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Abstract 

 

The use of metal-containing block-copolymer to fabricate magnetic nanoparticles 

arranged in desired nanostructure has attracted immense attention in the field of 

materials science. As a result, a series of FePt-containing block copolymers were 

synthesized.   

  To begin with, a brief survey on the background of magnetic FePt NPs and the use 

of both organic and metal-containing block copolymer self-assembly was presented in 

chapter 1. 

  In chapter 2, a series of FePt-containing polymers were synthesized and 

characterized. The random copolymer FePt-A exhibited poor solubility and 

ill-characterized morphology in the bulk state self-assembly. The block copolymer 

FePt-B2 showed incomplete complexation due to the bulky nature of the 

FePt-complexes B5 used, whereas the block copolymer FePt-C resulted in insoluble 

polymeric materials after complexation. Fortunately, when using coordination linkage, 

FePt-Ds were successfully synthesized and characterized with good solubility in 

common solvents. To retain the cylindrical (FePt-D-Cy1/2) and spherical 

(FePt-D-Sp1/2) morphologies of the neat block copolymer, the loading of bimetallic 

complexes D1 was targeted at 20% of stoichiometry ratio to pyridine. The pyrolysis 
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of bulk samples generated fct FePt nanoparticles with size of 6-13 nm. The results 

showed the systematic tuning of size of nanoparticles by varying the molecular weight 

of block copolymers, and hence the total metal content by weight percentage in 

polymers.  

  In chapter 3, the thin film self-assembly of FePt-Ds was further investigated to 

demonstrate the potential of our system for thin film fabrication. Three approaches 

were employed, the first method was solid state self-assembly in thin film, and the 

morphologies in thin film were consistent to those in the bulk state self-assembly. 

Solvent annealing of FePt-D-Cy2 and FePt-D-Sp1 showed improvement in the order 

and orientation of microdomains, despite the presence of some defects in order. With 

well-defined spherical morphology in FePt-D-Sp1, the pyrolysis in thin film was 

performed and the result showed the retention of spherical morphology with little 

defects. In the next stage, nanoimprint lithography directed self-assembly was 

employed to give the long range order. Both flattened and line array patterned molds 

were employed to imprint the polymers. The results showed alignment direction with 

the use of flattened mold. However, the results also showed the deformed and 

damaged patterns due to high adhesion force between the polymer and mold. Without 

an appropriate releasing agent covered on mold surface and a remedy to tribological 

problem, it would be hard to reliably obtain the morphology under the molds during 
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the press and release. Going to the last method, the solution state self-assembly of 

FePt-D-Cy2 in THF/toluene mixture was demonstrated. By varying polymer 

concentrations and spinning rate, well-defined spherical micelles are possible to 

achieve with a better order and distribution. Solvent annealing with slightly selective 

solvent showed reduction in size distribution and domain size in the FePt spherical 

micelles with slightly improved packing. Although very nice packings in both solid 

and solution state self-assembly have not been achieved yet, this study still 

demonstrated the potential approach to use single bimetallic source-containing   

block copolymer to self-assemble into desired nanostructures for FePt nanoparticles 

synthesis.  

  Finally, chapters 4 and 5 presented the concluding remarks, future plans and the 

experimental details described in chapters 2 and 3. 
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Chapter 1 Introduction 

1.1 Magnetic nanoparticles and magnetic recordings   

Nanomaterials have become a dominant aspect to drive the development of science 

and technology in the past two decades. This is not just because of the miniaturization 

of devices, but also the difference of chemical and physical properties from the bulk 

materials.1 This is attributed to both surface and quantum confinement effects. 

Magnetic nanoparticles (NP) is one of the most attractive nanometer-scale objects in 

the field of materials science. Unlike the bulk magnetic materials, the size and shape 

are crucially important to adjust the intrinsic magnetic properties (i.e. coercivity (Hc), 

saturation magnetization (Ms)). For example, changing the diameters from 2 to 20 nm 

has already possessed a drastic change in magnetic properties, which can be used to 

manipulate the particle performance.2 As a result, the magnetism of NP draws 

immense attention with a wide range of potential applications such as biotechnology 

and biomedicine, environmental remediation, catalysis and information data storage.  

  As mentioned, the magnetic property of the nanometer-scale objects is affected by 

several factors such as chemical composition, shape, size, structure of crystal lattice 

and the particle interaction with the surrounding environment. In terms of 

composition, the nanoparticles may consist of pure metals, metal oxides and alloys. 

The simple metallic nanoparticles (i.e. Fe, Co and Ni) usually provide larger 



2 
 

magnetization than the metal oxides, but they are air-unstable and easily resulted in 

the change of magnetization. In the case of metal alloys (i.e. FeCo, FePt, SmCo5), 

enhancement of properties is always observed, because of both the synergetic effects 

and rich diversity of composition and architecture.3  

  Magnetic NP can be further classified by their response to the magnetic field. 

Figure 1.1a depicts the general picture of ferromagnetic NPs, which shows hysteresis 

(i.e. irreversible behavior of magnetization versus external magnetic field) due to the 

presence of energy obstacles during the magnetization and demagnetization.4 The 

energy barrier provides a certain level of magnetization, remnant magnetization (Mr), 

after the removal of external field. In other words, a negative external magnetic field 

is required to push the magnetic moment to zero and opposite magnitude. 

Ferromagnetic NP hence serves as a candidate in the field of information data storage. 

The force or field required to reverse the magnetization is called coercivity (Hc), 

which is one of the most essential elements in the selection of ferromagnetic materials 

for specific application. This field depends not only on the phase of crystal structure, 

but also the synthetic condition.5 In contrast, superparamagnetic NP shows a linear 

behavior of induced magnetization with respect to the applied magnetic field until Ms 

has reached. They are particularly useful in biological imaging (e.g. magnetic 

resonance imaging (MRI)) and therapeutic applications (e.g. drug delivery).6 
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Figure 1.2. Growth in areal density for specific IBM drive models. 

 

 
 

(a) (b) 

Figure 1.3. Schematic diagrams of (a) a longitudinal recording system, (b) a perpendicular recording 

system.9 

To achieve a higher storage capacity, a trilemma among signal-to-noise ratio, 

thermal stability and writebility is required to overcome. In general, the smaller the 

grain size, the larger the signal-to-noise ratio achieved. However, the reduction of 

grain size is always restricted by the superparamagnetic limit (related to the thermal 
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used, it is possible to achieve an areal density of 1 Tbytes/ in2 or beyond. It is also 

reminded that the increasing Ku inescapably involves a higher switching field, in 

which the conventional read/write heads cannot afford (i.e. maximum at about 1.5-1.8 

T). 

  To overcome this trilemma, the concept of energy-assisted magnetic recording (i.e. 

heat) was introduced.12 Based on the temperature-dependence of coercivity (i.e. it 

decreases with increasing temperature), energy source is used to reinforce the external 

magnetic field to reverse the magnetization in magnetic NP during the writing process. 

Microwave is another energy source to reduce the switching field.13 When an AC 

magnetic field is imposed to the medium, the precession of magnetic moments around 

the anisotropy axis is induced.   

  Another approach to overcome the trilemma is the use of bit-pattern media (BPM), 

in which a bit is regarded as a unit of grains instead of the averaging signals of a 

group of independents grains (i.e. 50-100 grains). Theoretically, single bit-based 

approach benefits the storage system with a higher signal-to-noise ratio and higher 

areal density. Moreover, the BPM approach is different from the conventional method 

in the manufacturing process, since the recording bits are predefined by the 

lithographic techniques during fabrication.9, 14 Hence, the process poses a great 

challenge as a high resolution patterning is required to further scale down the highly 
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anisotropy along the [001] direction. The spin-orbit coupling and the hybridization 

between the Fe 3d orbitals and Pt 5d orbitals further allow the grain size down to 3-4 

nm without reaching the superparamagnetic limit.15b,16 As a result, the recording 

media based on hard magnetic materials is expected to achieve up to 1 Tbytes/ in2 or 

beyond.  

  However, not all the FePt alloy NPs can be utilized as hard magnets. There are 

face-centered cubic (fcc, disordered) and face-centered tetragonal (fct, ordered) phases. 

Figure 1.4 shows the unit cells of both structures. In the chemically disordered fcc 

phase, the chances for both Fe and Pt atoms to occupy any atomic sites are the same, 

and the three dimensions are the same in length ratio. This phase is of low magnetic 

anisotropic constant and obtained easily at low temperature. In contrast, the ordered 

fct phase provides great magnetic anisotropy with hard magnetic property. Its 

alternating stacking layers of Fe and Pt are formed along [001] direction under high 

temperature phase transition from fcc.4, 17 In addition, the fct structure is arranged in 

0.968:1 of c:a ratio, which breaks the cubic symmetry and allows a preferential 

magnetic alignment along the c-axis. On the other hand, the composition of Fe to Pt is 

expected to be about 1:1 for the use of next generation HDDs, due to the difference in 

crystal structures, chemical and physical properties.18 Hence, the control in 

composition of both atoms is crucial to the final use.  
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Figure 1.4. Schematic diagrams showing (a) fcc and (b) fct FePt NP strucutres.4 

  Historically, FePt NP was prepared by the physical vacuum deposition,19 but 

random nucleation is easily observed during the post annealing at high temperature. 

This results in broad distribution in the initial growth of particles. Even worse is that 

grain coarsening at high temperature annealing further destroys interaction between 

NP. Various insulator matrices have been introduced to separate the FePt NP in 

post-annealing, such as SiO2, Al2O3 and S3N4.20 To get rid of this tedious physical 

approach, chemical solution phase synthesis was introduced by Sun et. al. since 

2000.21 This method requires the use of metal salt precursors with surfactants, thus 

provides a simple platform towards narrow particle size distribution. The NP can be 

further dispersed in a range of common organic solvents for pattering. This 

well-developed method includes two steps, as depicted in Figure 1.5. The first step is 

the simultaneous thermal decomposition of iron pentacarbonyl (Fe(CO)5) and 

polyol-reduction of platinum acetylacetone (Pt(acac)2) surrounded by surfactants (e.g. 

oleic acid and oleic amine) at low temperature (i.e. 300 oC) to generate fcc FePt NP. 
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Then, these NP are dispersed in organic solvent (i.e. hexane) and deposited to 

evaporate the solvent and thermally annealed in furnace at high temperature (i.e. 

600-800 oC) to yield the chemically ordered fct NPs. By carefully varying the feeding 

ratio of precursors and annealing temperature, 1:1 Fe:Pt ratio can be achieved with 

diameter of around 3-10 nm. Further controlling the surfactants used adjusts the 

inter-particle spacing during self-assembly.  

 
Figure 1.5. Schematic illustration of FePt nanoparticle formation from the decomposition of Fe(CO)5 

and reduction of Pt(acac)2.2b 

  However, the high temperature usually leads to particle aggregation, which 

deteriorates the monodispersity of particles.22 This is not just because of the difference 

in the onset temperature of the two metal precursors, but also the relatively small 

particle spacing as well as the strong interparticle exchange coupling.23 In addition, 

the surfactants are easily decomposed at high temperature annealing, which fails to 

stabilize the NP from sintering. Hence, the aggregated NP increases in size, and 

destroys the size distribution and particle arrangement. To protect the NP from 

coalescence, several approaches have been employed. The first approach introduces 
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third elements, such as Au24, Ag25, Zn26 and Sb27 into the alloy to reduce the transition 

temperature and even in some cases can enhance the chemical ordering.28 Another 

approach uses the physical barriers formed by inorganic compounds, such as SiO2
22, 29 

and MgO30, to avoid sintering at high temperature. However, these barriers may 

render the 2D self-assembly difficult in long-range order and make regular pattern 

over large area hard to obtain. 

  On the other hand, problem related to the stoichiometric control is often observed 

due to the premature reaction between the Fe and Pt NP, and non-stoichiometric 

dual-source precursors. The inherent small interparticle distance allows strong dipolar 

coupling.31 This coupling hence generates an undesirable collective magnetic 

dynamics which is not suitable for storage device. As a result, a whole new synthetic 

pathway is required.  

 

1.3 FePt NP and other metal NP fabricated by metal-containing polymers   

To obtain 1:1 stoichiometric ratio in Fe:Pt, single-source bimetallic compounds32 or 

layered polycrystalline molecular compound33 involving direct bond between Fe and 

Pt atoms have been employed. This atomic level mixing of metal species allows the 

formation of bimetallic phase under mild condition. However, there is still a way far 

from device fabrication, due to the lack of well spatial control of NP over a large area 
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of substrates. To overcome this problem, metallopolymers were employed in recent 

years. This method provides some benefits. First of all, metal atoms can be selectively 

located in the polymer backbone, such as main chain, side chain or chain terminal. 

Moreover, diverse architectures from linear, dendritic and star shaped polymer are 

formed. It allows the metal-containing polymers to yield different morphology and to 

suit the final applications. Taking the advantages of film forming property, both 

top-up and bottom-up approaches are suitable to pattern the metallopolymer thin films 

into desired nanostructures. Top-down approach refers to the use of photosensitive 

masks or mechanical molds to transfer pattern to the underlying polymers, such as 

electron-beam (e-beam) and nanoimprint lithography (NIL). The bottom-up 

techniques rely on the intrinsic self-assembling abilities of polymers to generate 

hierarchical structures, such as block copolymer (BCP) lithography.  

In 2008, Wong and Manners et al. have addressed the spatial problem by using 

e-beam lithography with bimetallic metallopolyyne precursor (Figure 1.6).34  After 

the exposure of polymer thin films under e-beam source and treatment in 

dichloromethane (CH2Cl2), arrays of microbars (ca. 1.0 x 10 um2) were revealed 

under scanning electron microscope (SEM). Further pyrolysis gave FePt NP with size 

at around 9 nm densely covering the microbars, shown in Figure 1.7b. Besides, the 

FePt NP in amorphous carbon matrix was obtained with a narrow size distribution 
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after pyrolysis. It is claimed that heating polymer at high temperature released both 

metal atoms, resulting in FePt clusters as nuclei for NP growth. No aggregation of NP 

was observed. This is believed to be the result of suppression by surrounding 

carbonaceous matrix. 

 
Figure 1.6. Chemical structure of bimetallic metallopolyyne precursor.34 

 

 

(a)                       (b) 

Figure 1.7. (a) Optical micrograph of polyferroplatinyne microbars after EBL and (b) SEM image of 

microbars after pyrolysis.34  

  However, the EBL may not be the most promising solution in patterning the 

magnetic recording media in the future, despite the advancement of producing sub-10 

nm feature size.35 This is because of the incapability of large volume production, long 

processing time and high maintenance cost. As a result, Wong and Manners et al. 
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further expanded the use of polyferroplatinyne precursor with NIL, which is 

cost-effective for large scale and high resolution feature production. Figure 1.8 shows 

the fabrication process of imprinting the metallopolymer thin film. By simple drop 

casting the polymer solution and pressing the soft PDMS mold on the polymer, 

FePt-containing polymer thin film with line arrays and dot patterns were formed after 

UV curing. This single-step fabrication eliminates both the patterning of photoresist 

or subsequent etching/lift-off of the polymer films. Pyrolysis of the bulk materials 

generated FePt NP with average size of around 4.6 nm. Magnetic measurement 

revealed 1.4 T of coercivity at room temperature. Figure 1.9 shows the magnetic 

signal of dots arrays of FePt NP. This prototype demonstrated the areal density of 2.58 

Gbytes/in2, which potentially allowed fabrication of 1 Tbytes/in2 BPM or beyond 

without any advanced technologies. The same group further demonstrated the use of 

NIL with FePt-containing side chain organometallic polymer.36  
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broken the limits of colloidal methods, and shown the potential in semiconductor 

applications such as TiO2 and ZnO.38 There are two ways of using BCP. The first 

approach use metal salts or magnetic NP with BCP. In the case of NP, the 

as-synthesized fct FePt NP usually has no interaction to be selectively located, so 

either short homopolymer chains39 or small organic ligands40 was coated on the 

surface of NP to induce hydrophobic or hydrophilic interaction to one of the domains 

in BCPs. Then, the FePt NP was either mixed with BCP solutions in certain loading or 

spin-coated on the pre-patterned BCP surface. BCP was then etched to reveal the NP 

in ordered arrays.  

In contrast to FePt NP, the individual metal salts (i.e. FeCl3 and H2PtCl6) can be 

added to BCP (PS-b-P2VP or PS-b-P4VP) solution directly by the ionic interaction.31 

The metal salts were sequentially added to the BCP solution with stirring. Post 

annealing at high temperature or oxygen/hydrogen plasma was then employed to 

remove the polymer matrix and convert the metal salts to fct FePt NP. In some cases, 

the metal salts are replaced by the small organometallic molecules. Lee and Kim et al. 

have reported the use of hydrophobic metal precursors (i.e. 

dimethyl(1,5-cyclooctadiene)platinum(II) and dimethylaminomethylferrocene) with 

BCP (i.e. PI-b-PEO) and aluminosilicate (Figure 1.10).41 During mixing, the two 

metal precursors and hydrophilic aluminosilicate were selectively located in 
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hydrophobic PI and hydrophilic PEO, respectively. BCP here acted as structure 

directing reagent, whereas the thermally stable aluminosilicate induced the formation 

of mesoporous structure to confine FePt NP formation and prevent aggregation of NP.    

In all these mixing methods, the size of NP and interparticle spacing between the 

NP are controlled by the amount of metal precursors added and by the length of the 

BCP chains employed, respectively. In the case of FePt NP, the weak interaction is 

used to locate the NPs to one of the BCP domains, so sufficient difference in 

hydrophilicity and hydrophobicity between BCP domains is always required. If a 

more complex morphology is involved, the use of triblock copolymer may complicate 

the situation of selectively locating the magnetic NP. On the other hand, the use of 

metal salts usually requires careful addition sequence and amount of metal salts. For 

example, the initial addition of FeCl3 was resulted in the blockage of the second salt, 

H2PtCl6, loading into the P2VP core.31a Moreover, the amount of salt addition is also 

limited, because excessive addition of metal salts may complicate the morphology by 

cross-linking of polymers in high concentration of metal salts. Hence, poorly ordered 

structure is induced.42 In addition, the BCP mixing with two different monometallic 

precursors may disturb controlled distribution of precusors in polymer chains, and 

lead to difficulty in controlling the composition in NP. To ensure 1:1 ratio of both 

atoms in FePt NP, it is better to use single source bimetallic-containing polymer in 



18 
 

fabrication. 

 

Figure 1.10. Schematic representation of the preparation of fct FePt nanocrystals inside ordered 

mesostructured aluminosilicate/carbon.41 

With the advanced of controlled polymerization methods, such as living anionic 

polymerization and controlled free radical polymerization, metal-containing 

macromolecules containing various architectures and functionalities have been rapidly 

unveiled in the past twenty years.43 Metallo-block copolymers on the other hand 

ensure the precursors to directly link to BCP via intact covalent bond or reversible 

coordination bond. The metal is incorporated into the side chain or main chain of 

polymer backbones. By carefully integrating the functional ligands and metal centers, 

a novel platform with various applications is established, ranging from energy 

conversion and storage, stimuli-responsive materials and catalysts to biomedical and 

nano-science aspects. In addition, metal-containing BCP provides another possible 

solution in positioning the NPs due to the inherent ability to phase-separate into wide 

range of ordered nanostructures in both solid and solution states.44 Taking this benefit, 
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it is possible to achieve sub-20 nm scale ordered nanostructure in large area 

fabrication and make the spatial control in FePt NP possible in the near future. Among 

the metal-containing BCPs, PS-b-PFEMS (polyferrocenylethylmethylsilane, 

iron-containing BCP, Figure 1.11) has been extensively studied in both bulk and thin 

film self-assembly by Manners et al. With the careful control of volume fraction of 

the blocks, the cylindrical morphology was observed, containing the PFS 

(polyferrocenylsilane) cores embedding in PS matrix.45 By varing the thin film 

thickness and solvent-vapour annealing condition, ordered hexagonally packed arrays 

of iron cylindrical domain was orientated perpendicular to the substrates.46 UV 

crosslinking and pyrolysis of thin film with cylinders (i.e. ~20.5 nm diameter) yielded 

monodisperse iron NP (i.e. ~6.5 nm average size) in C/SiC matrix (Figure 1.12). It 

was found that the pre-defined nanostructure limits the diffusion of Fe atom during 

pyrolysis and UV crosslinking of polystyrene domain further retains the Fe atoms 

from loss. Hence, the Fe NPs surrounded by C/SiC matrix were obtained with desired 

morphology.  

 

 

Figure 1.11. Chemical structure of PS-b-PFEMS.46 
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Figure 1.12. (a)AFM height-mode and and (b) SEM images of pyrolyzed, UV cross-linked 

PS-b-PFEMS (inset scale bars = 50 nm). (c) Schematic diagram of the proposed structure.47 

  Another widely studied metallic NPs using metallopolymer as single source 

precursors were individually established by Grubbs48 and Tew.49 Grubbs et al. showed 

the possibility of using controlled radical polymerization, such as NMP and RAFT to 

easily synthesize BCP with alkyne-functional blocks (Figure 1.13a) enabling 

localization of cobalt atoms in the segregated domains. By changing the weight 

composition of PS domain (i.e. 8 to 70 wt %), PS-rich lamellar morphologies to 

cobalt-adduct spherical morphologies were observed. By appropriately heating the 

polymers in an inert atmosphere, the Co NP (with some CoO and Co3O4 in 

nanocomposites) was formed simultaneously and localized by the carbon matrix. On 

the other hand, Tew et al. reported the use of ROMP to synthesize cobalt-containing 

BCP (Figure 1.13b). Pyrolysis of the polymer generated room temperature 

ferromagnetic materials. Interestingly, the BCP nanostructure not only arranged the 

nanocomposites in the desired order (Figure 1.14), but also provided a strong 

confinement to impart interaction among the Co NPs, hence increasing magnetic 

coupling and thus the magnetic property.  



21 
 

 
Figure 1.13. Chemical structures of cobalt-alkyne-functional block copolymer synthesized by (a) 

RAFT48c and (b) ROMP.49a 

 
Figure 1.14. Microtomed TEM images of thermal annealed (a) Co-containing BCP and (b) the 

corresponding homopolymer (scale bar = 100 nm).49a 

  As mentioned, the metal precursors can be attached to the BCP via reversible 

coordination linkage. This approach on the other hand requires a less strict condition 

for synthesis. Brinke et al. and Ikkala et al. made use of the coordination bond 

between nitrogen atom and zinc atom to attach zinc dodecylbenzenesulfonate 

(Zn(DBS)2) to PS-b-P4VP (Figure 1.15a).50 Lamellar structure was observed under 

TEM, whereas methanol treatment led to mesoporous structures with lamellar walls. 

It opens a possible way towards mesoscale electrical or biotechnological applications. 

Another example was reported by Shenhar et al., using Pd-pincer complex to attach 
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PS-b-P2VP via either coordination (Figure 1.15b) or stacking interaction (without the 

addition of AgBF4).51 In both cases, transition from one phase to another phase was 

observed by changing the Pd-pincer complex loading. However, due to the difference 

of the interactions involved, the weak stacking interaction resulted in different 

distribution of pincer molecules in P2VP matrix, and weakened the segregation 

strength between the blocks. Hence, a perforated lamellar phase was observed in the 

case of stacking. The same group further showed the formation of disk-shaped 

nanoparticle aggregates of Pd NP organized in ordered hierarchical arrays (Figure 

1.16).52 Chan et al. reported the functionalization of PS-b-P4VP with a 

chlorotricarbonyl rhenium(I) diamine complex (Re-DIAN) (Figure 1.15c) to exhibit 

cylindrical domains with fingerprint pattern under TEM.53 By spin-coating the 

polymer on different substrates, either cylinders or island-like features were found 

according to the different surface polarity of substrates applied. The patterned surface 

was employed to pattern the CdS NP due to the charged surface generated after 

Re-complex attachment. 
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Figure 1.15. Chemical structures of (a) PS-b-P4VP[Zn(DBS)2]y

50, (b) PS-b-P2VP(Pd-SCS)x/ 

AgBF4
51-52 and (c) PS-b-P4VP(Re-DIAN).53 

 
Figure 1.16. Microtomed TEM image of PS-b-P2VP(Pd-SCS)x after reduction with NaBH4, showing 

round-shaped aggregates of Pd nanoparticles in lamellar P2VP domains.52 

In the further development, researchers have synthesized the bimetallic 

metalloblock-copolymer. Manners et al. employed the photocontrolled ring-opening 

polymerization to synthesize the acetylene-functionalized PS-b-PFS.54 This polymer 
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was separately clusterized with dicobalt octacarbonyl and 

(tri-n-butylphosphine)gold(I) chloride to yield PS-b-(Co-PFS) and PS-b-(Au-PFS), 

respectively (Figure 1.17). Bulk film analysis under TEM showed lamella-liked 

phase-separation in both cases. 

 

Figure 1.17. Chemical structures of (a) PS-b-(Co-PFS) and (b) PS-b-(Au-PFS).54 

Tang et al. have demonstrated the use of RAFT to prepare series of 

PMAECoPF6-b-PMAEFc (poly(2-(methacrylolyoxy)ethyl cobaltoceniumcarboxylate 

hexafluorophosphate)-b-poly(2-(methacrylolyoxy)ethyl ferrocenecarboxylate)) to 

prepare FeCo alloy NPs (with FeCo phosphide nanocomposites) embedded in carbon 

matrix (Figure 1.18).55 It was observed that there were magnetization change and 

transition of pyrolyzed materials from metal phosphide to metal alloy by varying the 

block ratio of the two metal blocks.  
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Figure 1.18. Chemical structure of PMAECoPF6-b-PMAEFc.55b 

  With the above demonstrations, the metal-containing BCP approach is expected to 

be a promising and possible solution to direct and confine the metal precursors in one 

of the BCP domains, and to obtain monodisperse metallic NPs after direct pyrolysis or 

other post-annealing treatments. However, up to now, using single bimetallic 

metalloblock copolymer to synthesize FePt NPs is rarely seen in the literature.  

 

1.4 Random copolymers/BCP self-assembly and solvent vapor annealing of BCP 

thin film 

As mentioned, the current top-down techniques are partially prohibited by the high 

production and cost and low throughput in large scale fabrication. To catch up with 

the roadmap for high-performance logic complementary metal oxide semiconductor 

technology (CMOS), it is urged to investigate an alternative technique to obtain 

nanoscale features. Hence, BCP self-assembly is one of the promising candidates 

from bottom-up techniques. Due to the inherent self-assembling ability, it has 
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hydrogen bond strength can be varied by temperature, solvent nature and number of 

hydrogen bonds available. Stamm and Kuila et al. have reported a successful example 

of introducing organometallic compounds to PS-b-P4VP.63 In the study, 

ferroceneacetic acid (FAA) molecules were stoichiometrically attached to the 

PS-b-P4VP (Figure 1.21) and the polymer solution was dip-coated to a silicon wafer 

to produce hexagonally packed cylindrical morphology perpendicular to the substrate. 

Further pyrolysis or oxygen plasma of the UV-crosslinked thin film generated iron 

oxide NPs ranging in size from 3.5 to 7 nm. Metal coordination on the other hand 

provides a relatively strong binding force and can directly introduce new 

functionalities (i.e. catalysis, photovoltaic property, and conductivity). Interestingly, 

this attraction is not limited to adding metallic moieties to polymer side chains, but 

also can act as an irreversible linkage among two or more homopolymer chains and 

yields various architectures.64 

 
Figure 1.21. Structure of PS-b-P4VP(FAA).63 

In recent years, some research works have demonstrated the possibility of random 

copolymer self-assembly (Figure 1.22).65 Despite their relatively ill-defined structure 
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rate, as slower rate of evaporation allowed sufficient diffusion of polymer chains.71 

Another early landmark work was reported by Russel et al..72 It was proposed that 

there was a directional ordering front which is parallel to the initial propagation 

direction of solvent inducing a perpendicular orientation of BCPs (Figure 1.24). The 

study further illustrated the improvement in long range order of PS-b-PEO thin film 

after the exposure to benzene vapour for 2 days with decrease in the number of 

defects (Figure 1.25). Despite the extensive mechanistic studies and simulations, the 

actual process is believed to be much more completed and the exact explanation is in 

study.67, 73 Parameters like solvent selection, vapor pressure and swelling ratio, 

annealing duration, solvent evaporation rate and set-up used etc., would affect the 

annealing process.74 

 

Figure 1.23. Schematic diagram of simple static solvent vapour annealing using a solvent chamber 

with the change on thin film morphologies.67 
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Figure 1.24. Schematic diagram illustrating the concept on an ordering front that propagates through 

the film.72 

 
Figure 1.25. (a) AFM phase images of an as-spun PS-b-PEO thin film after spin-coating, and (b) AFM 

phase image after annealing for 48 hours in benzene vapor. 

  In the literature reports, it has been illustrated that a slight change in structure in 

BCP, such as replacing the covalent linkage of the diblock copolymer with a metal 

coordination complex, can change the annealing requirements towards improved order. 

Schubert et al. have demonstrated the different solvent annealing behavior after using 

a ruthenium charged complex as the linkage between PS and PEO blocks.64c The 

original non-polar benzene was found to be useless to improve the perpendicular 

cylindrical morphology, but THF did. It was suggested that the distinct phenomenon 
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was obtained by the charge site and poor solubility in benzene resulted in aggregation 

during annealing. Hence the rearrangement was prohibited.  

 In the further development of directed self-assembly of BCP, the substrate effect is 

taken into account, as the interfacial energy impacts a lot in the energy balance of the 

whole polymer thin film system. Also, the reproducibility becomes another concern 

when large area fabrication is involved. Additionally, the solvent annealing is 

associated with dewetting problems due to the retraction of polymer film from 

substrate generating the island-like pattern from continuous films, especially when 

long time annealing is involved.75 Only in rare cases, the dewetting process can create 

the regular pattern. Usually this destabilization threatens the practical applications 

requiring continuous film with uniform thickness. As a result, the templated 

self-assembly is being investigated, which confine and direct the ordering and 

orientation of BCP films above topographical or chemical patterns. After the casting 

of BCP solution on the template, the tendency of BCP to achieve energetically stable 

state drives the microdomains to manipulate themselves in size, shape and spacing to 

match the surface energies of the templates. Therefore, the long-range order and 

appropriate orientation are accomplished. In topographical patterning, the HSQ 

cylindrical posts (hydrogen silsesquioxane), side-wall templates or grooves are used 

to confine the BCP domains and accommodated domains with change in row spacing 
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and domain size in order to maintain constant number of arrays. Ross and coworkers 

have shown the possibility of employing the 1D to 2D templates to pattern the 

inorganic spherical and lamellar-forming BCP with long range order.76 On the other 

hand, chemical template formed by coating the substrate interface with different 

homopolymer brushes was used in promoting different ordering and orientation, due 

to the change of effective interaction at BCP-air/substrate interface.77  

  With regard to the inborn redox property in metallopolymers, electric field is 

employed as an alternative guiding agent to pattern polymer film. Ross and Manners 

have demonstrated the influence of electric fields on the pattern formation of 

PFEMS-containing BCP during solvent annealing.78 Supposing the threshold voltage 

was reached, the electric field induced partial oxidation of the Fe(II) to Fe(III) to 

increase the effective volume fraction of PFEMS domains by repulsion of positive 

charge. In addition, the change in charge also increased the polarity difference and 

enhanced the uptake of solvent during annealing. Besides, the dielectric interface 

between the corresponding blocks reoriented to align properly to the electric field 

vector. All of these factors resulted in the gain of morphology control. With great care 

and control in the parameters involved, it is believed that the desired nanostructure in 

microphase separation is possible to obtain. 
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1.5 Scope of the thesis 

In summary, the use of FePt-containing BCP is rarely seen in the literature for 

generation of ferromagnetic FePt NP. Taking the advantages of forming a wide range 

of morphologies and confining the NP in specific domain of BCPs, we plan to design 

and synthesize a series of FePt-containing BCPs. In this thesis, the syntheses of both 

covalently-linked and coordination-bonded bimetallic complexes were investigated. 

Due to the better solubility and well characterization of the coordination-bonded BCP, 

it was chosen to further study both the bulk and thin film self-assembly. Both 

spin-coating and nanoimprint-assisted methods were studied for the thin film 

preparation with the solvent vapour annealing, to see their potential to fabricate the 

next generation magnetic data storage device.  
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Chapter 2 Synthesis and Characterization of 

Metal-containing Copolymers and Block Copolymers 

2.1 Introduction  

As mentioned in previous chapter, the bits in current conventional HDDs are 

composed of weakly coupled magnetic Co-alloyed grains. Although the perpendicular 

HDDs have improved the areal density, it is predicted to reach its limit at around 1 

Tbytes/ in2 in near future.1 Moreover, the recent growth rate has decreased to 30-50 %, 

limited by the superparamagnetic limit towards stability of small magnetic NPs. The 

trilemma among the wirtability, signal-to-noise ratio and thermal stability of small 

size grains is hence posed to the HDD industry. According to the ASTC Technology 

Roadmap 2016 reported by IDEMA (The International Disk Drive Equipment and 

Materials Association),2 BPM and energy-assisted magnetic recording technologies 

are expected to increase the areal density above 1 Tbytes/ in2. As a result, the 

investigation for new materials is a must for the next generation of HDDs.  

Although the conventional method in NP synthesis has been extensively studied, 

the use of surfactant posed few problems, such as inherent short particle distances and 

particle aggregation at high temperature. As a result, an alternative approach using 

polymer-based materials has been developed and addressed the current problems.3 In 

the meanwhile, the development of semiconducting industry has driven the top-down 
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patterning techniques (i.e. UV photolithography and EBL) to certain advanced level, 

but the high cost and low throughput for these demanding technologies still partially 

hindered their use in the industries. As a result, NIL was proposed to rapidly pattern 

the bimetallic metallopolyyne precursor by Wong and Manners et al..3a, 3b. This 

approach is of low cost and less demanding condition. Their work demonstrated the 

possibility to employ NIL to synthesize FePt NPs BPM for magnetic data storage. 

However, scaling down the patterned feature to sub-20 nm scale may not be a simple 

task, due to the practical difficulties. As a result, it is required to seek for another 

approach to pattern the metallopolymers.  

BCP lithographic technique has shown to be a second alternative to generate 

feature scale useful for magnetic data storage. It is based on the inherent 

self-assembling ability of BCP to produce hierarchical architectures. These BCP 

templates were widely studied to produce highly ordered patterns, incorporating either 

metal salt precursors or as-synthesized NPs to produce semiconducting metal oxide 

and metal NPs. This simple approach however has a few problems when dealing with 

bimetallic magnetic NPs. When using two different monometallic salts, their order of 

addition requires strict control, to make sure no blockage resulted from the first metal 

salts. It has been reported that there was a blockage of the H2PtCl6 after the addition 

of FeCl3 to the P2VP block. In addition, the amount of salt addition is also limited, 
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because excessive addition of metal salts may complicate the morphology by 

cross-linking of polymers in high concentration of metal salts. Both problems may 

further result in uneven distribution of metal salt precursors in polymer chains, hence 

threatens the control of bimetallic composition in NP. In the case of the as-synthesized 

bimetallic NP, weak hydrophobic/hydrophilic interactions are usually involved to 

attach NP on BCPs. However, the weak interactions may be harmed by etching 

treatment, and hence the order is disturbed.  

As a result, bimetallic copolymers have been introduced to address the mentioned 

problems.3a-c, 4 First of all, they provide either covalent or coordination linkage to 30 

anchor the metal moieties inside polymers, ensuring extra stability in high 

temperature treatment. Moreover, the corresponding metal atoms are in close 

proximity within a single bimetallic source, so that the desired metal composition can 

be easily obtained in atomic scale. This systematic approach eliminates the concern of 

uneven distribution. In contrast to the pure organic blocks, metal-containing blocks 

produce sufficient etch contrast and resistance to generate involatile and intact metal 

oxide during plasma treatment, allowing adequate pattern retain and transfer. Finally, 

the pyrolysis of metallopolymers has been reported to be an effective way to provide 

magnetic metal and metal oxide NP.5  

From all the above, this work will focus on the investigation the potential of 
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FePt-containing copolymers as precursors towards magnetic FePt NP. Four 

metallopolymers from random copolymer to block copolymers were synthesized and 

characterized in this chapter (Figure 2.1). In each trial, their own benefits and 

drawbacks were discussed. One of the systems was further chosen to undergo bulk 

state self-assembly to demonstrate the potential for spherical or hexagonally packed 

cylindrical NP fabrication in thin film. Finally, the characterization of the ceramic 

materials was provided after the pyrolysis of the desired metallopolymers.  

 

Figure 2.1. Structures of FePt-containing random copolymer (FePt-A) and BCPs (FePt-B2, C and D). 






























































































































































































































































































