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1 Motivation 

Nanomaterials are defined as materials with at least one dimension in the range of 1-100 nanometers. In 

the last few decades, nanomaterials have shown great influence on modern science and have been used in 

many fields such as information storage,
1–3

 energy storage,
4,5

 food industry,
6
 sensing,

7–9
 catalysis,

10,11
 

biomedicine
12

 and coatings.
13,14

 Among all types of nanomaterials, magnetic nanoparticles (MNPs) are one 

of the most widely investigated types of nanoparticles in biomedicine. The unique properties of MNPs 

derive from the high surface-to-volume ratio of these nanoscale magnets which differ from their bulk 

materials. The extensive use of MNPs in biological imaging, therapeutic applications and magnetic energy 

storage is mainly attributed to their outstanding magnetic features.
15–18

 The magnetic properties of 

ferromagnetic NPs are dominated by a hysteresis loop showing remanence and coercivity. When the size 

of such NPs is reduced below a critical diameter, the particles become superparamagnetic.
19

 In contrast to 

the hysteresis loop of ferromagnetic materials, the superparamagnetic nanoparticles have zero coercivity. 

This means that they are magnetized in an external magnetic field and reach their saturation magnetization 

rapidly, but no residual magnetization remains once the field has been removed. This makes 

superparamagnetic (SPM) NPs especially interesting for biological applications, because they do not 

agglomerate in the body after removal of the applied magnetic field, and thus there is much less concern 

about blood blockage and thrombosis.
20

 Of various magnetic materials, cobalt, with the relatively high 

saturation magnetization of 161 emu/g (compared to magnetite (Fe3O4) of 92 emu/g),
21

 have great 

potential applications in various fields, such as ferrofluids, high density information storage, and magnetic 

resonance imaging (MRI).
22–24

  

High-density information storage is one of the most promising applications for magnetic nanoparticles. 

Magnetic devices made from magnetic nanoparticles show a more dense data storage capability even than 

the hard drives in the most advanced computers. This requires a stable magnetization of highly ordered 

superstructures.
25,26

 In this case, a deep understanding the assembly behavior of magnetic nanoparticles is 

essential for the design of magnetic media with high density storage. The assembly of magnetic 

nanoparticles induced by magnetic field has the big advantage that the magnetic field can be controlled 

remotely and the response of MNPs to magnetic field is fast.
27,28

 Although numerous studies have been 

reported for the magnetic-field-induced assembly of magnetic nanoparticles into 1-D superstructures,
29–34

 

a deeper and overall investigation of the assembly behavior of MNPs is of great significance.  

Nanoparticles tend to agglomerate which would restrict their applicability. In order to prevent MNPs from 

agglomeration, surfactants like small molecules (e.g., oleic acid, trioctylphosphine oxide and oleylamine) 

have been widely used as. surfactants to stabilize MNPs.
35,36

 The ligands not only provide protection 

against oxidation and aggregation, but also can affect the growth of MNPs.
37–41

 In addition to small 

molecules as surfactants, several examples for the synthesis of magnetic nanoparticles with polymer shells 

have also been reported.
42–44

 On the one hand, the polymeric surfactants provide advantages over small 

molecules due to the stronger repulsive force to stabilize magnetic nanoparticles.
45

 On the other hand, the 
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composition of the polymer can be tuned through copolymerization or post-functionalization. 

Furthermore, the development of controlled/living free radical polymerization enables the synthesis of a 

wide range of polymers with precise molecular weight and composition, which exhibits prominent 

advantages for the synthesis of magnetic nanoparticles/shell hybrids with tunable thickness and 

composition.
42,46

 Therefore, the synthesis of polymer-coated Co NPs will be studied in this work. 

In general, monodisperse and well-defined MNPs are synthesized via a thermolysis of metal precursors by 

using hydrophobic small molecules as surfactants. However, their biological applications, which require 

dispersion in hydrophilic or aqueous media, are limited.
47,48

 Thus, there is a great significance in the 

surface modification of hydrophobic nanoparticles. Meanwhile, polymers cannot only stabilize 

nanoparticles, moreover, they can impart further functionality. For instance, stimuli-responsive polymers 

are responsive to stimuli, such as temperature, pH, light and electric / magnetic field.
49–54

 Such smart 

polymers have been applied in many fields, including medicine and biology.
55,56

 Among the above 

mentioned smart polymers, temperature-responsive polymers are the most studied. Some of the thermo-

responsive polymers have a lower critical solution temperature (LCST), below which the polymer is 

homogeneously dissolved in aqueous medium, and above it, the polymer exhibits a phase separation with 

the solvent.
57–59

 The combination of superparamagnetic and thermo-responsive properties in hybrid 

nanoparticles would be promising for future applications e.g. in biomedicine. 
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2 Fundamentals 

2.1 Overview 

Magnetic nanoparticles (MNPs) are submicron moieties (with the size range of 1-100 nm) made of 

magnetic materials and have been widely investigated in biomedicine. The unique properties of MNPs and 

their applications in magnetic energy storage, biological imaging and therapeutic applications mainly 

derive from their magnetic properties, more precisely, their superparamagnetism.
1–4

 MNPs are 

superparamagnetic below a critical diameter and in this case can be magnetized by an external magnetic 

field rapidly but no residual magnetization remains once the field has been removed.  

This chapter will give an overview of the properties and recent studies on the synthesis, self-assembly, 

surface modification of MNPs. Various examples of the fabrication of thermo-responsive MNPs core/shell 

nanocomposites via surface-initiated atom transfer radical polymerization (SI-ATRP) will also be 

reviewed in this chapter. 

 

2.2 Magnetic Materials  

Magnetic materials consist of many magnetic dipoles. The strength and orientation of these dipoles is 

characteristic for different magnetic properties. Generally, based on the different response of intrinsic 

magnetic dipoles and the net magnetization in the presence or absence of an applied magnetic field, 

magnetic materials can be classified into 5 types: diamagnetic, paramagnetic, ferromagnetic, 

ferrimagnetic, and antiferromagnetic.
5,6

 As shown in Figure 2.1, there are no magnetic dipoles in the 

absence of a magnetic field in diamagnetic materials, while in the presence of an external magnetic field, 

dipoles are induced which are directed opposite to the applied field. Paramagnetic materials consist of 

randomly distributed magnetic dipoles without an applied magnetic field and these dipoles are aligned in 

the direction of the applied magnetic field in the presence of a magnetic field. For the ferromagnetic 

materials, the magnetic dipoles are oriented in the same direction already without an applied magnetic 

field. Ferrimagnetic materials consist of antiparallel magnetic dipoles of different strength, so that a net 

magnetization remains in the absence of the magnetic field. However, for the antiferromagnetic materials, 

the adjacent antiparallel magnetic dipoles are counterbalanced in the absence of any magnetic field.  
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Figure 2.1 Schematic illustration of magnetic dipoles of different magnetic materials in the presence and absence of 

an external magnetic field. Reprinted from reference.
5
 

 

In order to better understand the magnetic behavior, it is of fundamental importance to know some key 

parameters: saturation magnetization (Ms), remanence magnetization (Mr) and coercivity (Hc).
7
 

Diamagnetic and paramagnetic materials get magnetized in presence of an external magnetic field, each 

magnetic dipole is independently affected by the applied magnetic field with direction opposite or parallel 

to the magnetic field, respectively. The magnetization is dependent on the strength of the magnetic field 

and reduced to zero after removing the applied magnetic field. As shown in Figure 2.2, their overall 

magnetization is comparably low. The magnetization is higher for ferromagnetic materials and reaches a 

maximum value, which is referred to as saturation magnetization (Ms). However, the magnetization of 

ferromagnetic materials is not reduced to zero after removal of the applied magnetic field, and the 

remaining magnetization at zero field is called remanence magnetization (Mr). The intensity of the 

required external magnetic field to reduce the magnetization of ferromagnetic materials to zero is called 

coercivity (Hc). Therefore, a hysteresis loop is observed for ferromagnetic materials. Superparamagnetism 

exists in magnetic materials which are composed of very small crystallites. When exposed to an external 

magnetic field, the magnetic moment of overall crystallites aligns at the direction of the applied magnetic 

field, and no magnetization remains after removal of the external magnetic field. Hence, the coercivity is 

zero for superparamagnetic materials. 
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Figure 2.2 Magnetic behavior of different types of magnetic materials under the influence of an applied field, the X-

axis is the applied field, and the Y-axis is the magnetization of the applied magnetic field (emu/g). Reprinted from 

reference.
7
  

 

2.3 Superparamagnetic Nanoparticles (MNPs) 

Due to the unique magnetic response behavior to the external magnetic field, superparamagnetic 

nanoparticles have been applied in many fields (e.g., biomedicine). Thus, it is of great significance to 

study magnetic nanoparticles in detail. The magnetic behavior of MNPs can be influenced by a lot of 

factors such as size,
5,7,8

 and temperature.
5
 As shown in Figure 2.3a, from energetic point of view, larger 

magnetic nanoparticles favorably form multi-domain walls. When the size of MNPs reduces to a certain 

value rc, MNPs favor to be in the single-domain regime. If the size further decreases, a critical value r0 is 

reached, below which MNPs exhibit superparamagnetic properties. Figure 2.3b shows different MNPs and 

their behavior as a function of size, for example, the r0 for cobalt is around 10 nm.
8
  

 

Figure 2.3 (a) Transition from superparamagnetic to single- to multi-domain regimes in dependence of the particle 

size. Reprinted from reference.
5
 (b) Superparamagnetic regime Dsp and single domain regime Dsd for nanoparticles of 

different compositions. Reprinted from reference.
8
  

 

The blocking temperature (TB) is an important parameter to describe superparamagnetic nanoparticles. 

This is a transition point between the thermal energy and magnetic anisotropy energy. Experimentally, the 

blocking temperature value is measured from a magnetization-temperature curve. Normally, the sample is 

first cooled down to a very low temperature (e.g., 5 K) in the absence of magnetic field, the magnetic 
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moments are frozen along an easy axis of the particles, which will be random, thus, the total 

magnetization is zero in the system. Then a weak magnetic field is applied and the magnetization is 

measured with increasing the temperature to room temperature, this process is called zero-field cooling 

(ZFC). In the field cooling (FC) measurement, the process is repeated, but the magnetic field is already 

applied during the cooling of the sample. Then the sample is warmed up again to reach room temperature 

under the same magnetic field. As shown in Figure 2.4, in the ZFC curve, the magnetization first increases 

because the moments of magnetic nanoparticles are gradually unblocked and align along the applied 

magnetic field. Then the magnetiztaion decreases due to the thermal aggitation. The temperature at the 

maximum point is defined as the blocking temperature.
9
 The blocking temperature is also size dependent, 

it increases with the mean size of the nanoparticles.
10,11

  

 

Figure 2.4 Temperature dependence of magnetization of Co nanoparticles of 3 nm in diameter, measured under ZFC 

and FC process, respectively. Reprinted from reference.
9
  

 

As can be seen in Figure 2.2, superparamagnetic NPs are magnetized in an external magnetic field and 

reach their saturation magnetization rapidly. However, they exhibit no residual magnetization when the 

applied magnetic field is removed. This makes superparamagnetic NPs especially promising for biological 

applications.
12,13

 On one hand, superparamagnetic NPs exhibit a strong and rapid response to an external 

magnetic field, and on the other hand, they do not agglomerate in the body after removal of the applied 

magnetic field. Hence there is much less concern about blood blockage and thrombosis.
14

  

 

2.4 Synthesis of Magnetic Nanoparticles with Small Molecular Surfactants 

Numerous studies about the synthesis of superparamagnetic nanoparticles have been reported either by the 

decomposition or reduction of metal precursor in aqueous or organic solvent.
15,16,25–28,17–24

 However, well-

defined nanoparticles with narrow size distribution are generally obtained by decomposition of metal 

precursor at high temperature.
15–23

 This process can be divided into two steps: the organometallic 

precursor decomposes at high temperature to form nucleation nanocrystals, followed by the growth of the 

nuclei. Because of the large surface-to-volume ratio, the surface effect becomes very significant. Thus, 

surfactants are essential to stabilize and disperse magnetic nanoparticles in solvent during the synthesis 

procedure. Hydrophobic molecules like oleic acid (OA), oleylamine and trioctylphosphine oxide (TOPO) 

are commonly used for the preparation of magnetic nanoparticles. The size and shape of the nanoparticles 
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can be controlled by many factors, including temperature, surfactant, reaction time and the concentration 

of the precursor. Usually, a large ratio of surfactant/precursor forms more small nuclei and results in 

smaller nanocrystals. The particle size can also be tuned by the chain length of the surfactant stabilizers. 

For example, longer chain surfactants like trioctylphosphines slow down the growth step, resulting in 

smaller sizes, while shorter chain surfactants like tributylphosphines promote nanoparticles growth, 

leading to larger sizes. Different surfactants play different roles in the growth of nanoparticles. The 

combination of surfactants like oleic acid and trioctylphosphine oxide can effectively control the size of 

nanocrystals, in which OA binds tightly to the surface of the nanocrystals and hinders the growth, while 

TOPO binds weaker but promotes the growth. Similarly, Bao et al. showed through both computational 

and experimental study that the surfactants oleic acid (OA), trioctylphosphine oxide (TOPO) and 

dioctylamine (DOA) affected the nucleation and growth of Co NPs differently.
19

 Three different growth 

pathways were formulated by varying the surfactant species. The combination of OA and TOPO leads to 

single crystalline nanoparticles through a diffusional growth pathway; however, the combination of OA 

and DOA results in multiple-grained nanoparticles via an aggregation growth process, and Ostwald 

ripening appears only in the presence of TOPO.
19

 The Ostwald ripening process occurs when the 

nucleation happens not at the same time or the growth of nuclei do not occur simultaneously.
19,29,30

 In this 

process, due to the high surface energy of small particles, they are re-deposited onto larger nanocrystals, 

which leads to a broader size distribution. If the growth rate is further increased, other shapes like disks 

and rods can be formed.
22,31

 This effect can be further promoted by the rate of surfactants’ adhesion to 

specific crystal planes.
32

 For example, cobalt nanodisks with hcp phase were obtained by injecting cobalt 

carbonyl into a mixture of OA and TOPO; by fixing the concentration of OA, the diameter of the 

nanodisks was proportional to the concentration of TOPO (Figure 2.5).
32

  

On the other hand, Hyeon’s group developed a method to synthesize 2 nm spherical iron nanoparticles by 

using a mixture of trioctylphosphine oxide and trioctylphosphine (TOP). By adding 

didodecyldimethylammonium bromide (DDAB), the formed spherical nanoparticles were transferred to 

nanorods. The resulting iron nanorods are 2 nm in width and the length can be adjusted by varying the 

concentration of DDAB. The authors thought that the irreversible binding of DDAB on the center region 

of the growing nanoparticles is the reason for the transformation of spherical to rod-shaped iron 

nanoparticles.
33
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Figure 2.5 (A, B and C) Assemblies of hcp-Co rods (4 nm × 25 nm), reactants: 600 mg Co2(CO)8, 0.1 ml oleic acid 

and 200 mg TOPO; (D, E and F) assemblies of hcp-Co rods (4 nm × 75 nm), reactants: 600 mg Co2(CO)8 with 0.1 

ml oleic acid and 300 mg TOPO. Scale bar 100 nm. Reprinted from reference.
32

  

 

2.5 Surface Modification of Magnetic Nanoparticles 

The decomposition of precursors at high temperature usually leads to magnetic nanoparticles with a 

narrow size distribution, and provides tunability in size and shape. However, these magnetic nanoparticles 

are normally stabilized by hydrophobic ligands, like oleic acid (OA) and/or oleylamine,
 
which render the 

particles hydrophobic.
34,35

 As a consequence, their biological applications, which require dispersion in 

hydrophilic or aqueous medium, are limited.
36,37

 Thus, there is a great significance in the surface 

modification of hydrophobic nanoparticles. There are three general methods to modify the surface of 

nanoparticles: ligand exchange, ligand modification and additional layer coating (Figure 2.6).  

 

 

Figure 2.6 Illustration of surface modification through ligand exchange (left) and additional layer coating (middle: 

small molecules; right: polymers). Reprinted from reference.
38

  

2.5.1 Ligand modification 

Due to the hydrophilic hydroxyl groups and hydrophobic cavities which can interact with hydrophobic 

molecules to form a complex, cyclodextrins were used to transfer oleic acid-coated iron oxide from 

hydrophobic solvent into aqueous medium by forming a complex of α-cyclodextrin (α-CD) and oleic 
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acid.
39

 Cai et al., Herranz et al, and Wang et al. transferred oleic acid-stabilized iron oxide into water by 

oxidizing oleic acid into azelaic acid (HOOC(CH2)7COOH) (Figure 2.7).
40–42

  

  

Figure 2.7 (A) Illustration of the oxidation reaction of oleic acid, reprinted from reference.
41

 (B): (a) Photographs of 

iron oxide nanoparticles before (left) and after (right) phase transfer from hexane into water; (b,c) TEM images 

before (b) and after (c) phase transfer. Reprinted from reference.
42

  

 

The ligand modification method allows for efficient transfer of hydrophobic nanoparticles into an aqueous 

medium, however, it is only applicable to certain systems and the oxidation of the oleic acid ligand can 

also cause the oxidation of some magnetic nanoparticles. 

2.5.2 Additional layer coating 

Additional layer coating denotes the adsorption of amphiphilic molecules or polymers (in most cases) onto 

the surface of hydrophic nanoparticles through hydrophobic interaction. The advantages of this method 

are that it is independent of the nanoparticle materials, and the chemical and physical properties of the 

coated nanoparticles are unaltered. Poly(maleic anhydride) copolymers are commonly used as amphiphilic 

polymers to transfer hydrophobic nanoparticles into water.
43–46

 Such copolymers are synthesized by 

copolymerization of maleic anhydride with olefins, and many of them are commercially available and 

cheap.
45

 For example, Corato et al. developed a strategy to transfer spherical γ-Fe2O3 NPs and 

heterodimeric FePt-FexOy NPs into water through hydrophobic interaction between amphiphilic 

poly(maleic anhydride-alt-1-octadecene) and hydrophobic ligands oleic acid and oleylamine.
45

 During this 

process, poly(maleic anhydride-alt-1-octadecene) and nanoparticles were mixed in chloroform. After the 

slow evaporation of the solvent, a cross-linker molecule, bis(hexamethylene)triamine, in chloroform was 

added. A thin film was obtained after evaporation of chloroform, which can be dispersed in sodium borate 

buffer through sonication (Figure 2.8). 
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Figure 2.8 TEM images of poly (maleic anhydride-alt-1-octadecene)-coated nanoparticles: spherical γ-Fe2O3 NPs of 

8.2 nm in diameter (a) and 12.9 in diameter (b); FePt-FexOy heterodimers of 8.7 nm in length (c). Reprinted from 

reference.
45

  

 

Amphiphilic polymers based on a poly(maleic anhydride) backbone provide a lot of advantages for phase-

transfer and functionalization of hydrophobic magnetic nanoparticles: firstly, the maleic anhydride 

moieties can react with amine end-functional organic molecules with high yield; secondly, no additional 

molecules for coupling are needed; thirdly, functional molecules (e.g., amino-terminated polyethylene 

glycol (PEG)) can be incorporated to the amphiphilic polymers to functionalize magnetic nanoparticles. 

Parak’s group successfully transferred magnetic Fe2O3, CoPt3 and Fe3O4 nanoparticles into water by using 

an amphiphilic polymer based on a poly(maleic anhydride) backbone.
43,46

 Incorporation of functionality 

(e.g., PEG, biotin and galactose) into polymer (isobutylene-alt-maleic anhydride) shell around magnetic 

nanoparticles can reduce nonspecific adhesion (PEG) and introduce specific binding sites (biotin and 

galactose).
46

 Other amphiphilic polymers to coat nanoparticles are polyethylene glycol-based polymers.
47–

49
 Yu et al. developed a highly efficient method to phase transfer hydrophobic iron oxide nanocrystals into 

water.
49

 As shown in Figure 2.9A, the as-prepared iron oxide nanocrystals were well-dispersed in aqueous 

medium and could be conjugated with biomolecules. The water dispersion of the iron oxide nanocrystals 

showed negligible cytotoxicity to human dermal fibroblast cells and breast cancer cells, indicating their 

potential biomedical applications. Wang’s group reported a general surface modification strategy to 

transfer hydrophobic Fe3O4 nanocrystals into water by encapsulating nanoparticles into carboxylated 

phospholipids and polymer micelles. After encapsulation, the nanoparticles maintained their original 

properties, size and shape (as shown in Figure 2.9B). Due to the carboxylic and PEG groups, the modified 

nanoparticles are biocompatible and bioconjugatable with antibodies for bioimaging, which has a potential 

application in nanomedicine and nanobiotechnology.
47
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Figure 2.9 (A): (a) Illustration of the structure of water-dispersed iron oxide nanoparticles; (b) photographs of iron 

oxide nanocrystals dispersion in chloroform (left) and water (right); (c) cryo-TEM image of iron oxide nanocrystals 

in water. Reprinted from reference.
49

 (B): (a) Illustration of surface modification of NPs and their bioconjugation to 

HepG2 living cancer cells; (b) TEM images and photographs of various inorganic nanoparticles before and after 

encapsulation. Reprinted from reference.
47

  

 

In general, the large number of contact points between surfactants and the amphiphilic polymers and their 

hydrophobic interaction prevent the desorption of the polymers from the surface of nanoparticles, thus the 

encapsulated nanoparticles are stable in aqueous environment. 

2.5.3 Ligand exchange 

The surfactants bound to the surface of nanoparticles not only control the growth of the nanoparticles 

during the synthesis, but also protect nanoparticles from aggregation. The stabilization of nanoparticles is 

determined by the balance between attractive interaction—van der Waals, hydrophobic interaction and 

dipole-dipole interaction (magnetic nanoparticles) and repulsive interaction—steric repulsion and 

electrostatic repulsion. If the repulsive interaction dominates, nanoparticles are stable; otherwise, 

nanoparticles tend to aggregate. Normally, the surfactants are bound to the surface of nanoparticles 

through a coordinative bond. In details, the O and N atoms in functional groups (-COOH, -PO, and -NH2) 

of surfactants donate the lone-pair electrons to the empty d-orbits of metal atoms.
19

 This bond is generally 

not strong, and surfactants and nanoparticles undergo a dynamic binding and unbinding process. That 

means, the surfactants can be removed by access washing, which, on the one hand, leads to aggregated 

nanoparticles, and on the other hand, new ligands can rebind to the surface of nanoparticles to stabilize 

them. The latter is called ligand exchange process, which is carried out with the incoming ligands having 
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stronger binding to the nanoparticles surfaces and/or a higher concentration than the original surfactants, 

ensuring a quick and efficient replacement. 

Dopamine (DPA) has a high affinity to the Fe3O4 surface and has been used as a ligand to transfer 

hydrophobic nanocrystals into water.
50,51

 Sun’s group reported that a DPA-PEG based ligand can replace 

oleylamine and keep Fe3O4 nanoparticles stable in water or in a physiological environment (Figure 

2.10A). Moreover, the PEG coated-nanoparticles showed only a very low level of uptake in macrophage 

cells, which means that the innate immune system has low effect on these nanoparticles, as shown in 

Figure 2.10A (c). The multiple carboxylic groups on the particles surface render them potentially 

applicable in drug delivery, bio-imaging and bio-detection.
50

 Hydroxamic acid shows stronger binding 

than phosphonic acid or carboxylic acid to the iron oxide surface.
52,53

 Peng’s group synthesized a ligand 

containing polyethylene glycol terminated organic dendrons and a hydroxamic acid group to replace 

hydrophobic ligands, forming so-called dendron-nanocrystals. These dendron-nanocrystals are stable 

against acid etching and thermal treatment.
53

  

Silanes are also used to replace original small molecular ligands. For example, Palma et al. developed a 

ligand exchange procedure by using silanes with various end groups to functionalize ferrite magnetic 

nanoparticles with carboxylic acid and amino groups, as well as poly(ethylene glycol). The water 

dispersible NPs were stable against mild acid and alkaline solution, enabling their biological 

applications.
54

  

Other small molecules can also be used for ligand exchange. For example, Salgueiriño-Maceira et al. 

transferred oleic acid/oleylamine-capped FexPt1-x nanoparticles from hexane into water by using a phase 

transfer agent tetramethylammonium hydroxide (TMAOH). The TMAOH ligand replaced the original 

ligands and formed an electrostatic double layer, which ensured a highly stable water dispersion even at 

high concentration.
55

 Wang et al. reported a facile and efficient ligand exchange process by using small-

molecule ligands such as 4-gallic acid (GAL), hydroxybenzoic acid (HBA) and 3-(4-

hydroxyphenyl)propionic acid (HPP) to replace the original ligands on the surface of FePt and FeOx 

nanoparticles, followed by dispersing them into various polar and protic solvents without aggregation. 

These dispersions were stable even for years.
56

 Magnetic resonance imaging (MRI) is a powerful method 

in medical applications. MRI contrast agents are used to improve the visibility of the inner body 

structures. There are two commercial types of MRI contrast agents: T1 MRI contrast agent (a positive 

contrast agent, which provides brighter images) and T2 contrast agent (a negative contrast agent, which 

provides darker images).
57

 Hou’s group developed a rapid ligand exchange method by using 

protocatechuic acid as ligand to transfer Fe3O4 nanoparticles into water. After ligand exchange, the NPs 

were stable in water and exhibited excellent biocompatibility. MRI experiments demonstrated that these 

NPs were excellent T1 and T2 contrast agents and magnetic heating agents under magnetic fields. 

Moreover, magnetic hyperthermia and multimodality imaging showed that the Fe3O4 NPs are promising 

for cancer diagnosis and therapy.
58

 

The most common way to stabilize nanoparticles against aggregation is coating a polymer bush on the 

surface via ligand exchange, which is the so-called “grafting-to” strategy. Förster reported a ligand 
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exchange procedure to control the stabilization of nanoparticles.
59

 By careful design of the coordinating 

groups for polymer ligand exchange, a high grafting density was reached. By changing the molecular 

weight of the polymers, the inter-particles distance can be tuned. The use of commercially available 

polymers for ligand exchange can broaden the application of the method.
59

 Yin developed a general ligand 

exchange approach for transferring hydrophobic nanoparticles into water (Figure 2.10B). Polyelectrolytes 

like poly(allylamine) and poly(acrylic acid), providing strong binding groups and multiple anchoring 

points, ensure an effective ligand exchange process, which enabled the nanocrystals to be stable for 

months without aggregation.
60

 Poly(ethylene glycol), a well-known biocompatible polymer, has been 

widely studied.
61

 PEG-based ligands have been used for ligand exchange with iron oxide and FePt 

nanocrystals.
51,62,63

  

 

Figure 2.10 (A) (a) Illustration of surface modification of Fe3O4 nanoparticles; (b) TEM images of the Fe3O4 

nanoparticles after ligand exchange with DPA-PEG6000; (c) the study of uptake of DPA-PEG coated Fe3O4 

nanoparticles in macrophage, the Fe concentration shown here is 0.01 mg Fe/mL. Reprinted from reference.
50

 (B) (a) 

Illustration of ligand exchange process by using poly(acrylic acid) as ligand; (b) TEM image of γ-Fe2O3 nanocrystals 

in aqueous dispersion. Scale bar is 20 nm. Reprinted from reference.
60

  

 

Most ligand exchange processes are irreversible, only a few surface modification strategies are 

reversible.
64

 Dong et al. used nitrosonium tetrafluoroborate (NOBF4) to replace the original hydrophobic 

ligands, rendering various nanocrystals (metals, metal oxide and semiconductors) hydrophilic with no 

change in size and shape (as shown in Figure 2.11). This procedure can be conducted both in one phase or 

two phase transfer. More importantly, the ligand exchange process was reversible, the hydrophilic 

nanocrystals can be further modified with original or other functional molecules via a secondary ligand 

exchange process (Figure 2.11).
65
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Figure 2.11 (A-B) TEM images of nanocrystals after the modification by BF4
-
 in DMF: Fe3O4 nanoparticles (A) and 

FePt nanoparticles (B); (C-D) TEM images of the secondary ligand exchange process of BF4
-
 modified nanocrystals: 

Fe3O4 (C) and FePt (D). The insets are photographs of the nanocrystals after first and secondary modificat ion with 

hexane as the upper layer and DMF as lower layer. Reprinted from reference.
65

  

 

In order to quantify a ligand exchange process, recently, Mefford et al. utilized a radiotracer technique to 

track the exchange process. 
14

C-oleic acid was radiolabeled for the synthesis of hydrophobic iron oxide 

nanoparticles. Hydrophilic ligands with functional groups including catechols, carboxylic acids, thiols, 

sulfonates, phosphonates, and silanes were used to exchange the radiolabeled 
14

C-oleic acid. The results 

showed that the ligand exchange process cannot go completion even with strongly binding anchor groups 

like catechols. Residual oleic acid remained on the surface of the nanoparticles. The study also showed 

that multi-dentate ligands binding more tightly than mono-dentate ligands, which provided information for 

designing suitable ligands for the ligand exchange technique.
66,67

  

 

2.6 Assembly of Magnetic Nanoparticles 

Magnetic nanomaterials, due to their interesting fundamental magnetic properties, have many potential 

applications.
68–72

 High-density information storage is one of the most promising applications for magnetic 

nanoparticles. Magnetic devices made from these nanoparticles would have a data storage density of 

several terabits cm
-2

, which is even higher than the hard drives in the most advanced computer (about 35 

gigabits cm
-2

). This requires a stable magnetization of highly ordered superstructures.
73,74

 In this case, a 

deep understanding of the assembly of magnetic nanoparticles into well-ordered one-, two- and three-

dimensional sturctures is essential. The assembly of magnetic nanocrystals has been widely studied; some 

general methods include drying of the NPs dispersions on substrates either by drop-casting or spin-

coating, assembly at liquid-air interface (e.g. Langmuir-Schaefer or Langmuir-Blodgett), as well as 

magnetic-field-induced assembly. 
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2.6.1 Drying on substrates 

For the drop-casting method, NPs are dispersed in a solvent, which is also called carrier solvent, and 

dropped on a substrate (e.g., silicon wafer, TEM grid, or highly oriented pyrolytic graphite (HOPG)) with 

subsequent evaporation of the solvent. During this process, the slow evaporation of the solvent is a very 

important factor for the self-assembly into well-ordered structures. Thus, the use of a carrier solvent with 

high boiling-point (e.g. dichlorobenzene, n-octane, toluene) or evaporation under a relatively high degree 

of solvent saturation atmosphere is needed. Sun et al. synthesized monodisperse iron-platinum (FePt) 

nanoparticles based on the reduction of platinum acetylacetonate and decomposition of iron pentacarbonyl 

by using oleic acid and oleylamine as stabilizers. These nanoparticles self-assembled into three-

dimensional superlattices by dropping a FePt suspension (hexane/octane, v/v 1/1) onto a SiO-coated 

copper grid, followed by slow evaporation of the solvent. Thermal annealing converted the nanoparticles 

structure from face-centered cubic (fcc) phase to long-range ordered face-centered tetragonal phase, and 

transferred from superparamagnetic superlattices into ferromagnetic nanocrystal assemblies, which 

showed a potential in future magnetic recording.
74

 Weller’s group produced monodisperse and highly 

crystalline CoPt3 nanoparticles by reduction of platinum actylacetonate and thermolysis of cobalt carbonyl 

with 1-adamantanecarboxylic acid as surfactant. The as-prepared nearly spherical CoPt3 nanocrystals were 

able to assemble into two- and three-dimensional structures (Figure 2.12A). An AB5-type superlattice was 

obtained by mixing nanoparticles of two different sizes by slow evaporation of the carrier solvent (Figure 

2.12B).
75

  

Pileni’s group reported the formation of cobalt nanoparticles with narrow size distribution and self-

assembly into face-centered-cubic supercrystals.
76–78

 The structural ordering can be controlled by changing 

the temperature of the substrate during the solvent evaporation process. A continuous amorphous film was 

formed at lower substrate temperature (5 < T < 12 °C) and a film with cracks was obtained at higher 

substrate temperature (18 < T < 45 °C). By lowering the evaporation rate of the solvent at higher vapor 

saturation, it was possible to obtain crack-free and homogeneous films. A slight change of the magnetic 

properties for the highly ordered nanocrystals was determined due to dipole-dipole interactions compared 

with disordered assemblies.
76
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Figure 2.12 (A) TEM images of (a) monolayer of 4.8 nm CoPt3 nanocrystals, (b and c) two layers of 3.6 nm and 4 

nm CoPt3 nanocrystals, (d) three layers of 3.6 nm CoPt3 nanocrystals, (e) three layer of 4.0 nm CoPt3 nanocrystals, 

(f) more than five layer of 4.5 nm CoPt3 nanocrystals, (g) illustration of three layers of CoPt3 nanocrystals; (B): 

(a)TEM and (b) HRTEM images of 3-D superlattices of AB5-type of CoPt3 nanocrystals formed from a mixture of 

4.5 nm and 2.6 nm CoPt3 nanocrystals, (c) illustration of AB5 structure. Reprinted from reference.
75

  

 

The drop-casting method for the self-assembly is suitable to obtain local ordered areas of nanoparticle 

films, but is not able to produce a large scale ordered film (> 1 cm
2
). Furthermore, the process is difficult 

to control, which results in inhomogeneous films with cracks. These drawbacks limit the ultrahigh-density 

magnetic storage.  

For the spin-coating technique, magnetic NPs dispersion is dropped on a substrate, and spun to spread NPs 

on the substrate and remove the carrier solvent rapidly. By varying the concentration of magnetic NPs, the 

density of NPs in the layer can be tuned at a certain speed.
79

 However, the drawback of this method is that 

it can only be operated on a planar surface.  

2.6.2 Assembly at liquid-air interface 

The Langmuir-Blodgett (LB) technique is widely used to assemble films of amphiphilic materials 

including polymers, colloids and nanoparticles, at liquid-air interface and tranfer the films onto solid 

substrates.
80

 Nanoparticles coated by hydrophobic molecules can also be used for LB films, therefore, a 

dispersion of magnetic nanoparticles can be dropped onto a liquid phase (water or less polar solvents like 

glycols) to form a monolayer of the nanoparticles at the liquid-air interface. Then, the monolayer can be 

transferred onto various substrates (e.g. TEM grid, silica wafer, HOPG, etc.). A multilayer can be formed 

on the substrate by multiple dipping of the substrate. When the dipping direction is vertical, it is called 
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Langmuir-Blodgett technique, and if the dipping is in a horizontal direction, it is called Langmuir-

Schaefer technique.
81–89

  

Vorobiev et al. combined the characterization techniques of in-situ X-ray reflectivity (XRR), grazing 

incidence small-angle X-ray scattering (GISAXS), brewster angle microscopy (BAM) and scanning 

electron microscopy (SEM) to investigate the self-assembly of magnetic iron oxide nanoparticles in 

Langmuir films formed on water surface. For this purpose, iron oxide nanoparticles with different sizes 

coated with oleic acid were synthesized. The results showed that 10 nm nanoparticles can form a large 

area of a high-ordered monolayer and in a reproducible manner, while 20 nm particles only formed three-

dimensional clusters, and 15 nm particles did not form a stable film. One possible reason could be that the 

magnetic moment differed with the size of magnetic nanoparticles. In their study, nanoparticles with the 

size of 10 nm were superparamagnetic and 20 nm particles were ferromagnetic, while NPs with the size of 

15 nm were a crossover between the two properties.
90

 Weller’s group used for the first time diethylene 

glycol as subphase to assemble and tranfer a large area monolayer of cobalt platinum (CoPt) nanoparticles 

through the Langmuir-Blodgett technique. The investigation showed that the dipping angle (around 105°), 

removal of the free surfactants on nanoparticles surface, and the use of diethylene glycol as the subphase 

are important factors to obtain a high-quality film. Characterization by scanning electron microscopy, 

grazing incidence X-ray scattering showed highly ordered deposited films.
91

 Furthermore, direct current 

(DC) measurement was used to investigate the electrical properties of the deposited films. As shown in 

Figure 2.13b, a silicon oxide layer of 300 nm thickness was thermally grown on a silicon wafer, and was 

structured with two gold electrodes of 30 nm thickness by e-beam lithography. CoPt nanoparticles were 

then deposited on the surface of the structure. The DC measurement showed that the charge transport 

mechanism of the simple thermally activated transport fits the experimental data better than that of the 

variable range hopping method from the randomly shaped metal model.
91

 Pohjalainen et al. and Sachan et 

al. assembled cobalt nanoparticles via Langmuir-Schaefer technique by using ethylene glycol as the 

subphase.
81,92

 Because of the better spreading of tridodecylamine (TDA)-stabilized cobalt nanoparticles on 

ethylene glycol subphase than on water, Pohjalainen et al. investigated the formation of Langmuir layers 

on the ethylene glycol surface by varying the experimental conditions, including the solvent of the 

nanoparticles dispersion, the presence of excess TDA, and the addition of poly(styrene-b-ethylene oxide) 

(PS-b-PEO) in the nanoparticle dispersion.
81

 The results showed that the removal of excess TDA ligand 

and the addition of PS-b-PEO are essential to obtain a homogeneous film with high coverage of 

nanoparticles. Magnetic measurements showed that the as-prepared films exhibited superparamagnetic 

properties and the saturation magnetization of the films was around 100 emu/g(Co), which indicated that 

TDA-coated cobalt nanoparticles were stable against oxidation. 
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Figure 2.13 (a) Scanning electron microscopy (SEM) image of CoPt Langmuir film deposited on an electron-beam 

lithographically patterned gold electrodes; (b) magnified view of CoPt nanoparticles film; (c) Illustration of the 

device for DC measurement. Reprinted from reference.
91

  

 

Apart from water and glycol, dimethyl sulfoxide (DMSO) and actonitrile were also used as subphases for 

the assembly of hydrophobic magnetic nanoparticles,
93,94

 which indicates that the assembly of 

hydrophobic magnetic nanoparticles at liquid-air interface is a convenient and flexible technique. 

2.6.3 Magnetic-field-induced assembly 

Apart from the unassisted self-assembly of magnetic nanoparticles, numerous studies have been reported 

for the magnetic-field-induced assembly of magnetic NPs into 1-D superstructures.
95–100

 The assembly of 

magnetic nanoparticles induced by magnetic field has the big advantage that the magnetic field can be 

controlled remotely and the response of the magnetic NPs to the applied magntic field is fast.
101,102

 The 

magnetic nanoparticles tend to align in the direction of an external magnetic field, which can be applied 

either parallel or perpendicularly to the substrate.
103,104

 The alignment is influenced by the strength of the 

applied magnetic field.
105,106

 The magnetic-field-induced assembly can be conducted by deposition of 

magnetic nanoparticles dispersion on substrates or at the liquid-air interface. That the assembly behavior 

of magnetic nanoparticles is strongly influenced by the strength of the applied magnetic field, has been 

proved by Pileni’s group, who immersed a highly oriented pyrolytic graphite substrate into a suspension 

of 8 nm cobalt nanoparticles under an external magnetic field.
105,107

 Parameters including the strength of 

the magnetic field and the evaporation time, which influenced the assembly of cobalt nanoparticles, were 

investigated. A homogeneous film was obtained by increasing the evaporation time under hexane vapor 

instead of air. Longer stripes with narrower distance at mesoscopic scale along the applied field direction 

were observed at higher magnetic field, as shown in Figure 2.14A. By applying a magnetic field 

perpendicularly to the substrate, 3D superlattices of cobalt NPs were formed. By changing the strength of 

the applied magnetic field, the morphology of nanocrystal varied, as shown in Figure 2.14B. At low 

magnetic field of 0.27 T, well-defined cobalt nanoparticle dots assembled into homogenous hexagonal 
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networks. A slightly higher magnetic field (0.45 T) resulted in smaller dots and shorter distance between 

dots, and a phase transition from dots to worm-like structures was observed when the magnetic field was 

further increased up to 0.78 T.  

 

Figure 2.14 (A) SEM images of magnetic cobalt nanocrystals at various magnetic field strength: (a) 0.27 T, (b) 0.45 

T, (c) 0.56 T. Reprinted from reference.
105

 (B) SEM images of Co NPs assembly on HOPG substrates under an 

external magnetic field perpendicular to the substrates: (a) 0 T (b) 0.27 T, (c) 0.45 T, (d) 0.78 T, (e) higher 

magnification of the hexagonal network under 0.27 T magnetic field, (f) tilted SEM image of (e). Reprinted from 

reference.
107

  

 

Park et al. reported that both the strength of magnetic field and the concentration of nanoparticle 

dispersion can affect the assembly behavior of magnetic nanoparticles. The magnetic-field-induced 

assembly of monodisperse 10 nm spherical cobalt nanoparticles on a Si substrate was conducted, and the 

magnetic field was applied either perpendicularly or parallel to the substrate.
108

 Well-ordered supercrystal 

rods with fcc-structure were obtained when the magnetic field was applied perpendicularly to the 

substrate, while elongated wire-shaped superstructures with diameter of 300 nm were obtained with the 

field parallel to the substrate (Figure 2.15A). By changing the distance of the two magnets and the 

concentration of the cobalt NPs dispersion, various sizes and shapes of the superstructures were obtained. 

The anisotropic magnetic supercrystals have a great potential for application in high-density magnetic 

storage.
108
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Figure 2.15 (a) Schematic illustration of the formation of supercrystal rods formation by applying a magnetic field 

perpendicularly to the substrate; (b) cobalt nanocrystal assembly in the absence of external magnetic field, (c) and (d) 

supercrystal rods obtained in the presence of magnetic field perpendicularly to the substrates by evaporation of 

cobalt nanocrystal suspensions of 10 mM (c) and 100 mM (d); (e–g) supercrystal wires formed by applying the 

magnetic field parallel to the substrate: schematic illustration of experiments (e), TEM image at low magnification 

(f) and TEM image high magnification (g). Reprinted from reference.
108

  

 

2.7 Thermo-Responsive Magnetic Nanoparticles 

2.7.1 Smart polymers 

Stimuli-responsive polymers or smart/intelligent polymers refer to the polymers which are responsive to 

one or several stimuli, such as temperature, pH, light and electric/magnetic field.
109–114

 Such smart 

polymers have been applied in many fields, including medicine and biology.
115,116

 Among the above 

mentioned smart polymers, temperature-responsive polymers are the most studied. Some of the thermo-

responsive polymers have a lower critical solution temperature (LCST), below which the polymer is 

homogeneously dissolved in aqueous medium, and above it, the polymer exhibits a phase separation with 

the solvent (Figure 2.16).
117–119

 Poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely 

researched polymers. Its lower critical solution temperature is around 32 °C, with a reversible change in 

the conformation structure between hydrophobic and hydrophilic.
113,120,121

 The LCST of the polymer can 

shift to higher or lower temperatures by copolymerization of NIPAM with hydrophilic and hydrophobic 

monomer, respectively.
120,122

 Other polymers which exhibit LCST behavior were also studied, including 

poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA),
123

 poly(N,N-dimethylaminoethyl methacrylate) 

(PDMAEMA),
124,125

 poly[N-[2-(diethylamino)ethyl acrylamide] (PDEAEAM),
126

 poly(N,N-

diethylacrylamide) (PDEAAM),
127,128

 and poly[oligo(ethylene glycol)methacrylate].
129,130

  

.   
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Figure 2.16 (A) Phase diagram of LCST behavior for binary polymer-solvent mixture; (B) illustration of reversible 

coil-to-globule transition of a thermo-responsive polymer in water. Reprinted from reference.
118

  

2.7.2 Surface-initiated controlled radical polymerization (CRP) 

Because thermo-responsive polymers have potential applications in many fields, it is expected that 

incorporation of magnetic nanoparticles into these smart polymers would endow magnetic nanoparticles 

with thermo-responsive property. One of the most promising techniques for their synthesis is called 

controlled radical polymerization (CRP), which is also known as living free radical polymerization.
131

 

This technique has been widely researched since the development of atom transfer radical polymerization 

(ATRP),
132

 reversible addition-fragmentation chain transfer (RAFT) polymerization,
133

 and nitroxide-

mediated polymerization (NMP).
134

 These polymerization techniques can be performed not only in 

solution but also from solid surfaces (e.g., the surfaces of nanoparticles). Figure 2.17 shows the general 

mechanisms of surface-initiated ATRP, surface-initiated RAFT and surface-initiated NMP.
135

 Among 

these three surface-initiated CRP techniques, surface-initiated ATRP and surface-initiated RAFT are most 

commonly used, which have been widely applied to graft thermo-responsive polymers from magnetic 

nanoparticle surfaces with a rather high grafting density. 

Schmidt’s group grafted a thermo-responsive copolymer from the surface of magnetic (γ-Fe2O3) 

nanoparticles by surface-initiated ATRP (Figure 2.18). The shell consists of a copolymer of 

oligo(ethyleneglycol)methylethermethacrylate (OEGMA) and methoxyethylmethacrylate (MEMA), which 

enabled the magnetic nanoparticles to be dispersible in water. The hybrid structures showed a reversible 

thermoflocculation and their cloud point temperature (TC) depended linearly on the composition of the 

polymer shell, thus the prediction and adjustment of the phase transfer can be achieved. Due to the 

intrinsic heating properties of superparamagnetic nanoparticles under the external alternating current (AC) 

magnetic field, the enthalpy of these nanohybrids during the phase transition process can be recorded by 

magnetic thermograms, indicating that these nanoparticles are promising in biological applications by 

tuning the cloud point temperature close to the body temperature.
136
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Figure 2.17 Schematic illustration of the mechanism of surface initiated CRP techniques: (a) surface-initiated 

ATRP; (b) surface-initiated RAFT; (c) surface-initiated NMP. Reprinted from reference.
135

  

 

 

Figure 2.18 Schematic illustration of the synthesis of core /shell hybrids FeOx@P(OEGMA-co-MEMA) through 

surface-initiated ATRP; (b) illustration of thermoflocculation of magnetic core-shell hybrids in water; (c) thermo-

responsive behavior of core-shell hybrids with different composition: number average hydrodynamic diameter dhn vs 

temperature T (upper graph); relative transmittance vs temperature T (lower graph). Reprinted from reference.
136

  

 

Alem’s group also grafted a copolymer of poly(co-2-(2-methoxyethoxy)ethyl methacrylate)x–hydroxyl-

terminated oligo(ethylene glycol) methacrylate)y (P(MOE2MAx–OEGMAy)) from the surface of 

superparamagnetic Fe3O4 nanoparticles via surface-initiated ATRP. The LCST shifted towards higher 

temperature with increasing the amount of OEGMA, which contains a high hydration capacity through the 

ethylene oxide groups. They also showed that the composition of the polymer shell had influence on the 

saturation magnetization but no influence on the superparamagnetic properties of Fe3O4 nanoparticles.
137
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Poly(N-isopropylacrylamide), one of a most widely used thermo-responsive polymer, has been applied in 

many fields, such as drug delivery, sensors and self-healing.
138–140

 Many researchers have grafted 

PNIPAM from the surface of magnetic nanoparticles via surface-initiated ATRP.
141–144

 Reimhult’s group 

grafted PNIPAM from the surface of superparamagnetic iron oxide nanoparticles. The core-shell hybrids 

showed excellent stability and reversible thermo-responsivity in water. For comparison, the grafting-to 

approach was also conducted, and the results from TGA measurements showed that the grafting density of 

surface-initiated ATRP is much higher than that of the grafting-to approach. The combination of magnetic 

and thermo-responsive properties can be used in integrated devices for molecular extraction and 

separation.
144

  

Several examples have been reported for the surface-initiated RAFT technique to graft thermo-responsive 

polymers from the surface of magnetic nanoparticles as well. Xiao et al. first conducted a ligand exchange 

process by using a carboxyl group end-functionalized RAFT agent to replace the original oleic acid ligand 

on the surface of magnetic Fe3O4 nanoparticles, followed by the copolymerization of NIPAM and acrolein 

via surface-initiated RAFT method (Figure 2.19). The analysis of the grafted polymer showed that the 

molecular weight linearly increased with the conversion, indicating a high control over the grafted 

polymer via this technique. The well-defined hybrid nanoparticles exhibited temperature-triggered 

magnetic separation and were used for immobilization of the model protein BSA.
145

  

 

 

Figure 2.19 Schematic illustration of ligand exchange process and copolymerization of NIPAM and acrolein through 

surface-initiated RAFT on Fe3O4 NPs; (b) photograph of temperature and magnetic responsive behavior of 

poly(NIPAM-co-acrolein)-coated Fe3O4 nanoparticles in aqueous medium, inset shows the optical transmittance vs 

temperature at 800 nm at 1 wt% concentration; (c) TEM images of oleic acid-capped Fe3O4 nanoparticles (left), 

RAFT agent DDMAT capped Fe3O4 nanoparticles (middle) and poly(NIPAM-co-acrolein)-coated Fe3O4 

nanoparticles (right). Reprinted from literature.
145
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Li et al. synthesized multi-stimuli-responsive nanohybrids Fe3O4@SiO2-PNIPAM via surface-initiated 

RAFT polymerization. The as-prepared hybrids were easily dispersed into water and exhibited a thermo-

responsive behavior. The magnetic resonance imaging (MRI) experiments showed that the combination of 

a magnetic core and a fluorescent-labeled shell can be used as an effective imaging agent in MRI.
146

  

 

2.8 Synthesis of Magnetic Nanoparticles with Polymer Surfactants 

The preparation of magnetic nanoparticles and polymer organic/inorganic hybrids has attracted great 

attention in many fields, such as drug delivery, data storage and medical applications.
73,147,148

 Both small 

molecules and polymers have been used as surfactants to synthesize magnetic nanoparticles. However, the 

polymeric surfactants provide advantages over small molecules due to the stronger repulsive force to 

stabilize magnetic nanoparticles. Besides, the composition of the polymer can be tuned through 

copolymerization or post-functionalization. The development of controlled/living free radical 

polymerization enabled the synthesis of a wide range of polymers with precise control over the molecular 

weight and composition, which exhibits prominent advantage for the synthesis of magnetic nanoparticles 

with polymer surfactants. It is of great interest that the size, morphology and properties of magnetic 

nanoparticles can be tuned by variation of polymer molecular weight and composition.
149,150

 In general, 

the approaches for the synthesis of magnetic nanoparticles with polymer surfactants are reduction of metal 

salts and thermolysis of metal carbonyl complexes.
151

  

Thanh’s group reported the synthesis of magnetic cobalt nanoparticles by reduction of cobalt chloride in 

the presence of alkyl thioether end-functionalized poly(methacrylic acid) (PMAADDT) in water. By 

varying the concentration of the polymer, the shape and size of nanoparticles could be tuned from 

spherical particles of 2–7.5 nm to rod-shaped structures (15×36 nm). Even larger spherical nanoparticles 

of 80 nm were obtained by changing the addition order of the precursor CoCl2 and the reduction agent 

NaBH4.
152

 This example illustrates that the size and morphology of magnetic nanoparticles can be tuned 

by changing the polymer surfactant and reaction conditions. Liu et al. synthesized cobalt nanoparticles by 

using the block copolymer poly(acrylic acid)-block-polystyrene or PAA-PS and trioctyl phosphine as 

surfactants via high temperature reduction of cobalt acetate tetrahydrate. The size of the nanoparticles can 

be tuned by many parameters, such as the reaction time and concentration of TOP.
153

  

Polymer-coated magnetic nanoparticles can also be prepared by the thermolysis of metal carbonyl 

complexes like Co2(CO)5 and Fe(CO)5 in the presence of polymer surfactants. The size of the 

nanoparticles can be tuned by changing the experimental conditions, such as polymer composition, solvent 

and temperature. Thomas reported the preparation of magnetic cobalt nanoparticles by using (methyl 

methacrylate-random-ethyl acrylate-random-N-vinyl-pyrrolidone) (P(MMA-r-EA-r-VPy) terpolymer as 

surfactant in the thermolysis of Co2(CO)5 by refluxing in toluene. The prepared cobalt nanoparticles were 

uniform with a size around 20 nm. By changing the concentration and composition of the polymer, as well 

as the reaction temperature, the size could be tuned from 20 nm to 30 nm. An important finding was that 
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these ferromagnetic cobalt nanoparticles could be organized into 1-D chains due to dipole-dipole 

interaction (Figure 2.20A).
154

  

An early study about the synthesis of magnetic iron nanoparticles was reported by Smith’s group, who 

used functional vinyl polymers as surfactants through the thermal decomposition of Fe(CO)5 at 150 °C. 

Particles with a size in the range of 5–20 nm were obtained by varying the polymer composition, solvent 

and ratio of polymer/Fe. Magnetic measurements showed that nanoparticles with size less than 10 nm 

were superparamagnetic, while NPs larger than 10 nm exhibited a hysteresis and formed 1-D assemblies 

at room temperature. The oxide layer on the surface of iron nanoparticles after exposure to air for 210 h 

was investigated by TEM and magnetometer. The results revealed that the magnetic moments were largely 

decreased by oxidation (Figure 2.20B).
155

  

 

Figure 2.20 (A) TEM image of 20 nm cobalt nanoparticles. Reprinted from reference.
154

 (B) TEM images of 

magnetic iron nanoparticles prepared in the presence of poly(4-vinylpyridine-styrene) in dichlorobenzene: (a) after 

preparation; (b) after exposure to air for 210 h, which caused oxidation and aggregation. Reprinted from reference.
155

  

 

Stöver’s group synthesized iron nanoparticles with ammonia and several polymers by thermolysis of iron 

pentacarbonyl.
156

 A series of polymer surfactants with different molecular weight and composition were 

synthesized by ATRP. The polymer bound strongly to the iron nanoparticles to form a shell which was 

readily observed by TEM. The prepared iron nanoparticles exhibited different magnetic properties, from 

superparamagnetic to ferromagnetic at room temperature, and the saturation magnetization was dependent 

on the size of the particles’ core.
156

  

In view of the synthesis of well-defined magnetic nanoparticles by using small molecules like oleic acid, 

trioctylphosphine oxide, and aliphatic amines by thermal decomposition of metal precursors, Pyun’s group 

expanded this concept by using polymers with end groups like amine, carboxylic acid, or phosphine oxide 

as surfactants to synthesize ferromagnetic cobalt nanoparticles.
157–159

 For example, ferromagnetic cobalt 

nanoparticles were synthesized by using one or two of these polystyrenes with end groups including 

amine, phosphine oxide or carboxylic acid. These polymers were prepared by controlled radical 

polymerization techniques, namely, ATRP and NMP, which enabled the precise control over the 

molecular weight and a rather narrow molecular weight distribution. TEM results showed that cobalt 

nanoparticles prepared by using either amine- or phosphine oxide end-functionalized polystyrene or 
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combinations thereof formed well-defined 1-D chain structures, while amorphous and ill-defined 

nanoparticles were obtained by only using carboxylic acid end-functionalized polystyrene (Figure 2.21A). 

In addition, the dual stage thermolysis of Co2(CO)8 was able to obtain 1g-scale per batch.
158

 The size and 

morphology can also be tuned by changing the reaction conditions, such as temperature and polymer 

molecular weight. Experiments showed that the end-functional polystyrene with molecular weight of 5000 

g/mol led to uniform NPs with high stability for a long time.
157

 The effect of temperature on the size of 

ferromagnetic cobalt nanoparticles was investigated by using carboxylic acid end-functionalized 

polystyrene as surfactant via a thermal decomposition of Co2(CO)8 in 1,2-dichlorobenzene. By changing 

the reaction temperature from 120 °C–170 °C, the size of ferromagnetic cobalt nanoparticles could be 

tuned in the range of 43–18 nm (Figure 2.21B and C).
159

  

 

Figure 2.21 (A) TEM images of different end-functional polystyrene-coated cobalt nanoparticles obtained from the 

thermolysis of Co2(CO)8: (a) combination of PS-NH2 and PS-DOPO; (b) combination of PS-NH2 and PS-COOH; (c) 

only PS-NH2; (d) only PS-COOH. Reprinted from reference.
158

 (B) TEM images of polystyrene-coated cobalt 

nanoparticles synthesized at different temperatures: (a) 170 °C, D ~ 18 nm; (b) 160 °C, D ~ 23 nm; (c) 150 °C, D ~ 

25 nm; (d) 140 °C, D ~ 28 nm; (e) 130 °C, D ~ 35 nm; (f) 120 °C, D ~ 43 nm; (C) a plot of the average size of 

polystyrene-coated cobalt nanoparticles versus the reaction temperature. Reprinted from reference.
159

  

 

2.9 Cobalt Nanoparticles 

Cobalt nanoparticles, one of the most promising type of metallic nanoparticles, have attracted a large 

interest due to their excellent magnetic, catalytic and electric properties, which have great potential in 

various fields, such as ferrofluids, catalysis, and magnetic resonance imaging (MRI).
160–163

 Cobalt bulk 

material has a high saturation magnetization (≈160 emu/g) and coercivity value (≈ 800 A/m) at room 
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temperature.
164,165

 This makes Co NPs a good choice for high-density information storage and potential 

application as electromagnetic wave absorber.
73,166,167

 

Different crystalline structures have been synthesized: hexagonal closed-packed (hcp), face-centered cubic 

(fcc), and epsilon (ε).
18,32,168,169

 Fcc structure is thermodynamic stable above 450 °C, while hcp structure is 

stable at lower temperature.
167

 The epsilon structure can be transferred to fcc at high temperature 

annealing.
169

 Puntes’ group observed that Co rods of hcp structure were obtained after injection of metallic 

precursor in a binary surfactants mixture, and they transformed to ε-Co in the later stage of the synthesis.
32

  

The synthesis of monodisperse cobalt nanoparticles is mainly conducted through the thermolysis of 

metallic precursor in organic solvent in the presence of surfactants.
15,16,25–28,17–24

 These surfactants provide 

steric repulsion to protect nanoparticles from agglomeration and control the growth of nanoparticles.
18,170

 

Hydrophobic molecules such as oleic acid, oleylamine and trioctylphosphine oxide are often used as 

surfactants.
15–23

 For the biological application, it is critical that magnetic nanoparticles are biocompatible, 

thus surface modification is often required. On the other hand, various smart polymers which are 

responsive to a variety of stimuli, such as temperature, pH, light and electric/magnetic field can be 

used.
109–114

 Such smart polymers have been applied into many fields, including medicine and biology.
115,116

 

The combination of unique properties of cobalt nanoparticles and stimuli-responsive polymers is of great 

significance in future research. 
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3 Synthesis of Thermo-Responsive Nanocomposites of 

Superparamagnetic Cobalt Nanoparticles/poly(N-

isopropylacrylamide) 

 

In this chapter, novel nanocomposites of superparamagnetic cobalt nanoparticles (Co NPs) and poly(N-

isopropylacrylamide) (PNIPAM) were fabricated through surface-initiated atom-transfer radical 

polymerization (SI-ATRP). A functional ATRP initiator, containing an amine (as anchoring group) and a 

2-bromopropionate group (SI-ATRP initiator), was synthesized at first. Oleic acid- and trioctylphosphine 

oxide-coated Co NPs were then modified with the initiator via ligand exchange. The process is facile and 

rapid for efficient surface functionalization and afterwards the Co NPs can be dispersed into polar solvent 

DMF without aggregation. Transmission electron microscopy, Fourier transform infrared spectroscopy, X-

ray photoelectron spectroscopy, and dynamic light scattering measurements confirmed the success of 

ligand exchange. The following polymerization of NIPAM was conducted on the surface of Co NPs. The 

temperature-dependent dynamic light scattering study showed the responsive behavior of PNIPAM-coated 

Co NPs. The combination of superparamagnetic and thermo-responsive properties in these hybrid 

nanoparticles is promising for future applications e.g. in biomedicine. 

 

3.1 Introduction 

Magnetic nanoparticles (NPs) are playing increasingly important roles in biological imaging, therapeutic 

applications and magnetic energy storage.
1–4

 The magnetic properties of ferromagnetic NPs are dominated 

by a hysteresis loop showing remanence and coercivity. When the size of such NPs is reduced below a 

critical diameter, the particles become superparamagnetic.
5
 That means that in contrast to the hysteresis 

loop of ferromagnetic materials, the superparamagnetic nanoparticles have zero coercivity. Therefore, 

they are magnetized in an external magnetic field and reach their saturation magnetization rapidly. 

However, when the applied magnetic field is removed, they exhibit no residual magnetization. This makes 

superparamagnetic (SPM) NPs especially interesting for biological applications. On one hand, 

superparamagnetic NPs exhibit a strong and rapid response to an external magnetic field, and on the other 
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hand, they do not agglomerate in the body after removal of the applied magnetic field. Hence there is 

much less concern about blood blockage and thrombosis.
6
 

Decomposition of metal precursors is one of the most important methods for preparing magnetic 

nanoparticles, as it results in a narrow size distribution, and provides tunability in size and shape. 

However, these magnetic nanoparticles are normally stabilized by hydrophobic ligands, like oleic acid 

(OA) and/or oleylamine,
 
which renders the particles hydrophobic.

7,8
 As a consequence, their biological 

applications, which require dispersion in hydrophilic or aqueous medium, are limited.
9,10

 Thus, there is a 

great significance in the surface modification of hydrophobic nanoparticles. Ligand exchange is the most 

widely used method for surface modification by replacing the original ligands with designed molecules. 

So far, various ligand exchange reactions have been reported for Fe3O4 NPs, FePt NPs, QDs, Ag NPs, Au 

NPs, etc,.
11–21

 Cobalt nanoparticles (Co NPs), due to their excellent magnetic and catalytic properties, have 

great potential application in various fields, such as ferrofluids, catalysis, and magnetic resonance imaging 

(MRI).
22–25 

However, to the best of my knowledge, core/shell nanocomposites with Co NPs have been 

seldom studied. One reason could be their sensitivity to oxidation. Furthermore, unlike other nanoparticles 

that form covalent bonds with ligands (e.g. Au NPs with thiols;
26

 Fe3O4 NPs with dopamine or 

silanes),
11,12

 Co NPs interact with surfactants through coordinative bonds, which complicates the 

modification. Last but not least, Co NPs readily agglomerate both during the ligand exchange process and 

afterwards by excess washing steps due to the weak binding with surfactants. However, because of the 

promising applications, it is worth investigating the functionalization of Co NPs. 

For the large majority of NP applications, they are usually surface-modified with polymers to form 

core/shell nanocomposites. Of various methods to synthesize NP/polymer core/shell hybrid nanoparticles, 

surface-initiated atom transfer radical polymerization (SI-ATRP) provides a suitable technique to 

synthesize a highly dense polymer brush.
27–29

 SI-ATRP, as a controlled living radical polymerization, 

exhibits precise control over the chain lengths and thus the thickness of the grafted polymer layer.
30–37

 

Among the grafted polymers, stimuli-responsive polymers are especially important in many NP 

applications due to the variability of the nanoparticle surface properties through external stimuli.
30,31,35–37

 

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely researched polymers. Its lower critical 

solution temperature (LCST) is around 32 °C, with a reversible change in the conformation structure 

between hydrophobic and hydrophilic.
38–40

 This intrinsic thermo-responsive property can be widely used 

in biomedical applications, such as enzyme bioconjugates,
41,42

 cell culture substrates,
43

 controlled drug and 

gene delivery systems,
44,45

 microfluidics
46

 and tissue engineering for regenerative medicine.
47,48

  

Herein, I investigated a ligand exchange process on Co NPs followed by SI-ATRP to prepare polymer-

coated Co NPs. During this procedure, Co NPs, stabilized by oleic acid (OA) and trioxylphosphine oxide 

(TOPO), were synthesized via thermal decomposition method.
49

 The ligand exchange process was quite 

rapid, typically reached in a few minutes, and a 2-bromopropionate group served as initiator for the 

subsequent polymerization. Consequently, NIPAM could be polymerized on the surface of Co NPs via SI-

ATRP. The polymer-coated Co NPs could be easily dispersed in water and are responsive to temperature. 
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The presented surface modification process allows detailed future studies of Co NPs in hydrophilic 

medium. 

 

3.2 Experimental Section 

3.2.1 Materials 

Toluene (99.5%), n-hexane (95%), ethanol (99.5%), and diethyl ether (99.8%) were purchased from Th. 

Geyer; N,N-dimethylformamide (DMF, 99%) was purchased from Acros Organics; tris[2-

(dimethylamino)ethyl]amine (Me6TREN), and magnesium sulfate (99.5%) were purchased from Alfa 

Aesar; ethyl α-bromoisobutyrate (99%), and anhydrous dichloromethane (DCM, 99.9%) were purchased 

from Merck KGaA; pyridine (99%), and di-tert-butyldicarbonate (98%) were purchased from Roth; 

anhydrous 1,2-dichlorobenzene (DCB, 99%), isopropanol (99.7%), di-cobalt octa-carbonyl Co2(CO)8 

containing 1-5% n-hexane as a stabilizer, oleic acid (OA, 99%), trioctylphosphine oxide (TOPO, 90%), α-

bromoisobutyryl bromide (BIBB, 98%), 2-(2-aminoethoxy)ethanol (98%), copper(I) chloride (97%), 

trifluoroactic acid (99%), sodium bicarbonate (99.7%), and aluminum oxide (activated, neutral, 

Brockmann Activity I) were purchased from Sigma Aldrich and used as received without further 

purification. NIPAM was obtained from Sigma Aldrich and was purified by recrystallization from a 

mixture of n-hexane and benzene (4:1 v:v). Copper(I) chloride was purified by stirring in glacial acetic 

acid overnight, washed with ethanol and dried under vacuum. Co2(CO)8 was kept in the fridge of a 

glovebox, and n-hexane evaporated in the glovebox before use.  

3.2.2 Synthesis of OA- and TOPO-coated Co NPs 

Superparamagnetic cobalt nanoparticles with an average diameter of ca. 9 nm were synthesized according 

to the literature.
49

 In detail, 100 mg TOPO were degassed in a three-neck flask, 0.1 mL OA and 15 mL 

degassed anhydrous DCB were injected into the flask under N2 flow. The mixture was heated to 182 °C 

and 540 mg Co2(CO)8 in 3 mL of DCB was rapidly injected at the reflux temperature. After 20 min, the 

temperature was reduced to room temperature. The nanoparticles suspension was collected and stored 

under N2 atmosphere. To purify the nanoparticles, they were precipitated into ethanol and sedimentations 

were separated from solvent by using a magnet. The washing process was repeated twice and the black 

precipitate dried under vacuum for two days. 

3.2.3 Synthesis of SI-ATRP initiator 

Synthesis of (2-(N-Boc-2-aminoethoxy)ethanol) 1: In a 250 mL round-bottom flask, 2-(2-

aminoethoxy)ethanol (10.0 mL, 100 mmol) was dissolved in 100 mL anhydrous CH2Cl2 and cooled with 

an ice bath, then di-tert-butyl dicarbonate (21.8 g, 100 mmol) was added into the above solution. After 

addition, the ice bath was removed and the resulting mixture was stirred 6-8 h at room temperature. The 

mixture was washed three times with saturated aqueous NaCl solution. After drying over anhydrous 

MgSO4 and filtration, the solvent was removed under vacuum, giving 2-(N-Boc-2-aminoethoxy)ethanol as 
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a colorless oil (15.2 g, 74 % yield). 
1
H-NMR (500 MHz, CDCl3): δ = 5.36 (s, 1H), 3.64 (t, J = 5.4 Hz, 

2H), 3.48 (t, J = 4.6 Hz, 2H), 3.45 (t, J = 5.0 Hz, 2H), 3.37 (t, J = 5.9 Hz, 1H), 3.23 (m, 2H), 1.35 (s, 9H).  

 

Synthesis of (2-(N-Boc-2-aminoethoxy)ethyl-2-bromoisobutyrate) 2: 2-(N-Boc-2-aminoethoxy)ethanol 

(4.1 g, 20 mmol) was dissolved in 45 mL anhydrous CH2Cl2 and cooled with an ice bath. Pyridine (1.77 

mL, 22 mmol) was added into the above solution. Then, 2-bromoisobutyryl bromide (2.72 mL, 22 mmol) 

was added dropwise while stirring. After addition, the ice bath was removed and the resulting mixture was 

stirred 40 min at room temperature. The precipitate was filtered off; the filtrate was then washed three 

times with saturated aqueous NaHCO3 solution and three times with saturated aqueous NaCl solution. 

After drying over anhydrous MgSO4 and filtration, the solvent was removed under vacuum. The resulting 

crude product was purified by column chromatography on silica gel (CH2Cl2 : ethanol = 100:1), giving 2-

(N-Boc-2-aminoethoxy)ethyl-2-bromoisobutyrate as a colorless oil (6.0 g, 85 % yield). 
1
H-NMR (500 

MHz, CDCl3): δ = 4.94 (s, 1H), 4.31 (m, 2H), 3.69 (m, 2H), 3.54 (t, J = 4.7 Hz, 2H), 3.30 (m, 2H), 1.93 (s, 

6H), 1.42 (s, 9H). 

 

Synthesis of (2-(2-aminoethoxy)ethyl-2-bromoisobutyrate trifluoroacetic acid) 3: 2-(N-Boc-2-

aminoethoxy)ethyl-2-bromoisobutyrate (2.1 g, 6.0 mmol) was dissolved in 8 mL anhydrous CH2Cl2 and 

cooled with an ice bath, then trifluoroacetic acid (4 mL, 52.3 mmol) was added while stirring. The ice bath 

was removed and the resulting mixture was allowed to stir 1.5 h at room temperature. The solvent was 

removed under vacuum and a light brown oil obtained (1.9 g, 86 % yield). 
1
H-NMR (500 MHz, CDCl3): δ 

= 7.39 (s, 3H), 4.36 (t, J = 4.6 Hz, 2H), 3.78 (m, 4H), 3.28 (m, 2H), 1.93 (s, 6H). 

 

Synthesis of (2-(2-aminoethoxy)ethyl-2-bromoisobutyrate) 4: The crude product 3 was stirred in a 

saturated aqueous NaHCO3 solution while cooled with an ice bath. When pH of the solution reached to 

around 8, the product was extracted with CH2Cl2, the organic layer dried over anhydrous MgSO4, filtered 

and the solvent removed under vacuum to obtain a light yellow oil (0.66 g, 50 % yield). 
1
H NMR (500 

MHz, CDCl3): δ = 4.31 (t, J = 4.8 Hz, 2H), 3.69 (t, J = 4.8 Hz, 2H), 3.51 (t, J = 5.1 Hz, 2H), 2.84 (t , J = 

4.7 Hz, 2H), 1.92 (s, 6H), 1.55 (s, 2H). 
13

C NMR (125 MHz, CDCl3): δ = 171.6, 73.3, 68.5, 65.0, 56.7, 

41.7, 30.7. 

3.2.4 Ligand exchange reaction of OA- and TOPO-coated Co NPs 

In the ligand exchange process, 15 mg OA- and TOPO-coated Co NPs were dispersed into 15 mL n-

hexane. 200 µL initiator in 1 mL dichloromethane was dropped into the NPs suspension while stirring. 

Precipitations appeared immediately and the suspension was kept stirring for 2 minutes in order to 

complete the ligand exchange. Then, NPs sedimentation was collected by a magnet and solvent was 

removed, the precipitated NPs could be easily dispersed into DMF. To purify NPs, toluene was added to 

flocculate the NPs in DMF suspension and NPs were collected by a magnet. The particles were either 
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redispersed into DMF for the polymerization or allowed to dry under vacuum for 2 days for 

characterization. 

3.2.5 SI-ATRP of NIPAM from initiator-coated Co NPs 

15 mg initiator capped Co NPs were dispersed into 6 mL DMF and 2 mL isopropanol in a 25 mL Schlenk 

flask. Then, NIPAM (4.52 g, 40 mmol), Me6TREN (267 µL, 1 mmol) and 4 µL ethyl α-bromoisobutyrate 

were added into the flask. The mixture was degassed by three freeze-pump-thaw cycles, then CuCl (40 mg, 

0.4 mmol) was added at the frozen state under N2 flow. The system was subjected by another two freeze-

pump-thaw cycles, the dispersion was stirred at 40 °C for 18 h. Then, the flask was opened to air and an 

appropriate amount of diethyl ether was added into the mixture, Co NPs-g-PNIPAM were collected by a 

magnet and purified by washing twice with CH2Cl2. The resulting Co NPs-g-PNIPAM were dispersed into 

water by slight sonication. 

To estimate the molecular weight and molecular weight distribution of the grafted PNIPAM, 1 mL of the 

reaction mixture was diluted by adding 15 mL dichloromethane and passed through a neutral Al2O3 plug 

to remove the copper catalyst and Co NPs-g-PNIPAM. The polymer solution was concentrated and 

precipitated into diethyl ether (30 mL) twice to remove monomers, followed by drying in vacuum to yield 

a white powder for GPC and MALDI-ToF analysis. 

3.2.6 Instruments 

Fourier transform infrared (FT-IR) spectra were measured on Thermonicolet Nexus 470 (spectral 

resolution 0.125 cm
−1

), sampling with attenuated total reflection (ATR) technique. The peak fitting was 

conducted in Origin 9.1 software. 

TEM images were obtained by FEI Tecnai F20-ST Transmission Electron Microscopy operated at 200 

kV. The samples were prepared by drop-casting a NPs suspension onto the carbon-coated copper grid, 

followed by drying in air. The size of OA- and TOPO-coated Co NPs was estimated by ImageJ software. 

Thermogravimetric analyses (TGA) were conducted on a TA Instruments Q500. All samples were 

measured from 25 °C to 800 °C under a nitrogen atmosphere with a heating rate of 10 °C/min. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using an AXIS165 instrument 

(Kratos Analytical, UK). Monochromatic Al K (alpha) radiation (300 W) was used for excitation. The 

instrument was run in electrostatic mode and thermal electrons from a filament were used to neutralize the 

sample charges. CASA-XPS software (2.3.16) was used for data processing. All quantification was carried 

out after subtracting a Shirley background and Gaussian-Lorentzian functions (30 % Lorentz) were used 

for peak fitting. 

Dynamic light scattering (DLS) was conducted on a Malvern Zetasizer Nano ZS from Malvern 

Instruments. The temperature was varied at the rate of 0.1 °C per min. Assuming Mark-Houwink 

parameters to be A = 0.428 and B = 7.67 ⋅ 10
-5

, 173° backscattering was analyzed with equilibration time 

of 120 s. Multi-parameter analysis was performed on an average of three runs for every data point. 
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The magnetic properties of Co NPs were measured by Dr. Konrad Siemensmeyer using a SQUID 

magnetometer (MPMS 3, by Quantum Design) at the Quantum Materials Core Lab at the Helmholtz 

Zentrum Berlin. The magnetic behavior of Co NPs was measured in field cooling (FC) and zero-field 

cooling (ZFC) modes from 5 K to 390 K under an applied field of 50 mTesla. Magnetization curves were 

obtained under the fields from 0 - 2 Tesla. The magnetic data were normalized from the sample mass of 

Co atoms. 

Gel permeation chromatography (GPC) was performed using DMF with LiBr (1 mg/mL) as eluent, a flow 

rate of 1.0 ml/min, a high pressure liquid chromatography pump (Bischoff HPLC Compact pump) and a 

RI detector (Jasco RI- 2031 plus). Calibration was achieved using polystyrene standards. Results were 

evaluated using WinGPC Unity software. 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectra were collected on a 

337 nm Bruker microflex spectrometer with pulsed ion extraction. The masses were determined in 

positive ion linear mode. The sample solutions were applied on a ground steel target using the dried 

droplet technique. Millipore water: acetonitrile 7:3 with 0.1% trifluoroacetic acid was used as solvent for 

PNIPAM (5 mg/ml), matrix α-cyano-4-hydroxycinnamic acid (10 mg/mL), and sodium trifluoroacetate 

(13.6 mg/mL). Sample, matrix and salt solutions were mixed in 5:20:1 ratio and 2 µl of the mixture 

applied on the target.  

Proton nuclear magnetic resonance (
1
H-NMR) spectra were measured on a Varian INOVA 500 

spectrometer from Barian Inc at 500 MHz. All samples were prepared in deuterated chloroform (CDCl3, 

99.8%). All spectra were referenced to the signal of non-deuterated solvent molecules relative to 

tetramethylsilane = 0 ppm. 

 

3.3 Results and Discussion  

3.3.1 Synthesis and characterization of OA- and TOPO-coated Co NPs 

OA- and TOPO-coated Co NPs were prepared by thermal decomposition of octacarbonyldicobalt in 1,2-

dichlorobenzene under reflux with OA and TOPO as stabilizers.
49

 The size and morphology of oleic acid- 

and TOPO-coated Co NPs was characterized by TEM. Figure 3.1a and 3.1b show a narrow size 

distribution and spherical shape of as-prepared Co NPs. The average diameter is about 8.8 nm (with the 

variation of 0.56 nm). The critical diameter below which Co NPs become superparamagnetic is reported to 

be about 12 nm.
50

 The magnetic behavior of the Co NPs in this study was characterized by ZFC and FC 

magnetic curves (Figure 3.2A) and hysteresis loops (Figure 3.2B). At 300 K, no hysteresis appears 

verifying the expected superparamagnetic behavior of the synthesized Co NPs. The saturation 

magnetization of OA- and TOPO-coated Co NPs is about 72 emu/gCo, which is only half of the saturation 

magnetization of bulk Co (162 emu/g) at room temperature. The decrease of magnetization for the coated 

Co NPs compared to the bulk Co is probably due to a nonmagnetic surface layer from chemisorption of 

surfactants on each nanoparticles and/or a cobalt oxide surface layer.
51,52

 DLS measurements (Figure 3.3) 

showed that OA- and TOPO-coated Co NPs are well dispersed in n-hexane without aggregations. 
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Furthermore, FT-IR spectra of free TOPO, free OA, and OA- and TOPO-coated cobalt NPs are shown in 

Figure 3.4. The comparison of the spectra of the free surfactants (curve a and b) and OA- and TOPO-

coated NPs (curve c) shows distinct differences. The strong band at 1144 cm
-1

 ascribed to P=O (curve a) 

and the band at 1711 cm
-1

 corresponding to the carboxyl group of oleic acid (curve b) are absent in the 

spectrum of the NPs (curve c). Instead, a new band at 964 cm
-1

, which is ascribed to P–O stretching 

vibration, and two new bands at 1543 cm
-1

 and 1404 cm
-1

, which are the characteristic absorption bands of 

the asymmetric νas (COO
-
) and symmetric νs (COO

-
), appear. This reveals that oleic acid and TOPO are 

chemisorbed onto the Co NPs with the oxygen atoms coordinated to the cobalt atoms.
53,54

 

 

Figure 3.1 TEM images of Co NPs: (a, b) OA- and TOPO-coated Co NPs in n-hexane, (c, d) initiator-coated Co NPs 

in DMF and (e, f) Co NPs-g-PNIPAM in water.  

 

 

a b 

c d 

e f 
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Figure 3.2 (A) Temperature dependence of zero field cooled (blue) and field cooled (red) magnetization of 

superparamagnetic Co NPs, measured in applied field of 50 mT; (B) Field dependence of magnetization of OA- and 

TOPO-coated Co NPs at 4 K and 300 K.  
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Figure 3.3 DLS measurements of OA- and TOPO-coated Co NPs in n-hexane (▲), initiator-coated Co NPs in DMF 

(●) and PNIPAM-g-Co NPs in water (■). 

 

Furthermore, X-ray photoelectron spectroscopy (XPS) was used to examine the surface composition of 

oleic acid- and TOPO-coated cobalt nanoparticles. Figure 3.5 shows the XPS survey profile, the obtained 

binding energy of O1s is 531.9 eV, which is ascribed to OA and TOPO binding to the surface of Co NPs 

(curve a). Figure 3.6A shows the C1s spectra; the peak at 285.0 eV in curve a is the binding energy of C 

atoms which have bonds to carbon in OA and TOPO, and three peaks at 285.9 eV, 286.7 eV and 288.8 eV 

are associated with the C atom in C-O, O-C-O, O-C=O groups in the carboxylate group (COO
-
), 

respectively. No C1s peak of carboxylic carbon (COOH) appeared in this spectrum, indicating that there is 

no free OA on the coated Co NPs.
55–57

 Figure 3.7A shows the binding energy peaks of Co 2p of NPs, the 

peak at 778.2 eV corresponds to metal Co atoms, while the binding energies of 780.8 eV and 797.2 eV 

imply Co–O bond formation of carboxylate and phosphorus with cobalt atoms
53

 and/or a cobalt oxide 

layer.
51,52
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Figure 3.4 FT-IR spectra of (a) TOPO, (b) oleic acid, (c) OA- and TOPO-coated Co NPs, (d) initiator-coated Co 

NPs and (e) Co NPs-g-PNIPAM. 
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Figure 3.5 XPS survey spectra: (a) OA- and TOPO-coated Co NPs, (b) initiator-coated Co NPs and (c) Co NPs-g-

PNIPAM.  

 

Figure 3.6 XPS spectra: (A) C1s spectra: (a) OA- and TOPO-coated Co NPs, (b) initiator-coated Co NPs and (c) Co 

NPs-g-PNIPAM; (B) N1s spectra: (a) initiator-coated Co NPs and (b) Co NPs-g-PNIPAM. 
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Figure 3.7 XPS spectra: (A) Co2p spectra of OA- and TOPO-coated Co NPs; (B) Br3d spectra of initiator-coated Co 

NPs. 

3.3.2 Synthesis of ATRP initiator 

In design of a functional ligand for Co NPs, both the binding properties to the NP surface as well as the 

initiating group for ATRP polymerization have to be considered. It is established that surfactants with 

functional groups -COOH, -NH2 and -PO have strong affinity to the surface of cobalt, since N, O and P 

can donate the lone-pair electrons to the empty d-orbitals of Co atoms.
58

 In this study, we chose a ligand 

containing a terminal amine group providing anchors binding to the surface of Co NPs. A 2-

bromopropionate group was chosen at the other side, serving as the ATRP initiator functionality. Scheme 

3.1 gives an overview of the synthesis of ATRP initiator. The amine group of 2-(2-aminoethoxy) ethanol 

was protected with tert-butyloxycarbonyl (Boc) at first. After reaction of 1 with BIBB, the protection 

group was removed by using trifluoroacetic acid. Compound 3 was deprotonated with aqueous NaHCO3 

to obtain the functional initiator 4 which was used immediately for the ligand exchange process.  

 

Scheme 3.1. Synthesis route for functional initiator 4. 
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Figure 3.8 
1
H-NMR spectrum of 1 in CDCl3. 

 

 

 

 

Figure 3.9 
1
H-NMR spectrum of 2 in CDCl3. 
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Figure 3.10 
1
H-NMR spectrum of 3 in CDCl3. 

 

 

 

 

Figure 3.11 
1
H-NMR spectrum of 4 in CDCl3. 
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Figure 3.12 
13

C-NMR spectrum of 4 in CDCl3. 

3.3.3 Ligand exchange with functional initiator 

Surface modification is a very important method to change the surface properties of NPs prepared from 

hydrophobic solution synthesis. In order to functionalize OA- and TOPO-coated Co NPs, ligand exchange 

was performed in n-hexane with ATRP initiator 4 solubilized in dichloromethane. As 4 is not well soluble 

in n-hexane, Co NPs should precipitate from n-hexane after ligand exchange. This process is inspired by 

the work from Dong and Murray.
59

 Upon the addition of initiator, precipitation was observed immediately 

as shown in Figure 3.13A. Thereafter, the functionalized NPs can be easily dispersed into DMF and then 

purified from DMF/toluene by use of a magnet (Figure 3.13B). Before ligand exchange, Co NPs can only 

be dispersed into nonpolar solvents such as n-hexane, toluene, dichlorobenzene, etc. However, after ligand 

exchange, Co NPs can be dispersed into polar solvent like DMF. TEM images (Figure 3.1c, 3.1d) show 

that after ligand exchange, the particles are well dispersed in DMF without any aggregate formation. 

Meanwhile, DLS measurement shows that there is no distinct change in their size before and after the 

ligand exchange (Figure 3.3).  

 

Figure 3.13 (A) Illustration of ligand exchange and altered surface properties of Co NPs; (B) Illustration of 

purification of Co NPs from DMF/toluene after ligand exchange. The NPs stick to the magnet nearby.  
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Furthermore, FTIR spectra clearly show different absorption bands before and after ligand exchange. 

After ligand exchange (Figure 3.4 curve d), the band corresponding to P–O stretching vibration 

disappeared, instead, a new characteristic band at 1730 cm
-1

 is ascribed to the carbonyl group from the 

attached initiators on the surface of the cobalt nanoparticles. However, a very weak absorption band of 

COO
-
 can still be found, which indicates that OA is not completely replaced by the initiator, and that OA 

has a stronger binding to Co than TOPO. In addition, XPS spectra also demonstrate the successful ligand 

exchange. As shown in Figure 3.5 (curve b), new characteristic peaks of N1s at 399.4 eV and Br3d at 68.4 

eV appear. The observed binding energy of 288.5 eV belongs to the carbon atom in carbonyl group of the 

functional ligand (Figure 3.6A, curve b). The binding energy of N1s at 399.7 eV is ascribed to N-C and N-

H of the initiator confirming the presence of the ligand with ATRP initiator (Figure 3.6B, curve a). It is 

worth mentioning that the peaks at 292.0 eV and 688.9 eV, are ascribed to C atoms in CF2 groups and 

fluorine, respectively, of the PTFE substrate holder used for XPS measurements. 

3.3.4 Calculation of grafting density of initiator 

Generally, thermogravimetric analysis (TGA) is a widely used technique to evaluate the organic content 

on the surface of NPs.
60–62 

The grafting density of initiator on the nanoparticle surface was calculated 

according to TGA. The equation for calculation of the grafting density of initiator on the surface of cobalt 

nanoparticles (φ) is shown below: 

φ = 
 𝑁(𝑜𝑟𝑔)

 𝑁(𝑁𝑃𝑠) 𝑆(𝑁𝑃𝑠)
  = 

𝑊(𝑜𝑟𝑔)𝑁𝐴𝑅 𝜌

 3 𝑀(𝑜𝑟𝑔) 𝑊(𝑁𝑃𝑠)
 

Here, 𝑊(𝑜𝑟𝑔)  and 𝑊(𝑁𝑃𝑠)  present the weight loss percentage of initiator or polymer and the weight 

percentage of Co NPs,  𝑁(𝑜𝑟𝑔)  and  𝑁(𝑁𝑃𝑠)  present the number of initiator or polymer and Co NPs 

respectively, 𝑆(𝑁𝑃𝑠) is the total surface area of NPs, ρ is the density of Co NPs (8.9 g/ cm
3
), NA is the 

Avogadro’s number, R is the radius of Co NPs (4.4 nm by TEM analysis), and 𝑀(𝑜𝑟𝑔) is the molecular 

weight of initiator or polymer. 

TGA overview shows weight loss as a function of temperature for Co NPs with different ligands or 

grafted polymers as well as for free PNIPAM (Figure 3.14). Figure 3.14a shows the TGA profile of OA- 

and TOPO-coated Co NPs. The weight loss of about 3% below 200 °C is attributed to removal of 

adsorbed solvent.
63–65

 Two significant weight loss stages of 28 % in total which are observed between 

230–500 °C are attributed to the decomposition of OA and TOPO attached to the surface of Co NPs. 

Figure 3.14b shows the TGA profile after ligand exchange. The initial weight loss of about 3 % is equally 

explained by adsorbed solvent. The weight loss of about 9 % in the temperature range of 120–220 °C can 

be ascribed to the decomposition of functional initiator on the surface. The weight loss of about 5 % in the 

temperature range of 280–360 °C is probably due to the small amount of OA remaining on the surface of 

Co NPs, which is in accordance with the FT-IR measurement. Therefore, with 𝑊(𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟) = 9 % and 

𝑊(𝑁𝑃𝑠) = 68 %, we calculated the grafting density to 3.2 initiator / nm
2
. 
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Figure 3.14 TGA analysis of Co NPs: (a) OA- and TOPO-coated Co NPs, (b) initiator-coated Co NPs, (c) Co NPs-g-

PNIPAM and (d) free PNIPAM from sacrificial initiator.  

Figure 3.15 TGA analysis of Co NPs: (a) OA- and TOPO-coated Co NPs, (b) initiator-coated Co NPs. The black 

lines indicate the percent weight as a function of temperature and the weight loss derivative was is shown in blue.  

3.3.5 Synthesis of Co NPs-g-PNIPAM via surface-initiated ATRP 

Atom transfer radical polymerization (ATRP) is one of the most researched controlled radical 

polymerizations.
28,66–68

 So far, NIPAM has been successfully polymerized via ATRP in organic solvents, 

pure water or mixtures of organic solvent and water.
69,70

 Herein, surface-initiated ATRP of NIPAM was 

conducted in DMF/isopropanol (3/1) mixture according to the solubility of initiator-coated Co NPs and 

PNIPAM chains. CuCl/Me6TREN was added as catalyst system. A CuCl-based catalyst was chosen to 

form a distinct amount of less active chloride-terminated dormant species by halogen exchange with 

bromide of the initiator. This allows a combination of the high initiation efficiency of the bromide initiator 

with a low propagation rate which renders the polymerization process more controlled.
67,71–73

 Free 

sacrificial initiator ethyl α-bromoisobutyrate was added for the rapid accumulation of an appropriate 

amount of Cu
II
 through the termination of polymer radical at early stage of polymerization. The Cu

II
 



56 

 

species can control the polymerization with persistent radical effect by accelerating the deactivation 

process and suppressing further termination reaction. Meanwhile, free polymers formed by free initiator in 

solution can entangle the nanoparticles and reduce the diffusion of nanoparticles, thus the termination 

reactions between nanoparticles can be prevented.
74

 The polymerization was conducted at 40 °C. 

Subsequently, because Co NPs-g-PNIPAM dispersed very well in DMF and isopropanol, diethyl ether 

was added to flocculate the NPs and they could be easily collected by a magnet for their purification. After 

Co NPs-g-PNIPAM were dispersed into water, we first characterized them by TEM. As shown in Figure 

3.1e and 3.1f, no obvious aggregation occurred. The dispersion was stable without aggregation for at least 

one week. The FTIR spectrum of the grafted NPs shows the characteristic vibration bands of PNIPAM, 

the band at 1642 cm
-1

 represents the amide I band (C=O), and the amide II band (N–H) at 1540 cm
-1

 

appears as well (Figure 3.4e). Meanwhile, the asymmetric vibration of two methyl groups of isopropyl 

moiety is observed at 1466 cm
-1

 and 1457 cm
-1

, and the symmetric vibration of the two methyl groups 

appears at 1381 cm
-1 

and 1364 cm
-1

. Furthermore, the characteristic peaks at 286.0 eV and 287.8 eV in the 

C1s XPS spectrum in Figure 3.6A (curve c) are ascribed to C–N and N–C=O bonds, respectively. The 

binding energy of N1s at 399.5 eV originates from N-C/N-H and N-C=O (Figure 3.6B, curve b), which 

further confirms the proceeded polymerization. Due to the PNIPAM layer on the surface of cobalt 

nanoparticles which may shield the cobalt cores beyond the depth of XPS probing, the signal of cobalt is 

almost invisible (curve c in Figure 3.5). 

The molecular weight and molecular weight distribution of the grafted polymer can be estimated by 

analysis of free polymer chains from the addition of sacrificial initiator.
31,75–77

 Using a polystyrene 

standard, the GPC analysis gives Mn,GPC and polydispersity index (PDI) of PNIPAM as 16 800 g/mol and 

1.41, respectively (Figure 3.16A). However, the MALDI-ToF mass spectrum displays the molecular 

weight (Mn,MALDI) of free PNIPAM around 3750 Da (Figure 3.16B). This pronounced difference between 

Mn,GPC and Mn,MALDI could arise from the GPC calibration using PSt. Since PSt and PNIPAM have 

different hydrodynamic radii in the same eluent, they show different molecular weights in the same 

elution volume.
68,76

 Hence, the Mn,GPC of PNIPAM calculated using polystyrene as standard calibration is a 

relative value, and the more realistic molecular weight of PNIPAM is obtained with about 3750 Da from 

MALDI-ToF measurement.
73,78

  

Additionally, TGA analyses of free PNIPAM and Co NPs-g-PNIPAM were studied (Figure 3.14). The 

initial weight loss of below 200 °C is explained by adsorbed solvent. The weight loss at the temperature 

range of 300–450 °C corresponds to the decomposition of surface grafted PNIPAM (Figure 3.17a) and 

pure PNIPAM (Figure 3.17b). The weight loss of grafted PNIPAM at the surface of Co NPs is about 50 

%. Hence, with 𝑊(𝑁𝑃𝑠) = 32 %, the grafting density of PNIPAM was calculated as 1.3 chains/nm
2
 with an 

initiation efficiency of 0.4. 
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Figure 3.16 (A) GPC curve of free PNIPAM obtained from sacrificial initiator; (B) MALDI-ToF mass spectrum of 

free PNIPAM obtained from sacrificial initiator. 

 

Figure 3.17 TGA analysis: (a) Co NPs-g-PNIPAM, (b) free PNIPAM from sacrificial initiator. The black lines 

indicate the percent weight as a function of temperature and the weight loss derivative is shown in blue.  

3.3.6 Thermo-responsive behavior of Co NPs-g-PNIPAM  

After polymerization of NIPAM on the surface of Co NPs, the nanocomposites are well dispersed into 

water (Figure 3.1 and Figure 3.3). As is well known, the LCST of pure PNIPAM is around 32 °C. By 

increasing the temperature, the conformation of PNIPAM changes from swollen state (T < LCST) to 

shrunken state (T > LCST). Therefore, the hydrodynamic diameter of the PNIPAM-coated nanoparticles 

was studied in the temperature range from 25 °C to 45 °C by DLS. Both increase and decrease of 

hydrodynamic size upon heating above the phase transition temperature was reported for PNIPAM-coated 

nanoparticles.
79–84

 PNIPAM-coated Co NPs showed aggregation upon heating as shown in Figure 3.18. By 

lowering the temperature, the formed aggregates at high temperature can be redispersed, which 

demonstrates that the aggregation behavior is reversible. During the cooling process, the rehydration of 

the polymer chains has to overcome the adhesion between the particles.
80

 Therefore, a hysteresis can be 

observed and the hydrodynamic diameter between 20–25 °C is slightly higher compared to the heating 

curve. TEM images from samples prepared at 45 °C also showed the aggregation behavior (Figure 3.19). 

It was reported that NPs with high polymer grafting density tend to show shrinkage rather than 

aggregation upon heating above their LCST, but those with low grafting density are more likely to 
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colloidally aggregate.
85

 This is an indication that the grafting density of the Co NPs-g-PNIPAM is rather 

low.  

 

 

Figure 3.18 DLS measurement of hydrodynamic diameter as a function of temperature. 

 

 

 

Figure 3.19 TEM images of Co NPs-g-PNIPAM prepared at 45 °C which causes aggregation. 

 

3.4 Conclusions 

In summary, SI-ATRP of NIPAM was performed on the surface of superparamagnetic cobalt 

nanoparticles to fabricate thermo-responsive cobalt-polymer nanocomposites. A facile and rapid ligand-

exchange process was obtained to modify the surface of Co NPs with SI-ATRP initiator. The as-prepared 

Co NPs-g-PNIPAM nanocomposites were dispersable in water without aggregation and the grafting 

density of polymer was calculated to 1.3 chains/nm
2
 from TGA analysis. The hybrid particles are 

responsive to temperature and showed aggregation behavior by increasing temperature above the phase 

temperature 
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transition. The combination of superparamagnetic and thermo-responsive hybrid core-shell nanoparticles 

has great potential in biological applications. 
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4 Magnetic-Field-Induced Assembly of Superparamagnetic Cobalt 

Nanoparticles  

 

In this chapter, the magnetic-field-induced assembly of superparamagnetic cobalt nanoparticles both on 

solid substrates and at liquid-air interfaces was investigated. Oleic acid- and trioctylphosphine oxide-

coated superparamagnetic Co NPs were synthesized via a thermolysis of cobalt carbonyl and dispersed 

into either hexane or toluene. The Co NP dispersion was dropped onto different substrates (e.g., TEM 

grid, silicon wafer) and at the liquid-air (water-air or ethylene glycol-air) interface. Transmission electron 

microscopy (TEM), scanning force microscopy (SFM), as well as scanning electron microscopy (SEM) 

showed that superparamagnetic Co NPs assembled into 1-D chains in an external magnetic field. By 

varying the concentration of the Co NP dispersion and the strength of the magnetic field, the morphology 

of the chains changed. In comparison, the assembly of Co NPs from hexane dispersion at ethylene glycol-

air interface showed the most regular and homogeneous alignment, since a more efficient spreading could 

be achieved on ethylene glycol than on water and substrates.  

 

4.1 Introduction 

Magnetic nanoparticles have attracted great attention due to their potential application in various fields, 

such as high-density data storage, magnetic energy storage, drug delivery, biological imaging and medical 

applications.
1–7

 For the electronics and magnetic switching, the ordering of magnetic nanoparticles plays 

an important role. In fact, understanding the assembly behavior of magnetic nanoparticles is essential to 

design the magnetic media, which would have much higher density data storage than that of the hard 

drives in computers. Thus, the investigation of assembly of magnetic nanoparticles is of great significance. 

Magnetic-field-induced assembly of magnetic nanoparticles provides a unique method for the assembly of 
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1-D, 2-D and 3-D superlattices. Due to the rapid response (within one second) and remote control, 

magnetic-field-induced assembly has been widely investigated.
8,9

  

Among the various types of magnetic NPs, superparamagnetic NPs are most suitable for reversible 

assembly.
10

 On the one hand, superparamagnetic NPs have a higher saturation magnetization compared 

with paramagnetic NPs, thus, they exhibit a stronger response to the applied magnetic field. On the other 

hand, their magnetic interaction can be controlled by an external magnetic field: when the magnetic field 

is applied, they are aligned in the direction of the external magnetic field, after removal of the magnetic 

field, no magnetization remains and they are disassembled.
11,12

  

The 1-D chain structures are the result of dipole-dipole interaction between the superparamagnetic NPs. 

When superparamagnetic NPs are under an external magnetic field, they are magnetized. The magnetic 

dipole moment of superparamagnetic NPs, when the magnetic field is low, can be calculated with the 

formula: m = χVH, where χ is the particle’s volume susceptibility, V is the particle’s volume and H is the 

magnetic field.
13,14

 When the external magnetic field is strong enough, the magnetic moments of NPs 

reach a saturation value. The induced magnetic field of one particle can affect any surrounding particle, 

and the dipole-dipole interaction with the second particle depends on the angle of the connecting line 

between the center of these two particles and the direction of the applied magnetic field.
13,15,16

 When the 

angle is in the range of 0° to 54.09°, they attract each other, and when the angle is between 54.09° to 90°, 

repulsive interaction dominates. Thus, 1-D chain structures are formed due to the attractive dipolar 

interaction.
13,14

  

The magnetic-field-induced assembly can be conducted by deposition of a magnetic nanoparticle 

dispersion either on substrates or at liquid-air interfaces. Numerous studies about the magnetic-field-

induced assembly of magnetic NPs into 1-D superlattices have been reported.
17–22

 The influence of the 

strength of the external magnetic field and the concentration of the NP dispersion on the magnetic 

assembly behavior have also been investigated on substrates.
19,20,23

 Cobalt bulk material has a relatively 

high saturation magnetization (161 emu/g), compared with magnetite (92 emu/g), which is an ideal 

material for the application in the high density data storage.
24,25

 Thus, the investigation of magnetic-field-

induced assembly of Co NPs is of great significance. However, the magnetic-field-induced assembly of 

superparamagnetic Co NPs at liquid-air interface by varying parameters (e.g., strength of the applied 

magnetic field, concentration of Co NP dispersion) has never been reported. Herein, the assembly 

behavior of pre-synthesized OA- and TOPO-coated superparamagnetic Co NPs was investigated under the 

applied magnetic field at ethylene glycol-air interface by varying the concentration of Co NP dispersion 

and the strength of the magnetic field. For comparison, the magnetic-field-induced assembly behavior of 

superparamagnetic Co NPs on substrates and at the water-air interface was also investigated. 

 

4.2 Experimental Section 
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4.2.1 Materials 

N-hexane (95%) and ethanol (99.5%) were purchased from Th. Geyer; acetonitrile (HPLC grade) was 

purchased from VWR. Ethylene glycol (99.5%) was purchased from Carl Roth. Anhydrous 1,2-

dichlorobenzene (DCB, 99%), cobalt carbonyl Co2(CO)8 containing 1-5% n-hexane as a stabilizer, oleic 

acid (OA, 99%) and trioctylphosphine oxide (TOPO, 90%) were purchased from Sigma Aldrich. All the 

chemicals were used as received without further purification. Neodymium magnets N45 (45×45×6 mm) 

were obtained from an online company, MagnetMax. Silica wafers were washed by a standard RCA 

(Radio Corporation of America) cleaning procedure.
26

  

4.2.2 Synthesis of Co NPs 

OA- and TOPO-coated Co NPs with size around 9 nm were prepared according to the literature.
27

 In brief, 

100 mg TOPO and 0.1 mL OA were dissolved in 15 mL degassed anhydrous DCB. 540 mg Co2(CO)8 in 3 

mL of DCB was rapidly injected in the mixture at the reflux temperature of 182 °C. After 15 min, the 

temperature was reduced to 140 °C, and the reaction mixture stirred for another 15 min. The mixture was 

allowed to cool to the room temperature. The nanoparticle suspension was collected and precipitated into 

ethanol. The sedimentations were collected by centrifugation, and dispersed in n-hexane or toluene with 

concentrations ranging from 1–5 mg/mL for the investigation of magnetic-field-induced assembly. 

4.2.3 Magnetic-field-induced assembly procedure 

4.2.3.1 Magnetic-field-induced assembly on substrates by drop-casting 

A clean silicon wafer (1×1 cm) or carbon-coated TEM grid was placed between two neodymium magnets. 

The distance between the two magnets was adjusted to 6.8 cm, 10.5 cm and 21 cm. OA- and TOPO-

coated Co NPs were dispersed in toluene at different concentration of 1 mg/mL, 2.5 mg/mL and 5 mg/mL. 

10 μL or 4 μL of the dispersion was dropped on the silicon wafer or TEM grid. The system was covered 

with a cap and left for 20 min until toluene was completely evaporated.  

 

4.2.3.2 Magnetic-field-induced assembly at water-air interface 

A glass beaker (diameter ≈ 4.5 cm, height ≈ 7.0 cm) was filled with MilliQ-grade water and was placed 

between two neodymium magnets until the water surface height reaches the middle of the magnets. The 

distance between the two magnets was adjusted to 10.5 cm. Co NPs were dispersed in toluene at different 

concentration of 1 mg/mL and 5 mg/mL. 15 μL of Co NP dispersion in toluene was carefully dropped on 

the water surface. The system was left for 3 h until toluene was completely evaporated. The film was 

carefully transferred onto the substrates by placing a silicon wafer under the film, followed by lifting up 

and drying in air. 

 

4.2.3.3 Magnetic-field-induced assembly at ethylene glycol-air interface 

A small Teflon well (diameter ≈ 2 cm, height ≈ 1.8 cm) was half-filled with ethylene glycol and was 

placed between two neodymium magnets. The distance between the two magnets was adjusted to 6.8 cm, 

10.5 cm and 21 cm. OA- and TOPO-coated Co NPs were dispersed in n-hexane at different concentration 
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of 1 mg/mL, 2.5 mg/mL and 5 mg/mL. 15 μL of the dispersion was carefully dropped on the ethylene 

glycol surface. The system was left for 20 min until hexane was completely evaporated. Afterwards, 500 

μL acetonitrile was added carefully along the wall of the Teflon well, so that the film was transferred from 

the ethylene glycol-air interface to the acetonitrile-air interface. Finally, the film was transferred onto 

substrates by placing a silicon wafer or a TEM grid under the floating film, followed by lifting up and 

drying in air.  

4.2.4 Instruments 

Transmission electron microscopy (TEM) characterization was performed by FEI Titan 80-300 

microscope operated at 300 kV. The samples were prepared by drop-casting a NP suspension onto a 

carbon-coated copper grid under magnetic field or transferring a film by gently placing a grid under the 

film and lifting up, followed by drying in air. The size of OA- and TOPO-coated Co NPs was estimated by 

ImageJ software. 

Scanning electron microscopy (SEM) images were obtained by JSM6330F from JOEL operated at the 

voltage of 5 kV and current of 12 μA. Samples were sputtered with platinum at a thickness of 4 nm. 

Scanning force microscopy (SFM) images were obtained by Bruker Dimension Icon with Tapping Mode 

and OTESPA tip (k = 42 N/m, fo = 300 kHz). The analysis and processing of the images were done by 

Nanoscope Analysis (Version 1.5).  

 

4.3 Results and Discussion 

4.3.1 Synthesis of OA- and TOPO-coated Co NPs 

OA- and TOPO-coated Co NPs were synthesized by thermal decomposition of cobalt carbonyl in 1,2-

dichlorobenzene under reflux with OA and TOPO as stabilizers.
27

 The size and morphology of oleic acid- 

and TOPO-coated Co NPs was characterized by TEM. Figure 4.1a and 4.1b show a narrow size 

distribution and spherical shape of as-prepared Co NPs. The average diameter is about 9.0 nm (with the 

variation of 0.64 nm). 

 

Figure 4.1 TEM images of OA- and TOPO-coated Co NPs in 1,2-dichlorobenzene. 
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4.3.2 Effect of concentration under the fixed applied magnetic field 

When an external magnetic field is applied to superparamagnetic nanoparticles, the induced magnetic 

dipoles in a nanoparticle can interact with the surrounding particles, which is the so-called dipole-dipole 

interaction. Due to the gradient of magnetic field, the induced magnetic dipoles can also interact with the 

applied magnetic field, which is called dipole-field force, or the packing force. The packing force drives 

the magnetic nanoparticles to the area with strongest magnetic field, which leads to redistribution of 

NPs, and hence change the local NP concentrations during the magnetic NPs assembly.
28–30

 Furthermore, 

the strength of the applied magnetic field can determine the induced moment in NPs, which affects the 

NP-NP interaction. Thus, the concentration of the nanoparticles and the applied magnetic field are very 

important factors which influence the assembly behavior of magnetic nanoparticles. At first, with fixed 

magnetic field strength, we used three different initial concentrations for the assembly process. 

 

4.3.2.1 Magnetic-field-induced assembly on substrates by drop-casting 

The as-prepared OA- and TOPO-coated Co NPs were dispersed in toluene and dropped onto different 

substrates, silicon wafer and TEM grid, in presence of an external magnetic field, as visualized in Figure 

4.2. For the drop-casting method, the slow evaporation of the solvent plays an important role in the self-

assembly into well-ordered structures. Thus a carrier solvent with high boiling-point like n-octane or 

toluene was used. Furthermore, the evaporation under a relatively high degree of solvent saturation 

atmosphere is also helpful to obtain a uniform film on the substrates. In view of low boiling point of n-

hexane, toluene was chosen as the solvent to disperse Co NPs. At first, two magnets with the distance of 

10.5 cm were fixed on a table, then, a silica wafer or a TEM grid was placed between the two magnets. 

The strength of the magentic field was calculated as 22 mT.
31

 A Co NP dispersion with a concentration of 

5 mg/mL or 1 mg/mL, respectively, was dropped onto the substrates, and the carrier solvent was allowed 

to evaporate. By varying the concentration of the Co NP dispersion, a different assembly behavior under 

the magnetic field was observed. Figure 4.3 and Figure 4.4 show the characterization of the resulting 

structures with SFM and TEM, respectively, when using a concentration of 5 mg/mL. All the images show 

that the Co NPs aligned in the direction of the applied magnetic field. Figure 4.3a shows that the 1-D 

chains are straight and closely distributed. However, the height of these chains varied (as shown in Figure 

4.3b and Figure 4.3c), which indicated that the assembly was inhomogeneous. TEM characterization 

showed the close-packed Co NPs alignment (Figure 4.4). When the concentration of the Co NP dispersion 

was reduced to 1 mg/mL, the nanoparticles also assembled into 1-D chains. However, the length and the 

height of these chains decreased. In comparison of Figure 4.4 and Figure 4.5, multi-layers were formed at 

higher concentration, while monolayers and double layers were obtained at lower concentration. This can 

be explained by the fact that higher concentration allows high fraction of short dipolar chains, which will 

result in longer and thicker chains under applied magnetic field. This is in agreement with simulations 

conducted by other groups before.
32,33
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Figure 4.2 Illustration of magnetic-field-induced assembly of Co NPs on substrates.  

 

 

Figure 4.3 Magnetic-field-induced assembly of OA- and TOPO-coatedd Co NPs (5 mg/mL in toluene) by drop-

casting on substrates: (a) SFM optical microscope image (the red color in the picture is the scattering from the laser 

of the SFM); (b, c) SMF height images of different areas in (a). The strength of the applied magnetic field is 22 mT 

and the direction of the magnetic field is indicated by the white arrow. 

 

 
 

Figure 4.4 TEM images at different magnification of magnetic-field-induced assembly of OA- and TOPO-coated Co 

NPs (5 mg/mL in toluene) on a TEM grid. The strength of the applied magnetic field is 22 mT and the direction of 

the magnetic field is indicated by the white arrow. 
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Figure 4.5 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (1 mg/mL in toluene) on substrates: 

(a) SFM optical microscope image; (b) SFM height image; (c, d) TEM images at different magnifications. The 

strength of the applied magnetic field is 22 mT and the direction of the magnetic field is indicated by the white 

arrow. 

 

4.3.2.2 Magnetic-field-induced assembly at water-air interface 

In general, the assembly of nanoparticles at the water-air interface is conducted through the Langmuir 

technique, and a monolayer of nanoparticles can be obtained under certain conditions.
34–37

 Such a 

monolayer can be transferred to various substrates (e.g. TEM grids, silica wafer, highly oriented pyrolytic 

graphite (HOPG)). Within this thesis, the experiments for the magnetic-field-induced assembly at the 

water-air interface were conducted by simply dropping the Co NP dispersion carefully on the water 

surface. Due to the large difference in polarity between water and hexane, NPs dispersed in hexane could 

not spread well on the water surface (Figure 4.6a). However, NPs in toluene provided a uniform 

distribution on the water surface, as shown in Figure 4.6b. Thus, toluene, instead of hexane, was used as 

the carrier solvent (Figure 4.6). As illustrated in Figure 4.7, two magnets with the distance of 10.5 cm 

were fixed on a table and a glass beaker filled with water was then placed between the two magnets. The 

magnetic field was calculatled as 22 mT.
31

 Co NPs dispersed in toluene with a concentration of 5 mg/mL 

were carefully dropped onto the water surface. After the evaporation of toluene, the NP assemblies were 

transferred on a silicon wafer by dipping a silicon wafer under the floating film, followed by slowly lifting 

up. As shown in Figure 4.8a, the NPs formed very thick chains in the direction of the applied magnetic 
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field. When using the lower concentration of 1 mg/mL, much thinner chains were obtained, which is in 

agreement with the observed assembly on substrates in the external magnetic field (chapter 4.3.2.1). 

However, the films formed on water surface were discontinuous. Thus, a large area of the film is difficult 

to obtain by this method. 

 

 

Figure 4.6 TEM images after assembly of Co NPs assembly at the water-air interface without an external magnetic 

field and transfer to a TEM grid; the concentration of the Co NP dispersion was 1 mg/mL: (a) Co NPs dispersed in n-

hexane; (b) Co NPs dispersed in toluene. 

 
 

Figure 4.7 Illustration the procedure of magnetic-field-induced assembly of the Co NPs at water-air interface. 
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Figure 4.8 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs at the water-air interface: (a) SFM 

optical microscope image of 5 mg/mL Co NP dispersion in toluene; (b, c) 1 mg/mL Co NPs dispersion in toluene: 

SFM optical microscope image (b) and SFM height image (c).The strength of the applied magnetic field is 22 mT 

and the direction of the magnetic field is indicated by the white arrow. 

 

4.3.2.3 Magnetic-field-induced assembly at ethylene glycol-air interface 

Glycol, in comparison with water, has a lower polarity. The static relative dielectric constant for water is 

80.10, while it is only 41.40 for ethylene glycol and 31.82 for diethylene glycol.
38

 Since the as-synthesized 

nanoparticles were coated with hydrophobic ligands, like oleic acid, oleylamine or TOPO, it is difficult to 

achieve a well spreading film on the water surface. Thus, ethylene glycol is more suitable as subphase for 

assembly of hydrophobic NPs compared with water. Since Majetich’s group and Weller’s group used 

ethylene glycol and diethylene glycol as subphase in the Langmuir-Blodgett trough to obtain nanoparticle 

films,
38,39

 the assembly of nanoparticles at glycol-air interface has been widely researched.
40,41

 Dong et al. 

found that the solvent evaporation kinetics affected the growth of the film. By using a high boiling-point 

solvent like toluene led to random assembly of NPs.
40

 Thus, in the thesis, ethylene glycol was used as 

subphase, Co NPs were dispersed in hexane and dropped on the surface. As shown in Figure 4.7, a Teflon 

well half-filled with ethylene glycol was placed between the two magnets with the distance of 10.5 cm, 

and the magnetic field was calcuated as 22 mT.
31

 Co NPs dispersed in n-hexane were carefully dropped 

onto the liquid surface. The film was formed after the evaporation of hexane. Because of the high boiling-

point of ethylene glycol, it is very difficult to evaporate the residual ethylene glycol on substrates after 

transferring the film. Thus, acetonitrile was carefully added along the wall of the Teflon well, and the film 

was transferred from ethylene glycol-air interface to acetonitrile-air interface. A large area film was 

obtained by gently placing the substrates under the floating film, followed by lifting up. The film was 

allowed to dry in air. Figure 4.9a shows the formation of the film in a Teflon well and Figure 4.9b shows 

the film after transfer onto a silicon wafer. The assembly behavior of Co NPs with different concentration 

at ethylene glycol-air interface was investigated. Figure 4.10 shows the 1-D chains of Co NPs assembled 

under the applied magnetic field when using the lowest concentration (1 mg/mL). These chains were 

sparsely distributed and flexible compared to the assembly from a higher concentration (2.5 mg/mL) 

shown in Figure 4.11. Here, the formed 1-D chains were more closely and regular (Figure 4.11a–c). The 

crack in Figure 4.11c probably resulted from the film transfer or drying process, which can be obviously 
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observed in Figure 4.9b. 1-D chains of Co NPs superstructures can also be seen from TEM images (Figure 

4.11d and e). When the concentration was further increased up to 5 mg/mL, a more continuous film with 

almost full coverage of Co NPs was obtained (Figure 4.12). A large area of chains can be seen in the SEM 

image in Figure 4.12d. The formed 1-D chains are straight along the direction of the applied magnetic 

field (Figure 4.12). Thus, as conclusion from the results, the higher the concentration of the NP dispersion, 

the straighter are the 1-D chains. However, when the concentration of the Co NPs was less than 1 mg/mL, 

no chain structure was found. This was probably because the NPs were randomly distributed with a large 

distance between the individual particles which led to reduced interaction between the particles.
42

  

 

 

Figure 4.9 Illustration of the assembly of OA- and TOPO-coated Co NP films: (a) the formation of the film at 

ethylene glycol-air interface in a Teflon well; (b) after transferring the film to a silicon wafer by dipping the silicon 

wafer under the film, followed by lifting up.  

 

 

Figure 4.10 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (1 mg/mL in hexane) at ethylene 

glycol-air interface: (a) SFM optical microscope image (the red color in the picture is the scattering from the laser of 

the SFM); (b) SMF height image. The strength of the applied magnetic field is 22 mT and the direction of the 

magnetic field is indicated by the white arrow. 
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Figure 4.11 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (2.5 mg/mL in hexane) at ethylene 

glycol-air interface: (a) SFM optical microscope image (the red color in the picture is the scattering from the laser of 

the SFM); (b, c) SFM height images; (d, e) TEM images; (f) SEM image. The strength of the applied magnetic field 

is 22 mT and the direction of the magnetic field is indicated by the white arrow. 
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Figure 4.12 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (5 mg/mL in hexane) at ethylene 

glycol-air interface: (a) SFM optical microscope image; (b, c) SFM images: height (b) and phase image (c); (d, e) 

SEM images at different magnifications; (f) TEM image. The magnetic field strength is 22 mT and the direction of 

the external magnetic field is indicated by the white arrow. 

4.3.3 Effect of strength of magnetic field on the assembly of Co NPs at fixed concentration 

When superparamagnetic nanoparticles are exposed to an external applied field, their induced moments 

tend to align along the field direction. The alignment depends on the competition between magnetic 

interaction induced by the external magnetic field and the fluctuation caused by Néel rotation or Brownian 

rotation.
42

 Néel rotation can restructure the electronic spins and thus reorient the magnetic moment, and 

Brownian rotation refers to the rotation of the particle itself in dispersion.
43,44

 When the magnetic field is 

weak, the assembled chains are usually short and flexible due to the fluctuation of the induced moments. 

When the magnetic field increases, the induced moments of the magnetic nanoparticles become larger, 

and dominate over the fluctuation. Thus, the formed short chains connect to each other and become longer 

chains; and thicker chains can be obtained through chain-chain interaction. What’s more, the induced 

moments of the NPs tend to direct into one direction with increased magnetic field, hence the chains are 

straighter.
42

 Thus, the assembly behavior of Co NPs under different strength of the magnetic field was 

investigated. 

 

4.3.3.1 Magnetic-field-induced assembly on substrates by drop-casting 

As illustrated in Figure 4.7, the as-prepared OA- and TOPO-coated Co NPs were dispersed in toluene at a 

fixed concentration (2.5 mg/mL) and dropped on a silicon wafer. In contrast to the experiments in chapter 

4.3.2.1, not the concentration, but the magnetic field strength during the drop-casting was varied. The 
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distance of the two magnets was adjusted to 21 cm and 6.8 cm, hence, the magnetic field strength was 

calculated as 4 mT and 54 mT, respectively.
31

 Figure 4.13a and b show short and worm-like chains 

aligned along the weaker magnetic field of 4 mT, which resulted from the fluctuation of the induced 

moments of these NPs. However, when the magnetic field increased to 54 mT, the chains were long and 

straight. Thus, the morphology of the NP assemblies can be changed by varying the strength of the 

magnetic field. 

 
Figure 4.13 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (2.5 mg/mL in hexane) by drop 

casting on a silicon wafer: (a, b) the applied magnetic field strength is 4 mT: SFM optical microscope image (the red 

color in the picture is the scattering from the laser of the SFM) (a); SFM height image (b); (c , d) the applied 

magnetic field strength is 54 mT: SFM microscope image (the red color in the picture is the scattering from the laser 

of the SFM) (c); SFM height image (d). The direction of the external magnetic field is indicated by the white arrow. 

 

4.3.3.2 Magnetic-field-induced assembly at ethylene glycol-air interface 

Here, Co NPs were dispersed into hexane at 2.5 mg/mL, dropped on the ethylene glycol surface and 

transferred to Si-wafers in the same way like before in chapter 4.3.2.3. By changing the distance of the 

two magnets to 21 cm and 6.8 cm, where the magnetic field was 4 mT and 54 mT, respectively, the 

assembly behavior changed. Figure 4.14a, b and c show the 1-D chains of Co NPs with weaker magnetic 

field of 4 mT. These chains were thinner and flexible structures. When the magnetic field strength 

increased to 54 mT, the formed 1-D chains were thicker and straighter along the direction of the applied 

magnetic field (Figure 4.14d, e and f). Thus, the stronger magnetic field leads to thicker and straighter 1-D 
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chains, which was a similar result compared to the assembly by drop casting on substrates under different 

magnetic field. 

 
Figure 4.14 Magnetic-field-induced assembly of OA- and TOPO-coated Co NPs (2.5 mg/mL in hexane) at ethylene 

glycol-air interface: (a–c) the applied magnetic field strength is 4 mT: SFM optical microscope image (a); SMF 

height images (b and c); (d–f) the applied magnetic field strength is 54 mT: SFM optical microscope image (d); SFM 

height images (e and f). The direction of the external magnetic field is indicated by the white arrow. 

 

4.4 Conclusions 

In summary, monodisperse superparamagnetic OA- and TOPO-coated cobalt nanoparticles were 

synthesized. Well-defined Co NPs assemblies were formed under an external magnetic field by using 

various techniques, namely drop-casting on substrates, assembly at water-air interface and at ethylene 

glycol-air interface. By changing the concentration of the nanoparticle dispersion and the strength of the 

applied magnetic field, the assemblies exhibited different morphologies. TEM, SEM and SFM showed 

that the formed 1-D chains were shorter and flexible at either lower concentration of the Co NP dispersion 

or lower strength of the external magnetic field due to thermal fluctuation. However, by increasing the 

concentration of the NP dispersion or the strength of the applied magnetic field, these chains became 

longer, thicker and straighter. The magnetic-field-induced assembly of superparamagnetic nanoparticles 

provided a powerful approach for potential applications in electronic devices.  
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5 Synthesis of Polystyrene-Coated Superparamagnetic and 

Ferromagntic Cobalt Nanoparticles 

 

 

In this chapter, polystyrene-coated cobalt nanoparticles were synthesized through a dual-stage thermolysis 

of cobalt carbonyl (Co2(CO)8). The amine end-functionalized polystyrene surfactants with varying 

molecular weight were prepared via atom-transfer radical polymerization technique. By changing the 

concentration of these surfactants, Co NPs with different size, size distribution and magnetic properties 

were obtained. Transmission electron microscopy characterization showed that the size of cobalt 

nanoparticles stabilized with lower molecular weight polystyrene surfactants varied from 12–22 nm, while 

the size of Co NPs coated with polystyrene of middle and higher molecular weight showed little change 

around 20 nm. Magnetic measurements revealed that the small cobalt particles were superparamagnetic, 

while larger particles were ferromagnetic and self-assembled into 1-D chain structures. 

Thermogravimetric analysis revealed that the grafting density of polystyrene with lower molecular weight 

is higher than those with higher molecular weight. To the best of our knowledge, this is the first time to 

obtain both superparamagnetic and ferromagnetic Co NPs by changing the molecular weight and 

concentration of polystyrene through dual-stage decomposition method. 

 

5.1 Introduction 

Due to a variety of applications in biological imaging, therapeutic applications and magnetic energy 

storage,
1–4

 the preparation of magnetic nanoparticles has been widely investigated. Decomposition of 
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metallic precursors at high temperature is a general method to synthesize well-defined magnetic 

nanoparticles. Up to now, both small molecules and polymers have been used as surfactants to prepare 

superparamagnetic and ferromagnetic nanoparticles.
5,6,15–20,7–14

 However, the polymeric surfactants provide 

stronger repulsive force to stabilize magnetic nanoparticles against agglomeration than small molecules; 

thus, numerous studies about the preparation of polymer-coated magnetic nanoparticles have been 

reported.
6,9–12,17,20

 For example, magnetic iron nanoparticles were prepared by Smith’s group with vinyl 

polymers as surfactants through thermolysis of Fe(CO)5.
20

 However, due to the rapid oxidation, which led 

to a great reduction of magnetic moments, more attention was paid to the preparation of iron oxide 

nanoparticles and cobalt nanoparticles.
6,9,11,12,17

 Many applications of magnetic NPs are attributed to their 

magnetic properties. The saturation magnetization of cobalt bulk material is 161 emu/g, which is higher 

than that of magnetite (Fe3O4) (92 emu/g),
21

 thus, the investigation of cobalt nanoparticles is of great 

importance. 

The size of magnetic nanoparticles plays an important role for their magnetic properties. Generally, 

ferromagnetic NPs are larger than superparamagnetic NPs. The magnetic properties of ferromagnetic NPs 

are dominated by a hysteresis loop exhibiting remanence and coercivity. Ferromagnetic NPs can self-

assemble into one-dimensional (1-D) chain structures due to dipolar interaction.
12,22

 When the size of 

ferromagnetic NPs is reduced below a critical value, the particles become superparamagnetic,
23

 exhibiting 

no residual magnetization after removal of the external magnetic field. Thus, the control of the size of 

magnetic NPs is essential. In the preparation of magnetic NPs through the thermal decomposition of metal 

precursors, two steps are involved in the process: the formation of nucleation nanocrystals by 

decomposition of metal precursor at high temperature, followed by the growth of the nuclei. Therefore, 

many parameters can affect the size and morphology of magnetic NPs, including temperature, surfactants 

(composition, molecular weight and concentration), reaction time, solvent, etc. Up to now, some efforts 

have been made to control the size and morphology of Co NPs.
20,24–26

 For example, Pyun’s group 

synthesized magnetic Co NPs by using different end-functional polystyrene surfactants through thermal 

decomposition of cobalt carbonyl (Co2(CO)8).
24–26

 By varying the reaction temperature, ferromagnetic Co 

NPs with different sizes ranging from 18 nm to 43 nm were obtained.
26

 Different morphologies of Co NPs 

were observed when using different molecular weight of polystyrene.
24

 However, the preparation of both 

ferromagnetic and superparamagnetic Co NPs by using polystyrene surfactant has never been reported. 

Herein, ferromagnetic and superparamagnetic Co NPs were synthesized by varying the concentration and 

molecular weight of amine end-functionalized polystyrene via dual-stage thermolysis of Co2(CO)5. In 

addition, we studied the influence of the polymers’ molecular weight on the grafting density of the hybrid 

particles in detail. 

 

5.2 Experimental Section 
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5.2.1 Materials 

N-hexane (95%), THF (99.9%), dichloromethane were purchased from Th. Geyer; methanol, acetonitrile 

(HPLC-grade) were purchased from VWR, N,N-dimethylformamide (DMF, 99%) was purchased from 

Acros Organics; anhydrous 1,2-dichlorobenzene (DCB, 99%), methanol (HPLC-grade), cobalt carbonyl 

Co2(CO)8 containing 1-5% n-hexane as stabilizer, hydrazine monohydrate (N2H2 64 - 65%), 2,2′-bipyridyl 

(99%), styrene (99%), α,α′-dichloro-p-xylene (98%), 18-crown-16 (99%), phthalimide potassium salt 

(99%), copper(I) chloride (97%) and alumina (activated, neutral, Brockmann Activity I) were purchased 

from Sigma Aldrich and used as received without further purification. Copper(I) chloride was purified by 

stirring in glacial acetic acid overnight, washed with ethanol and dried under vacuum. Co2(CO)8 was kept 

in the fridge of a glovebox, and n-hexane evaporated in the glovebox before use. Styrene was passed 

through a short column of neutral alumina to remove inhibitors and deoxygenated by bubbling with N2 

before starting a polymerization.   

5.2.2 Synthesis of amine end-functionalized polystyrene (PS-NH2) 

Synthesis of 4-(chloromethyl)benzyl phthalimide 2 

The synthesis of compound 2 was performed according to the literature.
25

 In detail, in a 150 mL round-

bottom flask, α,α′-dichloro-p-xylene (6.59 g, 376 mmol), phthalimide potassium salt (2.67g, 144 mmol) 

and 18-crown-6 (380 mg, 1.43 mmol) were dissolved in 75 mL acetonitrile. The reaction was refluxed 

overnight under the protection of N2. After the reaction mixture cooled down to room temperature, the 

solvent was evaporated under vacuum. The resulting crude product was purified by column 

chromatography on silica gel (CH2Cl2:hexane = 5:1), giving a white crystalline solid 2 (2.0 g, 49 % yield). 

1
H-NMR (400 MHz, CDCl3): δ = 7.85 (m, Ar-H, 2H), 7.71 (m, Ar-H, 2H), 7.45-7.40 (m, Ar-H, 2H), 

7.36–7.31 (m, Ar-H, 2H), 4.84 (s, CH2, 2H), 4.54 (s, CH2, 2H). 

 

Synthesis of benzyl phthalimide end-functionalized polystyrene 3 

In a 100 mL Schlenk flask, compound 2 (500 mg, 1.75 mmol), 2,2′-bipyridyl (546 mg, 3.5 mmol) and 

CuCl (173 mg, 1.75 mmol) were added.  The flask was sealed with a rubber septum, evacuated and back-

filled with N2 for three cycles. 2 mL degassed DMF was injected, followed by the addition of degassed 

styrene (24 mL, 210 mmol). The flask was placed into an oil bath at 110°C for 16 h. After cooling down 

to room temperature, the flask was opened to air. The reaction mixture was diluted with 300 mL 

dichloromethane, and passed through a neutral alumina plug to remove the copper catalyst. The collected 

solution was concentrated under vacuum and precipitated into 1 L methanol twice. The resulting white 

powder was dried in vacuum. 
1
H-NMR (400 MHz, CDCl3): δ = 7.82 (b, Ar-H, 2H), 7.68 (b, Ar-H, 2H), 

7.2–6.3 (m, Ar-H), 4.77 (m, CH2, 2H), 2.4-1.2 (m, CH + CH2). Mn,GPC =4500 g/mol; Mw/Mn = 1.28. 

To synthesize benzyl phthalimide end-functionalized polystyrene of different molecular weight, the 

procedure was conducted the same, only by changing the amount of monomer styrene and the reaction 

time. 12 mL styrene (105 mmol) and 14 h reaction time resulted in a polymer of Mn =2300 g/mol; 
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Mw/Mn = 1.38. Similarly, 24 mL styrene (105 mmol) and 41 h resulted in a polymer of Mn =10500 

g/mol; Mw/Mn = 1.17.  

 

Synthesis of amine end-functionalized polystyrene 4 (PS-NH2) 

In a 100 mL round-bottom flask, benzyl phthalimide end-functionalized polystyrene (1.8 g, 0.4 mmol) 

was dissolved in 30 mL THF. 3 mL methanol was added dropwise, and hydrazine monohydrate (640 mg, 

12.8 mmol) was slowly dropped. The reaction mixture was allowed to stir at room temperature overnight 

until a white precipitate was observed. The reaction mixture was concentrated and redissolved in 

dichloromethane, followed by the precipitation in 1L methanol twice. The resulting white powder was 

dried under vacuum. 
1
H-NMR (400 MHz, CDCl3): δ = 8.5 (s, NH2, 2H), 7.2–6.3 (m, Ar-H), 3.9 (m, CH2, 

2H), 2.4–1.1 (m, CH + CH2). 

The other amine end-functionalized polystyrenes with different molecular weight were prepared by the 

same procedure. 

5.2.3 Synthesis of PS-Co NPs with amine end-functionalized polystyrene as surfactant   

For the synthesis of PS-Co NPs, PS-NH2 of different molecular weight and concentration were used. 

Typically, in a clean and dried 100 mL three-neck round bottom flask, PS-NH2 (Mn=4500 g/mol, 225 mg, 

0.5 mmol) was added. The flask was then equipped with a condenser, and placed in an oil bath. The whole 

system was evacuated and back-filled with N2 three cycles. Degassed 1,2-dichlorobenzene (18 mL) was 

injected, and the solution was heated to 175 °C. 150 mg Co2(CO)8 in 2 mL of DCB was rapidly injected at 

the reflux temperature. After 10 min, the temperature was lowered to 160 °C and the solution was stirred 

for another 30 min. The reaction mixture was cooled to room temperature under N2 atmosphere, then, the 

suspension was collected with a syringe, and transferred into a Schlenk tube which was deoxygenated 

beforehand and stored in the fridge. To purify the nanoparticles, they were precipitated in n-hexane, and 

centrifuged to remove the supernatant. The particle size was determined by TEM though ImageJ software.  

5.2.4 Instruments 

Transmission electron microscopy (TEM) images were obtained by using a Titan 80-300 microscope 

(FEI) operated at 300 kV. The samples were prepared by drop-casting a NP suspension onto the carbon-

coated copper grid, followed by drying in air. The size of PS-Co NPs was estimated by ImageJ software. 

Thermogravimetric analyses (TGA) were conducted on a TA Instruments Q500. All samples were 

measured from 25 °C to 800 °C under a nitrogen atmosphere with a heating rate of 10 °C/min. 

Wide angle X-ray scattering (WAXS) measurements were done by means of a Bruker-AXS texture 

goniometer (D5000 equipped with a closed Eulerian Cradle) in reflection technique. Ni-filtered Cu-K 

radiation operated at 30 mA and 40 kV was applied. Scattering intensities were recorded in the 2-range 

from 40° to 55° with a scan speed of 55 s / step and with a step size  of 0.015° (total measurement time: 

15 h 17 min). The samples were prepared as powder samples (manually in a mortar) and then put in an 

appropriate sample holder.  
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The magnetic properties of Co NPs were measured using a SQUID magnetometer (MPMS 3, by Quantum 

Design) at the Quantum Materials Core Lab at the Helmholtz Zentrum Berlin by Dr. Konrad 

Siemensmeyer. The magnetic behavior of Co NPs was measured in field cooling (FC) and zero-field 

cooling (ZFC) modes from 5 K to 390 K under an applied field of 50 mTesla. Magnetization curves were 

obtained under the fields from 0–2 Tesla. The magnetic data were normalized from the sample mass of Co 

atoms. 

Polymer number-average molecular weight (Mn ,GPC), weight-average molecular weight (Mw ,GPC), 

and molecular weight distribution (also polydispersity index, PDI) were determined by gel permeation 

chromatography (GPC) using DMF with LiBr (1 mg/mL) as eluent, a flow rate of 1.0 mL/min, a high 

pressure liquid chromatography pump (Spectra Systems P 1000), and a refractometer SEC-3010 (WGE 

Dr. Bures) detector. Calibration was achieved using polystyrene standards. Results were evaluated using 

Parsec 5.62 (Brookhaven Instruments) software.  

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectra were collected on a 

337 nm Bruker microflex spectrometer with pulsed ion extraction. The masses were determined in 

positive ion linear mode. The sample solutions were applied on a ground steel target using the dried 

droplet technique. THF was used as solvent for PS (5 mg/ml), matrix dithranol (10 mg/mL), and sodium 

trifluoroacetate (13.6 mg/mL). Sample, matrix and salt solutions were mixed in 5:20:1 ratio and 2 µl of the 

mixture applied on the target.  

Proton nuclear magnetic resonance (
1
H-NMR) spectra were measured on a Bruker DPX-400 spectrometer 

at 400 MHz. All samples were prepared in deuterated chloroform (CDCl3, 99.8%). All spectra were 

referenced to the signal of non-deuterated solvent molecules relative to tetramethylsilane = 0 ppm. 

 

5.3 Results and Discussion  

5.3.1 Synthesis and characterization of PS-NH2 

In design of a functional polymer for Co NPs, the binding properties to the NP surface should be taken 

into consideration. It has been proven that surfactants with functional groups -COOH, -NH2 and -PO have 

strong affinity to the surface of cobalt, since N, O and P can donate the lone-pair electrons to the empty d-

orbitals of the Co atoms.
19

 ATRP is the most widely used controlled radical polymerization.
27–30

 The 

molecular weight, molecular weight distribution, as well as the functionality can be precisely controlled 

via ATRP technique.
31,32

 Furthermore, ATRP can be conducted in a variety of solvents, including water, 

organic solvent or the mixture thereof, which explains the great potential for biological applications, such 

as drug delivery, medical imaging, etc.
33

 In this study, polystyrene containing a terminal amine group 

providing anchors for binding to the surface of Co NPs was prepared by using the ATRP technique, 

similar to the report by Pyun’s group.
25

 It was aimed at synthesizing polymers of different molecular 

weight by varying the amount of monomer and the reaction time. Thus, amine end-functionalized 

polystyrene (PS-NH2) with three different molecular weight (number average, Mn) of 2300 g/mol, 4500 

g/mol and 10500 g/mol were synthesized, as shown in Figure 5.4. Relatively broad molecular weight 
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distribution (Mw/Mn = 1.38) was observed in PS-NH2 with low molecular weight of 2300 g/mol, while, a 

narrower molecular weight distribution of PS-NH2 (Mw/Mn = 1.28) was obtained in PS-NH2 with higher 

molecular weight of 4500 g/mol. However, the narrowest molecular weight distribution (Mw/Mn = 1.17) 

was obtained in polystyrene with the highest molecular weight of 10500 g/mol. The synthesis process of 

PS-NH2 is shown in Scheme 5.1, which is known as the Gabriel synthesis. Specifically, the primary 

chloride group in compound 1 reacted with potassium phthalimide to give compound 2. Polymerization of 

styrene in DMF was initiated by 2, followed by hydrolysis of phthalimide to give amine end-

functionalized polystyrene 4.
34

 
1
H-NMR spectra of the intermediate compounds and the final polymer are 

shown in Figure 5.1–5.3.  

 

 

 

 

 

 

 

 

 

 

Scheme 5.1 Synthesis route for amine end-functionalized PS-NH2. 

 

 
 

Figure 5.1 
1
H-NMR spectrum of 2 in CDCl3. 
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Figure 5.2 
1
H-NMR spectrum of 3 (Mn = 4500 g/mol) in CDCl3. 

 

 
 

Figure 5.3 
1
H-NMR spectrum of 4 (Mn = 4500 g/mol) in CDCl3. 
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Figure 5.4 GPC curves of PS-NH2 with different molecular weight. 

5.3.2 Synthesis and characterization of PS-CoNPs 

Pyun’s group reported that ferromagnetic PS-Co NPs with the of around 21 nm were obtained by using 

PS-NH2 as surfactant via dual-stage thermolysis of cobalt carbonyl in 1,2-dichlorobenzene.25 It is well 

known that surfactants play an important role in the growth of Co NPs, and thus affect the size of Co NPs. 

Here, PS-Co NPs of different sizes were prepared by using the same method only by changing the 

molecular weight and concentration of PS-NH2 surfactants. The size and morphology of PS-Co NPs was 

characterized by TEM. Figure 5.5, Figure 5.6 and Figure 5.7 show the size distribution and morphology of 

the as-prepared PS-Co NPs by varying the synthesis parameters with different molecular weight and 

concentration of PS-NH2, as well as different concentration of cobalt carbonyl. Figure 5.8a presents the 

tabular overview of the size and size distribution of all prepared nanoparticles, the mean size and standard 

deviation were obtained from a statistic of around 200 NPs using ImageJ software fitting the clearly 

analyzable particles. Some images show aggregated ill-shaped particles, which are very difficult to 

measure, and thus couldn’t be taken into account. Therefore, the standard deviation could be slightly 

underestimated for some samples. Figure 5.8a and b show that the molecular weight of the polymer has 

little influence on the size of the particles. Only in the case of low molecular weight and high 

concentration of PS, the particles size is significantly smaller. This difference in size is very interesting as 

it changes the magnetic properties of the nanoparticles, as will be discussed later. 

Figure 5.5 demonstrates that with the same molecular weight of PS-NH2 (Mn = 2300 g/mol) and the same 

concentration of cobalt carbonyl (21.9 mM), only by changing the concentration of PS-NH2, the size of 

PS-Co NPs varied significantly, ranging from 12 nm to 21 nm. The morphology of the PS-Co NPs was 

also different. With higher concentration of PS-NH2, the particles were well-defined, smaller in size, and 

spherical in shape. While with lower concentration, the particles are larger, ill-defined, and had different 
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shapes. It is interesting to note that the particles were surrounded by a thick polymer layer on the surface 

when using a higher polymer concentration (5 mM). In addition, they were clearly separated from each 

other (Figure 5.5a and b). However, with lower polymer concentration of 2.5 mM, the distance between 

the particles was shorter (Figure 5.5c and d). When the concentration of the polymer was lowered to 1.25 

mM, the distance between the particles was further reduced and 1-D chain structures were observed 

(Figure 5.5e and f). When the polymer concentration further reduced (0.67 mM), which was too low to 

protect the particles, thus, the NPs were polydispersed and aggregated (Figure 5.5g and h). Figure 5.8a 

also shows that the lower the polymer concentration, the more polydispersed the particles are.  

 

 

Figure 5.5 TEM images of PS-Co NPs synthesized with the concentration of cobalt carbonyl at 21.9 mM, and with 

different concentration of PS-NH2 (Mn = 2300 g/mol, CPS): (a, b) CPS = 5 mM, D = 12 nm ± 1.9 nm; (c, d) CPS = 2.5 

mM, D = 21 nm ± 1.3 nm; (e, f) CPS = 1.25 mM, D = 18 nm ± 2.1 nm; (g, h) CPS = 0.63 mM, D = 20 nm ± 3.3 nm. 

The PS-Co NP samples were prepared on TEM grids from respective Co NP dispersion in DCB. 

 

PS-Co NPs with higher molecular weight of PS-NH2 (Mn = 4500 g/mol) as surfactant were also prepared. 

On the contrary to the synthesis of PS-Co NPs with PS-NH2 (Mn = 2300 g/mol), the size of the 

nanoparticles did not change notably by varying the concentration of the polymer. Most of these 

nanoparticles were around 20 nm in size and formed 1-D chain structures (Figure 5.6a–h). Furthermore, 

the influence of the concentration of Co2(CO)8 on the size and size distribution of PS-Co NPs was also 

investigated. The concentration of polymer was fixed at 2.5 mM for these experiments. Well-defined and 

narrowly distributed particles were obtained when the concentration of cobalt carbonyl is lower (7.3 mM) 

than the usually used concentration (21.9 mM) (Figure 5.6i and j). When increasing the concentration of 

Co2(CO)8 up to 58.4 mM, ill-defined particles were observed (Figure 5.6k and l). Figure 5.8b revealed that 

the higher concentration of Co2(CO)8, which means a lower ratio of polymer/cobalt, resulted in larger and 

polydispersed PS-Co NPs. Thus, presence of adequate amount of surfactants is required to form well-

defined nanoparticles and simultaneously provide stabilization against agglomeration. 
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Figure 5.6 (a–h)TEM images of PS-Co NPs synthesized with the concentration of cobalt carbonyl at 21.9 mM, and 

with different concentration of PS-NH2 (Mn = 4500 g/mol, CPS): (a, b) CPS = 5 mM, D = 21 nm ± 1.9 nm; (c, d) CPS 

=  2.5 mM, D = 20 nm ± 2.1 nm; (e, f) CPS = 1.25 mM, D = 20 nm ± 1.5 nm; (g, h) CPS = 0.63 mM, D = 18 nm ± 3.0 

nm. (i–l) TEM images of PS-Co NPs synthesized with the concentration of PS-NH2 (Mn = 4500 g/mol) at 2.5 mM, 

only with different concentration of cobalt carbonyl (CCo): (i, j) CCo = 7.3 mM, D = 18.8 nm ± 1.3 nm; (k, l) CCo = 

58.4 mM, D = 26.6 nm ± 7.9 nm. The PS-Co NP samples were prepared on TEM grid from the respective NP 

dispersion in DCB. 

 

PS-Co NPs were synthesized with a third molecular weight of PS-NH2 (Mn = 10500 g/mol) as surfactant. 

Similar to the NPs prepared with PS-NH2 (Mn = 4500 g/mol), the size of the nanoparticles was around 20 

nm and did not change significantly by varying the concentration of the polymer. Most of these 

nanoparticles self-assembled into 1-D chain structures (Figure 5.7). Figure 5.8c shows the size distribution 

when using different molecular weight and concentration of PS-NH2. A significant change in the size was 

observed only with the molecular weight of 2300 g/mol and the concentration of 5 mM by fixing cobalt 

carbonyl concentration at 21.9 mM. The observation that Co NPs synthesized with PS-NH2 (Mn = 2300 

g/mol) at higher concentration were smaller than these synthesized in the presence of PS of higher 

molecular weight could be explained by the Co NPs growth process and the steric hindrance of surfactant. 
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After injection of metal precursor Co2(CO)8, they formed either nuclei or Co-surfactant complexes, which 

were competing with each other. The nucleation was dependent on the supersaturation level of Co atoms, 

which is influenced by the Co-surfactant complexes. Thus, the Co-surfactant determines the growth of 

nanoparticles. In this study, the lower molecular weight of PS-NH2 with less steric hindrance formed a 

closely packed shell on the surface of the nanoparticles. As long as the nanoparticles surface was well 

covered by the surfactants, the nanoparticles stop growing.
8,19

 Such a close shell was not formed in 

presence of PS-NH2 of higher molecular weight and hence, larger NPs were obtained. 

 

 
 

Figure 5.7 TEM images of PS-Co NPs synthesized with the concentration of cobalt carbonyl at 21.9 mM, and only 

with different concentration of PS-NH2 (Mn = 10500 g/mol, CPS): (a, b) CPS = 5 mM, D = 20 nm ± 2.0 nm; (c, d) CPS 

=  2.5 mM, D = 21 nm ± 1.7 nm; (e, f) CPS = 1.25 mM, D = 22 nm ± 1.6 nm; (g, h) CPS = 0.63 mM, D = 17 nm ± 1.8 

nm. The PS-Co NPs dispersion in DCB was dropped on to the TEM grid. 
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Figure 5.8 (a) Overview of varied synthesis parameters and diameter of the as-synthesized PS-Co NPs; (b) plot of 

size distribution of PS-Co NPs synthesized by fixing the concentration of PS-NH2 (2.5 mM, Mn = 4500 g/mol), the 

concentration of cobalt carbonyl was varied (CCo); (c) plot of size distribution of PS-Co NPs synthesized by fixing 

the concentration of cobalt carbonyl at 21.9 mM, the concentration and molecular weight of PS-NH2 was varied. The 

size of PS-CoNPs was measured by ImageJ software. 

 

In view of the difference in size and morphology between PS-Co NPs prepared by varying the parameters, 

two particles were exemplarily chosen to compare their magnetic properties, crystalline structures, and 

grafting density. One is PS-Co NPs of comparably small size of 12 nm prepared from PS-NH2 (Mn = 2300 

g/mol, 5 mM; PS2300-Co NPs), and the other one is the NPs of 21 nm prepared from PS-NH2 (Mn = 10500 

g/mol, 2.5 mM; PS10500-Co NPs). The NPs were prepared with cobalt carbonyl concentration of 21.9 mM), 

thus, the main difference in synthesis originated from the molecular weight and concentration of the 

polymeric surfactant. 

5.3.3 Magnetic properties of PS-Co NPs  

The measurements were conducted by Dr. Konrad Siemensmeyer at Helmholtz-Zentrum Berlin (HZB) 

with a SQUID magnetometer. TEM images and magnetization curves of the two nanoparticles were 

shown in Figure 5.9. The magnetic behavior of the PS2300-Co NPs was characterized by a hysteresis loop 

at 4K (Figure 5.9a). At 300 K, no hysteresis appears verifying the expected superparamagnetic behavior of 

the synthesized particles with a size below the critical diameter for Co NPs. No saturation magnetization 

was observed at 4 K due to the thick polystyrene layer on the surface of Co NPs, which were shown in 
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TEM images (Figure 5.5a and b). The magnetization of the PS2300-Co NPs is about 125 emu/gCo at 4 K and 

45 emu/gCo at 300 K, which is lower than the saturation magnetization of bulk Co (162 emu/g) at room 

temperature.
35–37

 The reason for this small reduction could be manifold. It is well-known that the energy of 

a magnetic nanoparticle under an external magnetic field is proportional to the volume of the particle, thus 

the energy of small particles is also small, and the thermal fluctuation greatly reduces the total magnetic 

moment.
38

 Furthermore, the thick layer of polystyrene bound to the surface of the nanoparticles can also 

quench the magnetic moment.
39

 Last but not least, the magnetic cobalt atoms on the surface of the 

nanoparticles, which have an incomplete coordination that increases their spin disorientation, can further 

decrease the effective magnetic moment.
40–43

 While the 12 nm NPs are superparamagnetic, a hysteresis 

loop appeared for the PS10500-Co NPs at 300 K, which indicated the ferromagnetic behavior of these 21 nm 

particles. The saturation magnetization of PS10500-Co NPs at 300 K is around 104 emu/grCo, which is 

higher than that of PS2300-Co NPs, indicating permanent dipolar interaction between the nanoparticles. 

This is the explanation why PS-Co NPs with larger sizes can self-assemble into 1-D chain structures.  

 

Figure 5.9 TEM images (upper) and field dependence of magnetization of PS-Co NPs (lower): (a) PS2300-CoNPs at 4 

K and 300 K; (b) PS10500-Co NPs at 300K.  

5.3.4 Wide angle X-ray scattering of PS-Co NPs 

Cobalt nanoparticles have appeared in two different crystal structures— hexagonal-close-packed (hcp) and 

face-centered-cubic (fcc). However, when Bawendi synthesized cobalt nanoparticles through the 

thermolysis of cobalt carbonyl with trioctylphosphane oxide (TOPO) as the ligand, a new crystalline 

phase, the epsilon (ɛ) structure was identified.
5
 Later, other researchers also found the epsilon cobalt 

crystalline phase by preparation via decomposition of cobalt carbonyl at high temperature with oleic acid 

(OA) and dioctylamine (DOA) as surfactants.
8
 In this study, wide angle X-ray scattering was used to 
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investigate the crystalline phase of 12 nm PS2300-Co NP and 21 nm PS10500-Co NPs. As shown in Figure 

5.10, both of these two samples exhibited the epsilon (ɛ) crystal structure, the diffraction peaks at 2θ 

44.6°, 47.1° and 49.6° are corresponding to (221), (310) and (311) reflections of the samples, 

respectively.
44–46

 This was in accordance with the previous report by Pyun, who synthesized PS-Co NPs 

by using PS-NH2 as surfactant via a dual-stage temperature decomposition of Co2(CO)8 at 175 °C and 160 

°C.
25

 In Figure 5.10, the sample PS2300-Co NPs shows sharp and clear peaks, indicating a good 

crystallinity, while for the sample of PS10500-Co NPs, the peaks are broad, and the peak 2θ at 49.6° is 

almost invisible, which exhibited a ill crystallinity of the sample. 

 
Figure 5.10 WAXS patterns of PS2300-Co NPs and PS10500-Co NPs. 

 

5.3.5 Calculation of surface polymer density  

Generally, thermogravimetric analysis (TGA) is a widely used technique to evaluate the organic content 

on the surface of NPs.
47–49

 The density of polystyrene on the nanoparticle surface was calculated according 

to TGA. The equation for calculation of the grafting density of the polymer content on the surface of 

cobalt nanoparticles (φ) is shown below: 

φ = 
 𝑁(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

 𝑁(𝑁𝑃𝑠) 𝑆(𝑁𝑃𝑠)
  = 

𝑊(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)𝑁𝐴𝑅 𝜌

 3 𝑀(𝑝𝑜𝑙𝑦𝑚𝑒𝑟) 𝑊(𝑁𝑃𝑠)
 

Here, 𝑊(𝑝𝑜𝑙𝑦𝑚𝑒𝑟) and 𝑊(𝑁𝑃𝑠) present the weight loss percentage of polystyrene and the weight percentage 

of Co NPs,  𝑁(𝑝𝑜𝑙𝑦𝑚𝑒𝑟) and  𝑁(𝑁𝑃𝑠) present the number of polystyrene and Co NPs, respectively, 𝑆(𝑁𝑃𝑠) is 

the total surface area of NPs, ρ is the density of Co NPs (8.9 g/cm
3
), NA is the Avogadro’s number, R is the 

radius of PS-Co NPs, and 𝑀(𝑝𝑜𝑙𝑦𝑚𝑒𝑟) is the molecular weight of polystyrene. In this study, the grafting 

density of 12 nm PS2300-Co NPs and 21 nm PS10500-Co NPs was calculated. 

Gel permeation chromatography (GPC) and matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-ToF) mass spectrometry are two popular techniques for the determination of the molecular 
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weight of a polymer. GPC results are shown in Figure 5.4, the molecular weight of the synthesized PS-

NH2 were 2300 g/mol and 10500 g/mol, respectively. As polystyrene was used for calibration during GPC 

measurements, it can be expected that the GPC results should be rather accurate. The molecular weight 

was also analyzed by MALDI-ToF mass spectrometry, as shown in Figure 5.11. The polymer with lower 

molecular weight showed Mn of 3130 Da according to the MALDI-ToF measurement (Figure 5.11a), 

which was higher than that of 2300 g/mol measured by GPC. However, the molecular weight of 10600 Da 

measured by MALDI-ToF mass spectrometry for the second polymer, was well in agreement with the 

10500 g/mol measured by GPC. In fact, the molecular weight determined by MALDI-ToF is similar to the 

GPC value only if the polymer has a narrow molecular weight distribution (Mw/Mn < 1.2). For broad 

distributions, the molecular weight obtained by MALDI-ToF mass spectrometry usually deviates from the 

real molecular weight. Since the value of Mw/Mn is 1.17 for PS (Mn = 10500 g/mol), which is lower than 

1.2, the molecular weight measured by MALDI-ToF matches with GPC. However, for PS (Mn = 2300 

g/mol), the value of Mw/Mn is 1.38, which is beyond the range of realistic values obtained by MALDI-

TOF, and thus, the deviation between the results of these two techniques is not surprising.
50,51

 Therefore, 

the molecular weight of the polymers measured by GPC was chosen for the calculation of the grafting 

density. 

The TGA overview shows the weight loss as a function of temperature for Co NPs with the two 

investigated polymers as well as for free PS-NH2 (Mn = 2300 g/mol) (Figure 5.12a). Figure 5.12b 

demonstrates that the weight loss in the temperature range of 200–420 °C corresponds to the 

decomposition of PS-NH2. For PS10500-Co NPs, the weight loss of about 6.5 % below 200 °C is attributed 

to removal of adsorbed solvent.
52–54

 The significant weight loss stages of 47.5 % in total which is observed 

between 200–420 °C is attributed to the decomposition of PS-NH2 (Mn = 10500 g/mol) attached to the 

surface of Co NPs (Figure 5.12c). Figure 5.12d shows the TGA profile of PS2300-CoNPs. The initial 

weight loss of about 9.8 % below 200 °C is equally explained by adsorbed solvent. The weight loss of 

about 52.8 % in the temperature range of 200–420 °C can be ascribed to the decomposition of PS-NH2 

(Mn = 2300 g/mol) on the surface. Therefore, for PS10500-Co NPs, with 𝑊(𝑃𝑆) = 47.5 % and 𝑊(𝑁𝑃𝑠) = 43.6 

%, the polymer density was calculated to 1.9 chains / nm
2
. Similarly, the polymer density was calculated 

for PS2300-Co NPs, with 𝑊(𝑃𝑆) = 52.8 % and 𝑊(𝑁𝑃𝑠) = 28 %, as 8.7 chains / nm
2
. Therefore, the polymer 

density of PS (Mn = 2300 g/mol) on the surface of Co NPs is much higher than that of PS (Mn = 10500 

g/mol), which is in agreement with TEM images (Figure 5.4a and b, Figure 5.6c and d).  
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Figure 5.11 MALDI-ToF mass spectra of polystyrene: 3130 Da (a) and 10600 Da (b). 
 

 
Figure 5.12 TGA analysis: (a) overview profile of PS2300-Co NPs, PS10500-Co NPs and free PS-NH2 (Mn = 2300); (b) 

free PS-NH2 (Mn = 2300); (c) PS10500-Co NPs; (d) PS2300-Co NPs. The black lines indicate the percent weight as a 

function of temperature and the weight loss derivative is shown in blue. 

5.3.6 Stability study 

The amine end-functionalized polystyrene provides steric repulsion between cobalt nanoparticles and 

prevents them from agglomerating. As the surfactants play a significant role in the growth of the 

nanoparticles, their preparation by changing the conditions of surfactant could influence their stability. 

Therefore, the stability of the NP dispersions was monitored after 20 days. As shown in Figure 5.13, the 

stability of the PS-Co NPs can be readily observed visually. Figure 5.13 (a–d) shows PS-Co NPs prepared 

by using PS-NH2 (Mn = 2300 g/mol), (e–h) shows PS-NH2 (Mn = 10500 g/mol), (i–m) shows PS-NH2 

(Mn = 4500 g/mol) at different concentration, respectively. The first conclusion was that Co NPs prepared 
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with higher polymer molecular weight were more stable than these with lower molecular weight at the 

same concentration. This can be easily observed from the samples with a rather low polymer 

concentration of 0.63 mM (Figure 5.13 (d, h and l)), in which (d) showed clear precipitation, while h and l 

showed less aggregation or no aggregation. Second, higher concentration of polymer enhances the 

stability of the nanoparticles, which can be observed from (a) to (d), as the nanoparticles gradually 

become less stable with lower polymer concentration. Third, higher concentration of cobalt carbonyl 

reduces the stability, which is shown in (m) and (n). All in all, a thicker polymer coating and longer 

polymer chain (e.g., Mn = 10500 g/mol) enhanced the NP stability, which could be stored at least three 

months.  

 

 

Figure 5.13 Photographs of PS-Co NPs synthesized at different conditions in 1,2-dichlorobenzene: (a–d) prepared 

with PS-NH2 (Mn = 2300 g/mol) at concentration of 5 mM (a), 2.5 mM (b), 1.25 mM (c), 0.63 mM (d) with cobalt 

carbonyl concentration of 21.9 mM; (e–h) prepared with PS-NH2 (Mn = 10500 g/mol) at concentration of 5 mM (a), 

2.5 mM (b), 1.25 mM, with cobalt carbonyl concentration of 21.9 mM; (i–l) prepared with PS-NH2 (Mn = 4500 

g/mol) at concentration of 5 mM (a), 2.5 mM (b), 1.25 mM, with cobalt carbonyl concentration 21.9 mM; (m, n) 

prepared with PS-NH2 (Mn = 4500 g/mol) at concentration of 2.5 mM, and cobalt carbonyl concentration of 7.3 mM 

(m) and 58.4 mM (n). These photographs were taken three weeks after the synthesis. 

 

5.4 Conclusions  

In summary, amine end-functionalized polystyrene-coated cobalt nanoparticles were prepared via the 

dual-stage thermolysis of cobalt carbonyl (Co2(CO)8). The polystyrene surfactants with different 

molecular weight were prepared via atom-transfer radical polymerization technique. By changing the 

surfactants molecular weight and concentration, the size, morphology and magnetic properties were 

different. Transmission electron microscopy characterization showed that the size of cobalt nanoparticles 

stabilized with PS (Mn = 2300 g/mol) varied from 12–22 nm, while the size of PS-Co NPs with PS (Mn = 
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4500 g/mol and 10500 g/mol) showed little change. Magnetic measurements exhibited that the small 

cobalt particles of 12 nm were superparamagnetic, while larger particles were ferromagnetic and self-

assembled into 1-D chains. Thermogravimetric analysis showed that a higher grafting density of 

polystyrene was reached with the polymeric surfactant of lower molecular weight compared to those with 

higher molecular weight. Wide angle X-ray scattering measurements revealed that both 

superparamagnetic and ferromagnetic cobalt nanoparticles exhibited the epsilon crystalline phase.  
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6 Summary and Outlook 

This thesis mainly covers the synthesis, surface modification, magnetic-field-induced assembly and 

thermo-responsive functionalization of superparamagnetic Co NPs initially stabilized by hydrophobic 

small molecules oleic acid (OA) and trioctylphosphine oxide (TOPO), as well as the synthesis of both 

superparamagnetic and ferromagnetic Co NPs by using end-functionalized-polystyrene as stabilizer.  

Co NPs, due to their excellent magnetic and catalytic properties, have great potential application in 

various fields, such as ferrofluids, catalysis, and magnetic resonance imaging (MRI). Superparamagnetic 

Co NPs are especially interesting, since they exhibit zero coercivity. They get magnetized in an external 

magnetic field and reach their saturation magnetization rapidly, but no magnetic moment remains after 

removal of the applied magnetic field. Therefore, they do not agglomerate in the body when they are used 

in biomedical applications. Normally, decomposition of metallic precursors at high temperature is one of 

the most important methods in preparation of monodisperse magnetic NPs, providing tunability in size and 

shape. Hydrophobic ligands like OA, TOPO and oleylamine are often used to both control the growth of 

NPs and protect them from agglomeration. The as-prepared magnetic NPs can be used in biological 

applications as long as they are transferred into water. Moreover, their supercrystal assemblies have the 

potential for high density data storage and electronic devices. In addition to small molecules, polymers can 

also be used as surfactants for the synthesis of ferromagnetic and superparamagnetic NPs by changing the 

reaction conditions. Therefore, chapter 2 gives an overview on the basic concept of synthesis, surface 

modification and self-assembly of magnetic nanoparticles. Various examples were used to illustrate the 

recent work.  

The hydrophobic Co NPs synthesized with small molecules as surfactants limit their biological 

applications, which require a hydrophilic or aqueous environment. Surface modification (e.g., ligand 

exchange) is a general idea for either phase transition or surface-functionalization. Therefore, in chapter 3, 

a ligand exchange process was conducted to functionalize the surface of Co NPs. PNIPAM is one of the 

most popular smart polymers and its lower critical solution temperature (LCST) is around 32 °C, with a 

reversible change in the conformation structure between hydrophobic and hydrophilic. The novel 

nanocomposites of superparamagnetic Co NPs and thermo-responsive PNIPAM are of great interest. 

Thus, well-defined superparamagnetic Co NPs were firstly synthesized through the thermolysis of cobalt 

carbonyl by using OA and TOPO as surfactants. A functional ATRP initiator, containing an amine (as 

anchoring group) and a 2-bromopropionate group (SI-ATRP initiator), was used to replace the original 

ligands. This process is rapid and facial for efficient surface functionalization and afterwards the Co NPs 

can be dispersed into polar solvent DMF without aggregation. FT-IR spectroscopy showed that the TOPO 

was completely replaced, but a small amount of OA remained on the surface. A TGA measurement 

allowed the calculation of the grafting density of the initiator as around 3.2 initiator/nm
2
. Then, the 

surface-initiated ATRP was conducted for the polymerization of NIPAM on the surface of Co NPs and 

rendered the nanocomposites water-dispersible. A temperature-dependent dynamic light scattering study 

showed the aggregation behavior of PNIPAM-coated Co NPs upon heating and this process was proven to 
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be reversible. The combination of superparamagnetic and thermo-responsive properties in these hybrid 

nanoparticles is promising for future applications e.g. in biomedicine. 

In chapter 4, the magnetic-field-induced assembly of superparamagnetic cobalt nanoparticles both on solid 

substrates and at liquid-air interface was investigated. OA- and TOPO-coated Co NPs were synthesized 

via the thermolysis of cobalt carbonyl and dispersed into either hexane or toluene. The Co NP dispersion 

was dropped onto substrates (e.g., TEM grid, silicon wafer) and at liquid-air (water-air or ethylene glycol-

air) interface. Due to the attractive dipolar interaction, 1-D chains formed in the presence of an external 

magnetic field. It is known that the concentration and the strength of the magnetic field can affect the 

assembly behavior of superparamagnetic Co NPs. Therefore, the influence of these two parameters on the 

morphology of the assemblies was studied. The formed 1-D chains were shorter and flexible at either 

lower concentration of the Co NP dispersion or lower strength of the external magnetic field due to 

thermal fluctuation. However, by increasing either the concentration of the NP dispersion or the strength 

of the applied magnetic field, these chains became longer, thicker and straighter. The reason could be that 

a high concentration led to a high fraction of short dipolar chains, and their interaction resulted in longer 

and thicker chains under applied magnetic field. On the other hand, when the magnetic field increased, the 

induced moments of the magnetic nanoparticles became larger, which dominated over the thermal 

fluctuation. Thus, the formed short chains connected to each other and grew in length. Thicker chains 

were also observed through chain-chain interaction. Furthermore, the induced moments of the NPs tended 

to direct into one direction with increased magnetic field, thus the chains were straighter. In comparison 

between the assembly on substrates, at water-air interface and at ethylene glycol-air interface, the 

assembly of Co NPs in hexane dispersion at ethylene glycol-air interface showed the most regular and 

homogeneous chain structures due to the better spreading of the dispersion on ethylene glycol subphase 

than on water subphase and substrates. The magnetic-field-induced assembly of superparamagnetic 

nanoparticles could provide a powerful approach for applications in data storage and electronic devices.   

Chapter 5 presented the synthesis of superparamagnetic and ferromagnetic cobalt nanoparticles through a 

dual-stage thermolysis of cobalt carbonyl (Co2(CO)8) by using polystyrene as surfactant. The amine end-

functionalized polystyrene surfactants with different molecular weight were prepared via atom transfer 

radical polymerization technique. The molecular weight determination of polystyrene was conducted by 

gel permeation chromatography (GPC) and matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-ToF) mass spectrometry techniques. The results showed that, when the molecular weight 

distribution is low (Mw/Mn < 1.2), the measurement by GPC and MALDI-ToF MS provided nearly 

similar results. For example, the molecular weight of 10600 Da was obtained by MALDI-ToF MS, while 

GPC gave 10500 g/mol (Mw/Mn = 1.17). However, if the polymer is poly distributed, MALDI-ToF MS 

cannot provide an accurate value. This was exemplified for a polymer with a molecular weight of 3130 Da 

measured by MALDI-TOF MS, while GPC showed 2300 g/mol (Mw/Mn = 1.38). The size, size 

distribution and magnetic properties of the hybrid particles were different by changing either the 

molecular weight or concentration of the polymer surfactants. The analysis from TEM characterization 

showed that the size of cobalt nanoparticles stabilized with polystyrene of lower molecular weight (Mn = 
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2300 g/mol) varied from 12–22 nm, while the size with middle (Mn = 4500 g/mol) and higher molecular 

weight (Mn = 10500 g/mol) of polystyrene-coated cobalt nanoparticles showed little change. Magnetic 

measurements exhibited that the small cobalt particles (12 nm) were superparamagnetic, while larger 

particles (21 nm) were ferromagnetic and assembled into 1-D chains. The grafting density calculated from 

thermogravimetric analysis showed that a higher grafting density of polystyrene was obtained with lower 

molecular weight (Mn = 2300 g/mol) than those with higher molecular weight (Mn = 10500 g/mol). Due 

to the larger steric hindrance, polystyrene with higher molecular weight cannot form a dense shell on the 

surface of the nanoparticles, which resulted in a lower grafting density. Wide angle X-ray scattering 

measurements revealed the epsilon cobalt crystalline phases of both superparamagnetic Co NPs coated 

with polystyrene (Mn = 2300 g/mol) and ferromagnetic Co NPs coated with polystyrene (Mn = 10500 

g/mol). Furthermore, a stability study showed that PS-Co NPs prepared with higher polymer concentration 

and polymer molecular weight exhibited a better stability.  

In the future, there are three areas which are of special interest. First, the application of monodisperse 

superparamagnetic Co NPs in biological application could be investigated. Surface modification provides 

a general idea for the functionalization of hydrophobic Co NPs. For example, functional bio-molecules 

like amino acids, enzymes, peptides, due to the variety of -COOH, -NH2 groups which have a strong 

affinity to the surface of Co NPs, can be used for ligand exchange. Because of the superparamagnetic 

properties of Co NPs, they will not agglomerate in the body after removal of the magnetic field. 

Furthermore, bio-molecules like enzymes can be recycled by a magnet when attached to Co NPs. Second, 

ferromagnetic Co NPs, due to dipole-dipole interaction, can self-assemble into 1-D chains. Thermo-

responsive polymers, which have the critical solution temperature, can undergo the volume phase 

transition when changing the surrounding temperature. By coating a thick layer of such a smart polymer 

on the surface of ferromagnetic Co NPs, the self-assembly behavior can be easily tuned by changing the 

temperature. For example, PNIPAM has a lower critical solution temperature (LCST) around 32 °C and a 

core-shell microgel Co@PNIPAM could be synthesized through precipitaiton polymerization. Therefore, 

a cross-linked PNIPAM layer surrounding the surface of Co NPs would provide stability and exhibit a 

critical temperature, e.g., the volume phase transition temperature (VPTT). Below this temperature, the 

microgel swells in water and collapses above. With a large volume of the swollen PNIPAM layer, the 

dipolar interaction between Co NPs could be inhibited, thus the core-shell microgels Co@PNIPAM are 

randomly distributed and no chain structures form. When the surrounding temperature is higher than the 

VPTT, the coating layer shrinks, the distance between the particles becomes shorter, and thus they can 

form 1-D chain structures by the dipolar interaction. Third, due to the catalytic property of Co NPs, they 

can be used to catalyze reactions in various media including organic or aqueous solvent. There are lots of 

advantages by using magnetic Co NPs as catalyst. On the one hand, the catalytic properties can be 

controlled by coating stimuli-responsive polymers, such as thermo-, pH- and light-responsive polymers. 

Taking PNIPAM as example, the catalytic efficiency of Co@PNIPAM core-shell nanoreactors can be 

tuned by changing the temperature. When the temperature is lower than the VPTT, the gel is swollen by 

water, and the substrates can diffuse to the surface of Co NPs, thus the reaction rate is high. However, 
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increasing the temperature above the VPTT, shrinks the gel which becomes hydrophobic. This prevents 

molecules from reaching the Co NPs, thus the catalytic reaction does not take place. On the other hand, 

the magnetic Co NP catalysts can be recycled by a magnet, which reduces environmental pollution.  
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7 Zusammenfassung und Ausblick 

Im Rahmen dieser Arbeit wurden superparamagnetische Cobalt Nanopartikel (NP) synthetisiert, deren 

Selbstassemblierung im Magnetfeld untersucht und die ursprünglichen Liganden Ölsäure (Englisch oleic 

acid, OA) und Trioctylphosphanoxid (TOPO) ersetzt, um eine Funktionalisierung der Nanopartikel mit 

einem Temperatur-responsiven Polymer zu erreichen. Außerdem wurden superparamagnetische und 

ferromagnetische Co NP mit end-funktionalisiertem Polystyrol als Stabilisator synthetisiert. 

Co NP haben aufgrund ihrer herausragenden magnetischen und katalytischen Eigenschaften viele 

potentielle Anwendungen beispielsweise als Ferrofluide, in der Katalyse und der 

Magnetresonanztomografie (Englisch magnetic resonance imaging, MRI). Besonders interessant sind 

dabei superparamagnetische Co NP, da sie keine Koerzitivfeldstärke aufweisen. Sie werden in einem 

äußeren Magnetfeld magnetisiert und erreichen schnell ihre Sättigungsmagnetisierung, aber nach 

Entfernen des angelegten Magnetfelds verbleibt keine Magnetisierung. Bei biomedizinischen 

Anwendungen aggregieren sie daher nicht im Körper. Monodisperse magnetische Nanopartikel werden 

üblicherweise durch die Zersetzung von metallischen Vorstufen bei hohen Temperaturen hergestellt, 

wobei Größe und Form variiert werden können. Häufig werden hydrophobe Liganden wie OA, TOPO und 

Oleylamin verwendet, um sowohl das Wachsen der NP zu kontrollieren als auch ihr Aggregieren zu 

verhindern. Die magnetischen Nanopartikel können für biologische Anwendungen eingesetzt werden, falls 

sie in ein wässriges Medium überführt werden können. Außerdem haben ihre Superkristall- 

Überstrukturen Potential für Anwendungen in der Datenspeicherung mit hoher Speicherdichte und 

elektronische Bauteile. Neben kleinen Molekülen können auch Polymere als Stabilisatoren für 

ferromagnetische und superparamagnetische NP verwendet werden. Kapitel 2 gibt einen Überblick über 

die Synthese, Oberflächenmodifizierung und Selbstassemblierung von magnetischen Nanopartikeln. 

Hydrophobe Co NP, die von kleinen Molekülen stabilisiert werden, eignen sich nicht für biologische 

Anwendungen, für die ein hydrophiles oder wässriges Medium notwendig ist. Kapitel 3 beschreibt einen 

Ligandenaustausch zur Funktionalisierung von Co Nanopartikeln. Poly(N-Isopropylacrylamid) (PNIPAM) 

ist eines der am häufigsten untersuchten und eigesetzten reversibel schaltbaren Polymere mit einer unteren 

kritischen Lösungstemperatur (Englisch lower critical solution temperature, LCST) um 32 °C, bei der ein 

reversibler Wechsel zwischen einem hydrophoben und einem hydrophilen Zustand stattfindet. Neue 

Nanokomposite aus superparamagnetischen Co NP und Temperatur-responsivem PNIPAM wurden in 

dieser Arbeit hergestellt. Zunächst wurden wohldefinierte superparamagnetische Co NP mit OA und 

TOPO als Stabilisatoren durch die Thermolyse von Cobalt Carbonyl synthetisiert. Die ursprünglichen 

Liganden wurden dann durch einen funktionalen Liganden mit einer Amingruppe (zum Binden an die 

Oberfläche) und einer 2-Brompropionat-Gruppe (Polymerisationsinitiator) ersetzt. Nach dem schnellen 

und einfachen Prozess der Oberflächenfunktionalisierung können die Nanopartikel ohne Aggregation in 

dem polaren Lösungsmittel DMF dispergiert werden. FT-IR Spektroskopie hat gezeigt, dass TOPO 

vollständig ersetzt wurde, aber ein kleiner Teil OA auf der Oberfläche verblieb. Nach 

thermogravimetrischen Messungen konnte die Dichte der Initiatoren mit ungefähr 3,2 Initiatoren / nm
2
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berechnet werden. Anschließend wurde Oberflächen-initiierte ATRP zur Polymerisation von NIPAM 

durchgeführt. Temperatur-abhängige Messungen der dynamischen Lichtstreuung der nun in Wasser 

dispergierbaren Nanokomposite zeigte das reversible Aggregationsverhalten nach Erhitzen über 32 °C. 

Die Kombination von superparamagnetischen und Temperatur-responsiven Eigenschaften in diesen 

hybriden Nanopartikeln ist vielversprechend für zukünftige Anwendungen z. B. in der Biomedizin. 

Kapitel 4 behandelt die Untersuchung der Assemblierung von superparamagnetischen Co NP im äußeren 

Magnetfeld sowohl auf festen Oberflächen als auch der Flüssigkeit-Luft Grenzfläche. OA- und TOPO-

stabilisierte CO NP wurden durch Thermolyse von Cobalt Carbonyl synthetisiert und entweder in Hexan 

oder Toluol dispergiert. Die Co NP Dispersion wurde dann auf Substrate (TEM-Grids, Siliciumwafer) und 

die Flüssigkeit-Luft (Wasser-Luft, Ethylenglycol-Luft) Grenzfläche getropft. Durch die anziehende 

dipolare Wechselwirkung bildeten sich im äußeren Magnetfeld eindimensionale (1-D) Ketten. Es ist 

bekannt, dass die Konzentration der Dispersion und die Stärke des Magnetfelds die Assemblierung von 

superparamagnetischen Co NP beeinflussen. Daher wurde der Einfluss beider Parameter auf die 

Morphologie der assemblierten Strukturen untersucht. Bei niedrigerer Konzentration der Dispersion und 

geringerer Magnetfeldstärke bildeten sich kurze und flexible Ketten. Bei höherer Konzentration oder 

höherer Magnetfeldstärke wurden die Ketten länger, breiter und gerader. Eine höhere Konzentration führt 

voraussichtlich zu einem höheren Anteil an kurzen Ketten und deren Wechselwirkung zu längeren und 

dickeren Ketten im äußeren Magnetfeld. Andererseits sind die induzierten magnetischen Momente bei 

erhöhter Magnetfeldstärke größer und dominieren über die thermische Fluktuation. Daher verbinden sich 

die kurzen Ketten zu längeren, und dickere Ketten entstehen durch Interaktion benachbarter Ketten. 

Außerdem zeigen die induzierten Momente der NP verstärkt in die gleiche Richtung je größer das äußere 

Magnetfeld ist, weshalb die Ketten gerader werden. Im Vergleich der Assemblierung auf Substraten an 

der Wasser-Luft und Ethylenglycol-Luft Grenzfläche, zeigte die Assemblierung von Co NP aus Hexan-

Dispersion an der Ethylenglycol-Luft Grenzfläche die geordnetsten und homogensten Strukturen. Die 

Assemblierung von superparamagnetischen Nanopartikeln im äußeren Magnetfeld könnte sich zu einem 

leistungsfähigen Ansatz für die Datenspeicherung und für elektronische Bauteile entwickeln. 

Kapitel 5 präsentierte die Synthese von superparamagnetischen und ferromagnetischen Cobalt 

Nanopartikeln durch die zwei-stufige Thermolyse von Cobalt Carbonyl (Co2(CO)8) mit Polystyrol als 

Stabilisator. Polystyrol Polymere mit Amin-Endgruppen wurden durch ATRP-Technik mit 

unterschiedlichen Molekulargewichten hergestellt. Das Molekulargewicht wurde durch Gel-Permeations-

Chromatographie (GPC) und MALDI-ToF (Englisch matrix-assisted laser desorption/ionization time-of-

flight) Massenspektrometrie bestimmt. Bei enger Molekulargewichtsverteilung (Mw/Mn<1.2) zeigten 

GPC und MALDI-ToF MS nahezu gleiche Ergebnisse. Beispielsweise wurde 10600 Da durch MALDI-

ToF MS erhalten, während GPC 10500 g/mol (Mw/Mn = 1.17) ergab. Bei einer breiten 

Molekulargewichtsverteilung kann man mit MALDI-ToF MS jedoch kein präzises Ergebnis erzielen. So 

wurden bei einem Polymer ein Molekulargewicht von 3130 Da mit MALDI-ToF MS gemessen, während 

GPC zu 2300 g/mol (Mw/Mn = 1.38) führte. Die Größe, Größenverteilung und magnetischen 

Eigenschaften der hybriden Partikel haben sich mit dem Molekulargewicht und der Konzentration der 



109 

 

Polymer-Stabilisatoren unterschieden. Eine Analyse mit Transmissionselektronenmikroskopie zeigte, dass 

die Größe der Co NP zwischen 12–22 nm variierte, wenn sie durch Polystyrol geringen 

Molekulargewichts (Mn = 2300 g/mol) stabilisiert wurden, während sich die Größe der Partikel mit 

Polystyrol mittleren (Mn = 4500 g/mol) und höheren (Mn = 10500 g/mol) Molekulargewichts kaum 

unterschied. Messungen der magnetischen Eigenschaften zeigten, dass die kleinen Cobalt Partikel (12 nm) 

superparamagnetisch waren, während größere Partikel (21 nm) ferromagnetisch waren und zu 1-D Ketten 

assemblierten. Die Dichte der Polymere auf der Oberfläche wurde nach einer thermogravimetrischen 

Analyse berechnet. Mit kleinem Molekulargewicht (Mn = 2300 g/mol) wurde eine höhere Dichte erreicht 

als mit hohem Molekulargewicht (Mn = 10500 g/mol). Durch eine stärker ausgeprägte sterische 

Hinderung kann ein Polymer hohen Molekulargewichts keine dichte Hülle um die Nanopartikel bilden. 

Das Vorliegen einer epsilon kristallinen Phase wurde durch Weitwinkel-Röntgenstreuung sowohl für 

superparamagnetische Co NP (mit PS Mn = 2300 g/mol) als auch ferromagnetische Co NP (mit PS Mn = 

10500 g/mol) bestimmt. Die PS-Co NP, die mit einer höheren Konzentration und einem höheren 

Molekulargewicht des Polymers hergestellt wurden, zeigten eine höhere Stabilität über 3 Wochen. 

In Zukunft sind drei Themengebiete weiterhin von besonderem Interesse. Erstens, kann der Einsatz von 

monodispersen superparamagnetischen Co NP für biologische Anwendungen näher untersucht werden. 

Die Oberflächenmodifikation bietet dabei ein generelles Konzept für die Funktionalisierung von 

ursprünglich hydrophoben Co NP. Beispielsweise können funktionale Biomoleküle wie Aminosäuren, 

Enzyme und Peptide – durch die Vielfalt an –COOH und -NH2 Gruppen, die eine hohe Affinität zur Co 

NP Oberfläche haben – für den Ligandenaustausch verwendet werden. Superparamagnetische Co NP 

werden im Körper nach Wegnehmen des äußeren Magnetfelds nicht aggregieren. Außerdem können die 

Biomoleküle durch einen Magneten recycelt werden, wenn sie an Co NP gebunden sind. Zweitens, 

ferromagnetische Co NP assemblieren durch Dipol-Dipol Wechselwirkung zu 1-D Ketten. 

Thermoresponsive Polymere zeigen einen Phasenübergang bei entsprechender Temperaturänderung. Die 

Selbstassemblierung ferromagnetischer Co NP kann mithilfe einer dicken Schicht eines solchen 

Temperatur-responsiven Polymers und der Temperatur beeinflusst werden. PNIPAM hat beispielsweise 

eine untere kritische Lösungstemperatur (Englisch lower critical solution temperature, LCST) um 32 °C. 

Ein Mikrogel Co@PNIPAM mit einer verlinkten PNIPAM-Schicht um die Co NP würde unterhalb der 

Volumen-Phasenübergangstemperatur (Englisch volume phase transition temperature, VPTT) in Wasser 

schwellen und oberhalb kollabieren. Bei einem großen Volumen der geschwollenen PNIPAM-Schicht 

könnte die dipolare Wechselwirkung zwischen den Co NP unterbunden werden und die Mikrogele 

Co@PNIPAM wären zufällig verteilt statt einer Kettenstruktur auszubilden. Bei höherer Temperatur als 

der VPTT schrumpft die Polymerschicht, so dass der Abstand der NP kleiner wird und 1-D Ketten durch 

dipolare Wechselwirkung ausgebildet werden können. Drittens, durch ihre katalytischen Eigenschaften 

können Co NP verwendet werden, um Reaktionen in organischen und wässrigen Medien zu katalysieren. 

Die Verwendung von magnetischen Co NP als Katalysatoren bietet mehrere Vorteile. Einerseits können 

die katalytischen Eigenschaften durch Stimuli-responsive Polymere wie Thermo-, pH- und Licht-

responsive Polymere kontrolliert werden. Mit PNIPAM als Beispiel könnte die katalytische Effizienz von 
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Co@PNIPAM Kern-Schale Nanoreaktoren durch die Temperatur gesteuert werden. Bei einer Temperatur 

unter der VPTT ist das Gel in Wasser geschwollen und die Substrate können zur Oberfläche der Co NP 

diffundieren; die Reaktionsrate ist also hoch. Bei Temperaturerhöhung über die VPTT ist die 

Polymerschicht jedoch hydrophob, wodurch die Moleküle die Co NP nicht erreichen können und die 

Katalyse nicht ablaufen kann. Andererseits können die magnetischen Co NP Katalysatoren durch einen 

Magneten recycelt werden, so dass die Umweltbelastung reduziert wird. 
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