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Abstract 

 

Magnetic nanoparticles (NPs) with sizes ranging from 2 to 20 nm in diameter 

represent an important class of artificial nanostructured materials, since the NP size 

is comparable to the size of a magnetic domain. They have potential applications in 

data storage, catalysis, permanent magnetic nanocomposites, and biomedicine. 

To begin with, a brief overview on the background of Fe-based bimetallic NPs 

and their applications for data-storage and catalysis was presented in Chapter 1. 

In Chapter 2, L10-ordered FePt NPs with high coercivity were directly prepared 

from a novel bimetallic acetylenic alternating copolymer P3 by a one-step pyrolysis 

method without post-thermal annealing. The chemical ordering, morphology and 

magnetic properties were studied. Magnetic measurements showed that a record 

coercivity of 3.6 T (1 T = 10 kOe) was obtained in FePt NPs. By comparison of the 

resultant FePt NPs synthesized under Ar and Ar/H2, the characterization proved that 

the incorporation of H2 would affect the nucleation and promote the growth of FePt 

NPs. The L10 FePt NPs were also successfully patterned on Si substrate by 

nanoimprinting lihthography (NIL). The highly ordered ferromagnetic arrays on a 

desired substrate for bit-patterned media (BPM) were studied and promised bright 

prospects for the progress of data-storage. 

Furthermore, we also reported a new FePt-containing metallopolymer P4 as the 

single-source precursor for metal alloy NPs synthesis, where the metal fractions 

were on the side chain and the ratio could be easily controlled. This polymer was 
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synthesized from random copolymer poly(styrene-4-ethynylstyrene) PES-PS and 

bimetallic precursor TPy-FePt ([Pt(4’-ferrocenyl-(N^N^N))Cl]Cl) by Sonogashira 

coupling reaction. After pyrolysis of P4, the stoichiometry of Fe and Pt atoms in 

the synthesized NPs (NPs) is nearly close to 1:1, which is more precise than using 

TPy-FePt as precursor. Polymer P4 was also more favorable for patterning by high 

throughout NIL as compared to TPy-FePt. Ferromagnetic nanolines, potentially as 

bit-patterned magnetic recording media, were successfully fabricated from P4 and 

fully characterized. 

In Chapter 3, a novel organometallic compound TPy-FePd-1 [4’-ferrocenyl-

(N^N^N)PdOCOCH3] was synthesized and structurally characterized, whose 

crystal structure showed a coplanar Pd center and Pd-Pd distance (3.17 Å). Two 

metals Fe and Pd were evenly embedded in the molecular dimension and remained 

tightly coupled between each other benefiting to the metal–metal (Pd-Pd) and 

ligand π–π stacking interactions, all of which made it facilitate the nucleation 

without sintering during preparing the FePd NPs. Ferromagnetic FePd NPs of ca. 

16.2 nm in diameter were synthesized by one-pot pyrolysis of the single-source 

precursor TPy-FePd-1 under getter gas with metal-ion reduction and minimal 

nanoparticle coalescence, which have a nearly equal atomic ratio (Fe/Pd = 49/51) 

and exhibited coercivity of 4.9 kOe at 300 K. By imprinting the mixed chloroform 

solution of TPy-FePd-1 and polystyrene (PS) on Si, reproducible patterning of 

nanochains was formed due to the excellent self-assembly properties and the 

incompatibility between TPy-FePd-1 and PS under the slow evaporation of the 
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solvents. The FePd nanochains with average length of ca. 260 nm were evenly 

dispersed around the PS nanosphere by self-assembly of TPy-FePd-1. In addition, 

the orientation of the FePd nanochains could also be controlled by tuning the 

morphology of PS, and the length was shorter in confined space of PS. Orgnic 

skeleton in TPy-FePd-1 and PS were carbonized and removed by pyrolysis under 

Ar/H2 (5 wt%) and only magnetic FePd alloy nanochains with domain structure 

were left. 

Besides, a bimetallic complex TPy-FePd-2 was prepared and used as a single-

source precursor to synthesize ferromagnetic FePd NPs by one-pot pyrolysis. The 

resultant FePd NPs have a mean size of 19.8 nm and show the coercivity of 1.02 

kOe. In addition, the functional group (-NCMe) in TPy-FePd-2 was easily 

substituted by a pyridyl group. A random copolymer PS-P4VP was used to 

coordinate with TPy-FePd-2, and the as-synthesized polymer made the metal 

fraction disperse evenly along the flexible chain. Fabrication of FePd NPs from the 

polymers was also investigated, and the size could be easily controlled by tuning 

the metal fraction in polymer. FePd NPs with the mean size of 10.9, 14.2 and 17.9 

nm were prepared from the metallopolymer with 5 wt%, 10 wt% and 20wt% of 

metal fractions, respectively. 

In Chapter 4, molybdenum disulfide (MoS2) monolayers decorated with 

ferromagnetic FeCo NPs on the edges were synthesized through a one-step 

pyrolysis of precursor molecules in an argon atmosphere. The FeCo precursor was 

spin coated on the MoS2 monolayer grown on Si/SiO2 substrate. Highly-ordered 
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body-centered cubic (bcc) FeCo NPs were revealed under optimized pyrolysis 

conditions, possessing coercivity up to 1000 Oe at room temperature. The FeCo 

NPs were well-positioned along the edge sites of MoS2 monolayers. The vibration 

modes of Mo and S atoms were confined after FeCo NPs decoration, as 

characterized by Raman shift spectroscopy. These MoS2 monolayers decorated with 

ferromagnetic FeCo NPs can be used for novel catalytic materials with magnetic 

recycling capabilities. The sizes of NPs grown on MoS2 monolayers are more 

uniform than from other preparation routines. Finally, the optimized pyrolysis 

temperature and conditions provide receipts for decorating related noble catalytic 

materials. 

Finally, Chapters 5 and 6 present the concluding remarks and the experimental 

details of the work described in Chapters 2-4. 
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Chapter 1  

 

Introduction 

 

1.1 Bimetallic magnetic nanoparticles 

Nanoparticles (NPs) are of intense current interest for a variety of applications 

due to the discovery of their unusual physical and chemical properties relative to 

their bulk counterparts, which is related to manifestation of so-called “quantum size 

effects”.[1] Bimetallic NPs, composed of two distinct metal elements, are a class of 

important NPs receiving considerable attention because of the enhancement in 

specific properties upon alloying due to synergistic effects. [2] The rich diversity of 

compositions, structures, and properties of metallic alloys has led to widespread 

applications in electronics, engineering, and catalysis. These applications often 

highly depend on the structure (e.g., shape, size, composition, and surface chemistry) 

of the NPs. [3] 

Ongoing from pure metal clusters to bimetallic nanoalloys, the complexity of 

their microstructure is increased due to the presence of two different types of atoms, 

which leads to the possibility of isomers based on the permutation of unlike atoms 

as well as the regular geometrical isomers. The complicated structures of bimetallic 

NPs generally can be classified into four categories based on their mixing mode and 

geometric sturcture, i.e., core–shell segregated, heterostructure, intermetallic or 

alloyed structure, and multishell structure. [2, 4] As shown in Figure 1.1, the 
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schematic representation clearly described the four types of structures.  

 

 

Figure 1.1 Schematic representation of bimetallic NPs with different structures. (a) 

core-shell segregated structure; (b) heterostructure; (c) intermetallic or alloyed 

structure; and (d) multishell structure.  

 

Among various NPs, bimetallic magnetic NPs are attracting considerable 

attention because of the enhanced magnetic properties and certain functionality.[5] 

Magnetic NPs possessing appropriate physicochemistry and tailored surface 

properties have been extensively investigated. They are classified into two 

important types according to their magnetic behavior, namely ferromagnetic NPs 

and superparamagnetic NPs. The main difference of their magnetic behavior can be 

clearly described by the magnetic hysteresis loops in Figure 1.2.[6] Figure 1.2(a) 

shows the magnetic behavior of ferromagnetic NPs, the external magnetic field is 

reduced, and even when it is zero again, it will still remain residual magnetic. Only 
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another field in the opposite direction is introduced to cancel the remnant magnetic 

moment, which means ferrimagnetic NPs can act as individual nanomagnets at 298 

K in the absence of an external magnetic field. This feature made them to be 

considered as one of the best candidates for future magnetic recording media with 

ultrahigh areal density. For superparamagnetic NPs as shown in Figure 1.2(b), once 

the field is removed, the overall moment is randomized to zero, leaving no remnant 

magnetic moment, which becomes the fundamental density limit for magnetic 

memory devices. But they have magnetic dipole moments (at 298 K) that fluctuate 

in the absence of an external magnetic field, and hence, are suitable for biomedical 

applications such as targeted drug delivery, magnetic resonance imaging (MRI) 

contrast enhancement, because they are not subject to strong magnetic interactions 

in dispersion and are stable in physiological conditions. 

 

 

Figure 1.2 Schematic illustration of the hysteresis loops of (a) ferromagnetic NPs, 

(b) superparamagnetic NPs. 

 

Fe-based bimetallic magnetic NPs are widely studied in the past decades, 

especially FePt NPs. Compared to the pure Fe NPs, Fe-based bimetallic NPs were 
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not only functionalized for certain applications, i.e., magnetic recording devices, 

medical diagnoses and magnetooptical systems, but also the magnetic properties 

could be enhanced obviously. Herein, we focus on the chemical synthesis of Fe-

based bimetallic magnetic NPs such as FePt, FePd, FeCo NPs, and discuss their 

application for data storage as magnetic recording media and catalysis. 

 

1.2 Synthesis of Fe-based bimetallic magnetic nanoparticles 

1.2.1 FePt nanoparticles 

FePt NPs containing a near-equal atomic percentage of Fe and Pt are an important 

class of magnetic nanomaterials. They are known to have a chemically disordered 

face-centered cubic (fcc) structure and a chemically ordered face-centered 

tetragonal (fct) structure, as shown in Figure 1.3. The fcc-structured FePt NPs have 

a small coercivity and is magnetically soft, but the fully ordered fct-structured FePt 

NPs can be viewed as alternating atomic layers of Fe and Pt stacked along the c-

axis and exhibit a very high magnetocrystalline anisotropy. The anisotropy constant 

K, which measures the ease of magnetization reversal along the easy axis, can reach 

as high as 107 J·m–3, a value that is one of the largest among all known hard 

magnetic materials. This large K is caused by Fe and Pt interactions originating 

from spin-orbit coupling and the hybridization between Fe 3d and Pt 5d states.[7] 

These Fe–Pt interactions further render the FePt NPs chemically much more stable 

than the common high-moment NPs of Co and Fe, making them especially useful 

for practical applications in solid-state devices and biomedicine.  
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Figure 1.3 Schematic illustration of FePt NPs: (A) fcc structure; (B) fct structure. 

 

The face-centered tetragonal (fct) (also known as L10 phase) FePt alloy exhibit 

large coercivity at room temperature, even when their size is as small as several 

nanometers. These unique properties make them possible candidates for the next 

generation of magnetic storage media and high-performance permanent magnets. 

To realize these potentials it is important to develop synthetic methods that yield 

magnetic NPs of tunable size, shape, dispersity and composition. 

Numerous methods of synthesizing FePt NPs have been recently reported. 

Generally, most of them can fall into two categories, i.e., physical and chemical 

synthesis. Physical methods mainly include radiolysis and mechanical alloying 

methods, both of which are widely used to synthesize bimetallic NPs. FePt NPs are 

commonly fabricated using vacuum-deposition techniques. Physical methods can 

synthesize FePt NPs with different compositions and sizes at room temperature 

often without the need for toxic reducing agents, thereby offering a green and 

environmentally friendly choice.[8] However, this method often requires 

complicated equipment, and the morphology of the synthesized FePt NPs is difficult 

to control. Besides, the as-synthesized FePt NPs is also difficult to disperse them in 



6 
 

various liquid media and to use them to form regular arrays. 

Chemical methods have been widely used to produce nanostructured materials 

due to their straightforward nature and their potential to produce large quantities of 

the final product. Realizable particle sizes range in size from nanometers to 

micrometers, by controlling particle size during synthesis by using competition 

between nucleation and growth. Compared to top-down plasma or sputter-

deposition physical methods, bottom-up chemical synthesis and self-assembly 

approaches offer more flexibility in creating magnetic alloy NPs of controlled size, 

shape, composition, and physical properties, and provides a new way for producing 

monodisperse NPs.  

 

 
Figure 1.4 Generalized synthesis of monodisperse NPs. 

 

Figure 1.4 shows a typical illustration of chemical synthesis involving two 

representative synthetic procedures. In the first synthetic procedure, the rapid 

injection of the reagents, often organometallic compounds, into hot surfactant 

solution induces the simultaneous formation of many nuclei. Alternatively, 
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reducing agents are added to metal salt solutions at high temperature. In the second 

procedure, reagents are mixed at low temperature and the resulting reaction 

mixtures are slowly heated in a controlled manner to generate nuclei. Subsequently, 

particle growth occurs by the addition of reactive species. Particle size can be also 

increased by aging at high temperature by Oswalt ripening, in which smaller NPs 

dissolve and deposit on the bigger NPs. The growth of NPs can be stopped by 

rapidly decreasing the reaction temperature. The resultant NPs produced by using 

these synthetic procedures often have particle size distributions with σ ~ 10%. 

Further size-selection processes can narrow the particle size distribution below σ = 

5%.  

The synthesis of monodispersed FePt NPs often adopted chemical methods. The 

fundamental issues of chemical synthesis of FePt NPs are to initiate chemical 

reactions and control the nucleation and growth of the reaction products, which can 

be achieved by conducting the reactions within a confined environment or 

controlling the reaction process through a dynamic binding of surface ligands.  

The methods, namely, thermal decomposition by molecular precursor(s) in 

organic or aqueous solvents coupled with the chemical reduction of metal ions, or 

reduction of metal salts using reducing agents in the presence of surfactant 

molecules, were most widely used at present. Monodispersed FePt NPs have been 

produced by solution-phase chemical decomposition of iron pentacarbonyl 

(Fe(CO)5) and reduction of platinum acetylacetonate (Pt(acac)2),
[9] as shown in 

Figure 1.5. Fe(CO)5 is thermally unstable and subject to decomposition at high 
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temperature to carbon monoxide and Fe. This decomposition reaction has been 

utilized to prepare various Fe-based NPs.[10] Pt(acac)2 is readily reduced by a mild 

reducing agent, 1,2-alkanediol, to Pt. A small group of Fe and Pt atoms combine to 

form [Fe–Pt] clusters that act as nuclei. The growth proceeds as more Fe-Pt species 

deposit around the nuclei, forming FePt NPs. Then the surfactant such as oleic acid 

and oleylamine or similar long chain carboxylic acids and primary amines, was 

added to coat on magnetic NPs, the surface of FePt nanoparticle was passivated and 

stabilized, which efficiently prevented clustering due to steric repulsion. This 

method is a common synthetic route to prepare monodisperse FePt NPs, but one of 

the key challenges is that unstable and toxic organometallic precursor Fe(CO)5 is 

involved. At a reaction temperature, Fe(CO)5 is actually in the vapor phase. The 

formation of this vapor phase likely results in the slow decomposition of Fe(CO)5 

at a rate that matches the reduction rate of Pt(acac)2, but the FePt NPs are formed 

in a shorter period of time. Therefore, the consumption of Fe(CO)5 cannot be 

completed within the synthesis time period, which would result in forming Pt-rich 

FePt NPs and the ratio of Fe and Pt atoms in nanopartices is difficult to be controlled. 

Modified synthesis recipes have been used to produce FePt NPs with alternative 

morphological and magnetic properties by using Na2Fe(CO)4
[9a] or iron 

acetylacetonate (Fe(acac)3
[11] to replace iron pentacarbonyl Fe(CO)5. 
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Figure 1.5 Synthetic routes of FePt NPs by thermal decomposition of Fe(CO)5 and 

reduction of Pt(acac)2. 

 

Co-reduction of an iron and a platinum salt offers a larger variety of stable metal 

precursors, such as oxides, nitrates, chlorides, acetates, and acetylacetonates.[12] By 

mixing and heating both an iron salt and a platinum salt with the polyol, high-

quality FePt NPs can be produced. In this method, inorganic reducing agents, such 

as NaBH4, LiBEt3H etc. are used for metal salt reduction, the strong reducing power 

of the borohydride also allows the reduction to proceed at room temperature in a 

pre-designed environment. At present, the quality of the particles prepared under 

these low-temperature conditions has not been as high as those from the high-

temperature solution-phase synthesis; boron contamination of the final product, a 

common problem accompanied with borohydride reduction of iron, cobalt, or 

nickel salts, could be a concern. 

The synthetic methods described above are well known for preparing FePt NPs. 

However, the as-synthesized particles are mostly reported to have an Fe/Pt 

disordered face centered cubic (fcc) structure and are superparamagnetic in nature. 
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Hence high-temperature post-annealing is typically required to transform FePt 

particles into the L10 ordered phase. Inevitably, some defects such as sintering, 

agglomeration, broad size distribution, etc, will be concomitant with the post-

annealing because the surfactants coating the particles break down, which leads to 

a reduction in interparticle spacing and a dramatic increase in particle size 

dispersion. This hinders their performance as high-density recording materials. 

 

 

Figure 1.6 Transformation of fcc into fct FePt NPs by coating a protective layer. 

 

Such high-temperature in post-annealing is unsuitable for controlled assembly 

and for single-particle magnetism studies. Many attempts were made to avoid 

particle sintering during post-annealing: (1) Introduction of a third metal such as 

Cu,[13] Ag,[14] Zr,[15] Au,[16] and Al,[17] into the alloys can lower the FePt phase 

transition temperature (Tt) to around 400 °C. (2) FePt NPs were coated with SiO2,
[18] 

MgO,[19] before thermal annealing, and remove the coating layers after the fct FePt 

is formed. (Figure 1.6) (3) FePt NPs can be mixed with a large excess of finely-

grounded NaCl before thermal annealing, and NaCl was dissolved with water after 

post-annealing,[20] where the fine grains of NaCl can protect the FePt NPs from 

sintering at high temperature. 

Nanoparticle aggregation or sintering during such thermal annealing treatments 
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can become a serious problem for maintaining particle monodispersity. In addition, 

the metal stoichiometry of FePt alloy NPs formed by the reduction of metal ion 

mixtures is frequently not the same as that of the mixture. The acquisition of high-

quality magnetic characteristics of the formed NPs requires careful optimization of 

the reagent stoichiometries. Hence, some progress towards the direct, one-step 

synthesis of tetragonal FePt particles (i.e., without first obtaining fcc NPs) appears 

achievable. Thermal decomposition of metal complexes is one of them. The metal 

complex precursor can be mixtures of metal-containing compounds or polymetallic 

complexes. Bimetallic carbonyl clusters as single-source precusors, such as 

(CO)3Fe(μ-dppm)(μ-CO)PtCl2, FePt(CO)4dppmBr2, are most widely used because 

they can be prepared with different compositions and decompose under very mild 

conditions. The precursor (CO)3Fe(μ-dppm)(μ-CO)PtCl2 undergoes a 

decomposition reaction that presumably proceeds via loss of the dppm and CO 

ligands, followed by the liberation of chloride to yield the FePt nanocrystals.[21] 

Another precursor, FePt(CO)4dppmBr2, was directly used to synthesize fct FePt 

NPs.[22] Evaporation of solvent from slurries of FePt(CO)4(dppm)Br2 with fine, dry 

sodium carbonate powder in methylene chloride gives orange FePt(CO)4(dppm)Br2 

/ Na2CO3 composite powders. Thermal treatment of such composites at 600 °C 

under getter gas (1:9 H2:N2) in a tube furnace leads to precursor degradation with 

reduction of the metal atoms, and formation of fct FePt/Na2CO3 nanocomposites as 

black powders, followed by removal of Na2CO3 by washing with water to get fct 

FePt NPs. The other kind of ordered crystal as precursor of FePt NPs is also very 
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interesting. In polycrystalline molecular compound FePtCl6,
[23] Fe and Pt atoms are 

arranged on alternating planes like in the fct FePt structure, and after the reduction 

by 5% H2 and 95% Ar at 400 °C leads directly to a highly ordered L10 phase. 

Besides, direct pyrolysis of single-source metal-organic polymers gave the 

predictive effect to achieve chemically ordered FePt NPs with the size 5 nm or less 

by one-step, as shown in Figure 1.7.[24] Fe and Pt are homogenously distributed in 

the organic framework at molecular dimension. During the pyrolysis process, the 

organic ligand is transformed to a porous carbon network while the metal cation is 

in situ reduced to generate the final FePt NPs. The FePt NPs were finely embedded 

in amorphous carbon network, which effectively prevented coalescence of small 

particles. Fe-containing polymer and Pt-containing polymer were mixed in solution, 

and the mixture was used as the precursor of FePt NPs by thermal decomposition, 

which also can generate the L10-phase FePt NPs.[25] 

 

 

Figure 1.7 Synthetic procedure and schematic diagram of FePt NPs. 

 

Another “one-pot” synthetic method was developed to produce L10-phase FePt 

NPs in ordered mesostructured aluminosilicate/carbon composites, in which   

amphiphilic block copolymer polyisoprene-block-poly(ethylene oxide) (PI-b-PEO) 
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was used as a structure-directing agent, as shown in Figure 1.8.[26] PI-b-PEO with 

aluminosilicate sols were mixed with the hydrophobic metal precursors, then the 

hydrophobic part of the block copolymer selectively self-assembled with a 

hydrophobic iron precursor (dimethylaminomethylferrocene) and a hydrophobic 

platinum precursor (dimethyl(1,5-cyclooctadiene)platinum(II)) to obtain 

mesostructured composites. All the orgnic precursors would be docomposed at high 

temperature to produce FePt NPs. It is worth mentioning that the size of FePt NPs 

could be tuned by changing the quantities of the Fe and Pt precursors in the solution 

relative to the amount of aluminosilicate sol.  

 

 

Figure 1.8 Schematic representation of the preparation of FePt NPs. 

 

Bimetallic FePt NPs were prepared by exploiting the self-organization of 

precursor loaded reverse micelles. A suitable precursor for the planned species of 

NPs is loaded into the carriers during their formation or presence in the solution 

and, subsequently, is transported by them to the ordered positions defined by the 
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self-organization of the carrier. In the next, most delicate step of the fabrication 

procedure, the organic carriers are completely removed by a plasma process and, 

simultaneously, the loaded precursor material is transformed into NPs of the desired 

material whilst conserving their original carrier position. In this way, the order of 

the self-organized carrier array is mapped onto the finally obtained spatial 

arrangement of the NPs. This basic idea of preparation and the different steps 

involved are illustrated in the schematics shown in Figure 1.9.[27] PS-b-P2VP or PS-

b-P4VP is dispersed in anhydrous toluene. After adding a metal precursor salt such 

as FeCl3 and H2PtCl6, and continuous stirring for about one week, reverse micelles 

are homogeneously loaded with the precursor material. A hexagonal arrangement 

of loaded micelles can be obtained by dip-coating. This micelle monolayer is 

exposed successively to oxygen and hydrogen plasmas for (i) removal of the 

polymer and particle nucleation and (ii) the reduction of the metal oxide particles, 

respectively. 

 

 

Figure 1.9 Preparation of FePt NPs by a reverse micelle technique. 
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Spherical and anisotropic magnetic FePt alloy NPs continue to be synthesized 

via predominantly chemical methods, utilizing either the metal ion reduction of 

dual-source precursor mixtures or the decomposition of single-source precursors. 

For the former syntheses, in particular, the choice of capping agent in the reaction 

solution and the control of reaction parameters, such as the order of addition, rate 

of reaction, and choice of precursor(s), have major influences on the shape, size, 

and elemental composition of the resultant nanoparticle product. Metal alloy NPs 

with highly anisotropic structures and interesting magnetic properties have been 

synthesized by carefully controlling the reaction conditions. The controlled 

nanoparticle growth of metal alloy compositions is a relatively new phenomenon, 

however, and further investigations will be required to look into the influence of 

capping agent effects and growth kinetics on nanoparticle structure before synthesis 

strategies can be developed for the preparation of shape-specific metal alloy NPs. 

 

1.2.2 FePd nanoparticles 

  Alloys containing Fe and Pd are also a very important class of materials, which 

show the similar properties with FePt NPs. FePd NPs also have a chemically 

disordered fcc structure and a chemically ordered fct structure with the highest 

uniaxial anisotropy of equimolar FePd alloys being 1.8×107 erg/cm3.[28]  

  Oriented L10-FePd could be fabricated by alternating deposition of Pd and Fe 

NPs and their annealing at the temperatures between 773 and 873 K on single 

crystal NaCl and MgO.[29] However, the most common chemical approach of 
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fabricating FePd NPs involved the thermal decomposition of Fe(CO)5 and reduction 

of Pd(acac)2 or co-reduciton of the rspective metal salts.[30] The synthetic process 

is modified according to the synthesis of FePt NPs. Since Sun et al. first reported 

the synthesis of spherical FePt NPs with tuneable size from 3–10 nm in 2000, the 

method was extended for spherical FePd NPs. Oleic acid and oleylamine were used 

as the surfactant to protect the stability of FePd NPs.[31] The wet chemical method 

for preparing monodisperse FePd NPs was further proceeded by a combination of 

n-adamantanecarboxylic acid (ACA) and trialkylphosphine (i.e., TBP) as 

stabilizers.[32] The mean particle size of the resultant FePd NPs can be tuned from 

11 to 16 nm by controlling the concentration and type of stabilizers and reaction 

conditions. The stabilizers were used as capping agents to control the growth of 

nanoclusters. Linear TBP could limit the growth of metal nuclei and bulky ACA 

prevented the agglomeration and oxidation of FePd nanoclusters. Thanh et al. 

further promoted the development of the synthetic method to control the shape of 

FePd NPs.[33] Tetrahedral FePd NPs with size of 15–20 nm were obtained by 

thermal decomposition of Fe(CO)5 and reduction of Pd(acac)2 in the presence of 

OA and OLA. When the surfactant was replaced by MA and HAD with linear 

alkenyl chains, the tetragonal shaped FePd NPs with a range of 13-17 nm could be 

synthesized, but when the Pd source was replaced by Pd(acac)2, the shape of FePd 

would be changed to be multipodal, and the TEM images was shown in Figure 1.10. 



17 
 

 

Figure 1.10 Formation of triangular-like (a) and multipod-like (b) Fe–Pd NPs.  

 

In recent years, exchange-spring nanocomposite magnets have been proposed to 

further increase magnetization values without sacrificing much coercivity.[34] 

Compared to the conventional single-phase magnets, the magnetically hard and soft 

phases consisting of the exchange-coupled nanocomposite magnets made them 

suitable for advanced permanent magnetic owing to their large energy product. As 

shown in Figure 1.11, the ainisotropically phase-segregated Pd/γ-Fe2O3 NPs were 

converted into exchange-coupled fct-FePd/α-Fe nanocomposite via interfacial atom 

diffusion, during which process the face centered cubic (fcc)-Pd phase is converted 

only into fct-FePd phase even in the presence of an excess of Fe.[35] In addition, the 

enhanced energy product fct-FePd/α-Fe could be obtained by controlling the 

volume ratio, nanoscale dimension, and spatial distribution of the hard and soft 

phases.[36] The exchange-coupling method was further extended to prepare fct-

FePd-Fe and fct-FePd-Pd by using FePd-FeOx. Sun et al. reported the urchin-like 
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FePd−Fe3O4 nanocomposites by controlled thermal decomposition of Fe(CO)5 and 

reduction of Pd(acac)2.
[37] The FePd NPs could be self-aggregated into higher 

superparticles, as shown in Figure 1.12, and then the Fe3O4 nanorods grown on the 

surface of FePd to form urchin-like nanocomposites. After Fe-etching and reductive 

annealing at high temperature, the FePd-Fe3O4 could be converted into exchange-

coupled nanocomposite, which provided a new approach to synthesize 

L10−FePd−Fe nanocomposite magnets. Also, the similar exchange-coupled L10-

FePd/α-Fe magnetic nanocomposites were fabricated by reductive annealing of 

core/shell FePd/Fe2O3, where the size of FePd NPs and the Fe2O3 shell thickness 

were controlled by the ligand and the amount of Fe precursor.[38] Sun et al. also 

reported a novel structure fct-FePd/Pd core/shell nanocomposites and indicated the 

highly enhanced catalytic properties as a non-Pt catalysts for oxygen reduction 

reactions.  

 

Figure 1.11 Schematic illustration of the conversion of Pd/γ-Fe2O3 NPs into 

exchange-coupled fct-FePd/α-Fe nanocomposite magnets. 

 

 

Figure 1.12 Schematic illustration of the synthesis of core/shell fct-FePd/Pd NPs. 



19 
 

Single-source organometallic precursors of FePd were also developed for 

fabricating FePd NPs. Although a lot of organometallic precurors of FePt were 

reported, it is rarely used for preparing FePd NPs. Manners et al. firstly reported the 

chelated Fe,Pd-containing complexes and successfully synthesized the mixed-metal 

FePd alloy NPs in moderate yield (ca. 55−60%) at relatively low temperatures. The 

schematic illustration is shown in Figure 1.13.[39] 

 

 

Figure 1.13 Schematic illustration of the synthetic process of FePd NPs from the 

organometallic single-source precursors. 

 

1.2.3 FeCo nanoparticles 

  FeCo alloy NPs play an important role in the field of soft magnetic material 

owing to their unique magnetic properties of large permeability and high saturation 

magnetic moment. They were also considered as an ideal candidate for building 

nanostructured thin film or bulk magnetic materials, and used for biomedical 

applications.  

  FeCo-insulator composites or FeCo-supported particles are a common 

nanomaterial with the potential application for catalysis.[40] FeCo NPs were 

synthesized from metal nitrates (Fe(NO3)3
.9H2O and Co(NO3)2

.6H2O) or metal 
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acetates (Fe(CH3CO2)2 and Co(CH3CO2)2
.4H2O by a sol-gel mehod,[40c] and the as-

synthesized NPs were embedded in a silica or alumina matrix to keep their stability. 

The magnetic properties of the resultant FeCo NPs could be easily varied by 

controlling the composition, and the as-synthesized sol was easily patterned on a 

special substrate by dipping techniques.[40b]  

The synthesis of bimetallic FeCo NPs is still a challenging task due to their poor 

stability. Thermal decomposition or co-decomposition of iron and cobalt carbonyl 

precursors and co-reduction of their respective metal salts were also considered as 

an effective method of synthesizing FeCo NPs.[41] Tannenbaum et al. selected 

Fe(CO)5 and Co2(CO)8 as the precursors to prepare FeCo nanoalloy by using the 

polystyrene as a surface stabilizing agent. The metal carbonyls were absorbed onto 

the surface of the polymer, and the polymer matrix could protect the resultant FeCo 

nanocluster and control the size.[41d] Fe(CO)5 and other organocobalt complexes 

such as Co(η3-C8H13)(η
4-C8H12) or Co(N(SiMe3)2)2 were also used as the precursors 

to prepare FeCo NPs via thermal decomposition and co-decomposition, 

respectively. In addition, after optimizing the conditions, minimeter long super-

crystals could be self-organized by the monodisperse FeCo NPs.[42] Liu et al. first 

reported a simple method to synthesize bimetallic FeCo NPs with well-controlled 

particle size and size distribution on the basis of reductive decomposition.[41b] As 

shown in Figure 1.14, the precursors Fe(III) acetylacetonate (Fe(acac)3) and Co(II) 

acetylacetonate (Co(acac)2) were mixed in a mixture of surfactants and 1,2-

hexadecanediol (HDD), then heated under a gas mixture of 93% Ar + 7% H2 at 
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300 °C to prepare FeCo NPs. 

 

 

Figure 1.14 Synthesis of stable FeCo NPs by co-reduction of Fe(OAc)3 and 

Co(OAc)2. 

 

In order to overcome the problems caused by two separate sources of Fe and Co, 

bimetallic compounds were gradually developed. Two different metals in the 

single-source precursors have an intimate contact, which is conducive to forming 

alloy. [NEt4][FeCo3(CO)12] was synthesized to be successfully used for preparing 

FeCo3 NPs.[43] Besides, block copolymer containing Co-containing unit and Fe-

containing unit were also able to prepare FeCo NPs. The polymer was not only 

taking the advantages of single-source precursor, but also the magnetic properties 

could be tuned by controlling the ratio of Fe to Co.[44] 

 

1.3 Applications of Fe-based bimetallic magnetic nanoparticles 

  Fe nanomaterials received much interests due to the high reactivity, low cost, 

easily obtained raw materials (scrap metal), and non-toxicity Fe-based bimetallic 

NPs, but they could easily form Fe hydroxides to cover the surface of zero-valent 

Fe, which will prevent further application and reduce the reactivity. An effective 
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method to avoid the problems is to combine Fe with another metal to synthesize 

bimetallic NPs. In this study, we focus on the applications of Fe-based bimetallic 

NPs for data storage and catalysis. 

 

1.3.1 Patterning for Data Storage 

 

 

Figure 1.15 Bit areal density progress in magnetic hard disk drives. 

   

Magnetic recording is the storage of data on a magnetised medium, and it can 

trace its origins back to the invention of the magnetic wire recorder in 1898 by 

Valdemar Poulsen. In 1956, the creation of IBM’s first hard disk drive (HDD) 

further powered the technological revolution of magnetic storage and the bit areal 

density could achieve the level of 2 Kb/in2.[45] With times 

past by requirement and development, the storage capacity increased tremendously 

https://en.wikipedia.org/wiki/Data
https://en.wikipedia.org/wiki/Magnet
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from 5 MB to multiple terabytes, as depicted in Figure1.15.[46] However, the 

increase of areal density slowed down recently due to the limit of a continuous thin 

film of granular magnetic materials. Currently, there are two main recording media 

to be developed for the increasing requirement of areal density beyond 1Tb/in2: 

termed heat assisted magnetic recording (HAMR) with the increased value of Ku
[47] 

or termed bit-patterned media (BPM) with higher thermal stablility.[48]  

 

 

Figure 1.16 Schematic diagram of a head flying over a perpendicularly magnetized 

recording medium. Each up or down arrow in the recording medium represents a 

bit. 

 

    Figure 1.16 shows the typical perpendicular recording in HDDs. There is a 

recording head consisting of fewer than one hundred nanoscale (∼8 nm diameter) 

grains in the system. Conventionally, the magnetic layer was composed of weakly 

coupled magnetic materials CoPtCrX alloy. Recently, chemically ordered L10-FePt 

was considered as a candidate medium for data storage beyond 1 Tb/in2 due to their 

large magnetization and high magnetocrystalline anisotropy (>5 × 107 erg/cm3).[49] 
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Hence, patterned ferromagnetic NPs on certain substrate is of fundamental and 

technological interest for the development of magnetic recording media. 

Self-assembled ferromagnetic FePt nanoparticle arrays could be considered as 

the candidate of prospective magnetic-media candidates.[9b] Physical deposition 

methods are not easy to disperse the NPs in liquid media, but chemical solution-

phase synthesis found by Sun et al. offered an effective approach for fabricating 

monodisperse FePt NPs.[6b] The wet chemical method often involved oleate and 

oleylamine to stabilize FePt NPs, and the surfactant surrounded the particle to 

construct nanoparticle superlattices through van der Waals and magnetic 

interactions.[50] Molecule mediated self-assembly was also a common technique for 

ferromagnetic particle arrays, such as polyethylenimine (PEI)-FePt,[51, 12d] 

phospholipid-FePt,[52] and oleic acid/oleylamine-FePt.[53] 

In order to achieve self-assembly of NPs on a substrate and avoid their 

agglomeration, Langmuir-Blodgett (LB) technique has been used.[54] Yang et al. 

deposited the γ-Fe2O3 NPs onto the μ-dot patterned PDMS stamp, and then 

transferred the patterned LB film onto a silicon wafer to get the magnetic particle 

arrays.[55] The process was depicted by the schematic illustration in Figure 1.17.  

The method was also extended to FePt arrays.[56] This method could pattern varous 

features such as mcrometer-size circles, lines and squares.  
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Figure 1.17 PDMS stamping of nanocrystal monolayers: (1) a patterned PDMS 

stamp is brought into contact with the LB trough water surface and (2) lifted the 

NPs to adhere to the PDMS stamp without any special surface treatment; then (3) 

the inked stamp is contacted with the substrate and held there for ∼30 s before (4) 

liftoff to leave a transferred pattern of NPs on the substrate. 

 

In addition, with a certain FePt to C ratio, films showed strong perpendicular 

anisotropy.[57] Our group found a novel method to prepare FePt NPs from 

metallopolymers, and the as-synthesized FePt NPs were embedded in amorphous 

carbon matrix and have shown stable ferromagnetic properties.[24a-c, 25] Also, regular 

line or dot arrays of the organometallic precursors were patterned on silicon 

substrate by nanoimprinting lithography, after pyrolysis, the ferromagnetic 

nanoparticle arrays were retained with the collapse of the organic skeletons.[24a, 25] 

 

1.3.2 Catalysis 

  Pt alloyed with Fe has been widely used as active catalysts for oxygen reduction 

reaction (ORR) and hydrogen evolution reaction (HER) in the polymer electrolyte 



26 
 

membrane fuel cells (PEMFCs). Recently, much efforts were devoted to tuning the 

catalytic activities by controlling the NP sizes, compositions or shapes.[58] In 

addition, lowering the Pt loading was also the orientation of the common endeavor 

by changing the structure to make the Pt layer to serve as a shell.[59]  

  Introducing the supporting materials such as graphene oxide,[60] carbon 

nanotube,[61] could enhance the catalytic activity with the increase of high specific 

surface area and keep high durability by close contact with the active components 

of the catalyst. For example, Kamman et al. prepared FePt/rGO catalysts, FePt was 

supported on reduced graphene oxide (rGO) and the metal loading was about 55%. 

The composites were used for oxygen reduction and methanol oxidation reactions. 

The electrochemical measurements revealed a significant improvement in activity 

and durability for FePt/RGO over commercial PtC and FePtC.[60b] 

Other type of Fe-based NPs were often used in catalysis. Sun et al. prepared the 

ultrathin trimetallic FePtPd nanowires and indicated the catalytic application for 

methanol oxidation reaction.[62] They also reported the synthesis of core/shell face-

centered tetragonal (fct)-FePd/Pd NPs (NPs) via reductive annealing of core/shell 

Pd/Fe3O4 NPs, which was used as a substitute non-Pt catalyst for oxygen reduction 

reaction.[63]  

 

1.4 Target of our work 

Based on the above research background, it is clearly that much efforts were 

devoted to developing the novel synthetic methods of Fe-based bimetallic NPs and 
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seeking their applications for data-storage and catalysis. Currently, the reported 

approaches indicated that the organometallic precursors could effectively prepare 

the relative NPs with good properties and stability, and the Fe-based bimetallic NPs 

had wide application prospects.  

Herein, we devoted to developing single-source organometallic precursors for 

preparing Fe-based bimetallic magnetic NPs. The complexes were used as the 

precursors of Fe-based bimetallic alloy to fabricate magnetic NPs by one-step 

thermal decomposition, and these as-synthesized nanomaterials are characterized 

by PXRD, TEM, EDX, XPS and VSM in detail. Furthermore, the organic 

precursors were also successfully patterned on silicon substrate by using 

nanoimprinting lithography or self-assembly.  

On the basis of Fe,Pt-containing acetylenic alternating copolymer reported by 

our group, a novel metallopolymer with a symmetric structure was synthesized and 

it showed good solubilty in common organic solvents. In addition, the process of 

synthesizing FePt NPs was also optimized and the coercivity of the resultant NPs 

was enhanced exponentially. Then the conjugated metallopolymer was successfully 

patterned on silicon substrate for bit-patterned media. Also, a novel copolymer was 

synthesized by free radical polymerization, where the metals Fe and Pt were bonded 

to the side chain. The ratio of metal atoms in the polymer could be easily controlled 

to tune the solubility. In addition, it was identified that the polymer chain played a 

positive role in forming L10-FePt by comparison of the two precursors: small 

molecule and metallopolymer.  
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Furthermore, FePd NPs were also successfully prepared from single-source 

organometallic precursors. Fe and Pd were embedded in a cationic terpyridine-

based complex, and the molecules showed strong Pd…Pd and π-π interactions. The 

stacking properties were used for self-assembly of FePd by modified 

nanoimprinting lithography, and FePd nanochains were patterned on silicon 

substrate. By changing the anionic parts, the interactions between molecules could 

be tuned, and the novel FePd-containing complexes were able to coordinate 

poly(styrene-4-vinylpyridine). In the synthesized metallopolymer, the ratio of the 

metal Fe and Pd in polymer was easily controlled, which would be used to tune the 

size of the resultant FePd NPs.  

  The method was further extended to FeCo NPs. The Fe, Co-containing 

organometallic precursors was spin-coated on the surface of MoS2, after pyrolysis, 

and the resultant FeCo NPs were decorated along the edge of MoS2. 
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Chapter 2 

 

Fabrication of L10-FePt Nanoparticles from Single-source 

Precursors and Their Ferromagnetic Application for Bit-

patterned media 

 

2.1 Patterning of L10 FePt nanoparticles with ultra-high coercivity for bit-

patterned media  

 

2.1.1 Introduction 

The capacity of hard disk drive (HDD) has increased exponentially from 5 MB 

in the first IBM 350 disk storage unit to multiple terabytes in disk drives. 

Conventional perpendicular magnetic recording systems have difficulty to meet 

people's growing demand for higher storage capacity, because it is a challenge to 

maintain signal-to-noise ratio (SNR) due to the limit of reducing the recording layer 

magnetic thickness and the grain diameter.[1] Thus it is imperative to cultivate new 

media for enhancing the areal densities in memory devices. Bit-patterned media 

(BPM), a single magnetic bit recorded on a pre-defined single-domain magnetic dot 

in an array, has the higher SNR due to the absence of transition noise and erase 

bands, which has emerged as a promising technology for extending magnetic 

storage densities beyond 1 Tb/in2.[2] As reported by the Advanced Storage 

Technology Consortium (ASTC), the storage technology such as BPM and Heat-
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Assisted Magnetic Recording (HAMR) will result in up to 10-terabit-per-square-

inch (Tbpsi) areal densities by 2025, and BPM will be used for Hitachi Global 

Storage Technologies (HGST) to ship higher-density and break magnetic media 

down into small regions or bit "islands" on a platter's surface by nanolithography.[3] 

At present, the main preparation methods of BPM include rotary-stage e-beam 

lithography,[4] directed self-assembly of block copolymer,[5] self-aligned double 

patterning, nanoimprinting lithography (NIL),[6] etc. As NIL could rapidly fabricate 

large-area nanometer scale prepatterns with the advantages of low cost, high 

throughput and high resolution, it was a widely used approach for preparing BPM.[7] 

There are usually two steps in the process: firstly to prepattern the substrate with 

pillar features and then deposit the magnetic film upon the features.[8] For making 

BPM with a continuous magnetic thin film by NIL, the photoresist must first be 

spun and patterned using NIL. Then, either the magnetic thin film is etched away 

(subtractive process) or the thin film is deposited and lifted off (additive process). 

Lots of materials were used for the magnetic layer such as FePt,[9] FePd,[10] 

CoPt,[11] CoPd,[12] CoCrPt,[13] etc. In particular, L10-type FePt NPs with face-

centered tetragonal (fct) structures were considered as the promising candidates for 

the next generation of ultrahigh-density data storage systems due to their large 

uniaxial magnetocrystalline anisotropy (Ku ≈ 7×106 J/m3) and good chemical 

stability.[14] The previous approach of synthesizing FePt NPs often relied on 

vacuum-deposition techniques, but it was quite difficult to disperse them in various 

liquid media and to use them to form regular arrays.[15] Hence, solution phase 
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chemical synthesis could be successfully used to prepare monodisperse FePt NPs 

and had a huge response since the first report by Shouheng Sun in 2000.[16] 

Patterned arrays of FePt NPs were also fabricated by colloidal self-assembly 

according to the combination of physical patterning tools with self-assembly, but it 

is far from mass production today as ordering is typically only over micrometer 

scale region at most. Furthermore, this conventional method demonstrates the 

feasibility of smooth solid-state conversions to produce nanocrystals, but the 

involved dual-source precursors such as Fe(CO)5 or Fe(acac)2, Pt(acac), etc, make 

it suffer from difficulties with stoichiometric control.[16, 17] Recently, single-source 

organometallic precursors such as (CO)3Fe(μ-dppm)(μ-CO)PtCl2, 

FePt(CO)4dppmBr2 were reported and have received much attention.[18] The atomic 

ratio of Fe and Pt could be easily controlled due to the same decomposition 

temperature and the two types of metal atoms were homogenously distributed in 

the organic framework at the molecular dimension, which was beneficial to prevent 

the sintering and agglomeration of FePt NPs.  

Metallopolymers are of intense current interest owing to their ability of being 

easily processed and fabricated into films. Our group reported a series of Fe,Pt-

containing bimetallic metallopolymers such as P1 and P2 (Figure 2.1) that can be 

used as precursors to prepare L10-FePt NPs by one-pot pyrolysis under an inert 

atmosphere.[6a, 19] Also, the single-source polymers could be used as photoresist to 

generate micro- or nano-patterns by E-beam lithography or nanoimprinted 

lithography.[20] However, the coercivity of the as-synthesized FePt NPs, one of the 
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most important parameters of magnetic properties, was still relatively low, which 

would restrict their potential for magnetic recording media. In the effort of 

searching for the approach of preparing highly ordered FePt NPs, a new strategy by 

optimizing the synthetic process was reported in the present study. Herein, the novel 

acetylenic polymer P3 was designed, in which a symmetric aromatic ring is bonded 

with a pendant ferrocene with a freely rotating O-bridge. It further enhanced the 

solubility in common organic solvents and was easier to fabricate solution-

processed pattern by NIL. 

 

 

Figure 2.1 Chemical structures of P1 and P2. 

 

2.1.2 Synthesis 

  The synthesis of metallopolymer P3 was carried out by Sonogashira coupling 

reaction (Figure 2.2), where PtCl2(4,4’-dinonyl-2,2’-bipyridyl) was prepared 

according to the literature method, and 1-((ferrocenyloxy)methyl)-3,5-

diethynylbenzene was firstly reported. Compared to the previously reported 



41 
 

polymers P1 and P2, ferrocene as a Fe source in P3 was embedded in the monomer 

1-((ferrocenyloxy)methyl)-3,5-diethynylbenzene, where ferrocenyl group was 

bonded with the phenyl ring by a freely rotating O-bridge to further improve the 

solubility in common organic solvents. In addition, the Fe-containing monomer had 

a symmetric structure, and the two terminal acetylenic bonds showed the same 

activity, which was more helpful for forming the final polymer with higher 

molecular weight and increasing their cross-linking interactions. 

 

 

Figure 2.2 Sythetic routes of FePt-containing polymer P3. 
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2.1.3 Preparation and characterization of FePt nanoparticles 

The polymer P3 as a single-source precursor of FePt NPs was placed in a ceramic 

boat and inserted in a tube furnace. The tube was purged for 30 min, then heated to 

800 °C and kept for 1 h under an Ar/H2 (v/v = 95/5) atmosphere. The resulting black 

powder FePt NPs were removed from the furnace after cooling slowly to room 

temperature. The synthesized FePt NPs were characterized by the wide angle X-ray 

diffraction (XRD) and transmission electron microscopy (TEM) to investigate the 

phase and morphology. 

  The representative TEM micrographs of as-synthesized FePt NPs at low and high 

resolution are shown in Figure 2.3a-b. The as-synthesized NPs had regular shapes 

in good contrast at low magnification, and were evenly dispersed on the amorphous 

carbon matrix, which could immobilize and protect the FePt alloys. The sizes of the 

resultant NPs were statistically analyzed from a wide area, as shown in Figure 2.3c. 

The mean size was about 12.7 nm with a standard deviation of 1.4, which was in 

good agreement with the calculated results determined by the (111) diffraction-peak 

position in XRD. The HRTEM images (Figure 2.3b) of the individual single-crystal 

nanoparticle demonstrated the measured lattice fringes of 0.221 and 0.283 nm that 

were consistent with d-spacings known for the (110) and (111) planes of fct FePt 

NPs. This suggests that the resultant FePt NPs were highly ordered and had a fct 

structure. 
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Figure 2.3 (a) Low-resolution TEM image of the resultant FePt NPs; (b) high-

resolution TEM image with lattice fringes; (c) size distribution of FePt NPs 

determined by statistical analysis from the TEM images; (d) XRD pattern of FePt 

NPs synthesized from the precursor P3; (e) EDX spectrum of FePt NPs synthesized 

under an Ar/H2 atmosphere. 

(a) (b) 

(c) (d) 

(e) 
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Figure 2.3d shows the powder XRD patterns of the resultant FePt NPs. Well-

resolved diffraction peaks were observed and indexed to the typical peaks of FePt 

(JCPDS Card no. 043-1359) alloys. The appearance of the strong (001) and (110) 

peaks in the curve means that the NPs have a chemically ordered fct structure, and 

the obvious splitting of the (200)/(002) and (220)/(202) pairs of reflections indicates 

that the L10 phase has very high ordering degree. The mean crystallite size was 

estimated to be 12.9 nm from the half-maximum full width of the (111) peak by 

Scherrer analysis. 

The composition of the resulting materials was studied by energy-dispersive X-

ray (EDX) elemental analysis. The EDX result in Figure 2.3e shows the ratio of Fe 

to Pt to be approximately 0.45:0.55, which is consistent within experimental error 

with the ratio determined by the (111) diffraction-peak position in PXRD.  
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Figure 2.4 Magnetic hysteresis loop measured at room temperature of FePt NPs. 
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The magnetic hysteresis loop was measured at room temperature on a physical 

property measurement system (PPMS) and shown in Figure 2.4. The saturation 

moment Ms was obtained when the external field up to 9 T (1 T = 10 kOe) was 

applied. The magnetic properties of the as-synthesized FePt NPs revealed a 

ferromagnetic feature. In addition, it also indicated that the NPs had room-

temperature coercivity Hc at 3.6 T and saturated moment Ms at 19.8 emu/g. Such 

high coercivity further verified that the NPs were indeed highly ordered to the L10 

structure. Compared to the FePt NPs prepared from the similar methods, the 

coercivity has increased greatly.[19] The biggest difference was that the fct FePt NPs 

were synthesized under Ar/H2 atmosphere, where the H2 gas could be absorbed on 

the surface of seeds during nucleation to hinder the seeds of the particles’ 

aggregation and further promote the growth on the surface of the seeds.[21] In 

addition, Fe and Pt sources were alternately linked with acetylenic bonds, which 

would promote the formation of fct FePt NPs as the L10 FePt phase was considered 

as having the configuration of alternating layers of Fe and Pt atoms stacked along 

the [001] direction. 

In comparision, FePt NPs were also synthesized according to the reported 

pyrolysis conditions. The polymer P3 was pyrolyzed for 1 h under an Ar 

atmosphere to prepare FePt nanopartilces. The resultant NPs had a smaller size of 

ca. 5.3 nm statistically analyzed from the TEM image in Figure 2.5a-b, and the 

atomic ratio 46:54 of Fe to Pt was verified by EDX spectrum (Figure 2.5c). In 

addition, powder XRD was also characterized to identify the phase and crystallinity 
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(Figure 2.6). The characterization peaks (001) and (110) of fct-phase FePt were 

observed, but the intensity was relatively weaker along (001). Furthermore, the 

splitting of the peaks (200) and (220) was also not obvious. It could be deduced that 

the resultant FePt NPs was not highly ordered, or consisted of the mixture of fcc 

and fct phase. The magnetic hysteresis loop (Figure 2.7) was also measured and the 

coercivity of 0.75 T further indicated the inference. The results further proved the 

promoting effect of H2 on the generation of L10 FePt NPs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 (a) TEM image of the resultant FePt NPs by pyrolysis of the precursor 

P under an Ar atmosphere; (b) size distribution of FePt NPs determined by 

statistical analysis from the TEM images; (c) EDX spectrum of FePt NPs 

synthesized under an Ar atmosphere. 
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Figure 2.6 XRD pattern of FePt NPs synthesized under an Ar atmosphere. 
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Figure 2.7 Room temperature hysteresis loop of FePt NPs synthesized under an Ar 

atmosphere. 
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2.1.4 Patterning of FePt nanoparticles for bit-patterned media 

 

 

Figure 2.8 Schematic illustration of the fabrication of large-area nanostructures 

from the FePt-based metallopolymer P3 by nanoimprinting. (1) Silicon substrate is 

cleaned with acetone and deionized water together with sonication. (2) Polymer P3 

is drop-cast onto the silicon substrate with a dropper. (3) The PDMS stamp is 

pressed onto the sample with a uniform force. (4) UV is flooded onto the whole 

sample and the stamp. (5) FePt-containing bimetallic polymer undergoes 

crosslinking and solidifies. The stamp is then lifted off. (6) The residue is removed 

by RIE etching. 

 

Improvement of material properties to push data storage density beyond the 

Tb/in2 is crucial for high-density data storage applications, hence, patterning the 
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L10-FePt alloy NPs with high degree of order and high magnetocrystalline 

anisotropy on a desired substrate is an effective strategy to achieve the goal. The 

polymers P1 and P2 were successfully pattered on Si substrate by e-beam 

lithography and nanoimprinting lithography, respectively.[6a, 19b] Particularly, NIL 

was considered as a high throughput process to fabricate various nanometer scale 

patterns under the corresponding templates with nanoscale stamps. In the present 

study, the metallopolymer P3 acted as a photoresist, and the saturated solution in 

chloroform was drop-casted onto the Si substrate firstly, then the PDMS templates, 

where the stamps used in this study included a line array nanopattern with 

periodicity (feature size) of 740 nm (350 nm) and a dot array nanopattern with 

periodicity (feature size) of 500 nm (250 nm), were casted onto the substrate 

immediately. After removing the templates, the reverse patterns of the polymer P3 

were left on the substrate. Finallly, the highly ordered 2D ferromagnetic arrays were 

got by annealing the pre-pattern under an Ar/H2 atmosphere. 

As demonstrated in Figure 2.9, the regular line arrays were fabricated. The SEM 

images in Figure 2.9a and Figure 2.9b show the line patterns of P3 and 

ferromagnetic FePt NPs, respectively. As depicted from Figure 2.9a, the pattern and 

structure of the imprinted bimetallic FePt-containing polymer P3 can be controlled 

and defined by the stamp. Also, the morphology of the line arrays kept the same 

feature size before and after pyrolysis from the comparison of Figure 2.9a-2.9b, but 

the polymer skeleton was collapsed during pyrolysis, and the height of the 

ferromagnetic line was decreased dramatically to 30 nm from 100 nm. Figure 2.9c 
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and 2.9d is the 2D and 3D AFM images (top view) corresponding to Figure 2.7b, 

respectively, which further indicated that the line arrays after pyrolysis still preserve 

the highly ordered patterns. 

 

  

   

Figure 2.9 (a) SEM image of regular line arrays of the polymer P3 patterned on the 

Si substrate; (b-d) SEM, 2-D and 3-D AFM image of the as-synthesized 

ferromagnetic line pattern of FePt NPs after pyrolysis under an Ar/H2 (v/v = 95/5) 

atmosphere. 

 

In order to control magnetic configuration in the continuous and island-like 

patterned systems, the PDMS template with hole array stamps was used to fabricate 

the negative patterns with dot arrays. Figure 2.10a was the SEM image of the nano- 

(a) (b) 

(c) (d) 
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Figure 2.10 (a) SEM image of regular dot arrays of the polymer P3 patterned on 

the Si substrate; (b) 2D AFM image of the as-synthesized ferromagnetic dot pattern 

of FePt NPs after pyrolysis under Ar/H2 (v/v = 95/5); (c) cross-section in (b); (d) 

3D AFM image in (b); (e) MFM images in (b). 

 

imprinted polymer P3 with a nanoscale dot array pattern, and the morphology 

corresponds to the template stamps with tracked periodicity of 500 nm and feature 

(a) 

(d) 

(b) 

(c) 

(e) 
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size of 250 nm. Then the patterned substrate was in-situ annealed for 1 h at 800 °C 

under an Ar/H2 atmosphere, the polymer precursors were decomposed to form L10 

FePt NPs through epitaxial growth. As demonstrated from the AFM images in 

Figure 2.10b, the morphology was preserved after pyrolysis, and the 3D AFM 

image in Figure 2.10d intuitively indicated the regular patterns of the dot array 

structure on the substrate. The height of the dot array was measured to be around 

10 nm, which was obviously shown by the cross-section spectrum in Figure 2.10c. 

This was relatively small compared with the depth of the original PDMS mold (80 

nm) owing to the collapse of the polymer skeleton during pyrolysis. In addition, the 

magnetic property was also characterized by magnetic force microscope (MFM). 

Figure 2.10e shows the corresponding MFM image. A nanopattern of magnetization 

with the same periodicity as the dot array pattern in the corresponding AFM image 

(Figure 2.10b) can be observed clearly, which also indicates that this dot array 

nanopattern is magnetic and thereby can be used as a new platform for future 

perpendicular ultra-high density magnetic data recording. Our prototype BPM here 

provides an areal density of 2.58 Gb in−2. In addition, the higher coercivity means 

the more stable bits, so the ultra-high coercivity makes the resultant FePt 

nanoparticle have the real potential to develop stable BPM with higer areal density. 

 

2.1.5 Concluding remarks 

L10 FePt NPs with highly ordered crystalline structure were prepared from the 

single-source precursors P3. The pyrolysis under an Ar/H2 atomsphere made the 
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resultant FePt NPs have ultra-high coercivity of 3.6 T, where the existence of H2 

played an important role in forming the fct phase. The metallopolymer precursors 

were easily used as photoresist and directly imprinted on the desired substrate. 

Ferromagnetic 2D line and dot arrays suitable for BPM were patterned for high-

density data storage applications. The approach can be readily extended to other 

L10-phase nanocrystals (NC) such as CoPt and FePd, opening a new and general 

route to the fabrication of highly ordered 2D ferromagnetic NC arrays on substrate. 

 

2.2 Effect of polymer skeleton on fabricating L10-FePt nanoparticles and direct 

patterning for magnetic recording media 

 

2.2.1 Introduction 

Bimetallic NPs have been comprehensively studied recently, thanks to their 

unique properties from the synergistic effects of the individual metals.[22] Among 

these functional NPs, the L10 phase FePt NPs is one of the most vital materials with 

wide applications ranging from next generation ultra-high-density magnetic 

recording media[23] to highly enhanced electrocatalysis[24]. This chemically ordered 

fct structure of FePt NPs exhibits large Ku of 7 × 106 J/m3, due to its spin-orbit 

coupling and the hybridization between Fe 3d and Pt 5d states.[25]  

Chemical reduction[16, 17b] and polyol process[26] are the most well-established 

chemical methods for producing these fct phase FePt NPs.[27] Chemical disordered 

face-centered cubic (fcc) phase FePt NPs could be synthesized by these two routes, 
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and they were further transformed to fct phase after high temperature annealing. 

However, agglomerations of the annealed NPs were frequently observed, yielding 

unfavorable shapes and size distributions of the resulting NPs.[26a, 28] In addition, it 

is challenging for alloy nucleus growth from two individual sources with different 

reaction temperatures.[29] Thus, there is an urgent need to chemically prepare FePt 

NPs from single-source precursors. 

Recently, single-source bimetallic carbonyl clusters have been intensively 

studied, such as   (CO)3Fe(μ-dppm)(μ-CO)PtCl2,
[18d, 30] FePt(CO)4(dppm)Br2

[18e] 

and polycrystalline FePtCl6,
 [18a] etc. The atomic ratios of Fe and Pt were precisely 

sustained from these single-source precursors, owing to the close integration of Fe 

and Pt atoms during the nucleation process. However, the FePt NPs synthesized 

from these routes are difficult to form the required nanopatterns on thin film for bit-

patterned magnetic recording media.  

An alternative approach for producing L10 phase FePt NPs was by the one-step 

pyrolysis of a ferroplatinyne polymer. Through fine tuning the Fe and Pt atomic 

ratio in the organic framework at the molecular dimensions, our group has 

successfully synthesized FePt NPs with high magnetic coercivities after pyrolysis 

under an inert atmosphere.[6a, 19] The residual carbon after pyrolysis effectively 

isolates the individual FePt NPs, inhibiting the agglomerations during high 

temperature processes. However, the molecular weights of these polymers were 

relatively large, because the metallic atoms are embedded in the main chains of the 

polymers. 



55 
 

With emerging demand for higher recording density for data storage device, the 

current perpendicular magnetic recording architecture cannot satisfy the 

requirement for areal density over 1 T/in2. The main challenge is the significant 

data loss after further increasing the recording bit density, due to the unstable 

magnetic direction of individual bit caused by the thermal fluctuations of the 

adjacent recording bits. Although fct phase FePt NPs have ultra-high anisotropy at 

room tempature, it is still challenging to achive reliable storage after the bit size 

squeezes down below 10 nm.[14b] Thus, the bit patterned media architecture was 

proposed to solve the thermal instability challenge. By sterically isolating the 

adjacent bit, the interaction of the nearest two bits can be significantly inhibited. 

Patterning of FePt NPs for magnetic recording has been investigated by thermal 

deposition, self-assembly, and lithography patterning.[7c] However, these patterning 

methods suffered from either high-cost or short range ordering difficulties, which 

represent a challenge for practical hard disk drive productions. Meanwhile, the high 

throughout nanoimprint lithography (NIL) is an effective method for industrial 

grade nano patterning.[8b, 31] With reusable imprint mold, the nano patterns can be 

replicated from mask to functional materials with resolution below 10 nm.[8c, 32] 

Based on our previous studies of patterning of FePt NPs from main chain 

polymers,[19b] herein we report a novel single-source metallic polymer P4 with 

functional bimetallic fragment on the side chains. The Fe and Pt stoichiometric ratio 

was accurately controlled in this polymer. This polymer P4 was successfully 

patterned by NIL, and desired fct phase of FePt NPs was readily obtained directly 
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after pyrolysis under an inert gas atmosphere without the need of post-phase 

transformation. As compared to the complex TPy-FePt as the source for FePt NPs 

synthesis, more accurate control of the atomic ratios, narrower size distributions 

and stronger magnetic coercivity of NPs were achieved by P4. 

 

2.2.2 Synthesis 

 

 

Figure 2.11 Synthetic routes for bimetallic precursor TPy-FePt and copolymer P4. 
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Ferrocene-functionalized terpyridine ligand was synthesized by the one-step 

approach modified from the literature report as shown in Figure 2.11.[33] After 

coordinated with Pt ion, the bimetallic complex TPy-FePt was synthesized. On the 

other hand, the random copolymer poly[(4-trimethylsilyl)ethynylstyrene-styrene] 

(PTMES-PS) was synthesized via free radical polymerization. The PES-PS was 

produced after the deprotection of the TMS group on PTMES-PS by 

tetrabutylammonium fluoride (TBAF). Then the bimetallic copolymer P4 was 

prepared from PES-PS by dehydrohalogenation reaction with TPy-FePt. All the 

new metal complex, polymer precursors and polymer P4 are air-stable. Systematic 

characterization of these compounds was achieved by analytical and spectroscopic 

methods. The IR and NMR (1H and 13C) data are in accordance with their chemical 

structures. GPC analysis was used to estimate the molecular weight of PTMES-PS. 

The thermal property of new polymer P4 was examined by thermal gravimetric 

analysis (TGA) under nitrogen. Analysis of the TGA trace for the polymer shows 

that it has high onset decomposition temperature of 291 oC, indicative of its good 

thermal stability. 

The complex TPy-FePt was structurally characterized by X-ray crystallography 

(Figure 2.12). Selected bond distances and angles are given in Table 2.1. The 

crystals were obtained by slow evaporation of diethyl ether into the acetonitrile 

solution of TPy-FePt. The molecular structures show a distorted square-planar 

geometry of the platinum(II) centre and the pendant ferrocenyl unit having two 

cyclopentadienyl rings in an eclipsed conformation. The dihedral angle between 
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two Cp rings is 0.52°. The average C–C bond distance in the ferrocenyl moiety is 

1.40 Å, and the angle between the Fc and tpy is 6.9°.  

 

Figure 2.12 An ORTEP view of the cationic part of TPy-FePt with 50% probability 

thermal ellipsoids and the partial atom numbering scheme. The H-atoms are not 

shown for clarity. 

 

Table 2.1 Selected bond lengths /Å and angles /° for the complex TPy-FePt. 

 Bond distances (Å)  Bond angles (°) 

Pt(1)-N(1) 2.013(5) N(1)-Pt(1)-Cl(1) 98.83(14) 

Pt(1)-N(2) 1.921(4) N(2)-Pt(1)-Cl(1) 179.47(15) 

Pt(1)-N(3) 2.009(5) N(2)-Pt(1)-N(1) 80.79(19) 

Pt(1)-Cl(1) 2.293(16) N(2)-Pt(1)-N(3) 80.92(19) 

Fe(1)-Cp1 a 1.652 N(3)-Pt(1)-Cl(1) 99.46(14) 

Fe(1)-Cp2 a 1.642 N(3)-Pt(1)-N(1) 161.71(18) 

a The Cp1 and Cp2 are the two centroids of the cyclopentadienyl rings comprised of 

the atoms C(1)–C(5) and C(6)–C(10), respectively. 



59 
 

2.2.3 Preparation and characterization of FePt nanoparticles 

For comparing the properties of NPs generated from small molecule TPy-FePt 

and metallopolymer P4, the two precursors were heated to 800 °C for 1 h separately 

under the same conditions. Heating rates of 10 °C min−1 under protective gas 

environments (95% Ar + 5% H2) were used to synthesize FePt-1 and FePt-2 NPs 

from TPy-FePt and P4 accordingly.  

 

 

 

 

 

 

        

 

 

 

 

 

Figure 2.13 (a) and (b) TEM and high-resolution TEM images of the as-synthesized 

FePt-1 NPs; (c) size distribution of the FePt-1 NPs; (d) and (e) TEM and high-

resolution TEM images of FePt-2 NPs; (f) size distribution of the FePt-2 NPs. The 

solid line represents the distribution which fits the histogram. 
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The nanostructures, size distributions, and the atomic elementary composition of 

the resultant FePt NPs were then examined by TEM, as shown in Figure 2.13ac 

and 2.13df, respectively, for FePt-1 and FePt-2. As shown in Figure 2.13a, FePt-

1 NPs are in square-like shapes within the amorphous carbonaceous matrix. The 

cube shape NPs[34] has obvious lattice fringe at 0.19 nm, which corresponds to the 

(200) plane of FePt3 as shown in the high-resolution TEM image in Figure 2.10b. 

The side length of FePt-1 NPs behaves in a Gaussian shape distribution with the 

center at 6.9 nm (Figure 2.13c). The atomic ratio of the Fe and Pt atoms is 30:70 

according to the Energy Dispersive X-ray (EDX) spectrum (Figure 2.14a), 

indicating that the form of FePt-1 NPs is mostly FePt3. Meanwhile, the TEM result 

shows the FePt-2 NPs to be typical fct phase FePt. Spherical, rather than square 

shaped NPs are embedded in the carbon matrix as shown in Figure 2.13d. 

Significant crystalline fringes with lattice distances of 0.229, 0.281 and 0.376 nm, 

according to fct phase (111), (110) and (001) planes, respectively, are shown in the 

high resolution TEM image of Figure 2.13e. Larger mean size at ca. 7.4 nm is shown 

in the Gaussian shape distribution in Figure 2.13f for FePt-2. The EDX results 

(Figure 2.14b) also indicate that a nearly equal atomic ratio of Fe and Pt atoms 

(48:52) was formed in FePt-2. The above TEM results show that FePt-1 NPs 

generated from TPy-FePt is FePt3 phase, while FePt-2 obtained from P4 is fct 

phase FePt NPs. 
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Figure 2.14 EDX spectrum of the resultant FePt NPs (a) FePt-1 and (b) FePt-2. 

 

 In order to validate the above inference, the crystalline structures of the two 

types of NPs were identified by powder XRD analysis. The as-synthesized FePt-2 

NPs have chemically ordered fct phase FePt structures, evidenced by the presence 

of (001) and (110) superlattice characterizing peaks. The average particle diameter 

is calculated to be 7.4 nm from the peak width of the XRD pattern using Scherer 

formula, which agrees with the TEM analysis. However, the XRD plot of FePt-1 

NPs behaved differently from the standard fct phase FePt, as shown in the red plot 

of FePt-1 in Figure 2.15, the (111) peak moves left while the (200) peak moves to 

the right as compared to that for FePt-2. In addition, the (002) peak disappears in 

the plot for FePt-1. So it can be inferred that the FePt-1 are mostly in the form of 

fct FePt3 phase rather than FePt.[30,35] 

(a) 

(b) 
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Figure 2.15 Powder XRD pattern of FePt NPs (a) FePt-1 and (b) FePt-2 prepared 

from the single-source precursors of TPy-FePt and P4, respectively. 
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Figure 2.16 Magnetic hysteresis loops of FePt-1 and FePt-2 at room temperature. 
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The magnetic properties of FePt-1 and FePt-2 were characterized by the 

magnetic hysteresis loops at room temperature with magnetic field up to 5 T. Their 

coercivities were measured to be 0.6 kOe and 7.2 kOe, respectively. Higher 

magnetic moments per gram were observed in FePt-2 as compared to that of FePt-

1. Since the magnetic coercivity is higher for FePt over FePt3, the magnetic 

properties results here further confirm that the FePt-1 are mostly FePt3, while the 

FePt-2 are mainly FePt, which are consistent with the TEM and XRD results. 

All the above results illustrated that the spatial structure of the precursor has a 

great effect on the nucleation processes of the FePt NPs. Influenced by the metal-

metal (Pt…Pt) and ligand π-π stacking interactions, Pt atoms have more chances to 

aggregate than Fe atoms.[36] So the synthesized NPs from complex TPy-FePt are 

more likely to form Pt-rich FePt3 rather than FePt.[30] In contrast, the metal fractions 

in the polymer P4 are randomly distributed along the skeleton and the π-π 

interactions were obviously weakened. So the Fe and Pt atoms have equal 

opportunity to combine during the pyrolysis, which leads to the resultant fct phase 

FePt NPs. In addition, the polymer chains might also play an important role in the 

formation of ordered FePt NPs.[37] As a result, L10- phase FePt NPs are easier to 

grow from metallic polymer P4 than the precursor TPy-FePt. 

 

2.2.4 Patterning of ferromagnetic nanoline arrays  

Metal-containing polymers could be easily processed and fabricated into thin 

films, fibers, and other forms. In addition, L10-phase FePt NPs FePt-2 were 
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prepared from the metallopolymer P4. We attempted to do the patterning of FePt 

NPs from the precursor P4 by nanoimprint lithography (NIL) technique. Here, the 

stamped PDMS template with periodicity of 750 nm and feature size of 350 nm was 

used, and the metallopolymer P4 was patterned at the nanoscale with high accuracy 

by imprinting on the substrate. The schematic illustration in Figure 2.17 shows the 

process of nanoimprint lithography. 

 

 

 

 

 

 

 

Figure 2.17 Schematic illustration of the NIL method. (a) Saturation solution of P4 

was dipped onto a silicon substrate. (b) A stamped PDMS template with line arrays 

was imprinted immediately for 5 min under about 1 N gravity. (c) The template was 

removed and (d) the line patterning was left on the substrate, then it was pyrolyzed 

under Ar/H2 for the preparation of FePt NPs. 

 

The fct phase FePt metallopolymer precursor P4 can be patterned on rigid 

substrate by direct NIL. Using a PDMS mold with a line pattern (750 nm periodicity 

and 350 nm feature size), an inverse pattern of P4 is replicated on silicon substrate 

(d) (c) 

(b) (a) 
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as shown in the SEM images (Figure 2.18a). The surface morphology of the 

nanoline patterned P4 was studied with AFM (Figure 2.18b) and the height of the 

individual line was measured to be 70 nm. 

 

 

Figure 2.18 FePt-embedded line arrays of polymer P4: (a) SEM and (b) 3D AFM 

images.    

 

After pyrolysis of the patterned substrate, the featured nanoline structures were 

retained as shown in the SEM and AFM images in Figure 2.19a and 2.19b, 

respectively. However, the height of the individual line is decreased to 10 nm as 

revealed by the cross-section profile in Figure 2.19c. The significant decrease of 

the height from 70 nm to 10 nm is probably due to the carbon loss of P4 during the 

pyrolysis process. Magnetic force microscopy (MFM) with interleave mode was 

also carried out to investigate the surface magnetic information of FePt-2 (Figure 

2.19e). Within the same area in Figure 2.18e, the magnetic stray fields of the 

nanolines of FePt display similar distributions. These nanolines made up of 

ferromagnetic FePt NPs with such obvious signals can work as rows of recording 

bits for bit patterned media.  

(a) (b) 
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Figure 2.19 Patterns with line arrays of FePt alloys after pyrolysis at 800 oC under 

Ar/H2: (a) SEM, (b) 2D AFM image, (c) cross-section measurement among the 

lines, (d) 3D AFM image and (e) MFM image. 

 

2.2.5 Concluding remarks 

Bimetallic compound TPy-FePt ([Pt(Fc-tpy)Cl]Cl) and its random copolymer 

P4 were synthesized and applied as single-source precursors for the preparation of 

FePt alloy NPs by direct pyrolysis. Phase transformation from FePt to FePt3 

(a) (b) 

(c) 

(d) (e) 
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happened during the pyrolysis of TPy-FePt, and the resultant NPs have a relatively 

poor magnetic coercivity. By introducing a polymer skeleton, the resultant NPs 

FePt-2 generated from P4 have a nearly equal atomic ratio of Fe to Pt and 

chemically ordered fct structure, which can be used as an effective single-source 

approach for the synthesis of L10 FePt NPs. It is thus expected that this type of 

metallopolymer can be applicable as a precursor for the fabrication of devices for 

magnetic recording media. Future work will be focused on tuning the size of NPs 

by changing the molar fraction of individual blocks of metal and organic part in the 

metallopolymers which are compatible for bit patterned media fabricated by high 

throughout NIL. 
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Chapter 3 

 

Fabrication of L10-FePd Nanoparticles from Single-source 

Precursors and Their Applications 

 

3.1 Fabrication of ferromagnetic FePd alloy nanochains by controlled self-

assembly from terpyridine-based single-source precursors 

 

3.1.1 Introduction 

Magnetic bimetallic alloy NPs have emerged as highly effective catalysts for 

oxygen reduction reaction and showed great promise for data storage applications 

due to their ultra-high magnetocrystalline anisotropy.[1] Ordered L10-type FePd 

alloys with large uniaxial anisotropy (Ku = 1.8×107 erg/cm3) were one of the 

attractive materials for future high density recording media.[2] In general, FePd NPs 

were synthesized by involving the reduction of Pd(acac)2 and thermal 

decomposition of Fe(CO)5,
[3] but the resultant NPs often have a chemically 

disordered structure with a relatively lower coercivity. To further increase 

magnetization values without sacrificing much coercivity, exchange-coupling of 

magnetically hard and soft phases was put forward to fabricate the fct-phase 

FePd/Fe nanocomposite magnets via interfusion of two heterostructured NPs.[4] 

However, all these synthetic methods involved two or more inorganic metal 

precursors, which might go against controlling the atomic ratio and fabricating 
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magnetic pattern for data storage.  

Organometallic complexes were widely selected as the metal source of 

nanomaterials due to the easier processing ability for patterning in solution.[5] 

Expecially for the ferromagnetic FePt and FePd NPs, the ordered patterning was 

crucial for data-storage applications.[6] Many single-source organmetallic 

compounds were successfully synthesized and used to prepare L10-type FePt NPs 

with good performance,[7] but similar precursors for the synthesis of FePd NPs were 

rarely reported. The patterned morphology of organometallic compounds could be 

used as a template to fabricate various functional nanomaterials composed of 

decomposed metals by heat-treatment[8] or plasma-treatment[9], etc, and the original 

morphology could be retained with the collapse of the skeleton after pyrolysis. 

However, it can hardly been seen in the similar synthetic routes for preparing FePd 

NPs.  

In the past decades, self-assembly of organic materials at the fore front of modern 

chemistry shows a strong tendency to construct 1D, 2D or 3D nanostructures via 

weak and reversible noncovalent interactions, such as hydrogen-bonding, 

electrostatic, and π–π stacking interactions, etc.[10] In particular, metal-mediated 

self-assembly has attracted much attention due to the highly directional and 

predictable feature of the metal coordination.[11] The combination of various 

functional ligands and a large range of transition metal ions has made metal-ligand 

coordination easy to self-assemble into nanostructures, especially Pt(II) and Pd(II)-

mediated self-assembly with polypyridyl ligands.[12] 2,2’:6’,2’’-Terpyridine and its 
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derivatives were widely utilized as the subunits for self-assembly by binding with 

various transition metal ions.[13] Terpyridine-based ligands easily coordinated with 

d8 late metal ions (such as Pt, Pd and Au) to form stable square-planar complexes. 

The coordinated complexes had a strong tendency toward the formation of highly 

ordered extended linear chains or oligomeric structures in the solid state.[14] The 

aggregated nanostructure were extensively investigated due to their unique 

properties and potential applications in photocatalysis[15] or biological activities[16], 

which had been gradually evolved as a common approach to fabricate 

nanomaterials with different shape such as fibers, sheets, grids, cubes and wheels.[17] 

In short, the approach for affording nanostructures by self-assembly of terpyridine-

based coordination complexes had become an important and effective way to 

prepare various functional nanomaterials with desired morphology. 

In order to synthesize a single-source precursor containing Fe and Pd metals with 

equal atomic ratio in one molecule, ferrrocenyl group was introduced as the Fe-

source, and Pd-source was obtained by the coordination of active terpyridine parts 

with Pd salts, so the ferrocene-substituted terpyridine ligand would be the 

appropriate candidate for preparing FePd nano alloys. The chelating terpyridine 

ligand containing ferrocenyl group as spectator was one of the most useful 

precursors, which was firstly reported by Thompson et al., and two different 

synthetic routes involving two steps were provided.[18] Since then, 4’-(ferrocenyl)-

[2,2’:6’,2’’]terpyridine was widely used as a tridentate ligand to bind with various 

metal (such as Ru, Cu, Pt, etc.) at three meridional sites giving two adjacent 5-
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membered MN2C2 chelate rings, which was structurally square planar and have a 

strong tendency to aggregate in solid state due to metal-metal and π-π 

interactions.[19] However, constructing monodispersed patterning in a controlled 

way is still a challenge.  

In the present study, terpyridine-based organometallic complexes TPy-FePd-1 

[4-ferrocenyl-(N^N^N)PtOCOCH3] was designed, and the ligand was 

functionalized with a ferrocenyl group and coordinated with Pd to form a square-

planar complex. The complex showed excellent self-assembly properties and was 

used to prepare organic nanochains by self-assembly, which were then heat-treated 

under Ar/H2 to reduce the organic skeleton and give the ferromagnetic FePd 

nanochains only. 

 

3.1.2 Synthesis and characterization 

 

Figure 3.1 Synthetic routes of TPy-FePd-1. 

 

Herein, the ferrocene-substituted terpyridine ligand 4’-(ferrocenyl)-
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[2,2’:6’,2’’]terpyridine was synthesized by the one-step reaction in good yield 

according to the modified literature method[20] and coordinated with Pd(OAc)2 to 

prepare the palladium-centered coplanar compound TPy-FePd-1 [4’-ferrocenyl-

(N^N^N)OCOCH3]. The detailed synthetic routes are shown in Figure 3.1. The two 

metals Fe and Pd with equal atomic ratio were embedded in the molecular structure. 

The structure was characterized by 1H NMR and MALDI-TOF, and confirmed by 

single crystal XRD analysis.  
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Figure 3.2 UV-vis absorption spectra of TPy-FePd-1 and its ligand 4’-(ferrocenyl)-

[2,2’:6’,2’’]terpyridine in MeCN. 

 

Compared to the ligand 4’-(ferrocenyl)-[2,2’:6’,2’’]terpyridine, the UV-vis 

absorption spectrum of TPy-FePd-1 in Figure 3.2 shows intense intraligand (IL) 

[π→π*] transitions of the terpyridine and the group -OCOCH3 at about 330−350 
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nm, typical low-energy MLCT [dπ(Pd) -π*(terpy)] band at 362 nm and the 

intraligand ILCT [π(Fc)- π*(tpy)] state ranged from 490–700 nm, which are 

assigned as LLCT [π(OCOCH3)- π*(tpy)] transition mixed with MMLCT [dσ*(Pd) 

-π*(tpy)] transitions. 

 

 

 

 

Figure 3.3 (a) Partial packing diagram for TPy-FePd-1, showing the arrangement 

of cations into 1D stacks. (b) π-π stacking along c-axis in the molecular structure. 

For clarity, all hydrogen atoms, anions and solvent molecules have been omitted. 

 

The complex TPy-FePd-1 in the solid state formed a dimeric structure through 

a Pd-Pd interaction, which was established by its single crystal structure. Single 

(a) 

(b) 
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crystals of X-ray quality of formula {Pd(4’-[ferrocenyl]tpy)(OAc)}+ were grown 

by vapour diffusion of Et2O into a MeCN solution of the complex. Views of the 

molecular structure is shown in Figure 3.3a, while selected metric parameters and 

bond length are given in Tables 3.1 and 3.2. The structure revealed that the Pd metal 

center is coplanar relative to the four donor atoms forming an irregular square-

planar motif. A linear chain-like packing was observed with equal spacing (3.17 Å) 

between the Pd metals that stacked on top of each other in a head-to-tail fashion, 

while the ferrocenyl groups arranged in the two adjacent molecules were in the 

opposite directions. Besides, the cationic Pd complexes formed separate colums 

stacking parallel to the c-axis, which was assigned to π-π stacking between the 

planar Pt(terpyridine)OAc moieties in the dimeric molecular structure. The 

interplanar distance was about 3.1 Å. 

 

Table 3.1 Crystallographic data for TPy-FePd-1. 

 length 

Identification code  shelx 

Empirical formula  C27 H30 Fe N3 O5.50 Pd 

Formula weight  646.79 

Crystal system  Orthorhombic 

Space group  P 21 21 2 

a 26.9025(7) Å 

b 27.2570(7) Å 



80 
 

c 7.7539(2) Å 

α 90° 

β 90° 

γ 90° 

Volume 5685.8(3) Å3 

Z 8 

Density 1.511 mg/m3 

μ 
9.545 mm-1 

F(000) 2632 

R1, wR2[I>2σ(I)]  0.0651, 0.1894 

R indices (all data)  0.0691, 0.1938 

Goodness-of-fit on F2  1.033 

 

Table 3.2 Selected bond lengths /Å and angle /° for TPy-FePd-1. 

 length  angle 

Pd(1)-N(2)  1.891(10) N(2)-Pd(1)-N(1) 80.2(8) 

Pd(1)-N(1)  1.971(13) N(2)-Pd(1)-N(3) 79.8(7) 

Pd(1)-N(3)  1.990(13) N(1)-Pd(1)-N(3) 160.0(7) 

Pd(1)-O(3)  2.010(18) N(2)-Pd(1)-O(3) 173.7(7) 

Pd(1)-Pd(2)  3.170(2) N(1)-Pd(1)-O(3) 104.2(8) 

Pd(2)-N(5)  1.888(12) N(3)-Pd(1)-O(3) 95.8(6) 

Pd(2)-N(4)  1.97(2) N(2)-Pd(1)-Pd(2) 88.5(3) 
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Pd(2)-O(1)  1.991(18) N(1)-Pd(1)-Pd(2) 84.6(4) 

Pd(2)-N(6)  2.01(2) N(3)-Pd(1)-Pd(2) 95.5(4) 

Pd(2)-N(4)  1.97(2) O(3)-Pd(1)-Pd(2) 87.4(5) 

  N(5)-Pd(2)-N(4) 81.5(9) 

  N(5)-Pd(2)-O(1) 175.0(7) 

  N(4)-Pd(2)-O(1) 99.7(11) 

  N(5)-Pd(2)-N(6) 79.7(9) 

  N(4)-Pd(2)-N(6) 161.2(9) 

  O(1)-Pd(2)-N(6) 99.1(11) 

  N(5)-Pd(2)-Pd(1) 85.3(4) 

  N(4)-Pd(2)-Pd(1) 90.1(5) 

  O(1)-Pd(2)-Pd(1) 89.9(6) 

  N(6)-Pd(2)-Pd(1) 88.9(4) 

 

3.1.3 Preparation and characterization of FePd NPs 

Highly crystalline fct FePd NPs were formed according to step-by-step pyrolysis 

in a tube furnace under getter gas (95:5 Ar/H2), where the presence of 5% H2 

reduced the possible quantity of Fe oxides in FePd NPs. The organometallic 

precursors were first pyrolyzed for 1 h at 500 oC, and then annealed at higher 

temperature 800 oC to enhance the ordering of FePd nanocrystalline, which had 

been identified to be an effective way for improving the ferromagnetic performance. 
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Figure 3.4 (a) Low-resolution and (c) high-resolution TEM images of FePd NPs 

synthesized from TPy-FePd-1; (b) and (d): lattice fringes in (c) with magnification; 

(e) EDX spectrum of the FePd NPs; (f) size-distribution histogram statistically 

analyzed from (a). 

(e) 
(f) 

11 12 13 14 15 16 17 18 19 20 21 22

F
re

q
u

e
n

c
y

Size (nm)

 

 

(a) (b) 

(d) (c) 



83 
 

 

The morphologies of the resultant FePd NPs were identified by the transmission 

electron microscopy (TEM) and the TEM images are shown in Figure 3.4. The 

resultant particles had a quite uniform shape and were homogeneously embedded 

in the carbonaceous matrix, which could effectively protect FePd from oxidation in 

air. The size distribution from statistical analysis showed that the mean size was 

about 16.2 nm with a relatively narrow distribution (Figure 3.4f). Lattice structures 

were also observed from the HRTEM images and the lattice spacing of 1.9 Å, 2.2 

Å, 2.8 Å corresponded to the characteristic peaks of (220), (111), (110), respectively. 

The atomic ratio of Fe to Pd was about 49:51, as determined by energy dispersive 

EDX in Figure 3.4e, which was very close to the theoretical composition.  

The phase and crystal structures were confirmed by powder X-ray diffraction. As 

shown in Figure 3.5, the appearance of the peaks (001), (110) and the obvious 

splitting of the (200)/(002), (220)/(202) pair of peaks indicated that the resultant 

FePd NPs had a typical fct structure with highly ordering crystal nature. Also, 

estimation using Scherrer’s formula based on (111) peak gives the average particle 

size of 16 nm, which is consistent with that observed from statistical analysis of 

TEM images, indicating that the as-synthesized FePd NPs are of good crystallinity. 
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Figure 3.5 PXRD pattern of FePd NPs synthesized from TPy-FePd-1. 
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Figure 3.6 Room temperature magnetic hysteresis loop of FePd NPs synthesized 

from TPy-FePd-1. 
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To investigate the ferromagnetic properties, room temperature hysteresis loop 

was obtained by vibrating sample magnetometer (VSM). Figure 3.6 shows the 

magnetization curves of the as-synthesized FePd NPs. The magnetic properties of 

the as-synthesized FePd NPs reveal a ferromagnetic feature. The saturation 

magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc) are 31 

emu/g, 19 emu/g, and 4.9 kOe, respectively. These NPs have high coercivities, 

further verifying that these NPs are indeed highly ordered to the L10 structure. 

 

3.1.4 Fabrication of monodispersed ferromagnetic FePd alloy nanochains 

 

 

Figure 3.7 SEM image of the aggregation of the complex TPy-FePd-1 in CHCl3/n-

hexane (1:10 v/v).  
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Induced by the metal–metal (Pd-Pd) and ligand π–π stacking interactions, TPy-

FePd-1 showed excellent self-assembly properties and easily aggregated in solid 

state or concentrated solution. The nanostructures of the compound TPy-FePd-1 

were fabricated by the phase transfer method according to the following procedure. 

When a minimum volume (100 μL) of a concentrated chloroform solution of TPy-

FePd-1 (1 mM) was injected rapidly into 1 mL of n-hexane, precipitates were 

immediately observed in the solution. These precipitates were drop-casted onto 

silicon substrate for SEM observations. As shown in Figure 3.7, TPy-FePd-1 self-

assembled into nanostructures with net-like morphology in random direction, but it 

is not easy to be dispersed and controlled. 

Here, a new strategy was described for one-step rapid fabrication of magnetic 

nanochains with domain structures by introducing the imprinting technique. The 

concentrated chloroform solution of TPy-FePd-1 and polystyrene (PS) were 

dropped onto a silicon substrate, then the flat PDMS as a template was imprinted 

onto the substrate immediately for about 5 min under 1 N of pressure. After 

removing the template, the morphology with PS nanospheres and TPy-FePd-1 

nanochains was characterized and observed by SEM. As shown in Figure 3.8a, the 

resultant nanochains with an average length of 250 nm were evenly dispersed 

around the PS spheres. The substrate was pyrolyzed following the same conditions 

as the preparation of ferromagnetic FePd NPs, and the SEM image is shown in 

Figure 3.8b, all the PS spheres were removed during pyrolysis and only magnetic 

FePd alloy NPs were left, which still kept the original nanochain shape with the 
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skeletal collapse. The SEM image with magnification in Figure 3.8c further 

indicated that the pyrolyzed nanochains are composed of ferromagnetic NPs. 

 

 

 

Figure 3.8 (a) Patterns of self-assembly fabricated using nanoimprint lithography 

with a flat PDMS mask; (b-c) patterns of self-assembly pyrolyzed at 800 ºC under 

Ar/H2. (d) Size distribution of the nanochains prepared using imprinting lithography. 

 

The composition and chemical state of Fe and Pd in the nanochains were 

characterized by X-ray photoelectron spectroscopy (XPS). The results identified 

the formation of Fe(0) and Pd(0) in the pyrolyzed nanochains. Figure 3.9a shows 

the Fe 2p spectrum, and the peaks shown at 711.5 (Fe 2p3/2) and 725.2 eV (Fe 
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2p1/2) identify the formation of Fe(0) NPs.[21] Figure 3.9b shows the Pd 3d 

spectrum, and the peaks shown in 341.9 (Pd 3d3/2) and 335.9 eV (Pd 3d5/2) provide 

evidence for the creation of Pd(0) NPs.[22] The atomic ratio of Fe to Pd was also 

measured to be about 49 : 51, which is consistent with the EDX result of the powder 

of FePd NPs. 

 

 

 

 

 

 

Figure 3.9 XPS spectra of the pyrolyzed FePd nanochains on Si substrate: (a) Fe 

2p and Pd 3d. 

 

The atomic force microscopy (AFM) image in Figure 8a indicated the 

topography of the pyrolyzed nanochains with the interleave height of 40 nm, which 

further observed a line of NPs in the nanochains. The magnetic force microscopy 

(MFM) image was acquired in the interleave mode. Figure 3.10b shows the typical 

MFM image, in which the black and white dots corresponding to the AFM image 

(Figure 3.10a) indicate the existence of domain structure in the nanochains. The 

system with perpendicular anisotropy is very attractive for application to 

nonvolatile high-speed domain-wall devices. 

740 730 720 710 700

27500

28000

28500

29000

29500

30000

30500

31000

31500 Fe 2p
3/2

C
P

S

Bonding energy (eV)

Fe 2p
1/2

 

 

350 345 340 335 330

8000

9000

10000

11000

12000

13000

14000

15000 Pd 3d
5/2

C
P

S

Bonding energy (eV)

Pd 3d
3/2

 

 

(a) (b) 



89 
 

   

Figure 3.10 (a) AFM and (b) MFM images of the pyrolyzed FePd nanochains on 

Si substrate. Image size 2*2 μm2. 

 

In order to further identify that the organometallic compound TPy-FePd-1 self-

assembled along the edge of PS, the flat PDMS template was substituted by a 

PDMS stamp, which include a line array pattern with periodicity (feature size) of 

740 nm (500 nm). As shown in Figure 3.11a, PS was patterned into line arrays at 

the nanoscale by the imprinting approach. At the same time, FePd-containning 

nanochains were formed along the PS line. Compared to the freedom under the flat 

template, the space for the self-assembly of TPy-FePd-1 was confined between the 

line arrays. The formation of FePd-containing nanochains with a relatively shorter 

length was controlled in the confined space. After pyrolysis at high temperature 

under an Ar/H2 atmosphere, PS was removed and the ferromagnetic FePd 

nanochains were left in a line orientation, as shown in Figure 3.11c and 3.11d. 

 

(b) (a) 
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Figure 3.11 Self-assembly of FePd-containing precursors between PS line arrays: 

(a) SEM image of self-assembled patterns fabricated using nanoimprint lithography 

by a PDMS mask with line arrays; (b) Size distribution of the nanochains prepared 

using nanoimprint lithography. (c) SEM and (d) AFM images of self-assembled 

patterns pyrolyzed at 800︒C under Ar/H2.  

 

The most possible reason for the formation of nanochains during the imprinting 

process was ascribed to self-assembly induced by the aggregation behavior of TPy-

FePd-1 and the weaker compatibility with PS.[23] The geometry of TPy-FePd-1 

molecule is square-planar and has an obvious torsion by Pd-Pd interaction, which 
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will reduce its π-π interaction with PS molecules and tend to form phase separated 

heterostructures. TPy-FePd-1 was evenly dispersed around the PS skeleton in the 

chloroform solution. When the PDMS template was imprinted, the solution 

spreaded out on the substrate. As the solvent evaporated slowly, TPy-FePd-1 and 

PS separated from each other and aggregated with their respective counterparts, 

during which process PS tends to form nanospheres (or nanoline) and the molecules 

of TPy-FePd-1 are apt to link together along a line for nanochains. 

 

3.1.5 Concluding remarks 

  To conclude, a square-planar bimetallic complex TPy-FePd-1 [4’-ferrocenyl-

(N^N^N)PdOCOCH3] was synthesized and used as the single-source precursor to 

prepare L10-type FePd NPs by one-pot pyrolysis under Ar/H2 atmosphere. It was 

easily aggregated to form nanostructures by self-assembly. The process of self-

assembly was controlled by imprinting technique, and a flexible metal-free polymer 

polystyrene (PS) was mixed with the precursor. The uniform nanochains was 

formed and evenly distributed around the edge of PS, and then ferromagnetic 

nanochains with domain structures consisting of FePd NPs were observed after 

removing PS and the organic skeleton of the precursor by direct pyrolysis. Future 

work will focus on the application of the nanochains with high magnetocrystalline 

anisotropy for data storage devices. Nanoimprint induced self-assembly will be 

further used to fabricate other type of ferromagnetic nanostructures, such as FePt 

NPs. 
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3.2 One-pot synthesis of ferromagnetic FePd NPs with controllable size 

 

3.2.1 Introduction 

Nanomaterials, dealing with size of 100 nm or smaller in at least one dimension, 

are of intense current interest for a variety of applications due to the discovery of 

their unusual physical and chemical properties such as mechanical,[20] catalytic,[21] 

optical[22] and magnetic properties,[23] etc. In comparison with the bulk counterparts, 

the specific performance could be ascribed to manifestation of so-called “quantum 

size effects” at the nanoscale.[24] Hence, it is crucial to control the size in the field 

of nanomaterials. 

The demand for higher density magnetic recording media is one of the 

fundamental motivations for the recent attention to hard magnetic NPs that are 

characterized by high magnetocrystalline anisotropy energy. As one of the 

candidates for ultra-high density magnetic storage media, FePd NPs with high 

magnetocrystallic anisotropy and chemical stability have attracted much 

attention.[25] The FePd NPs show ultra-high Ku as 9×105 erg/cm3, and the coercivity 

of the resultant particles is revealed to be closely related to their sizes. The decrease 

in sample size induces the change from the multivariant mode to single variant 

mode in which the strain energy is large.[26]  

Considerable efforts have been made in recent years in developing methods for 

the synthesis of single domain magnetic FePd NPs with well-defined size and shape. 

In general, the physical deposition method was proved to be effective to control the 
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atomic ratio and tune the particle size, which also afforded a good way in preparing 

FePd NPs,[27] but it is not easy to disperse the resultant NPs in various liquid media. 

In contrast, solution phase chemical synthesis was successfully used to prepare 

monodisperse metal particles,[28] and Sun et al. further developed the synthesis of 

FePt NPs.[29] The method was widely recognized and also extended to synthesize 

other NPs such as FePd,[3a] FeCo,[30] CoPt,[31] etc. Particularly, thermal 

decomposition of Fe(CO)5 with reduction of Pd(acac)2 was still widely used to 

prepare FePd NPs,[4e] but the two separate Fe-source and Pd-source was not good 

for controlling the atomic ratio due to their different decomposition temperatures. 

Hence, a single-source organometallic precursor was proposed to fabricate FePd 

NPs, which had been proved successful in synthesizing FePd NPs.[7a, 32, 7d] Manners 

et al. reported the chelated Fe,Pd-containing complexes which successfully 

synthesized the mixed-metal FePd alloy NPs in moderate yields (ca. 55−60%) at 

relatively low temperatures.[33]  

  In our previous work, Fe,Pt-containing metallopolymers were identified to be a 

novel type of single-source precursors, and the ferromagnetic L10-FePt could be 

obtained by one-step pyrolysis.[34, 8b] In addition, the size of the resultant NPs was 

also easily controlled by tuning the pyrolysis condition.[35]  Herein, we further 

extended the similar method for preparing FePd NPs. Fe, Pd-containing 

organometallic complexes with equal atomic ratio of Fe to Pd were prepared and 

used as single-source precursors to synthesize FePd NPs by an one-pot method. 

Also, the size of FePd NPs was easily controlled by tuning the steric structure of 
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the precursors and the metal fraction in polymers. Furthermore, size effect on the 

magnetic properties was investigated in the present study. 

 

3.2.2 Synthesis and characterization 

 

 

Figure 3.12 Synthesis of TPy-FePd-2. 

 

In the present study, the ferrocene-substituted terpyridine ligand 4’-(ferrocenyl)-

[2,2’:6’,2’’]terpyridine was synthesized by a one-step reaction in good yield. The 

ligand coordinated with Pd(OAc)2 in dry MeCN first and the mixture was 

sequentially treated with HBF4
.Et2O to obtain the complex TPy-FePd-2 [4’-

ferrocenyl-(N^N^N)NC≡CCH3] in quantitative yield. The acetonitrile ligand in 

TPy-FePd-2 is displaced by d6-DMSO upon dissolution, which was identified by 

the appearance of free CH3CN observed in the 1H NMR spectrum (Figure 3.13). 
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Figure 3.13 1H NMR spectrum (d6-DMSO) of the complex TPy-FePd-2. 

 

Single crystals suitable for XRD analysis was obtained by controlling slow 

evaporation of Et2O into the acetonitrile solution of TPy-FePd-2. As shown in 

Figure 3.14, the structure {Pd(4’-[ferrocenyl]tpy)( NC≡CCH3)}
+ was determined 

by X-ray crystallography. Selected bond length and angles were given in Table 3.4. 

The molecular structure shows a distorted square-planar geometry of the 

palladium(II) center and a pendant ferrocenyl unit. The acetonitrile ligand is closely 

connected with the metal by a dative bond in the solid state and the bond length of 

Pd-N(4) is about 2.02 Å.  
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Figure 3.14 Molecular structure of TPy-FePd-2 presented by an ORTEP diagram. 

All hydrogen atoms are omitted for clarity. 

 

Table 3.3 Crystallographic data for TPy-FePd-2. 

 length 

Identification code  shelx 

Empirical formula  C29H25B2F8FeN5Pd 

Formula weight  779.41 

Crystal system  Triclinic 

Space group  P -1 

a 11.2240(10) Å 

b 11.5166(10) Å 

c 13.5262(10) Å 

α 90.56(2)° 

β 112.57(2)° 

γ 109.78(2)° 
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Volume 1499.6(3) Å3 

Z 2 

Density 1.726 mg/m3 

μ 
1.163 mm-1 

F(000) 776 

R1, wR2[I>2σ(I)]  0.0461, 0.11011 

R indices (all data)  0.0582, 0.1211 

Goodness-of-fit on F2  1.127 

 

Table 3.4 Selected bond lengths /Å and angles /° for TPy-FePd-2. 

 length  angle 

Pd(1)-N(2)  1.922(2) N(2)-Pd(1)-N(4) 176.43(11) 

Pd(1)-N(4)  2.015(3) N(2)-Pd(1)-N(1) 80.77(10) 

Pd(1)-N(1)  2.030(2) N(4)-Pd(1)-N(1) 98.15(10) 

Pd(1)-N(3)  2.031(2) N(2)-Pd(1)-N(3) 80.89(10) 

  N(4)-Pd(1)-N(3) 100.29(11) 

  N(1)-Pd(1)-N(3) 161.53(10) 

 

To further establish the ease of displacement of the MeCN ligand from the 

coordination sphere, adduct TPy-FePd-3 was treated with an equivalent of 4-tert-

butylpyridine to produce the model complex (Figure 3.15). As expected, this 

reaction produced a compound with a tert-butyl groups, the assignment was 
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confirmed by 1H NMR spectroscopy, which showed a -C(CH3)3 signal at δ = 1.42 

ppm.  

 

 

Figure 3.15 Synthesis of TPy-FePd-3 by substituting the coordinating ligand. 

 

 

Figure 3.16 1H NMR spectrum (d6-DMSO) of the complex TPy-FePd-3. 
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Random copolymer PS-P4VP was further treated with TPy-FePd-2, in which 

the pyridyl group could be easily coordinated with the complex to obtain a new 

metallopolymer. The metal fraction in polymer was able to be tuned, and hence, P5, 

P6 and P7 with 5 wt%, 10 wt% and 20 wt% of metal fractions, respectively was 

prepared and characterized by 1H NMR. 

 

 

Figure 3.17 Synthetic illustration of the polymers P5, P6 and P7 with different ratio 

of metal fraction. 

 

3.2.3 Preparation of FePd NPs from TPy-FePd-2 

The organometallic complex TPy-FePd-2 was selected as the single-source 

precursor to prepare FePd NPs by one-pot pyrolysis at high temperature under 

getter gas (95:5 Ar/H2). The precursor was first pyrolyzed for 1 h at 500 oC, and 

then annealed at higher temperature (800 oC) to enhance the ordering of FePd NPs. 

The resultant FePd NPs was assigned to FePd-1.  
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Figure 3.18. (a) Low-resolution and (b) high resolution TEM images of FePd-1 

NPs; (c) size distribution histogram statistically analyzed from the TEM image in 

(a); (d) powder XRD plot of FePd-1 NPs; (e) EDX spectrum of FePd-1 NPs. 

 

 The morphology and lattice fringes of the resultant FePd-1 NPs were 

14 16 18 20 22 24 26

 

Diameter (nm)

 

 

20 30 40 50 60 70 80

(1
1

2
)

(2
0

2
)

(2
2

0
)

(0
0

1
)

(0
0

2
)(2

0
0
)

(1
1

1
)

(1
1

0
)

(2
0

1
)

In
te

n
s
it
y
 (

a
.u

.)

2 ()

 

 

(a) (b) 

(c) (d) 

(e) 



101 
 

characterized by TEM. As depicted in Figure 3.18a, the NPs were evenly embedded 

in the carbon matrix with a uniform spherical shape. The mean size was about 19.8 

nm with a narrow size distribution (Figure 3.18c), which was statistically analyzed 

from the TEM images. In addition, the obvious lattice suggests that the resultant 

NPs had high crystallinity. The atomic ratio of Fe to Pd was about 49:51, 

determined by EDX (Figure 3.18e), which was very close to the theoretical 

composition.  

The X-ray diffraction (XRD) pattern of FePd-1 NPs confirmed that the as-

synthesized NPs had a chemically ordered tetragonal structure (Figure 3.18d) 

according to the characteristic peaks (001) and (110) of fct phase. Also, the splitting 

of the peaks (200) and (220) appeared, which further identified the phase of the NPs. 

Furthermore, the size of FePd-1 calculated from the (001) peak according to 

Scherrer’s equation is consistent with the TEM analysis. 

The magnetic hysteresis loop was measured at room temperature by VSM 

(Figure 3.19). The loop implied the ferromagnetic properties of FePd-1 NPs. When 

2 T of an external magnetic field was applied, the particles reached saturation with 

a magnetic moment 13.3 emu/g. However, the remnant moment of 4.2 emu/g was 

remained unchanged after removing the applied field, another magnetic field in the 

opposite direction should be introduced to cancel the remnant magnetic moment, 

and the coecivity was about 1.02 kOe. The ferromagnetic behavior further matched 

the fct structure as deduced from the TEM images and XRD analysis. 
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Figure 3.19 Room temperature hysteresis loop of the resultant FePd-1 NPs 

synthesized from the organometllic complex TPy-FePd-2. 

 

3.2.4 Size-controllable FePd NPs 

Well-defined FePt NPs could be easily synthesized from the polymeric 

precursors, and the size of the NPs was tuned by controlling the pyrolysis conditions 

or the ratio of the metal source to polymer, but it was still rare to be used to prepare 

other type of NPs. In particular, FePd NPs, as the counterparts of FePt NPs, have 

the similar microstructure and magnetic properties. In this study, in order to 

investigate the effect of polymeric backbone on forming FePd NPs and controlling 

the size of the as-synthesized NPs, the polymers P5, P6 and P7 were also pyrolyzed 

to prepare FePd NPs named FePd-2, FePd-3 and FePd-4, respectively.  
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Figure 3.20 TEM images and size distribution histograms of (a-b) FePd-2, (c-d) 

FePd-3 and (e-f) FePd-4. 

 

The resultant NPs were characterized by TEM (Figure 3.20). The low-resolution 

images demonstrated the morphology of the as-synthesized FePd NPs. The particles 
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were evenly embedded in the carboneous matrix to maintain the stability, which 

was consistent with FePd-1 NPs. The size of the particles was statistically analyzed 

from the TEM images, as shown in Figure 3.20(b, d, e). The mean size 

corresponded to FePd-2, FePd-3 and FePd-4 NPs was 10.5 nm, 14.4 nm and 17.5 

nm, respectively. The average size is smaller than the FePd-1 NPs, and the particle 

was grown with larger size as the metal fraction in polymer increased. The most 

possible reason is assigned to the different steric structure of the organometallic 

precursors. As shown in the crystal structure, TPy-FePd-2 in solid state have a 

square-planar structure, which easily leads to the molecular interactions by π-π 

stacking. The stacked behavior in the precursors made the metal source closely 

integrated, so Fe and Pd can better form alloys during nucleation. However, the 

metal fraction in polymer was randomly dispersed along the polymer chain, the 

planar structure of the metal fraction was more seperated and the stacking behavior 

was much reduced.  

The FePd-2, FePd-3 and FePd-4 NPs were characterized by powder XRD. As 

depicted in Figure 3.21, all of them have a chemically ordered structure, which was 

deduced from the characteristic peaks (001), (110) and the splitting of (200), (202). 

In addition, broadening of the (111) peak from FePd-2 to FePd-4 matched with the 

change of the sample size, the average crystallite sizes estimated from the peak 

broadening at (111) plane using the Scherrer formula were 10.9, 14.2 and 17.9 nm 

for FePd-2, FePt-3 and FePt-4, respectively. The calculated particle size and their 

variation agreed with the TEM analysis.  
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Figure 3.21 Powder XRD patterns of the as-synthesized FePd-2, FePd-3 and 

FePd-4 NPs. 
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Figure 3.22 Room temperature hysteresis loops of FePd-2, FePd-3 and FePd-4. 
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The ferromagnetic properties of FePd-2, FePd-3 and FePd-4 NPs was 

investigated at room temperature by VSM. The hysteresis loops in Figure 3.22 

reveal that the resultant NPs have chemically ordered fct phase, which were 

consistent with the XRD results. The coercivity of FePd-2, FePd-3 and FePd-4 

NPs were 0.95, 1.87 and 1.41 kOe, and the variation may be ascribed to the size 

effect of FePd, because the sample size can induce the change between the 

multivariant mode and single variant mode. 

 

3.2.5 Concluding remarks 

    To conclude, a bimetallic complex [4-ferrocenyl-(N^N^N)Pt(MeCN)] was 

prepared and used as a single-source precursor to synthesize ferromagnetic FePd 

NPs by one-pot pyrolysis. The resultant FePd NPs have a mean size of 19.8 nm and 

show the coercivity of 1.02 kOe. In addition, the functional group (-NCMe) in TPy-

FePd-2 was easily substituted by pyridyl group, and the Fe,Pd-containing unit 

coordinated to the random copolymer PS-P4VP. The ratio of metal fraction in 

polymer could be controlled, which made the as-synthesized FePd NPs with tunable 

size. 
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Chapter 4 

 

Edge Decoration of MoS2 Monolayer with Ferromagnetic FeCo 

Nanoparticles 

 

4.1 Introduction 

Transition metal dichalcogenides (TMDC) have been comprehensively 

studied for their novel electronic, magnetic and optoelectronic properties.[1] 

In contrast to graphene, TMDCs possess bandgaps at the visible to UV levels, 

and their band structures are highly related to the number of layers.[2] MoS2 

is a typical TMDC of direct bandgap over 1.83 eV in the monolayer 

configuration.[3] As the layer number grows, the bandgap of MoS2 is reduced 

down to 1.29 eV while the bandgap evolves from direct to indirect ones. 

These unconventional tunability of bandgap with the number of layers is 

promising for various optoelectronic applications. Ultra-sensitive photo-

detectors based on MoS2 monolayer have been successfully fabricated with a 

photoresponse up to 880 A/W.[4] High-speed transistors with monolayer 

MoS2 have been explored on both rigid[5] and flexible[6] substrates. 

Piezoelectricity was observed in free-standing MoS2 monolayers with 

piezoelectric coefficient of 2.9 × 10–10 C/m.[7] Photocatalytic applications, 
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such as solar hydrogen generation, have also been investigated within the 

visible light spectrum.[8]  

Inspired by these findings with few-layer MoS2, intensive studies were 

carried out to explore other interesting properties of such materials, such as 

magnetic performances. Recently, it was found that few-layer MoS2 can 

exhibit ferromagnetic response at room temperature.[9] Initial theoretical 

studies indicated that graphene-like MoS2 nanoribbons with zigzag edges 

exhibit ferromagnetism, as predicted by the first-principle calculations and 

spin local density approximations.[10] Local sulphur vacancies might also 

contribute to strong magnetic moments in MoS2 nanoribbons, as revealed by 

density functional theory calculations.[11] Zigzag edge magnetism in MoS2 

grain boundaries was experimentally confirmed with superconducting 

quantum interference device (SQUID) measurements from 300 K to 10 K.[12] 

CVD-grown few-layer MoS2 was found to obey the Curie law, with the Curie 

temperature measured to be 865 K.[13] Few-layer MoS2 flakes were found to 

have significant magnetic response under magnetic force microscope 

imaging, while thick MoS2 flakes did not demonstrate detectable magnetic 

response.[14] However, since magnetism only exists along the edges of the 

MoS2 sample and the magnetization is as low as 0.06 emu/g,[15] it is still 

challenging to detect and manipulate the magnetism of MoS2 by external 

magnetic field exclusively with its edge magnetism. 
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On the other hand, in order to functionalize MoS2 with improved 

performance, metal NPs are frequently deployed to decorate on few-layer 

MoS2.
[16] Magnetic NPs (MNPs) decoration is intensively studied due to their 

feasibility of equipping the host materials with prominent magnetic responses 

under external magnetic field. Previous investigations showed that MNPs 

with catalytic properties could be recycled with external magnetic field.[17] 

Drugs decorated with MNPs could also be guided to targeted positions via 

magnetic field.[18] In view of these, MoS2/MNPs hybrid systems have drawn 

much attention in materials chemistry. NiFe/MoS2 synergistic catalysts 

showed better electrocatalytic performances as compared with 

NiFe/graphene catalysts.[19] Fe3O4 NPs were placed on MoS2 nanosheets as 

spacers to stabilize the composite structure for lithium ion battery 

applications.[20] Superior catalytic activities were found with Ni NPs 

decorated MoS2 as hybrid glucose sensor.[21] Ultrahigh conversion rate of 

hydrodesulfurization reaction of thiophene up to 98% was achieved with few-

layer MoS2 covered with Ni and Co NPs.[22] 

Simultaneously, recent studies indicated that the active sites of MoS2 for 

electrocatalysis were on the edge rather than the basal planes.[8] Moreover, 

the magnetism of few-layer MoS2 is attributed to the edge sites rather than 

the basal planes.[10a, 23] In order to maximally utilize the novel properties of 

MoS2/MNPs hybrid structures, it is crucial to selectively decorate the MNPs 

on the edge of the MoS2 rather than the basal planes. Although there was 
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research work about anchoring non-magnetic Au NPs onto the edge of 

MoS2,
[24] little was done on the decoration of MNPs on the edge sites of MoS2. 

Previously, we have successfully patterned ferromagnetic NPs in nano- 

and micro- scales from organic precursors,[25] and managed to tune the 

magnetic response of the synthesized NPs via pyrolysis conditions.[26] 

Meanwhile, FeCo-containing organic precursor could be adopted for such 

kind of precursor-to-nanoparticle fabrication process, involving pyrolysis in 

an inert gas atmosphere and spin coating.[25a, 26a, 27] Bulk FeCo NPs is 

ferromagnetic at room temperature;[28] superparamagnetism has also been 

studied in FeCo NPs,[29] which possess significant magnetic moments up to 

200 emu/g.  

Here we report a facile method for selectively decorating the edges of 

MoS2 monolayers with FeCo MNPs via pyrolysis of organic precursors. 

Using the described pyrolysis conditions, bcc-structured FeCo NPs were 

formed while retaining the properties of MoS2. The synthesized FeCo NPs 

were primarily assembled on the edges of MoS2 instead of on the basal planes. 

Raman signals were observed to show a blue-shift after the decoration of 

FeCo MNPs, indicating the decoration of FeCo MNPs would influence the 

vibration modes of MoS2. Our results provide a new platform for selectively 

decorating MNPs on MoS2, with the possibility for various catalytic, 

spintronic and magnetic applications. 
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4.2 Synthesis of the Fe,Co-containing precursor 

 

 

Figure 4.1 Synthetic route of TPy-FeCo. 

 

Table 4.1 Chemical composition characterization of TPy-FeCo. 

Mass Spectroscopy 
Calculation 586.99 [M]+ 

Measurement 
586.6 [M]+, 552.7 [M-Cl]+, 

510.7 [M-Cl-MeCN]+ 
Infrared Spectroscopy 

(KBr) 
Measurement 2163 cm-1 

Elemental analysis for 
C25H19Cl2CoN3 

Calculation C: 54.73; H: 3.41; N: 7.49 

Experiment C: 54.95; H: 3.57; N: 7.69 

 

TPy-FeCo was synthesized by adding CoCl2
.6H2O to the acetonitrile solution of 

4’-(ferrocenyl)-[2,2’:6’,2’’]terpyridine under stirring vigorously, and then the 

mixture turned dark blue after 2 h and a precipitate formed. The green solid was 

collected by filtration and washed with acetonitrile and diethyl ether. Mass spectra 

were determined with BEFLEX III for time-of-flight mass spectrometry (TOF-MS) 

and AEI-MS 50 for electron ionization mass spectrometry (EI-MS). IR spectra were 

recorded on the Nicolet Magna 550 Series II FTIR spectrometer using KBr pellets 

for solid state spectroscopy. 
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4.3 Synthesis and characterization of FeCo nanoparticles 

 

 

Figure 4.2 TGA profile of TPy-FeCo against temperature and duration. The red 

dashed line shows the heating profile against time. The black solid line is the weight 

of the FeCo precursor against time. 

 

The MoS2 monolayers were grown on silicon substrates with 300 nm thick 

SiO2 through an atmospheric pressure chemical vapor deposition (CVD) 

process.[30] As-synthesized MoS2 samples were examined using optical 

microscopy, Raman and photoluminescence spectroscopy (with Horiba HR 

800) using 488 nm incident radiation. To decorate FeCo NPs onto MoS2, 

FeCo-containing organic precursor was first dissolved in chloroform to 

saturation and filtered with 0.225 μm PTFE syringe filter. Then the solution 

was spin coated onto the CVD-grown MoS2 at 3000 rpm for 60 s. Afterwards 

the samples were heated up with a ramping rate of 10 oC/min, kept at 450 oC 
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for 4 h and then cooled back to room temperature; all the annealing processes 

were performed under an Ar atmosphere. 

In order to break down the FeCo-containing organic precursors into FeCo 

NPs, pyrolysis was performed under an inert gas atmosphere with a Perkin-

Elmer TGA 6 thermal analyzer. Since MoS2 starts to sublime at temperatures 

higher than 450 oC,[31] the highest temperature for any thermal treatment 

involving MoS2 is capped at 450 oC. Thermogravimetric analysis (TGA) was 

performed on FeCo organic precursor from room temperature to 800 oC in a 

N2 atmosphere, the temperature-time profile is shown in Figure 4.2 as the red 

dashed profile. The sample was first heated from room temperature to 450 oC 

with a ramping rate of 10 oC/min. Then the thermal treatment temperature 

was fixed at 450 oC for 4 h. Afterwards the temperature was further increased 

to 800 oC with a ramping rate of 10 oC/min. The TGA result is shown in 

Figgure 4.2 in the black solid profile. The weight starts to reduce from 100% 

to 75% as soon as the temperature is increased in the first 42 min of ramping 

section. So the organic precursor starts to break down immediately after 

heating. After the temperature has reached 450 oC for 4 h, the sample weight 

is further reduced from 75% to 42%. It indicates that most weight loss of the 

precursor occurs during these two ramping and constant-temperature heating 

sections. When the temperature is further increased from 450 oC to 800 oC in 

the final section, the weight slightly changes from 42% to 40%. This tiny 

weight difference indicates that the decomposition was almost complete in 
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the first two sections of the temperature ramping profile, and processing 

temperatures higher than 450 oC would not induce further significant 

breakdown of precursors. The above results show that pyrolysis at 450 oC for 

4 h can decompose most of the organic molecules. Thus thermal treatment at 

450 oC for 4 h under an inert gas environment was chosen for the following 

experiments, to effectively break down the organic precursors into metal NPs 

and to avoid the sublimation of MoS2 during the thermal treatment process. 

 

 

Figure 4.3 TEM images and EDX analysis of the FeCo NPs. (a) and (b) bright 

field TEM image of the FeCo NPs. (c) High-resolution TEM image of a FeCo 

NPs. (d) EDX analysis of the elements in the samples. 
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The microstructure of FeCo NPs after pyrolysis at 450 oC for 4 h in Ar was 

characterized by TEM, and the results are shown in Figure 4.3. FeCo shows 

segregation rather than isolated NPs as shown in Figure 4.3(a) and (b), which 

might be due to the long sintering time of 4 h. Crystalline fringes could be 

clearly seen in the high-resolution TEM in Figure 4.3(c), indicating the 

observed FeCo NPs are crystalline. The elementary composition of the NPs 

as characterized in situ with EDX is shown in Figure 4.3(d). The dominating 

Co and Fe peaks indicated the presence of Co and Fe, with the atomic ratio 

of Co to Fe being 1:0.72. The above TEM results show that after 450 oC 

thermal treatment for 4 h in inert gas environment, FeCo crystalline NPs 

could be effectively synthesized. 

 

 

Figure 4.4 Powder XRD analysis of the resultant FeCo NPs. 
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In order to examine the crystalline structure of the FeCo NPs, powder XRD 

was performed and the data are shown in Figure 4.4. The characteristic peaks 

near 45°, 66° and 83.5° (2θ) are indexed as FeCo bcc (110), (200) and (211) 

peaks respectively, according to standard JCPDF cards (00-049-1567).[32] 

Highly-ordered crystalline structures were verified with no other significant 

peak identified in the whole spectrum. So the FeCo NPs after annealing at 

450 oC for 4 h adopted bcc crystalline structure. 

 

 

 

Figure 4.5 M-H loop of the FeCo NPs at room temperature. 

 

The magnetic properties of the FeCo NPs after annealing at 450 oC for 4 h 

was explored with VSM. Magnetic field up to 20000 Oe was used to 

magnetize the FeCo NPs, and hysteresis loop (M-H loop) (Figure 4.5) 

indicates the sample could be completely saturated. The M-H loop shows that 
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the FeCo NPs are ferromagnetic with coercivity of 1000 Oe and magnetic 

moment of 18 emu/g, which is about 10% of the bulk Ms value of FeCo NPs 

(200 emu/g). 

 

4.4 MoS2/FeCo hybrid structures 

In order to investigate the vibration modes of the pristine MoS2 monolayer, 

Raman shift was measured with the as-grown MoS2 triangular flakes. Figure 

4.6(a) shows the optical image of as-grown MoS2 on Si substrate with 300 

nm thick amorphous SiO2. Triangular-shaped MoS2 flakes with edge length 

up to 150 μm could be observed from the dark-red background. Raman 

spectroscopy of these triangular-shaped MoS2 is shown as the black square-

dot trace in Figure 4.6(b). The Si peak was calibrated to 520.9 cm-1 (inset of 

Figure 4.6(b)) with full width at half maximum (FWHM) of 3.1 cm-1. The 

MoS2 characteristic peaks of the pristine MoS2 sample were observed as E2g 

(in-plane vibration modes) and A1g (out-of-plane vibration modes) in the 

black square dot in Figure 4.6(a). The E2g peak located at 384.8 cm-1 showed 

3.3 cm-1 FWHM and the A1g peak located at 403.2 cm-1 gave 7.0 cm-1
 FWHM. 

The frequency difference of 18.4 cm-1 with similar FWHM for E2g and A1g 

peaks matched the previously reported CVD grown monolayer MoS2.
[33] The 

intensity ratio between E2g and A1g was over 1, which was consistent with the 

previous Raman shift studies for monolayer MoS2.
[30b, 34] Thus the as-grown 

triangular-shaped MoS2 was confirmed as monolayers.  
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Figure 4.6 (a) Optical image of CVD-grown monolayer MoS2 with triangular 

shape. (b) Raman shift of pristine MoS2 (black square dot), FeCo decorated 

MoS2 (red circle dot), and pure MoS2 after annealing at 450 oC (blue 

triangular dot). Inset: Silicon reference peaks of all samples in (b). 

 

Table 4.2 Raman shift of pristine MoS2, FeCo decorated MoS2, and pure 

MoS2 after annealing at 450 oC 

 
E2g 

position 
E2g position 

offset 
E2g FWHM E2g FWHM 

offset 

Pristine 384.8 0 3.28 0 
FeCo/MoS2 384.19 -0.61 3.89 0.6 
Annealed 

MoS2 
384.19 -0.61 3.28 0 

 A1g 
position 

A1g position 
offset 

A1g FWHM A1g FWHM 
offset 

Pristine 403 0 6.96 0 
FeCo/MoS2 405 2 5.33 -1.6 
Annealed 

MoS2 
406 3.1 5.12 -1.8 

 

After FeCo-containing organic precursor was spin coated onto MoS2 

monolayer and subsequently annealed to FeCo NPs, Raman spectroscopy 

analysis was performed again and plotted as the red-dotted profile in Figure 
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4.6(b). The E2g characteristic peak is located at 384.2 cm-1 with 3.9 cm-1 

FWHM and the A1g characteristic peak is located at 405.3 cm-1 with 5.3 cm-1 

FWHM, with the frequency difference of 21.1 cm-1. Compared to the pure 

MoS2, A1g peak shows a blue-shift and the E2g peak shows a red-shift after 

decoration of FeCo NPs. The frequency difference between E2g and A1g is 

enlarged by 2.7 cm-1. The intensity ratio of E2g peak to A1g peak is below 1 

after FeCo decoration. The FWHM of both E2g and A1g are reduced. The 

above Raman shift comparisons show that both the in-plane and out-of-plane 

vibration modes are influenced after the FeCo precursor coating and post 

annealing process. 

For more direct comparison, a control sample of MoS2 without FeCo 

decoration was annealed at 450 oC for 4 h in the Ar environment. The 

corresponding Raman shift is shown in Figure 4.6(b) as the blue triangular-

dot shape. The Si peak at 520.9 cm-1 has the same level of intensity as the 

pristine MoS2, indicating the overall optical reflection was not influenced 

after annealing. Meanwhile, the intensity of the E2g and A1g peak are both 

enhanced after annealing. The E2g peak is red-shifted to 384.2 cm-1 with 

FWHM of 3.3 cm-1; the A1g peak is blue-shifted to 406.3 cm-1 with a FWHM 

of 5.1 cm-1. From the above results, we can conclude that the frequency 

difference between the E2g and A1g can be enlarged by the annealing process 

regardless of FeCo decoration. The blue shift of the A1g peak after FeCo 

decoration indicated the vertical vibration modes of the Mo and S atoms are 
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stiffened[35] after FeCo decoration as compared to the control sample. Higher 

crystallinity of MoS2 is achieved after annealing, as evidenced by the 

comparison between the pristine and annealed MoS2, the former of which 

shows narrower FWHM.[36] At the same time, the addition of FeCo NPs 

broadens the Raman peaks, indicating the crystallinity of the MoS2 is not 

enhanced after the FeCo decoration. So the above Raman shift differences (as 

summarized in Table 4.2) indicate that the vibration modes of the Mo and S 

atoms in MoS2 monolayers are influenced by the annealing process. With 

FeCo NPs decoration, the out-of-plan vibration is greatly influenced. 

Meanwhile, there was no splitting of either E2g or A1g peaks, indicating no 

strain in MoS2 after FeCo decoration.[37] 

Photoluminescence of MoS2 was also measured for the pristine, annealed 

and FeCo-decorated MoS2 (shown as blue, black and red profiles respectively 

in Figure 4.7), using the same exciting source for the Raman measurement 

(488 nm laser). The A1 peak of pristine MoS2 (black square) at 678.4 nm 

corresponds to a 1.828 eV direct excitonic transitions. After the FeCo 

decoration (red circle), the A1 peak was blue shifted to 672.4 nm, which 

corresponded to a 1.844 eV direct excitonic transition; meanwhile, the 

intensity of this peak is also increased by 50%. For the pure MoS2 sample 

annealed at 450 oC (blue triangular), the A1 peak is further blue-shifted to 

667.7 nm, corresponding to a 1.867 eV direct excitonic transition; the peak 

intensity is over 3 times higher than the pristine MoS2. The B1 peaks near 625 
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nm show similar enhancement and blue shift after the FeCo decoration or 

annealing. The enhancement of the pure MoS2 after annealing agrees with 

other reported research work, which should be the result of the better 

crystallinity after annealing.[38] At the same time, blue shifts of A1 peak were 

observed on amorphous Si/SiO2 substrates as compared to the absence of 

peak shift with crystalline sapphire substrates.[39] Thus in our case, the post 

annealing at 450 oC might reduce the defects of the MoS2 grown on the 

amorphous Si/SiO2 substrates, and contribute to the A1 peak shift. Meanwhile, 

 

 

Figure 4.7 Photoluminescence of pristine, FeCo-decorated and annealed 

MoS2 monolayer measured at room temperature. The black, red and blue 

profiles correspond to the pristine MoS2, MoS2 with FeCo decoration and 

pure MoS2 after annealing at 450 oC.  

A1 

B1 
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the FeCo decoration decreased the photoluminescence as compared to the 

pure MoS2 annealed under the same condition. So it can be inferred that the 

FeCo NPs does not further increase the crystallinity of MoS2 monolayer 

during the annealing as compared to the pure MoS2 after annealing. 

 

 

Figure 4.8 SEM images of the FeCo NPs decorating on the edge of triangular 

MoS2. (a) The triangular corner site. (b) The triangular edge site. (c) Outside 

MoS2. Distribution of FeCo NPs (d) on edge site (e) outside MoS2. 

 

The microstructures of MoS2 monolayer with FeCo decoration were 

investigated with SEM as shown in Figure 4.8. No conductive coating was 

deployed on the samples to preserve their original morphology. Figure 4.8(a) 

shows a triangular MoS2 monolayer decorated with FeCo NPs. Most 

observed FeCo NPs are aligned along the edge of the MoS2 flake; 
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occasionally FeCo NPs are observed on the basal plane. Outside the MoS2 

area, FeCo NPs with size up to 500 nm can be observed. With a magnified 

view of the MoS2 edge in Figure 4.8(b), the distribution of the FeCo NPs can 

be further explored. Outside MoS2 areas, FeCo NPs are distributed with no 

preferred order. On the MoS2 surface, much fewer FeCo NPs are observed. 

At the MoS2 edge, the FeCo NPs with similar sizes of around 50 nm are 

regularly decorated on the edge of the MoS2. The area outside the MoS2 sites 

are viewed as in Figure 4.8(c). Using ImageJ software, the size distribution 

of the FeCo NPs on the edge and outside the edge of MoS2 triangular flakes 

are shown in Figure 4.8(d) and (e) respectively. The sizes on the edge site are 

around 129 ± 6 nm while the sizes outside the edge areas are 631 ± 16 nm.  

The preferential formation of FeCo NPs on MoS2 edges, and the location-

dependent particle size distribution, might be due to both macro-scale wetting 

and micro-scale structural properties of MoS2. Recent studies indicated the 

MoS2 monolayer is hydrophobic at room temperature.[40] The surface energy 

of the MoS2 was measured down to 46.5 mJ/m2
,
[41] which is considerably 

smaller than the thermally-oxidized SiO2 (100 mJ/m2).[42] So the wettability 

of MoS2 is quite low compared to the Si/SiO2 substrate. After spin coating, 

the FeCo precursor is evenly coated on the whole wafer. However, due to the 

more hydrophobic nature of the MoS2 than the SiO2, the FeCo precursor on 

MoS2 surface would like to move and wet the Si/SiO2 surface. The initial 

wetting of precursor droplet would occur on the edge of MoS2 site as defect 
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for capillary flow,[43] so more FeCo NPs would accumulate on the MoS2 edge. 

Meanwhile from the micro-scale, the edge-sites with either exposed S or Mo 

atoms tend to be more active for growing FeCo NPs as nucleation sites[24]. 

Thus the FeCo NPs tend to grow on the edge sites rather on the basal planes. 

At the same time, the nanoparticle size on the edge is considerably more 

uniform at around 128 nm. The uniformity of the size on the edge sites 

indicates that the MoS2 edges might also modify the growth mechanism of 

the FeCo NPs.  

MoS2 monolayer decorated with strong ferromagnetic FeCo nanoparticle 

enables manipulating 2D TMDCs with external magnetic field. Combining 

the intrinsic photocatalytic properties of MoS2, this type of ferromagnetic 

nanoparticle-decorated MoS2 monolayer could be recycled via magnetic field 

for various catalytic applications such as glucose sensing[21], hydrogen 

generation,[44] and water purification.[45] With the same philosophy, other 

magnetic NPs could be decorated on other 2D TMDC materials using 

analogous spin-coating and pyrolysis processes. So other noble metal 

catalytic precursors with similar dissolvability and breakdown temperatures, 

magnetic particles with strong catalytic properties, such as FePt,[25a, 26a, 46] 

could also be applied to 2D TMDCs using such conditions. With these 

optimized breakdown conditions generated from low-cost FeCo, the 

expensive raw materials, such as Pt and Pd, can be saved. 
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4.5 Concluding remarks 

MoS2 monolayers with ferromagnetic FeCo NPs decoration on the edge 

sites were successfully fabricated via a facile pyrolysis of spin coated organic 

precursor. The micro- and crystalline structures, magnetic properties and 

thermogravimetric response of FeCo NPs were comprehensively 

characterized. The CVD grown MoS2 as triangular shape was confirmed as 

monolayer, with the length of edges is over 150 μm. After pyrolysis, the FeCo 

NPs were evidenced to grow regularly along the edge site of MoS2 

monolayers with uniform size distribution. The FeCo NPs contact the MoS2 

monolayers directly on the edge site and effectively confine their phonon 

vibration modes. The crystallinity of the MoS2 was also enhanced by the 

annealing either with or without FeCo decoration. These MoS2 monolayers 

with ferromagnetic FeCo NPs decoration are feasible for manipulation with 

magnetic field, which are very promising for various catalytic applications. 

This method also provided experimental basis for decorating other TMDC 

materials with magnetic NPs from organic precursors.  
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Chapter 5  

 

Concluding Remarks and Future Work 

 

To begin with, L10 FePt NPs with highly ordered crystalline structure were 

prepared from the single-source polymer precursor P3. The pyrolysis under an 

Ar/H2 atomsphere made the resultant FePt NPs to have ultra-high coercivity of 3.6 

T, where the existence of H2 played an important role in forming fct phase. The 

metallopolymer precursors were easily used as photoresist and directly imprinted 

on the desired substrate. Ferromagnetic 2D line and dot arrays suitable for BPM 

were patterned for high-density data storage applications.  

Furthermore, a bimetallic compound TPy-FePt ([Pt(Fc-tpy)Cl]Cl) and its 

random copolymer P4 were synthesized and applied as a single-source precursor 

for the preparation of FePt alloy NPs by direct pyrolysis. Phase transformation from 

FePt to FePt3 happened during the pyrolysis of TPy-FePt, and the resultant NPs 

have relatively poor magnetic coercivity. By introducing a polymer skeleton, the 

resultant NPs FePt-2 generated from P4 have a nearly equal atomic ratio of Fe to 

Pt and chemically ordered fct structure, which can be used as an effective single-

source approach for the synthesis of L10 FePt NPs. It is thus expected that this type 

of metallopolymers can be applicable as a precursor for the fabrication of devices 

for magnetic recording media.  

Besides, a square-planar bimetallic complex TPy-FePd-1 [4’-ferrocenyl-
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(N^N^N)PdOCOCH3] was synthesized and used as the single-source precursor to 

prepare L10-type FePd NPs by one-pot pyrolysis under an Ar/H2 atmosphere. It was 

easily aggregated to form nanostructures by self-assembly. The process of self-

assembly was controlled by imprinting technique, and a flexible metal-free polymer 

polystyrene (PS) was mixed with the precursor. The uniform nanochains were 

formed and evenly distributed around the edge of PS, and then ferromagnetic 

nanochains with domain structures consisting of FePd NPs were obtained after 

removing PS and the organic skeleton of the precursors by direct pyrolysis.  

In addition, a bimetallic complex [4-ferrocenyl-(N^N^N)Pt(MeCN)] was 

prepared and used as a single-source precursor to synthesize ferromagnetic FePd 

NPs by one-pot pyrolysis. The resultant FePd NPs have a mean size of 19.8 nm and 

show the coercivity of 1.02 kOe. In addition, the functional group (-NCMe) in TPy-

FePd-2 was easily substituted by pyridyl group, and the Fe,Pd-containing moiety 

coordinated to a random copolymer PS-P4VP. The ratio of metal fraction in 

polymer could be controlled, which made the as-synthesized FePd NPs with tunable 

size. 

Finally, MoS2 monolayers with ferromagnetic FeCo NPs decoration on the edge 

sites were successfully fabricated via a facile pyrolysis of spin coated organic 

precursor. The micro- and crystalline structures, magnetic properties and 

thermogravimetric response of FeCo NPs were comprehensively characterized. The 

CVD grown MoS2 as triangular shape was confirmed as monolayer, with the length 

of edges over 150 μm. After pyrolysis, the FeCo NPs were evidenced to grow 
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regularly along the edge site of MoS2 monolayers with uniform size distribution. 

The FeCo NPs contact the MoS2 monolayers directly on the edge site and 

effectively confine their phonon vibration modes. The crystallinity of the MoS2 was 

also enhanced by the annealing either with or without FeCo decoration. These MoS2 

monolayers with ferromagnetic FeCo NPs decoration are feasible for manipulation 

with magnetic field, which are very promising for various catalytic applications. 

This method also provided experimental basis for decorating other TMDC materials 

with magnetic NPs from organic precursors. 

 

 

Figure 5.1 The chemical structures of FePt-containing metallopolymer and 

monomer precursors in this thesis. 
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Figure 5.2 The chemical structures of FePd-containing monomer and polymer 

precursors in this thesis. 

 

Figure 5.3 The chemical structures of FeCo-containing molecular precursor in 

this thesis. 
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In the future, we will develop new polymers containing other metals to prepare 

other types of ferromagnetic NPs to extend the synthetic methods, such as Co5Sm, 

etc. Furthermore, the application for magnetic recording would be focused and 

nanoimprinting lithography would be used for the patterning of NPs, or other 

application such as catalysis would be studied. Also, we will fabricating 

nanopatterns of the ferromagnetic NPs by self-assembly of single-source block 

copolymers or supramolecules. The patterns from self-assembly often have more 

intimate grains, which is suitable for enhancing the magnetic densities of data 

recording media. Finally, self-assembly of FePd-containing complex mentioned in 

this thesis offered a new way for fabricating nanopatterns, and the size could be 

easily controlled by changing the template, hence, we will develop the functional 

materials and then imprint them on special substrate such as quartz or glass. 
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Chapter 6 

 

Experimental Details 

 

6.1 General 

  All reactions were carried out under nitrogen unless otherwise stated. 

Commercially available reagents were used without further purification. All 

reactions were monitored by thin-layer chromatography (TLC) with Merck pre-

coated glass plates. Compounds were visualized with UV light irradiation at 254 

and 365 nm. Separation or purification of products was achieved by column 

chromatography or preparative TLC using silica gel from Merck (230-400 mesh) 

or aluminium oxide. NMR spectra were measured in CDCl3 on a JEOL JNM-

EX270 FT NMR system or Bruker AV 400 NMR instrument with chemical shifts 

being referenced against tetramethylsilane as the internal standard for 1H and 13C 

NMR data and 85% H3PO4 as the external standard for 31P NMR data. Infrared 

spectra were recorded on the Nicolet Magna 550 Series II FTIR spectrometer using 

KBr pellets for solid state spectroscopy. The positive-ion fast atom bombardment 

(FAB) mass spectra were recorded in m-nitrobenzyl alcohol matrices on a Finngin-
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MAT SSQ710 mass spectrometer. Thermal analyses were performed with a Perkin-

Elmer TGA 6 thermal analyzer. The molecular weight of the polymers was 

determined by GPC using a HP 1050 series HPLC with visible wavelength and 

fluorescent detectors against polystyrene standards.  

  Nanoparticle Characterization. The structural characterization of the as-

synthesized FePt NPs was performed by PXRD on a Bruker D8 machine, with Cu 

Kα1 (λ = 540 nm, 40 kV, dan 30 mA) for analyzing the composition and phase purity 

of the resulting NPs, TEM on a Philips Tecnai G2 20 S-TWIN for probing the 

morphology, particle size and size distribution of NPs, and EDX spectra on a LEO 

1530 scanning electron microscope for studying the ratio of Fe and Pt in the 

resulting metal alloy NPs. The morphology of the as-prepared nanosized arrays of 

L10 phase FePt NPs were investigated by a LEO 1530 scanning electron microscope 

and a Digital Instruments NanoScope IV atomic force microscope. The magnetic 

hysteresis loop at room temperature was measured by a Quatumn design physical 

property measurement system (PPMS) and vibrating sample magnetometer. The 

XPS spectra were obtained from a Sengyang SKL-12 electron spectrometer 

equipped with a VG CLAM 4 MCD electron energy analyzer 

 



143 
 

6.2 Materials  

  Compounds bromine or N-bromosuccinimide (NBS), K2PtCl4, PBu3 or PEt3, 

Pd(OAc)2, CuI, PPh3, Pd(PPh3)4, KOH, K2CO3, NaBH4, NaH, 

trimethylsilylacetylene, diisopropylamine, potassium tert-butoxide, 3,5-

dibromotoluene, 2-acetylpyridine, ammonium hydroxide, styrene, 4-bromotoluene, 

paraformaldehyde, benzoyl peroxide (BPO), azobisisobutyronitrile (AIBN),  

tetrabutylammonium fluoride (TBAF), HBF4
.OEt2, 4,4’-dinonyl-2,2’-bipyridyl 

(nNon2bipy), 4-vinylpyridine, ferrocenecarboxaldehyde, CoCl2
.6H2O and other 

starting materials were purchased from commercial sources and used as received 

unless otherwise specified. The compound PtCl2(4,4’-dinonyl-2,2’-bipyridinyl) was 

prepared according to the literature method.[1] 

 

6.3 Experimental Details for Chapter 2 

 

6.3.1 Synthesis of FePt-containing polymer P3 

Ferrocenylmethanol: 2.5 mmol of ferrocenecarboxaldehyde (0.54 g) and 3 

mmol of NaBH4 (0.12 g) were dissolved in 30 mL of EtOH, and then 1 mL of H2O 

was added dropwise to the solution. The mixture was stirred for 1 h and then 

refluxed for 2 h. After cooling to room temperature, the solvent was removed and 

https://en.wikipedia.org/wiki/Azobisisobutyronitrile
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the crude product was extracted by Et2O (3×50 mL). The organic phase was dried 

and the residue was recrystallized in n-hexane to get the pure product as a yellow 

solid (0.49 g, 90%). 1H NMR (400 MHz, CDCl3, δ): 4.24 (t, J = 2 Hz, 2H, Fc-H), 

4.20 (t, J = 0.8 Hz, 2H, Fc-H), 4.17 (s, 5H, Fc-H), 1.66 (s, 2H, -CH2-), 1.60 (broad, 

1H, -OH); 13C NMR (100 MHz, CDCl3, δ): 88.5, 68.4, 68.3, 68.0, 60.8. 

2-(((3,5-Dibromobenzyl)oxy)methyl)ferrocene: To a solution of 

ferrocenylmethanol (0.43 g, 2 mmol) in dry THF (10 mL), NaH (0.12 g, 3 mmol) 

was added slowly at 0 °C under a nitrogen atmosphere. After stirring for 0.5 h, 1,3-

dibromo-5-(bromomethyl)benzene (0.66 g, 2 mmol) in THF (10 mL) was added 

dropwise and the reaction mixture was stirred overnight at 60 °C. The reaction 

mixture was quenched with saturated aq. NH4Cl (50 mL) at 0 °C and extracted with 

CH2Cl2 (3×50 mL). The combined organic extracts were washed with brine, dried 

over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was 

purified by column chromatography to afford a yellow solid (0.69 g, 74%). 1H NMR 

(400 MHz, CDCl3, δ): 7.57 (s, 1H, Ar-H), 7.41 (s, 2H, Ar-H), 4.43 (s, 2H, -CH2-), 

4.34 (s, 2 H, -CH2-), 4.24 (t, J = 2 Hz, 2H, Fc-H), 4.18 (t, J = 1.6 Hz, 2H, Fc-H), 

4.14 (s, 5H, Fc-H); 13C NMR (100 MHz, CDCl3, δ): 142.7, 133.0, 129.1, 122.9, 

82.8, 70.0, 69.5, 68.9, 68.5. 

((5-((Ferrocenyl-2-ylmethoxy)methyl)-1,3-phenylene)bis(ethyne-2,1-

diyl))bis(trimethylsilane): To an ice-cooled mixture of 2-(((3,5-

dibromobenzyl)oxy)methyl)ferrocene (2.05 g, 6.6 mmol) in freshly distilled 

triethylamine (25 ml) and dichloromethane (25 ml) solution was added Pd(PPh3)4 



145 
 

(200 mg) and CuI (50 mg). After the solution was stirred for 30 min at 0 °C, 

trimethylsilylacetylene (5 ml) was then added and the suspension was stirred for 30 

min in an ice-bath before being warmed to room temperature. After reacting for 30 

min at room temperature, the mixture was heated to 75 °C for 24 h. The solution 

was then allowed to cool to room temperature and the solvent mixture was 

evaporated in vacuo. The crude product was purified by column chromatography 

on silica gel to provide the compound as a solid (1.78 g, 81%). 1H NMR (400 MHz, 

CDCl3, δ): 7.50 (s, 1H, Ar-H), 7.38 (s, 2H, Ar-H), 4.43 (s, 2H, -CH2-), 4.31 (s, 2 H, 

-CH2-), 4.24 (t, J = 2 Hz, 2H, Fc-H), 4.17 (t, J = 2 Hz, 2H, Fc-H), 4.13 (s, 5H, Fc-

H), 0.24 (s, 9H, -TMS); 13C NMR (100 MHz, CDCl3, δ): 139.1, 134.5, 130.9, 123.5, 

104.1, 95.0, 83.1, 70.6, 69.5, 68.6, 68.5, 0.0. 

2-(((3,5-Diethynylbenzyl)oxy)methyl)ferrocene: The compound ((5-

((ferrocenyl-2-ylmethoxy)methyl)-1,3-phenylene)bis(ethyne-2,1-diyl))bis(tri-

methylsilane) (0.99 g, 2 mmol) and excess K2CO3 (0.41 g, 3 mmol) were dissolved 

in MeOH/CH2Cl2 (30 mL, v/v = 1/1) and stirred overnight at room temperature. 

The mixture was washed with water and extracted with CH2Cl2. The organic phase 

was combined and evaporated in vacuum. The crude product was purified by 

column chromatography on silica gel to provide the compound 2-(((3,5-

diethynylbenzyl)oxy)methyl)ferrocene in a quantitative yield. 1H NMR (400 MHz, 

CDCl3, δ): 7.52 (s, 1H, Ar-H), 7.44 (s, 2H, Ar-H), 4.45 (s, 2H, -CH2-), 4.33 (s, 2 H, 

-CH2-), 4.24 (t, J = 1.6 Hz, 2H, Fc-H), 4.17 (t, J = 2 Hz, 2H, Fc-H), 4.13 (s, 5H, Fc-

H), 3.08 (s, 2H, -C≡CH); 13C NMR (100 MHz, CDCl3, δ): 139.4, 134.7, 131.4, 
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122.6, 104.1, 83.0, 82.6, 78.0, 70.5, 69.5, 68.7, 68.6, 68.5. 

P3: A mixture of 70.8 mg (0.02 mmol) of 1 and 134.9 mg (0.02 mmol) of 

PtCl2(4,4’-dinonyl-2,2’-bipyridyl), and 1 mg of CuI in 30 mL of CH3Cl/i-Pr2NH 

(v/v = 1/1) was stirred for 24 h at 40 °C. The solvent was removed under vacuum 

and then the residue was redissolved in CH2Cl2 and filtered through a short alumina 

column to give a solution of the polymer P3. After removal of the solvents, the solid 

was dissolved in a small amount of CH2Cl2, and precipitated from methanol. IR 

(KBr): 2105 cm-1; 1H NMR (400 MHz, CDCl3, δ): 9.52-9.36 (m, 2H, Ar-H), 8.93-

8.74 (m, 2H, Ar-H), 8.56-8.15 (m, 2H, Ar-H), 7.94-7.61 (m, 3H, Ar-H), 4.74 (s, 2H, 

Ar-H), 4.74-4.08 (m, 13H, Fc-H and Ar-CH2-), 3.41 (s, 2H, C≡CH), 2.72 (s, 4H, -

CH2-), 1.65 (s, 4H, -CH2-), 1.22-1.12 (m, 24H, -CH2-), 0.83 (s, 6H, CH3). GPC 

(THF): Mw = 8690, Mn = 5023, PDI = Mw/Mn = 1.73. TGA (heating rate 10 °C min–

1): Tonset: 264 ± 5 °C. 

 

6.3.2 Synthesis of TPy-FePt 

4’-(Ferrocenyl)-[2,2’:6’,2’’]terpyridine: The synthesis of 4’-(ferrocenyl)-

[2,2’:6’,2’’]terpyridine was reported by using the traditional two-step synthetic 

route.39 In this study, we optimized a new one-step reaction starting from the readily 

available ferrocenylcarboxyaldehyde and 2-acetylpyridine to get the target 

compound. 2-Acetylpyridine (0.727 g, 6 mmol) was first added into a solution of 

ferrocenecarboxaldehyde (0.642 g, 3 mmol) in EtOH (40 mL). KOH pellets (0.455 

g, 85%, 8.1 mmol) and aq. NH3 (11.4 mL, 28%) were then added into the solution. 
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The solution was stirred at 50 °C for 24 h. The mixture was then cooled to 20 °C, 

and the formed solid was collected by filtration and washed with ice-cold EtOH (10 

mL). Recrystallization from EtOH afforded a dark red crystalline solid (4.2 g, 13.0 

mmol, 65%). 1H NMR (CDCl3, 400 Hz, δ/ppm) 8.75 (d, J = 4.7 Hz, 2H), 8.68 (d, J 

=7.9 Hz, 2H), 8.57 (s, 2H), 7.97 (td, J =7.8, 1.8 Hz, 2H), 7.46 (dd, J =6.9, 5.3 Hz, 

2H), 5.124.90 (m, 2H), 4.594.41 (m, 2H), 4.11 (s, 5H). MALDI-TOF-MS: m/z 

calcd for C25H19FeN3: 417.09, found: 417.09 [M]+. 

TPy-FePt: Dimethyl sulfoxide (0.10 g, 1.5 mmol) was added into a solution 

of K2PtCl4 (0.21 g, 0.5 mmol) in water (10 mL), and the mixture was left at ambient 

temperature for 3 h. The yellow solid was then collected by filtration, washed with 

water, followed by ethanol and diethyl ether, and dried in vacuo to give 

[(DMSO)2Pt(Cl)2] (0.18 g, 0.4 mmol, 89%).  

A mixture of 4’-(ferrocenyl)-[2,2’:6’,2’’]terpyridine (41.7 mg, 0.1 mmol) and 

(DMSO)2PtCl2 (42.2 mg, 0.1 mmol) in CHCl3 (50 mL) was stirred and refluxed 

overnight. After cooling to room temperature, the product was filtered off and 

washed with water. Subsequent recrystallization by diffusion of diethyl ether vapor 

into a solution of the product in acetonitrile gave pure TPy-FePt (58 mg, 90 %) as 

green solid. 1H NMR (d6-DMSO, 400 MHz, δ/ppm) 8.90 (d, J = 5.6 Hz, 2H), 8.77 

(d, J = 8.0 Hz, 2H), 8.59 (s, 2H), 8.52 (t, J = 7.8 Hz, 2H), 7.987.87 (m, 2H), 5.41 

(s, 2H), 4.82 (s, 2H), 4.21 (s, 5H). MALDI-TOF-MS: m/z calcd for 

[C25H19ClFeN3Pt]+: 647.03, found: 647.24 [M]+. 
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6.3.3 Synthesis of copolymer P4 

4-Bromobenzyl bromide: To a solution of 4-bromotoluene (1.71 g, 10 mmol) in 

15 mL of chloroform was added, with stirring and in an ice-water bath, N-

bromosuccinimide (1.96 g, 11 mmol) and benzoyl peroxide (50 mg). The mixture 

was warmed at the reflux temperature overnight. Afterwards the mixture was 

filtered and the solvent removed to give a residual solid which was purified by 

chromatography on a silica gel column using n-hexane as eluent. The 4-

bromobenzyl bromide was isolated as a white solid: 1.93 g (78%).1H NMR (CDCl3, 

400 MHz, δ/ppm): 7.68 (d, J = 8.0 Hz, 2H, Ar-H), 7.14 (d, J = 8.0 Hz, 2H, Ar-H), 

4.42 (s, 2H, ArCH2); 
13C NMR (CDCl3, 100 MHz, δ/ppm): 136.8, 131.9, 130.6, 

122.4, 32.3. 

4-Bromobenzyltriphenylphosphonium bromide: 4-Bromobenzyl bromide 

(5.04 g, 20.2 mol) and PPh3 (5.42 g, 20.6 mol) were dissolved in toluene (50 mL) 

in a 100 mL round-bottomed flask. The solution was refluxed overnight to give a 

white solid which was filtered and washed with toluene. The 4-

bromobenzyltriphenylphosphonium bromide was collected as a white solid: 10.2 g 

(98%).  

4-Bromostyrene: 4-Bromobenzyltriphenylphosphonium bromide (10.2 g, 20.1 

mmol) was added to a 250 mL round-bottomed flask with 37% formaldehyde 

solution in water. A solution of sodium hydroxide (0.9 g in 2 mL H2O) was added 

to the formaldehyde mixture slowly with stirring. The mixture was stirred for 12 h 

at 20 ºC. 4-Bromostyrene was separated from the water mixture by settling in a 
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separatory funnel. The water solution was then washed with three portions of 

hexane (50 mL) which were combined with the product. After drying over MgSO4, 

the solvent was removed and the remaining mixture of white solid and yellow oil 

was passed through alumina column eluting with hexane. The solvent were 

removed and the remaining yellow liquid was further dried under low vacuum. 4-

Bromostyrene was obtained as a yellow oil (3.37 g, 18.4 mol, 91.2%). 1H NMR 

(CDCl3, 400 MHz, δ/ppm): 7.46-7.26 (4H, m, Ar-H), 6.65 (1H, q, vinylic proton), 

5.74 (1H, d, J = 17.5 Hz, vinylic proton), 5.28 (1H, d, J = 10.8 Hz, vinylic proton). 

13C NMR (CDCl3, 100 MHz, δ/ppm): 136.4, 135.7, 131.5, 127.7, 121.6, 114.5. 

Trimethyl((4-vinylphenyl)ethynyl)silane (TMSES): To an ice-cooled mixture 

of 4-bromostyrene (1.4 mg, 7.6 mmol) in freshly distilled triethylamine (25 ml) and 

dichloromethane (25 ml) solution, CuI (50 mg), Pd(OAc)2 (50 mg) and PPh3 (150 

mg) were added. After the solution was stirred for 30 min at 0 °C, 

trimethylsilylacetylene (5 ml, 38 mmol) was then introduced and the suspension 

was stirred for 30 min in an ice-bath before being warmed to room temperature. 

After reacting for 30 min at room temperature, the mixture was heated to 75 °C for 

24 h. The solution was then allowed to cool at room temperature and the solvent 

mixture was evaporated in vacuo. The crude product was purified by column 

chromatography on silica gel with n-hexane as eluent to generate TMSES as an oil 

(1.23 g, 81%). 1H NMR (CDCl3, 400 MHz, δ/ppm): 7.42 (d, J = 7.9 Hz, 2H, Ar-H), 

7.34 (d, J = 8.2 Hz, 2H, Ar-H), 6.726.65 (m, 1H, vinyl-H), 5.76 (dd, J = 17.6, 0.7 

Hz, 1H, vinyl-H), 5.29 (dd, J = 10.9, 0.6 Hz, 1H, vinyl-H), 0.26 (s, 9H, -Si(CH3)3); 
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13C NMR (CDCl3, 100 MHz, δ/ppm): 137.6, 136.2, 132.1, 126.0, 122.4, 114.8, 

105.1, 94.8, 0.3. 

PTMSES-PS: This block copolymer was synthesized by free radical 

polymerization. In this reaction, styrene (2.04 g, 19.6 mmol), TMSES (81.4 mg, 

0.4 mmol) and AIBN (114 mg, 5 mol%) in 5 mL of THF were combined in a 25 

mL Schlenk tube and degassed by subjecting the mixture to three freeze-dry-thaw 

cycles under nitrogen. The mixture was heated under 80 ºC for 15 hr and then 

cooled to room temperature. The resulting polymer was dissolved in a minimum of 

THF, precipitated in methanol (100 mL), and centrifuged to separate the compound. 

After precipitating three times by using a THF-methanol system, the white solid 

was dried under high vacuum to obtain the target product. The ratio of blocks was 

found to be 47:1 PS:PTMSES by 1H NMR. 1H NMR (CDCl3, 400 MHz, δ/ppm) 

7.5-6.25 (m, Ar-H), 2.00-0.80 (m, PTMSES backbone), 0.28 (s, Si(CH3)3). IR (KBr, 

cml) 2109 (C≡C). Mn = 9830, Mw = 15546, PDI = 1.58. 

PES-PS: The deprotection of TMS in polymer was carried out by the modified 

literature.[2] The polymer PTMSES-PS (2.380 g) was dissolved in dry THF (10 

mL), and the solution was cooled at 0 ºC. (C4H9)4NF in THF (1 M, 2 mL) was added 

to the solution, and the mixture was stirred at 0 ºC for 1 h. The polymer was 

precipitated in methanol and purified twice by precipitation using a THF-methanol 

system. The yield of polymer was quantitative. 1H NMR (CDCl3, 400 MHz, δ/ppm) 

7.56.25 (m, Ar-H), 3.75 (s, C≡CH), 2.000.80 (m, TMSES backbone). IR (KBr, 

cml) 2109 (C≡C), 3294 (C≡C-H). 
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P4: A mixture of PES-PS (0.5 g) and TPy-FePt (71 mg) was dissolved in 

NEt3/DMF (20 mL, 1:1 v/v), followed by the addition of CuI (2 mg). The solution 

was stirred overnight under a nitrogen atmosphere at room temperature. Dark-green 

precipitate was obtained by filtration and washed with diethyl ether. Subsequent 

recrystallization by diffusion of diethyl ether vapor into a solution of the product in 

acetonitrile gave P4 in quantitative yield as a dark green solid. 1H NMR (CDCl3, 

400 MHz, δ/ppm) 8.908.52 (m, Py-H), 7.987.87 (m, Ar-H), 5.414.21 (m, Fc-

H), 7.526.25 (m, Ar-H), 2.000.80 (m, PTMSES backbone). IR (KBr, cml): 2109 

(C≡C). Tdec = 291 ºC. 

 

6.3.4 Preparation of FePt NPs 

The L10 FePt alloy NPs were prepared by direct pyrolysis under an Ar/H2 (5 wt%) 

atmosphere. The single-source precursor was placed in a ceramic boat inside a 

quartz tube in a furnace. The tube was purged with an Ar/H2 atmosphere and heated 

to the desired temperature 500 oC at a rate of 10 oC/min and held for 1 h. After 

cooling to room temperature, the tube was then heated to 800 oC and held for 1 h. 

After being cooled to room temperature, the FePt NPs were formed as a black 

powder. 

 

6.3.5 Fabrication of magnetic nanoline patterns from polymer P3 and P4 

A saturated solution of P3 or P4 was prepared in CHCl3. After being filtered with 

a 0.22 μm hydrophobic syringe filter, a small amount of the solution was dipped 
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onto a silicon substrate and a stamped PDMS template with line arrays was 

imprinted immediately for 5 min under about 1 N gravity. The template was 

removed and the line patterning was left on the substrate, then it was pyrolyzed 

under Ar/H2 according to the same conditions as the preparation of FePt NPs. The 

resulting ferromagnetic line array pattern was then characterized by SEM, AFM 

and MFM. 

 

6.4 Experimental Details for Chapter 3 

Synthesis of TPy-FePd-1: To Pd(OAc)2 (0.45 g, 2 mmol, 1.0 equiv) in MeCN 

(10 mL) at room temperature was added 4’-(ferrocenyl)-[2,2’:6’,2’’]terpyridine 

(0.83 g, 2 mmol, 1.0 equiv). The reaction mixture was stirred for 1 h, then 50 mL 

of Et2O was poured into the mixture to precipitate the product. The solids were 

collected by filtration and washed with Et2O (3×50 mL), followed by drying under 

vacuum to afford 1.08 g of the title compound as a dark blue solid (97% yield). X-

ray quality crystals were grown from MeCN/Et2O. 1H NMR (d6-DMSO, 400 Hz, 

δ/ppm) 8.19-8.08 (m, 4H), 7.97 (s, 4H), 7.56 (t, J = 6.21 Hz, 4H), 4.89 (s, 2H), 4.76 

(s, 2H), 4.04(s, 5H), 2.25 (s, 3H), 1.95 (s, 6H).  MALDI-TOF-MS: m/z calcd for 

[C27H22FeN3O2Pd]+: 582.01, found: 582.00 [M]+, 522.14 [M-OAc]+. Tdec = 238 oC. 

The structure in the solid state is similar to that of a dimer, which was identified 

with single crystal by X-ray data included in the data analysis section. 

TPy-FePd-2: To Pd(OAc)2 (0.45 g, 2 mmol, 1.0 equiv) in MeCN (10 mL) at 

room temperature was added 4’-(ferrocenyl)-[2,2’:6’,2’’]terpyridine (0.83 g, 2 
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mmol, 1.0 equiv). The reaction mixture was stirred for 1 h, affording a dark blue 

slurry. To this slurry was added HBF4•OEt2 (0.6 mL, 4.1 mmol, 2.05 equiv) via 

syringe. The reaction mixture was stirred vigorously for 30 min, then 50 mL of Et2O 

was poured into the mixture to precipitate the product. The solids were collected by 

filtration and washed with Et2O (100 mL). The filtrate was dissolved in a small 

amount of acetonitrile and precipitated in Et2O, then repeat the precipitation process 

for three times to get the pure product as a dark green solid (90% yield). X-ray 

quality crystals were also grown from MeCN/Et2O. 1H NMR (d6-DMSO, 400 Hz, 

δ/ppm) 8.84 (d, J = 7.6 Hz, 2H), 8.61(s, 3H), 8.56 (d, J = 8.0 Hz,3H), 7.96 (t, J = 

7.2 Hz, 2H), 5.47 (s, 2H), 4.88 (s, 2H), 4.20(s, 5H). MALDI-TOF-MS: m/z calcd 

for [M-MeCN]+: 582.01, found: 522.14 [M-MeCN]+. Tdec = 247 oC. The structure 

in the solid state is similar to that of a dimer, which was identified with single crystal 

by X-ray data included in the data analysis section. 

  TPy-FePd-3: To a stirred mixture of TPy-FePd-2 (0.6 g, 1 mmol) in anhydrous 

MeCN (20 mL), was added 4-tertbutylpyridine (0.16 mg, 1.2 mmol) in one portion, 

the mixture was stirred vigorously for 1 h to get the title product as a purple-black 

solid in quantitative yield. 1H NMR (d6-DMSO, 400 Hz, δ/ppm) 9.07 (s, 2H), 8.89 

(d, J = 8.0 Hz, 2H), 8.67(s, 2H), 8.57-8.53 (m, 2H), 7.97 (s, 2H), 7.82 (t, J = 6.4 Hz, 

2H), 7.68 (s, 2H), 5.50 (s, 2H), 4.90 (s, 2H), 4.22(s, 5H), 1.42 (s, 9H).  

PS-P4VP: This block copolymer was synthesized by free radical polymerization. 

In this reaction, styrene (1.8 g, 17.3 mmol), 4-vinylpyridine (1.96 g, 17.3 mmol) 

and AIBN (295 mg, 5 mol%) in 5 mL of THF were combined in a 25 mL Schlenk 
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tube and degassed by subjecting the mixture to three freeze-dry-thaw cycles under 

nitrogen. The mixture was heated under 80 ºC for 15 h and then cooled to room 

temperature. The resulting polymer was dissolved in a minimum of THF, 

precipitated in methanol (100 mL), and centrifuged to separate the compound. After 

precipitating three times by using a THF-methanol system, the white solid was dried 

under high vacuum to obtain the target product. The ratio of blocks was found to be 

1:1 PS:P4VP by 1H NMR. 1H NMR (CDCl3, 400 MHz, δ/ppm) 8.28 (s, Ar-H), 7.08 

(s, Ar-H), 6.41 (s, Ar-H), 1.58-1.23 (m, polymer backbone). Mn = 11830, Mw = 

16546, PDI = 1.40. 

P5, P6, P7: To a stirred mixture of TPy-FePd-2 in anhydrous MeCN (20 mL) 

was added the solution of PS-P4VP in DMF, and the mixture was stirred vigorously 

for 1 h to get the title product as a solid in quantitative yield. The metal fraction in 

polymer was controlled by tuning the amount of TPy-FePd-2 (5 wt%, 10 wt% and 

20 wt% for P5, P6 and P7, respectively). The final products P5, P6 and P7 were 

characterized by 1H NMR to determine the ratio. 

  FePd NPs: The synthetic procedure is similar to that of the synthesis of FePt 

NPs. 

  Patterning of FePd NPs: Polystyrene homopolymer (PS) was synthesized by 

atomic transfer radical polymerization. The Mn value and PDI were found to be 

9393 and 1.16. 3 mg of PS was dissolved in 1.5 ml of CHCl3, and then 7 mg of 

TPy-FePd-1 was added to the solution and the mixture was stirred vigorously for 
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1 h. The solution was filtered with a 0.22 μm hydrophobic syringe filter and the 

filtrate was dipped onto silicon substrate, and then imprinted by PDMS template 

without pattern for 5 min under about 1 N gravity. The morphology was formed on 

the substrate, and only FePd pattern was kept after pyrolysis according to the same 

heat-treated conditions for the synthesis of FePd NPs. Besides, PDMS template 

with nanoline stamp was also used, and the similar nanochains with shorter length 

was obtained in the confined space. By changing the PDMS template, it offers an 

effective way to control the process of self-assembly. 

 

6.5 Experimental Details for Chapter 4 

Synthesis of TPy-FeCo: A 50 mL round bottom flask was charged with 4’-

ferrocenyl-2,2':6',2''-terpyridine (356 mg; 0.85 mmol) and MeCN (25 mL). 

CoCl2
.6H2O (276 mg, 1.15 mmol) was added as a solid to the reaction mixture. The 

resulting mixture was stirred for 2 h during which the mixture turned dark blue and 

a precipitate formed. The blue solid was collected by filtration and washed with 

acetonitrile and diethyl ether to provide the target product in a nearly quantitative 

yield. NMR spectrum was not observed due to the paramagnetic nature of this 

compound. 
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