pristine
P(VDF-TrFE) capacitor. The inset shows the capacitor layout.

Room-temperature film processing of P(VDF-TrFE) under humid condition (humidity>
20 %) results in a rough and pours structure due to VIPS. While using hydrophilic solvent (like
THF), by coating P(VDF-TrFE) films at humidity levels well below 10 %, VIPS between
polymer and water is effectively suppressed and a smooth thin-film is obtained (the details were
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described in Chapter 6).49, 61-62 We obtained a same morphology by using cyclopentanone as a
solvent. Since cyclopentanone is a hydrophobic solvent, VIPS is avoided without any
requirement for low humidity film processing condition. A typical AFM image of the pristine
P(VDF-TrFE) film is given in Figure 7.1.5 a. The root mean square roughness is below 7 nm.

Pr (µC/cm2)

a) 7.5

5.0

Fe3O4 nanocomposite-thin film
Fe3O4 nanocomposite-thick film
2.5

Co0.7Fe2.3O4 nanocomposite-thin film

EC (MV/m)

b) 72
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100
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Concentration of NPs (wt %)
Figure 7.1.6 The amount of (a) Pr and (b) Ec of P(VDF-TrFE)/MNPs nsanocomposite thin film as a function of
nanoparticles (both iron oxide and cobalt ferrite) concentration for both thin and thick films. The solid-orange line
show the value of Pr and Ec for the pristine P(VDF-TrFE).
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The film thickness amounts to 350 to 450 nm, and therefore the films are suitable for
low-voltage operation. The ferroelectric hysteresis loop of the pristine P(VDF-TrFE) capacitor is
shown in Figure 7.1.5 b. The remanent polarization and the coercive field amount to 7.2 µC/cm2
and 58 MV/m, respectively, in agreement with literature data.4,

49

The capacitors operate at

voltages lower than 25 V.
Next, we test the effect of iron oxide (and cobalt ferrite) nanoparticle fillers on the
ferroelectric properties of the P(VDF-TrFE) nanocomposite. To have a fair comparison, the
mean film thickness for the nanocomposites films are kept the same amount in the range of 350450 nm for thin-film, and 1900-2100 nm for thick-films for different loading ratios. Summary of
the ferroelectric measurements (Pr, EC) of the nanocomposite films are given in Figure 7.1.6.
The evolution of Pr for both thin and thick film nanocomposites and also for both types of
nanoparticles follows the same trend and begins to drop when the concentration of MNPs is ≥4
wt% (Figure 7.1.6 a). We do not observe any enhancement of Pr over the wide range of filler
loading for both types of nanoparticles and different thicknesses. At the same time, Ec of the
nanocomposite did not show any significant change and only increased slightly at high loading
ratios (Figure 7.1.6 b).
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Figure 7.1.7 (a) FTIR spectra and (b) XRD diffractograms of thin P(VDF-TrFE)/nanoparticle nancomposite (Fe3O4)
for different nanoparticle loadings.
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We perform FTIR and XRD on the nanocomposites with different loadings. FTIR
measurements, Figure 7.1.7 a, show characteristic peaks of the β-phase P(VDF-TrFE) for
nanocomposites.54,

63-64

Appearance of new crystalline phases does not observed.65 The XRD

patterns, Figure 7.1.7 b, show the characteristic 2θ=19.7° peak (with FWHM=0.84) of the
crystalline β-phase of P(VDF-TrFE). The diffraction peak corresponds to the overlapping (110)
and (200) reflections.39, 66-67 For all nanocomposites films with different loadings, P(VDF-TrFE)
crystallizes into its ferroelectric β-phase and the lattice spacing remains unchanged. Hence,
addition of MNPs in the film does not hinder formation of ferroelectric β-phase.53-54, 64
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Figure 7.1.8 DSC thermogram ((a) heating and (b) cooling) for Fe 3O4 nanocomposites. The values of (c) Xc and (d)
TMelting, Tcurie, TCrystalization as a function of the concentration of nanoparticle loading.
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To investigate the crystallinity, DSC analysis is performed on pristine P(VDF-TrFE) and
nanocomposites with different nanoparticle loading. Endo- and exotherms are shown in Figure
7.1.8 a and 8 b, respectively. We calculate the melting enthalpy of the P(VDF-TrFE)
nanocomposites from the melting peak of the first heating endotherms. The degree of
crystallinity was obtained by dividing the calculated enthalpy of the nanocomposite by that of the
pristine P(VDF-TrFE) film viz. 91.45 J/g.57 The calculated crystallinity, Xc, as shown in Figure
7.1.8 c steadily decreases with increasing the concentration of nanoparticles in the
nanocomposite. For comparison, measured Pr values are also plotted on the same graph.
Reduction of crystallinity can therefore consistently describe depression of Pr.39,

68-71

For the

composite we defined polarization as 𝑃𝑟 = ∑ 𝜇 ⁄𝑉, as the superposition of the dipole moment µ
of the constituent phases per total volume of the nanocomposite. Iron-oxide nanoparticles are not
ferroelectric and therefore have no contribution in the measured polarization. Hence polarization
of the nanocomposite is solely due to the ferroelectric P(VDF-TrFE) matrix.
Furthermore, we extract melting (TMelting), Curie (TCurie) and crystallization temperatures
(TCrystalization), Figure 7.1.8 d, remain constant for all nanocomposites. Hence, P(VDF-TrFE)/
nanoparticle nanocomposite is a non-interacting system which undergoes a phase separation
process upon film forming. To study the phase separation and film microstructure, we perform
SEM. The micrographs are shown in Figure 7.1.9 for nanocomposite thin films with different
filler loading. The pristine P(VDF-TrFE) film, Figure 7.1.9 a, showed typical needle like
domains of β-phase crystals. The featureless areas between the crystallite form the nonferroelectric amorphous regions. For the nanocomposite with only 1 wt% filler loading, Figure
7.1.9 b, the nanoparticles are accommodated in P(VDF-TrFE) amorphous phase.
Accommodation of the filler in the amorphous phase continues as the loading increases, to 4, 6
and 10 wt %, Figure 7.1.9 c-e. The crystalline domain of P(VDF-TrFE) pushes the nanoparticles
into amorphous phase and phase separation and agglomeration of nanoparticles occur. Crosssectional SEM image of the 10 wt % nanocomposite, Figure 7.1.9 i, confirms exclusion of the
fillers from the P(VDF-TrFE) crystallites and also agglomeration of MNPs throughout the film.
We note that, for polymers such as P(VDF-TrFE) that are made of both amorphous and
crystalline phases, mechanical breaking leads to stretched amorphous phase, leaving holes in the
cross sectional area, which then appear as pores in the SEM image. When the amount of
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nanoparticles is low, there is no obvious aggregation while, in higher loading (≥ 4 wt %) the
nanoparticles starts to aggregate, which is particularly visible for loading of 15 wt %, Figure
7.1.9 f. Upon further increase of loading to 20 and 30 wt %, a bilayer structure is formed wherein
a thin ad-layer of nanoparticle is formed on top of the nanocomposite thin film. We note the
same microstructure as shown in Figure 7.1.9 was observed while using cobalt ferrite
nanoparticles.
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Figure 7.1.9 (a)-(h) SEM images of thin films samples with different loading of nanoparticles. (i) Cross section
SEM image of nanocomposite with 10 wt % loading of nanoparticles.
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Figure 7.1.10 Cross sectional schematic of device structure under (a) low, (b) medium and (c) high loading of ferrite
nanoparticles. (d) Schematic of extra series capacitors due to the formation of ad-layer in high loading of
nanoparticles.

Oleate grafting helps colloidal stability of the nanoparticles. Pristine nanoparticles in
THF are stable over weeks. The solutions of nanoparticles in P(VDF-TrFE) showed long-term
stability. Hence presence of oleate cannot explain formation of the nanoparticle aggregates. The
oleate is not miscible with P(VDF-TrFE). Hence oleate-coated nanoparticles are immiscible with
P(VDF-TrFE).72 The DSC measurement clearly shows that P(VDF-TrFE) and the nanoparticles
are not interacting. Hence, upon film formation from solution, the oleate-coated nanoparticles
and P(VDF-TrFE) separate, meaning that regions of nanoparticle-rich polymer-poor and
polymer-rich nanoparticle-poor are formed. Beside the separation of the nanocomposite
constituent into distinct regions, P(VDF-TrFE) also crystalize. The crystalline phase contains
pure P(VDF-TrFE) and does not accept any impurities. Therefore, during the crystallization the
crystalline regions repel the nanoparticles into the amorphous phase. At dilute nanoparticle
concentrations, the amorphous regions of P(VDF-TrFE) can accommodate the nanoparticles, and
therefore crystallinity of P(VDF-TrFE) is not altered. Simultaneously, within the amorphous
region of P(VDF-TrFE) phase separation between P(VDF-TrFE) and the nanoparticles takes
place. At low nanoparticle loading, phase separation is not pronounced. As the loading larger
goes beyond 4 wt %, the phase separation within the amorphous regions becomes pronounced
leading to the formation of nanoparticle agglomeration. At high loadings, P(VDF-TrFE)
amorphous region, phase separation leads to a vertically phase separated nanocomposite and
therefore formation of a nanoparticle ad-layer. The schematic of composite’s microstructure
structure at different loading (low, medium and high) is depicted in Figure 7.1.10 a-c. We note
that formation of a non-ferroelectric ad-layer at high loading ratios leads to formation of an extra
series capacitor in the device stack, Figure 7.1.10 d, which has been shown that ad-layer
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facilitate further suppression of Pr due to depolarization. Details of the mechanism has been
discussed elsewhere.73-74
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Figure 7.1.11 The top vie SEM images of 10 wt% P(VDF-TrFE)/MNPs nanocomposite thin films in different
annealing temperature at 140 °C.

To investigate the possibility of thermally induced phase separation (TIPS) on the
microstructure formation, we studied microstructure evolution as a function of annealing time.
For a composite with 10 wt% filler loading, we changed the annealing time at 140 °C from 2 to 5
hours. Representative SEM topographical images are shown in Figure 7.1.11. The SEM images
revealed that the surface topography did not change substantially upon prolonged annealing time,
and statistically, similar topographies were obtained. Hence, the influence of TIPS on
microstructure formation for thin-films annealed at 140°C is minimal.

Figure 7.1.12 Dielectric constant and Tan (δ) of nanocomposites measured at 1 kHz and zero bias as a function of
different ferrite nanoparticle loading (iron oxide).
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To investigate the effect of nanoparticles content on the dielectric constant of the
nanocomposite, we measure the dielectric permittivity, ε. The dielectric constant for pristine
P(VDF-TrFE) is amounted to ~ 9 and did not change significantly in the presence of MNPs up to
4 wt % (Figure 7.1.12). Further loading slightly increases the dielectric constant of the
nanocomposite from 9 for the 6 wt % loading, and eventually to 11 for the 30 wt %
nanocomposite. We note that the observed increase in dielectric constant can be due to
roughness, variation in the device area, or even leakage current (loss).
The measured loss (Tan (δ)) for the nanocomposites thin films followed the same trend as
the dielectric constant for loadings below 10 wt %. It significantly increases from 0.022 for 0
wt% to 0.056 for 10 wt% and eventually to 0.05 for 30 wt% nanocomposite. The significant
increase in loss is due to aggregation of the NPs and phase separation between them and P(VDFTrFE) phase. To prevent phase separation and subsequently reduction of loss we propose surface
modification of the nanoparticles in such a way to increase the interaction with P(VDF-TrFE)
polymer chains towards better dispersion. At 10 wt %, the loss shows a peak, and then slightly
reduces for 20 wt%. However, further increasing the concentration of MNPs to 30 wt% causes
higher loss. Interestingly, the peak position coincides with the loading ratio at which an ad-layer
of MNPs forms. We note that dielectric measurements follow the same trend as cobalt ferrite
nanocomposite thin films.
We note that for higher loading of MNPs (≥ 4 wt%), when the MNPs start to aggregate in
the nanocomposite films, the electrical leakage in capacitor devices is too high resulting in low
electrical break down strength. Hence, we observed really low functional device yield of almost
10-20% for high loadings. Moreover, due to randomly distribution of agglomerated MNPs inside
polymer matrix, we observe variation in the device performance and ferroelectric properties.
These effects get more pronounce for higher loading concentrations and also lower thickness of
the films. This observation is in accordance with dielectric spectroscopy measurements that we
observed higher loss in higher loadings. Moreover, aggregation of the MNPs inside ferroelectric
polymer matrix reduces the interface between magnetic and ferroelectric phase which adversely
affect the multiferroic properties.
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To investigate the effect of the filler addition on the switching mechanism of P(VDFTrFE), we perform polarization switching time study and polarization transient measurements.75
Details of the measurement protocol are described elsewhere.56 Figure 7.1.13 a shows
polarization transients for pristine P(VDF-TrFE) and three representative nanocomposite thin
films with different loadings at a fixed field of 110 MV/m. For all cases, the polarization
evolution can be well described by the KAI model used for the study of ferroelectric switching,
using a compressed exponential function:
∆𝑃(𝑡)
2𝑃𝑟

𝑡 𝑛

= 1 − 𝑒𝑥𝑝 (− (𝑡 ) )
0

(7.1.3)

where t0 is a characteristic switching time, and n is the Avrami index. Since the switching time
strongly depends on the applied field, we perform polarization transient at different fields for all
the nanocomposites, and then extract t0. A summary of the Avrami indexes for different
nanocomposites is given in Figure 7.1.13 b. For the pristine P(VDF-TrFE), n is 1.7 at low field
of 75 MV/m, and decreases to 1.0 as the field is increased to 160 MV/m. The Avrami index is
very sensitive to the presence of nanofillers in the nanocomposites. For the nanocomposite with
loading of 0.1, 1 and 4 wt %, at nearly the same low field (75 MV/m), n is lowered to 1.65, 1.5
and 1.3 respectively, whereas at high field regime, n is 1. For the filler loading of above 4 wt %,
n is close to 1 for the field range investigated here.
It has been shown that for the pristine P(VDF-TrFE) the Avrami index is close to 2,
indicating a two dimensional nucleation and growth of domains.56 Decreasing n is indicative of
an increased number of nucleation sites, where the reversed polarization state sets in upon field
application. Numerical simulation has shown that for the case of n= 1 irregular highly entangled
domains are formed which indicates growth of one-dimensional wires. We therefore conclude
that polarization reversal is nucleated along the P(VDF-TrFE) backbone at the vicinity of the
nanoparticle which in time grows to the crystalline part.
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Figure 7.1.13 (a) Polarization reversal of plot and the respective fits using Equation 7.1.3. (b) The values of
Avrami index (n) as a function of electrical field in different loadings. (c) The characteristic switching time t 0 as a
function of reciprocal applied electric field. The lines show the fit obtained by Merz law. d) Evolution of t∞ as a
function of nanoparticle loading.

Dependence of the switching time on the applied field is plotted in Figure 7.1.13 c. Field
dependence of the switching time in pristine P(VDF-TrFE) follows the empirical Merz law:

56,

75,76

𝐸𝑎𝑐𝑡

𝑡0 = 𝑡∞ 𝑒𝑥𝑝 (

𝐸

)

(7.1.4)

where t∞ is the switching time at infinite applied electric field, E, and Eact is the activation field.
Fitting Equation 7.1.4 to the experimental data we have obtained 𝑡∞ and Eact for all
nanocomposites. The activation field and t∞ for P(VDF-TrFE) pristine film amounted to 800
MV/m and 8 ns, respectively in perfect agreement with previous reported values.45, 56, 77-79 The
activation field for polarization reversal in nucleation-limited regime amounts to 1 GV/m.45, 80-81
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Observation of high Eact for the nanocomposites indicates that the polarization reversal is
nucleation limited. We note that, switching dynamics in P(VDF-TrFE) thin-films can be affected
by many parameter such as sample processing conditions, thickness, electrodes, electric fields,
temperature, pre-polarization conditions, to name a few. For instance, use of electrodes, such as
Ag, Al and Cu, which are prone to formation of an oxide layer, may lead to an over-estimation of
switching time, and activation energies, because of voltage drop over a metal-oxide layer that
inevitably forms. Hence, slight differences in the reported numbers can be extrinsic. Filler
loading mainly influences t∞, whereas Eact remaines almost unchanged around 750 ± 50 MV/m in
the nucleation-limited regime. The t∞ stays unchanged for nanoparticle loading below 0.1 wt%
but increases exponentially to 600 ns for nanoparticle loading of 30 wt%, as shown in Figure
7.1.13 d. We therefore conclude that addition of the nanoparticles into the ferroelectric matrix
lowers the polarization dynamic substantially, such that at loading of 30 wt%, the polarization
switching dynamic is nearly 100 times slower than in pristine P(VDF-TrFE).
In the final step, we investigate the magnetic properties of the nanocomposite films for
both superparamagnetic and ferromagnetic nanoparticles. Magnetization response as a function
of applied magnetic field is shown in Figure 7.1.14 a and b for iron oxide and cobalt ferrite
nanoparticles in different MNPs loadings, respectively. Depending on the types of MNPs, we
obtain both superparamagnetic and ferromagnetic behavior. Magnetization shows linear
dependence with the amount of MNPs for both types of nanoparticles as shown in the inset of
Figure 7.1.14. Normalization of MS of the nanocomposites corrected for the mass of MNPs
content leads to values of 61 ± 3 emu/g and 63 emu/g ± 2.5 for iron oxide and cobalt ferrite
respectively, which is the MS value measured for MNPs powder (Figure 7.1.3). Hence, presence
of the ferroelectric matrix does not alter the saturation magnetization of the nanoparticles.
On the other hand, for the nanocomposite of cobalt ferrite MNPs/P(VDF-TrFE), the
values of HC and Mr/MS as depicted in (Figure 7.1.14 c). These values differ by changing the
concentration of cobalt ferrite MNPs inside nanocomposite. Such observations can be
rationalized by changing the particle-particle distances. It is know that, changing the distance
between MNPs may alter the magnetic dipole-dipole interaction between them. By any change in
ferromagnetic nanoparticles compaction, the magnetic properties (such as HC and Mr/MS) of
system are affected, because it changes the magnetic interactions strength between the
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ferromagnetic MNPs (dipole-dipole interaction). The Mr/MS shows an increase from 0.22 for 100
wt% cobalt ferrite MNPs to 0.33 for nanocomposite with 6 wt%. We note that, by reducing the
concentration of MNPs in nanocomposite, the particle-particle distance increases. Therefore,
decrease of Mr/MS indicates positive effect of magnetic dipole-dipole interactions on
demagnetization process.
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Figure 7.1.14 The magnetization response of the nanocomposites films with different loading ratios at room
temperature for (a) iron oxide and (b) cobalt ferrite. Inset shows the linear evolution of saturation magnetization as a
function of loading. (c) The values of HC and Mr/MS as a function of loading concentration, extracted from M-H
curves of cobalt ferrite nanocomposite films.
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Moreover, by decreasing the concentration of cobalt ferrite MNPs, the value of HC
increases from 720 Oe for 100 wt% cobalt ferrite NPs to 1300 Oe for nanocomposite with 6 wt%
loading. The change in coercive field by changing the concentration of MNPs is also due to
changing the distance between NPs and subsequently changing the dipole-dipole interaction
between ferromagnetic NPs. The simple expression of the magnetic interactions effect on
coercivity was presented by Neel as:82-83
𝐻𝐶 = 𝐻𝐶 (0)(1 − 𝑝)

(7.1.5)

where p is the density ratio of a sample with respect to individual particle, which is known as
packing fraction. Based on this model, by increasing the loading concentration, the packing
factor in a constant volume increases which results to the reduction of HC. We also observe the
same trend in our experimental results (Figure 7.1.14 c).

7.1.4 Conclusion
We have demonstrated solution-processed thin-film nanocomposite by loading
superparamagnetic and ferri/ferromagnetic ferrite nanoparticle in P(VDF-TrFE). The ferroic
properties of the thin-film were investigated over an unprecedented loading of nearly six orders
of magnitude ranging from 10-4 wt % to 30 wt %. We have shown that the ferroic properties of
the thin-film is similar to that of the bulk thick-films. We have identified a critical loading of 4
wt % below which the ferroic properties of the nanocompositie, e.g. Pr and EC, ε, and the
switching time, within the error margins, stay at the value of pristine P(VDF-TrFE). For
nanoparticle loading above of 4 wt % up to 30 wt%, Pr significantly drops, EC and ε slightly
increase, while the switching time shows a significant increase. The increase in the switching
time was attributed to the shift of the polarization switching dynamic from a two- to a onedimensional process. We showed that for higher loading of MNPs (≥ 4 wt%), when the MNPs
start to aggregate in the nanocomposite films, the electrical leakage in capacitor devices
increases which results to low electrical break down strength, lower functional device yield and
variation in the performance of devices.
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P(VDF-TrFE) and the oleate-coated nanoparticle are non-interacting (both chemically
and physically). This means that even that the solution of P(VDF-TrFE)/nanoparticle is
colloidally stable over time, up on solution casting and solvent evaporation, the nanocomposite
phase separates. We have shown that the phase separation process induces agglomeration of the
nanoparticle in the amorphous regions of the P(VDF-TrFE) matrix. At high nanoparticle loading,
the phase separation is stratified leading to a bilayer film. We have unambiguously shown that
addition of the non-ferroelectric nanoparticles does not enhance formation of the ferroelectric βphase or other crystalline phases in P(VDF-TrFE). We showed that, depending on the
concentration of MNPs inside nanocomposite films, the magnetic properties vary. We attributed
that to the change in particle-particle distance and as a result variation in magnetic dipole-dipole
interaction.
The insight gained here, particularly on formation of the microstructure, is very useful in
the design of nanocomposites with optimized electric performance, particularly for PVDF-based
nanocomposites in thin film multi-ferroics. To prevent phase separation and subsequently
suppression of aforementioned problems we propose surface modification of the nanoparticles in
such a way to increase the interaction with P(VDF-TrFE) polymer chains towards better
dispersion. The results of the nanocomposites based on modified MNPs/P(VDF-TrFE) are given
in the next section of this chapter.
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Chapter 7
Section 2
Thin-Film Polymer Nanocomposites for Multi-Ferroic
Applications Based on MNPs-PMMA/(PVDF-TrFE)1

7.2.1 Introduction
The polymer multiferroic nanocomposites are advantageous for many applications due to
their flexibility, simple fabrication, ease of processing and shaping for large area applications. As
shown in the previous section, agglomeration and eventually phase separation of the magnetic
nanoparticle within the P(VDF-TrFE) matrix is the long standing issue. It has been well
recognized that the aggregation and inhomogeneity of MNPs are the main reasons resulting in
deterioration of electrical properties in polymer nanocomposites thin films.1-3 The agglomeration
of MNPs not only increases loss (leakage) but also gives rise to low breakdown strength, lowers
functional device yield and reduced the reproducibility of nanocomposite performance.
Moreover, in nanocomposite systems the magnetoelectric effect arises from a mechanical
coupling between a magnetic and a ferroelectric phase. In order to enhance this coupling the
1

The results of this chapter are under preparation for submission.
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interfacial area between the two phases should be maximized. This can be accomplished with
homogenously distributed nanoparticles inside ferroelectric matrix, which have a large surface to
volume ratio. Therefore, agglomeration of the MNPs inside the polymer matrix should be
avoided, particularly at high nanoparticle loadings and nanocomposite thin films. In Chapter 5,
polymer grafted MNPs with different polymer shell thickness were synthesized, in order to
improve the compatibility of the MNPs with P(VDF-TrFE) matrix. As a polymer shell we used
PMMA. We chose PMMA, since it is miscible with VDF polymers (as a ferroelectric phase in
the nanocomposite) and thermodynamically stable at all compositions due to the dipole/dipole
interaction between the >CF2 groups of P(VDF-TrFE) and the >C=O groups of PMMA and to
the hydrogen bonding between the double bonded oxygen of the carbonyl group and the acidic
hydrogen of the –CH2-CF2- group.4

7.2.1.1

Motivation

Developing new type of multiferroic polymer nanocomposite thin films based on P(VDFTrFE)/MNPs-PMMA such that the nanocomposite has a homogeneous dispersion and therefore
better performance.

7.2.1.2

Aim of this section

The aim of this section is to avoid the aggregation of MNPs inside P(VDF-TrFE) by
using PMMA coated MNPs. Since PMMA is one of the few exception polymers that is fully
miscible with PVDF.4-5 In this section, we systematically investigate the evolution of the
microstructure of P(VDF-TrFE) nanocomposite thin films after addition of PMMA-coated MNPs
(both superparamagnetic and ferromagnetic) in different loading concentrations. Moreover, we
systematically study the ferroelectric, polarization switching, dielectric, magnetic properties of
the nanocomposite thin films.

7.2.2 Experiment
Materials
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Ferroelectric copolymer P(VDF-TrFE) (75% - 25% molar) with molecular weight, MW=
400000 was purchased from Solvay. The iron oxide and cobalt ferrite MNPs were synthesized
and subsequently functionalized as described in details in previous chapters.

Device fabrications
Stock solutions of P(VDF-TrFE) (10 and 20 wt %) and MNPs-PMMA (4 wt%) in THF
(or cyclopentanone) were first prepared. Then, by mixing the stock solutions in proper ratios,
nanocomposite of P(VDF-TrFE)/MNPs-PMMA with different loading concentrations were
obtained. The mixture was sonicated under bath sonication (3510 Branson) for 30 minutes at
room temperature to obtain a good disperssion. To prepare capacitors, glass slides (or silicone
wafers) were first throughly cleaned in aceton, propanol and DI-water. As bottom electrode, 1
nm/50 nm of Cr/Au were evaporated. Films of P(VDF-TrFE) nanocomposites were formed by
either spin coating or bar coating. The smooth nanocomposite thin films were prepared by
avoiding VIPS under film formation. This was done either by processing under modified coating
condition while using THF as a hydrophilic solvent, i.e. low humidity of <10 % and high
substrate temperature of 50°C, or under normal coating condition by using hydrophobic solvent
(cyclopentanone) to supress VIPS (see Chapter 6).6 We tuned the solution concentration or
coating condition to arrive at comparable layer thicknesses for all nanocomposite thin films,
which were in the range of 300 to 400 nm (measured using Dektak profilometer). The surface
roughness (root mean square) of nanocomposites thin films for all the loading concentrations
remained below 7 nm even in high loadings. This low value of rms roughness for all
concentrations is idicative of fine distribution of MNPs-PMMA inside polymer matrix and
absence of agglomoration as well as suppresion of VIPS during film formation. As we showed in
previous section, we observed increasing in roughnes via increasing the loading concentration of
MNPs inside polymer matrix. After film formations, the substrates were annealed at 140 °C for 2
h in a vacuum (10-1 mbar) to increase the crytallinity of P(VDF-TrFE). The capacitors were
finished by evaporation of a 50 nm Au top electrode. The capacitor area changed over a wide
range from 0.16 mm2 to 4 mm2. To arrive at a reliable statistics, more than 50 capacitors for each
loading ratio were tested.
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Electric displacement versus electric field, D-E loops was measured under ambient
conditions using a Sawyer-Tower circuit. VSM measurements were perfomed on nanocomposite
films. The other characterizations techniques were explanied in detail in previous section.

7.2.3 Results and discussion
The average diameter of iron oxide and cobalt ferrite MNPs are 12 ± 1 and 12.6 ± 1.6
nm, respectively. The cobalt stoichiometry is x = 0.7 (Co0.7Fe2.3O4), since it gives the optimum
magnetic properties (see Chapter 4).7-9 The molecular weight (Mn) of the grafted PMMA shell
from the surface of Fe3O and Co0.7Fe2.3O4 are 50 and 41 kg/mol, respectively. The TEM images
before and after polymerization for both types of MNPs are shown in Figure 7.2.1. The weight
loss of the organic part for polymer coated iron oxide and cobalt ferrite MNPs (measured by
TGA) are ~ 70 and ~ 50 % respectively. The details of synthesis, modifications and
characterizations of MNPs are given in Chapter 3-5.
The MNP-PMMA/(PVDF-TrFE) solution, were easily dispersed in toluene (or common
solvents of PMMA and P(VDF-TrFE)). In contrary to oleate coated MNPs, MNPs-PMMA (iron
oxide and cobalt ferrite) remains dispersable in nanocomposite solution over a long time and do
not separate even in the presence of strong magnet.
The SEM images of the nanocomposite thin films for iron oxide-PMMA MNPs inside
P(VDF-TrFE) after annealing at 140 ⁰C for two hours are given in Figure 7.2.2 a-f. The MNPs
are single by single separated from each other inside the polymer matrix without any
aggregation. We note that, MNPs-PMMA reside in the amorphous phase of the P(VDF-TrFE).
Cross-sectional SEM images of the 12 and 36 wt % nanocomposite thin films, Figure 7.2.2 g-h,
confirms exclusion of the fillers from the P(VDF-TrFE) crystallites and also no agglomeration of
MNPs-PMMA throughout the film. We note that, for polymers such as P(VDF-TrFE) that are
made of both amorphous and crystalline phases, mechanical breaking leads to stretched
amorphous phase, leaving holes in the cross sectional area, which then appear as pores in the
SEM image. Overall, the SEM images prove that the NPs are homogenously distributed inside
P(VDF-TrFE) and no aggregation was observed even for high loading. The similar
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microstructure was also observed for the nanocomposites using PMMA-coated cobalt-ferrite
nanoparticles.
We note that by changing the molecular weight of grafted polymer we can tune the interparticle distance between the MNPs and hence control the packing density of MNPs inside
nanocomposite thin films. Therefore, by using MNPs-PMMA with lower molecular weight of
PMMA, we can increase the percentage (as well as packing density) of MNPs inside
nanocomposite thin. However, the molecular weight of polymer chains should be high enough to
avoid magnetically induced aggregation of the MNPs.
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Figure 7.2.1 TEM images of oleate coated iron oxide (a) and cobalt ferrite MNPs (b). TEM images of polymer
coated (PMMA) iron oxide (c) and cobalt ferrite (b) MNPs with Mn of 50 and 41 kg/mol respectively.

246 Chapter 7, Section 2- Nanocomposite of Ferroelectric Polymers and Magnetic Nanoparticle

a)

b)

200 nm

200 nm

c)

d)

200 nm

200 nm

e)

f)

200 nm

200 nm

g)

h)

200 nm

200 nm

Figure 7.2.2 SEM images of the nanocomposite thin film of Fe3O4-PMMA/P(VDF-TrFE) with different
concentraton of (a) 3 wt%, (b) 6 wt%, (c) 12 wt%, (d) 24 wt%, (e) 36 wt% and (f) 48 wt%. Cress-sectional SEM
images of nanocomposite tin films with (g) 12 wt% and (h) 36 wt% loading concentration.
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Moreover, the SEM images show that by increasing the loadings of MNPs-PMMA inside
P(VDF-TrFE) matrix, the density of needle shape crystalline domains of P(VDF-TrFE) is
suppressed. The closely packed crystallites are loosened with the addition of MNPs-PMMA. We
speculate that at high MNPs-PMMA loadings, the crystallites disappear and the nanocomposite
becomes more amorphous. Therefore, addition of the MNPs with an amorphous PMMA shell
into the P(VDF-TrFE) expands the amorphous region between the crystalline domains. The
similar morphology evolution has been observed in the literature by addition of PMMA chains to
P(VDF-TrFE).10 We also note that, by using MNPs-PMMA with lower Mn of grated PMMA, the
rate of disappearing ferroelectric crystal phase gets slower. Moreover, we can tune the packing
density of MNP inside nanocomposite by controlling the molecular weight and subsequently the
inter-particle distance between MNPs. In order to have the maximum percentages of both phases
(magnetic and ferroelectric crystals) and subsequently more interface between two phases, it is
better to reduce the molecular weight of grafted PMMA. However, the size of polymer chains
should be high enough to avoid aggregation of the MNPs.
To substantiate the claim, DSC analysis is performed on the pristine P(VDF-TrFE) and
the nanocomposites films with different loadings. Endo- and exothermic heat flows of
nanocoposites films with different loading are shown in Figure 7.2.3 a and b. We calculate the
melting enthalpy of the P(VDF-TrFE) nanocomposites from the melting peak of the first heating
endotherms. The degree of crystallinity is obtained by dividing the calculated enthalpy of the
nanocomposite by that of the pristine P(VDF-TrFE) film viz. 91.45 J/g.11 The calculated
crystallinity, Xc, as shown in Figure 7.2.3 c steadily decreases with increasing the concentration
of MNPs-PMMA in the nanocomposite film. The rate of the reduction depends on the molecular
weight of the grafted chains, MNPs-PMMA. In addition, we observe similar trend of the
reduction in crystallinity of the nanocomposite by addition of oleate coated MNPs to P(VDFTrFE). Furthermore, we extract melting (TMelting), Curie (TCurie) and crystallization temperatures
(TCrystalization), Figure 7.2.3 d. The melting point, crystallization temperature and Curie
temperature, of P(VDF-TrFE) nanocomposite monotonically decrease with addition of MNPsPMMA. This observation confirms that P(VDF-TrFE) and MNPs-PMMA are miscible and
interacting with each other over the entire composition range both in the melt and when
quenched into a vitreous solid solution. We showed in previous section that, oleate and P(VDF-
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TrFE) are non-interacting system and they are not miscible. Therefore addition of oleate coated
MNPs into P(VDF-TrFE) did not change TMelting, TCurie, and TCrystalization.
In addition, for nanocomposite film comprising 48 wt % MNPs-PMMA or more, PVDF
does not recrystallize and the films remain amorphous. Hence, we expect to observe no
ferroelectric properties when the concentration of MNP-PMMA exceed above 48 wt%.
However, the concentration limit above which we lose ferroelectric properties depends on the
molecular weight of grafted polymer shell. We note that the concentration limit increases to
higher loadings of MNP-PMMA while using grafted polymer shell with lower molecular weight.
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Figure 7.2.3 DSC thermogram of (a) heating and (b) cooling for Fe3O4-PMMA/P(VDF-TrFE) nanocomposite films.
The values of (c) Xc and (d) TMelting, TCurie, TCrystalization as a function of the concentration of nanoparticle loading
inside polymer matrix. Similar results have been observed for the nanocomposite films with Co 0.7Fe2.3O4-PMMA.

We measured the surface rms roughness of the nanocomposite thin films. We note that
despite changing the loading of the MNPs-PMMA inside nanocomposite thin films, the film
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surface shows almost no change in root mean square (rms) roughness and it remains at
approximately 7 ± 3 nm for all the loadings. This is indicative of well distribution of MNPs
throughout the film as well as suppression of VIPS during film formation. This observation is in
contrast to oleate coated MNPs in which we observe increasing in rms roughness by increasing
loading concentration. The increase in the rms roughness by addition of oleate coated MNPs is
attributed to agglomeration of MNPs on the surface of nanocomposite film.
Figure 7.2.4 shows FTIR results for nanocomposite films with different ratio of MNPsPMMA inside polymer matrix of P(VDF-TrFE) thermally annealed at 140 °C for 2 h. P(VDFTrFE) film without MNPs-PMMA exhibits the characteristic IR bands at 840 cm-1 and 1280 cm1

, showing that the film mostly consists of ferroelectric β crystal phases. However, by increasing

the concentration of MNPs-PMMA in the nanocomposite film, the characteristic β absorptions
decreases and disappears for loadings of >48% of MNPs-PMMA. The results are in agreement
with SEM and DSC.
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Figure 7.2.4 FTIR spectra of nanocomposite films with different concentrations of Fe3O4-PMMA MNPs inside
polymer matrix of P(VDF-TrFE). Similar FTIR results have observed for the nanocomposite with Co 0.7Fe2.3O4PMMA.
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The D-E loops of the nanocomposite thin films of both PMMA-coated iron oxide and
cobalt-ferrite MNPs/P(VDF-TrFE) with different loadings are depicted in Figure 7.2.5. The rest
of the D-E loops for nanocomposite thin films of Fe3O4-PMMA and Co0.7Fe2.3O4PMMA/P(VDF-TrFE) are given in Figure A7.2.1 and Figure A7.2.2, respectively. For
comparison, D-E loops of oleate-coated MNPs with 4 and 8 wt% are also given (Figure 7.2.5 a
and b). As we discussed in previous section, the nanocomposites films with the oleate-coated
MNPs suffer from huge leakage, low breakdown strength, low functional device yield and high
variation in device performance. The leakage current is due to the phase separation and
aggregation of MNPs inside polymer matrix. We note that, these aforementioned problems get
worse in higher loadings and thinner films of the nanocomposite.
On the other hand, the D-E loop of the nanocomposites with MNPs-PMMA, show no
leakage current in the hysteresis loops (Figure 7.2.5 c-f), for both iron and cobalt ferrite. Since
PMMA and P(VDF-TrFE) are miscible with each other, surface modification of the MNPs with
a PMMA shell, improves the compatibility between MNPs and polymer matrix and subsequently
avoids aggregation of the MNPs. Therefore, due to suppression of the aggregation and single by
single separation of MNPs inside polymer matrix, no leakage current is present in the hysteresis
loops (Figure 7.2.5 c-f). Moreover, we note that, when we use MNPs-PMMA inside P(VDFTrFE) the yield of functional devices remains > 90% for all loading concentrations. However, by
using oleate coated MNPs, due to the aggregation of the MNPs, the functional device yield
significantly decreases by increasing the loading concentration (to about 10-20% for high
loadings) as well as the break down filed of the devices is low.
The remanent polarization and the coercive field of pristine P(VDF-TrFE) amount to 6.2
µC/cm2 and 52 MV/m, respectively. The summary of the extracted values of Pr and EC of
nanocomposite thin films with different loading concentrations of Fe3O4-PMMA and
Co0.7Fe2.3O4-PMMA inside polymer matrix are shown in Figure 7.2.6a and b, respectively. The
value of Pr reduces by increasing the loading while the value of EC increases. For the composite
we defined polarization as 𝑃𝑟 = ∑ 𝜇 ⁄𝑉 , as the superposition of the dipole moment µ of the
constituent phases per total volume of the nanocomposite. Therefore, the decrease in Pr in the
polarization hysteresis loops by addition of MNPs-PMMA originates from the decrease of the
density of ferroelectric β crystals inside nanocomposite film. The evolution of ferroelectric
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properties (Pr and EC) regardless of the type of MNPs (superparamagnetic and
ferri/ferromagnetic) follows the same trend.
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Figure 7.2.5 D-E loops of nanocomposite thin films of oleate coated iron oxide MNPs with (a) 4 wt% and (b) 8
wt%, Fe3O4-PMMA MNPs with (c) 12 wt% and (d) 24 wt% and (c) Co0.7Fe2.3O4-PMMA MNPs with (e) 10 wt%
and (f) 20 wt%.

To study the effect of the addition of MNPs-PMMA on the switching mechanism of
P(VDF-TrFE), we perform polarization switching time study and performed polarization
transient measurements.12 Details of the measurement protocol are described in previous
section.13 Figure 7.2.7a shows polarization transients for pristine P(VDF-TrFE) and three
representative nanocomposites thin films with different loading concentrations at a fixed field of
125 MV/m. For all cases, the polarization evolution can be well described by the KAI model
used for the study of ferroelectric switching behavior (Equations 7.1.1). We also perform the
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measurements of the polarization switching for the ferroelectric nanocomposite thin films with
the logarithmic plots of the polarization P against the elapsed time t at different electrical field as
a function of MNPs-PMMA compositions from 0 wt% to 36 wt%.

a)

7

175

6

b)

150

6
100

4
100

3
2

Pr (uC/cm2)

5
125

EC (MV/m)

Pr (uC/cm2)

5

125

4
75
3

EC (MV/m)

7

75
2

50

1
50
0
0

10

20

30

40

50

Concentration (wt%)

1
0

5

10

15

20

25

30

35

40

Concentration (wt%)

Figure 7.2.6 Pr and EC of nanocomposite thin films from both (a) Fe3O4-PMMA/P(VDF-TrFE) and (b) Co0.7Fe2.3O4PMMA/P(VDF-TrFE).

The avrami index, n, for pristine P(VDF-TrFE) is very sensitive to the electrical field and
amounts to n ~1.2 when the electrical field is125 MV/m.14 For the nanocomposites with MNPsPMMA, n is amounted to 1.2 for loading below 3 wt%. At loading >3 wt%, n remains
unchangend (amount to 1) and becomes independent to the electrical field. As we mentioned in
previous section, higher value of n for the pristine P(VDF-TrFE), indicates two dimensional
nucleation and growth of domains.15 Decreasing n is indicative of an increased number of
nucleation sites, where the reversed polarization state sets in upon field application. Numerical
simulation has shown that for the case of n= 1 irregular highly entangled domains are formed
which indicates growth of one-dimensional wires. We therefore conclude that polarization
reversal is nucleated along the P(VDF-TrFE) backbone at the vicinity of the MNPs-PMMA
which in time grows to the crystalline part.
The dependence of the switching time on the applied electrical field is plotted in Figure
7.2.7 b. The field dependence of the switching time follows the empirical Merz law (Equation
7.1.2). From the fitting of the Merz law, we determine the values of t∞ and Eact, as shown in
Figure 7.2.7 c. The t∞ of the nanocomposite thin film steadily increases from 8 ns to 400 ns as
the loading increases from 0 wt% to 36 wt%. We therefore conclude that, the addition of the
MNPs-PMMA results in the retardation of the switching speed. The similar increasing in
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switching time by addition of PMMA chains into P(VDF-TrFE) has been shown in the
literature.10 On the other hand, Eact slightly reduces from 800 MV/m to 600 MV/m from 0 wt%
to 36 wt%. Therefore, the activation field for polarization reversal remained in the nucleationlimited regime (~1 GV/m).
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Figure 7.2.7 (a) Polarization reversal plot and the respective fits using KAI model. (b) The characteristic switching
time t0 as a function of reciprocal applied electric field. The lines show the fit obtained by Merz law. (c) Evolution
of t∞ and Eact as a function of nanoparticle loading. (d) Dielectric constant and (e) Tan(δ) of nanocomposite thin
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To investigate the effect of the addition of MNPs-PMMA on the dielectric constant and
loss of the P(VDF-TrFE) nanocomposite thin films. We measure the dielectric permittivity, ε,
and Tan(δ) at different frequencies. The dielectric constant for pristine P(VDF-TrFE) at 1 kHz
amounts to ~10 and steadily decreases upon addition of MNPs-PMMA to 4.3 at 48% loading of
Fe3O4-PMMA, as depicted in Figure 7.2.7 e and g. We note that addition of Co0.7Fe2.3O4-PMMA
has the same effect on the dielectric properties.
Based on the Maxwell-Garnett model, addition of the low dielectric constant material to
high dielectric constant matrix reduced the effective dielectric constant of the whole blend. Here,
the reduction in dielectric constant of the nanocomposite thin film, can be rationalized by
addition of low dielectric constant material (PMMA) to high dielectric constant P(VDF-TrFE).
The measured loss (Tan(δ)) of the nanocomposite thin films as a function of MNPs-PMMA
loading is given in Figure 7.2.7 f and g. The value Tan(δ) slightly increases from 0.021 at 0% to
0.037 at 48% loading but still remain extremely low, at a comparable value with pristine P(VDFTrFE). We note for the MNPs-PMMA, the loss is much lower in comparison with the oleatecoated MNPs especially at high loadings. These results are in accordance with the D-E loops, in
which we observe huge leakage for MNPs-oleate but no leakage for MNPs-PMMA.
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Figure 7.2.8 M-H curves of (a) Fe3O4-PMMA and (b) Co0.7Fe2.3O4-PMMA MNPs.

Room temperature M-H curve of the PMMA-coated iron oxide and cobalt ferrite NPs are
given in Figure 7.2.8 a and b respectively. The PMMA-Fe3O4 MNPs show superparamagnetic
behavior at room temperature with saturation magnetization (MS) of 22.5 emu/g. Co0.7Fe2.3O4-
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PMMA MNPs shows ferri/ferromagnetic behavior at room temperature with MS of 38.3 emu/g,
remanent magnetization (Mr) of 10.5 mu/g and corecieve field (HC) of 496 Oe.
Moreover, normalization of the MS of the nanocomposite corrected to the mass of the
magnetic core of MNPs (after removal of the organic part, obtained by TGA results) results in
the values of 72 ± 3 emu/g and 77 ± 4 emu/g for polymer coated iron and cobalt ferrite MNPs,
respectively. These values for MS are in agreement with the previous reported values and
reported values in previous chapters.16-19
Room-temperature M-H curves of the nanocomposites of PMMA-coated iron oxide and
cobalt-ferrite MNPs inside P(VDF-TrFE) matrix for different loadings as a function of applied
magnetic field are given in Figure 7.2.9 a and b, respectively. The nanocomposite films show
superparamagnetic or ferri/ferromagnetic behavior at room-temperature depending on the type of
MNPs. Saturation magnetization (MS) shows linear dependence with the concentration of MNPPMMA inside nanocomposite films for both cases, as shown in the insets of the Figure 7.2.9 a
and b.
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We note that, the values of HC at room temperature for the nanocomposite film in
different loadings of Co0.7Fe2.3O4-PMMA, remains unchanged (amounts to 485-505 Oe). The
evolution in coercive field is different than addition of oleate coated MNPs (details in previous
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section) into P(VDF-TrFE) matrix. There we observed increasing in coercive field by reducing
the concentration of MNPs inside polymer matrix. We attributed that to the change in interparticle distance by varying loading concentration which leads to the change in magnetic dipoledipole interaction and subsequently the values of HC and Mr/MS. For the case of MNPs-PMMA,
due to the presence of PMMA chains, the MNPs are already separated from each other.
Therefore, further diluting the MNPs inside P(VDF-TrFE) matrix do not significantly change the
magnetic dipole-dipole interaction. Hence, the coercive field remains unaffected.

7.2.4 Conclusion
We have successfully demonstrated solution-processed nanocomposite thin-film by
loading modified ferrite MNPs (both superparamagnetic and ferromagnetic) in P(VDF-TrFE)
matrix. By using MNPs-PMMA we effectively prevents agglomeration of the MNPs, since
PMMA chains are miscible with P(VDF-TrFE) matrix even at high MNP loadings. Therefore,
due to suppression of the MNPs aggregation inside polymer matrix, we removed leakage current,
increase electrical breakdown strength, improve reproducibility of device performance and
increase functional device yield. We showed that the dielectric loss at all loadings remained low
at the value comparable to that of pristine P(VDF-TrFE) matrix. However, by using oleate coated
MNPs, the functional device yield was significantly low especially for higher loadings and
thinner nanocomposites films due to significant leakage current in capacitor devices. We observe
that, by increasing the concentration of MNPs-PMMA, the crystallinity of nanocomposite
decreases and leads to decreased Pr. In addition, we have shown that polarization reversal
dynamics is highly sensitive to the nanoparticle concentration and the switching time increases
upon loading of MNPs-PMMA.
The new developed multiferroic nanocomposite thin film shows both ferroelectric and
magnetic properties (ferromagnetic and superparamagnetic) simultaneously without any particle
aggregation and electrical loss in the system. The MNPs-PMMA and P(VDF-TrFE) are
compatible and they are interacting system (both chemically and physically). Surface
modification of nanoparticles is an efficient way to avoid aggregation inside polymer matrix and
subsequently improve interfacial area between magnetic and ferroelectric phases (which may
leads to increase of ME coupling). However, in order to increase the contribution of both phases
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(magnetic and ferroelectric crystals) and subsequently more interface between them, it is better
to reduce the molecular weight of grafted PMMA. On the other hand, the molecular weight of
polymer chains should be high enough to avoid aggregation of the MNPs. The insight gained
here, is very useful in the design of nanocomposites with optimized electric performance,
particularly for PVDF-based nanocomposites in multiferroic and energy storage applications.
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Conclusion and Outlook
8.1

Summary
In developing multi-phase material systems, many variables like nanocomposite

processing technique, synthesis and optimization of the constituent phases as well as their
implementation into polymer matrix come into play. Only by addressing each step
systematically, a new material with novel properties can be developed. In this thesis, a new type
of room-temperature ferroelectric magnetic nanocomposite thin films based on (cobalt-) ferrite
magnetic nanoparticles and ferroelectric polymer (P(VDF-TrFE)) was developed.
This work began with synthesize of truly monodisperse superparamagnetic (Fe3O4) and
ferromagnetic (CoxFe3-xO4) magnetic nanoparticles (MNPs) with different size and
stoichiometry. We systematically investigated different reaction parameters to achieve
nanoparticles with well-controlled size and with low polydispersity index (PDI), below 10%.
Within the framework of LaMer’s theory of nucleation and growth, we have explained how
variation in the reaction heating rate and solvent/precursor/surfactant concentration enable finetuning of the MNP size. We accompanied the experimental findings with the numerical
simulation to explain the observed trends. We controlled the size of synthesized iron oxide
MNPs in the range of 5-25 nm with a narrow size distribution. In addition, we have fully
characterized the magnetic properties of the MNPs in a long size span. We showed that, due to
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low magnetocrytalline anisotropy of the iron-oxide MNPs, synthesized nanoparticles showed
superparamagnetic behavior when the average diameter is below 20 nm.
Furthermore, we thoroughly investigated the magnetic properties of CoxFe3-xO4 MNPs as
function of different cobalt stoichiometry (x) as well as size. We showed that, the optimum x
value was obtained in the range of 0.5-0.7 at which the MNPs exhibited the highest HC, Mr/MS,
TB and Keff, suited for room-temperature applications of the cobalt-ferrite MNPs as ferromagnetic
nanomaterial. Moreover, we experimentally demonstrated that the commonly observed bimagnetic behavior of magnetization in cobalt-ferrite MNPs is due to inter-particle dipolar
interactions. Then, at the optimum cobalt stoichiometry, we tuned the size of the cobalt-ferrite
MNPs through a systematic change of the reaction parameters in thermal decomposition. We
experimentally demonstrated that 10 nm is the smallest particle diameter at which cobalt-ferrite
MNPs show remanent magnetization stable at room-temperature.
Next we presented a systematic study on surface functionalization of the MNPs with a
poly methyl methacrylate (PMMA) polymer chains that: i) allows for solution processing of the
polymer-grafted MNPs using solution processing techniques, ii) improves the colloidal stability
of MNPs and iii) is compatible with P(VDF-TrFE) matrix which later was used for the
fabrication of the multiferroic polymer nanocomposite thin films.
We used grafting from polymerization method based on SI-ATRP to grow PMMA shell
on the surface of MNPs. Our new method of SI-ATRP in bath sonication for the polymerization
of PMMA yielded perfectly dispersed MNPs particles grafted with well-defined and dense
PMMA shell with controllable shell thickness. The effect of different polymerization reaction
conditions (such as temperature and concentration of reagents) on kinetic, molecular weight and
PDI of grafted polymer were investigated. Grafting the MNPs with PMMA shell, improved the
colloidal stability of the MNPs by reducing the inter-particle magnetic interactions. We prepared
spin-coated thin films of the MNPs with high degree of packing order and wide controllability of
the inter-particle distances. Growing PMMA shell influenced the magnetic properties of the
MNPs (HC, TB, Mr/MS) through modifying the inter-particle, which led to the change in magnetic
dipole-dipole interaction and subsequently anisotropy energy. We observed that by increasing
the inter-particle distance the HC and Mr/MS increased while TB decreased.
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Our prime candidate as ferroelectric polymer in ME nanocomposite thin films is the

ferroelectric polymer, P(VDF-TrFE). However, solution processing of P(VDF-TrFE) under
normal condition resulted in rough and porous thin films which typically gives a low yield of
working devices (ferroelectric capacitors, ferroelectric memory diodes and etc.). A major
challenge is ambient water vapor condensing into the drying solution, causing non-solvent
vapor-induced phase separation (VIPS). Therefore, by integrating solution-stage modeling,
microscopic analysis and ferroelectric thin film capacitor characterization, we introduced ways to
improve the thin film quality. We showed that the hydrophilicity of solvent is a deciding factor
in obtaining properly functioning capacitive memory elements based on P(VDF-TrFE) thin
films. We obtained smooth thin films of P(VDF-TrFE) under optimized processing condition (at
an inert atmosphere or at an elevated substrate temperature) or by using sufficiently low solvent
hygroscopicity. By improving the thin film quality we increased the functional device yield and
narrow down the coercive voltage distribution.
In the next step, once the MNPs and thin film solution processing have been modified,
thin-films of solution processed P(VDF-TrFE) nanocomposites with both unmodified and
modified MNPs were prepared. We observed that the crystallinity of nanocomposite films
decreases and leads to reduction of Pr by increasing the concentration of MNPs. We observed
that, the TMelting, TCurie, and TCrystalization, of P(VDF-TrFE) nanocomposite monotonically decreased
with addition of MNPs-PMMA. This observation confirmed that P(VDF-TrFE) and MNPsPMMA were miscible and interacting with each other over the entire composition range both in
the melt and when quenched into a vitreous solid solution. Oleate and P(VDF-TrFE) are noninteracting system and addition of oleate-coated MNPs into P(VDF-TrFE) did not change TMelting,
TCurie, and TCrystalization. We have unambiguously shown that addition of the non-ferroelectric
nanoparticles did not enhance formation of the ferroelectric β-phase or other crystalline phases in
P(VDF-TrFE). In addition, we have shown that polarization reversal dynamics is highly sensitive
to the nanoparticle concentration and the switching time increased upon loading of the MNPs.
We have attributed the increase in the switching time to the shift of the polarization switching
dynamic from a two- to a one-dimensional process. The nanocomposite films showed either
superparamagnetic or ferromagnetic properties depending on the type of MNPs. Moreover, we
noted that, the magnetic properties (HC, TB, Mr/MS) depended on the concentration of MNPs
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inside nanocomposite films. We attributed this observation to the change in particle-particle
distance inside polymer matrix by changing the concentration of MNPs and as a result variation
in magnetic dipole-dipole interaction.
We observed that, the solution of oleate coated MNPs/P(VDF-TrFE) is colloidally stable
for some time. Up on solution casting and solvent evaporation, the MNPs inside nanocomposite
thin films phase separated. We showed that the phase separation process led to the agglomeration
of the nanoparticle in the amorphous regions of the P(VDF-TrFE) matrix. At high nanoparticle
loading, the phase separation yielded a stratified bilayer film. The agglomerations of MNPs not
only increased leakage but also gave rise to low breakdown strength, lowered functional device
yield and reduced the reproducibility. We effectively prevented agglomeration of the MNPs
inside polymer matrix by using modified MNPs-PMMA even at high loadings. Therefore, due to
suppression of the MNPs aggregation inside polymer matrix, we removed leakage current,
increased electrical breakdown strength, improved reproducibility of the devices and increased
functional device yield. We showed that the dielectric loss at all loadings remained low at the
value comparable to that of pristine P(VDF-TrFE) matrix. The newly developed multiferroic
nanocomposite thin film showed both ferroelectric and magnetic properties (ferromagnetic and
superparamagnetic) simultaneously without any particle aggregation and electrical loss in the
system.

8.2

Outlook
Results of this dissertation open up the door for several interesting investigations in

future. This dissertation has developed a new type of polymer-based ME nanocomposite thin
films consisting ferroelectric polymer and inorganic MNPs. The next step is to determine the
coupling between the MNPs and the ferroelectric polymer matrix. Then it is necessary to
investigate the effect of PMMA shell thickness on the coupling strength and determine the
optimum shell thickness while keeping the homogenously distributed MNPs. The insight gained
here, particularly on formation of the microstructure, is very useful in the design of the
nanocomposites with optimized electric performance, especially for preparing high dielectric
constant PVDF-based nanocomposites for energy storage application. Moreover, using other
ferroelectric polymers combined with MNPs deserve attention due to novel properties they bring
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to ME nanocomposites. For instance, nylon and poly lactic acid (PLA) are important
ferroelectric materials which can offer new approaches for different type of application in energy
storage and biomedical, respectively. Moreover, the vision gained here regarding synthesis and
surface modification of inorganic nanoparticles and processing of the nanocomposite is useful
for preparing different types of nanocomposites for other application such as in electronics,
biology, energy storage and data storage.
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A3.1 Chapter 3 and Section 1

a)

b)

Figure A3.1.1 Large scale TEM images of samples (a) A3 and (b) A5.
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Figure A3.1.2 HRTEM images of samples (a) A1, (b) A3 and (c) A6. Selected area electron diffraction (SAED)
patterns are also shown in the inset of the respective images.

A3.2 Chapter 3 and Section 2

a)

311
A4

220

400

222

440

511
422

b)

100

95

Weight (%)

Intensity (a.u.)

A3
Standard NP

A2

90

A1
A2

85

Standard
A3
A4

A1
80
30

40

50

2 theta ()

60

200

400

600

800

Temperature (C)

Figure A3.2.1 (a) XRD patterns of five batches of Nanoparticles (black data) and their corresponding modelisations
(red data). Positions of the Bragg reflections are represented by vertical blue bars. (b) TGA graphs of the samples
A1-A4 from 30-800 °C under N2.
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Figure A5.1 Formation of poly(alkylsiloxane) upon condensation and polymerization.
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Figure A5.2 ZFC and FC curves of Fe3O4-PMMA with different molecular weight of grafted organic material.
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A6.1 Chapter 6 and Section 1

a)

b)

c)

Figure A6.1 (a) K102 K Control Coater from RK PrintCoat. (b) Architecture of capacitor device on a glass
substrate. (c) Schematic of the Sawyer-Tower measurement setup. A triangular waveform provided by a function
generator (FG) is amplified (Ampli.) and applied to the ferroelectric capacitor that shall be investigated. The
ferroelectric capacitor is in series with a reference capacitor, the capacitance of which is high and known. The
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connected oscilloscope measures two voltage transients. Channel 1 (Ch 1) measures the voltage applied over the
entire circuit, while Channel 2 (Ch 2) measures the voltage drop over the reference capacitor. Since the capacitance
is known, the charge can be determined, which has to be equivalent to the charge on the ferroelectric capacitor,
because both are in series. Based on that, the ferroelectric displacement can be determined. The Sawyer-Tower
measurement setup can be transformed into a shunt measurement setup by simply replacing the reference capacitor
by a reference resistor. The image and explanation has been adapted from Ref. 21 of Chapter 6.
a

b

d

c

e

Figure A6.2 AFM height images of P(VDF-TrFE) thin films coated from solution in DMF at 50% relative humidity
and substrates temperature of (a) 20°C, (b) 35°C, (c) 50°C, (d) 65°C and (d) 80°C. The scale bar is 10 µm.
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Figure A6.3 AFM height images of P(VDF-TrFE) thin films coated from solution in a-DMF at 50% relative
humidity and substrates temperature of (a) 20°C, (b) 35°C, (c) 50°C, (d) 65°C and (d) 80°C. The scale bar is 10 μm.
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Figure A6.4 AFM height images of P(VDF-TrFE) thin films coated from solution in a-DMF at 10% relative
humidity and substrates temperature of (a) 20°C, (b) 35°C, (c) 50°C, (d) 65°C and (d) 80°C. The scale bar is 10 μm.
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Figure A6.5 AFM height images of P(VDF-TrFE) thin films coated from solution in cyclohexanone at 50% relative
humidity and substrates temperature of (a) 20°C, (b) 35°C, (c) 50°C, (d) 65°C and (d) 80°C. The scale bar is 10 μm.
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Figure A6.6 AFM height images of P(VDF-TrFE) thin films coated from solution in cyclopentanone at 50% relative
humidity and substrates temperature of (a) 20°C, (b) 35°C, (c) 50°C, (d) 65°C and (d) 80°C. The scale bar is 10 μm.

A7.1 Chapter 7 and Section 1

Figure A7.1.1 Schematic of a PUND measurement. The image has adapted from Ref. 60 (section 1 of Chapter 7).
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Figure S7.2.1 D-E loops of nanocomposite thin films for different concentrations of Fe 3O4-PMMA.
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