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Abstract

The use of metal-containing block-copolymer to fabricate magnetic nanoparticles
arranged in desired nanostructure has attracted immense attention in the field of
materials science. As a result, a series of FePt-containing block copolymers were
synthesized.
To begin with, a brief survey on the background of magnetic FePt NPs and the use
of both organic and metal-containing block copolymer self-assembly was presented in
chapter 1.
In chapter 2, a series of FePt-containing polymers were synthesized and
characterized. The random copolymer FePt-A exhibited poor solubility and
ill-characterized morphology in the bulk state self-assembly. The block copolymer
FePt-B2 showed incomplete complexation due to the bulky nature of the
FePt-complexes B5 used, whereas the block copolymer FePt-C resulted in insoluble
polymeric materials after complexation. Fortunately, when using coordination linkage,
FePt-Ds were successfully synthesized and characterized with good solubility in
common solvents. To retain the cylindrical (FePt-D-Cy1/2) and spherical
(FePt-D-Sp1/2) morphologies of the neat block copolymer, the loading of bimetallic
complexes D1 was targeted at 20% of stoichiometry ratio to pyridine. The pyrolysis
ii

of bulk samples generated fct FePt nanoparticles with size of 6-13 nm. The results
showed the systematic tuning of size of nanoparticles by varying the molecular weight
of block copolymers, and hence the total metal content by weight percentage in
polymers.
In chapter 3, the thin film self-assembly of FePt-Ds was further investigated to
demonstrate the potential of our system for thin film fabrication. Three approaches
were employed, the first method was solid state self-assembly in thin film, and the
morphologies in thin film were consistent to those in the bulk state self-assembly.
Solvent annealing of FePt-D-Cy2 and FePt-D-Sp1 showed improvement in the order
and orientation of microdomains, despite the presence of some defects in order. With
well-defined spherical morphology in FePt-D-Sp1, the pyrolysis in thin film was
performed and the result showed the retention of spherical morphology with little
defects. In the next stage, nanoimprint lithography directed self-assembly was
employed to give the long range order. Both flattened and line array patterned molds
were employed to imprint the polymers. The results showed alignment direction with
the use of flattened mold. However, the results also showed the deformed and
damaged patterns due to high adhesion force between the polymer and mold. Without
an appropriate releasing agent covered on mold surface and a remedy to tribological
problem, it would be hard to reliably obtain the morphology under the molds during
iii

the press and release. Going to the last method, the solution state self-assembly of
FePt-D-Cy2 in THF/toluene mixture was demonstrated. By varying polymer
concentrations and spinning rate, well-defined spherical micelles are possible to
achieve with a better order and distribution. Solvent annealing with slightly selective
solvent showed reduction in size distribution and domain size in the FePt spherical
micelles with slightly improved packing. Although very nice packings in both solid
and solution state self-assembly have not been achieved yet, this study still
demonstrated the potential approach to use single bimetallic source-containing
block copolymer to self-assemble into desired nanostructures for FePt nanoparticles
synthesis.
Finally, chapters 4 and 5 presented the concluding remarks, future plans and the
experimental details described in chapters 2 and 3.
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Chapter 1 Introduction
1.1 Magnetic nanoparticles and magnetic recordings
Nanomaterials have become a dominant aspect to drive the development of science
and technology in the past two decades. This is not just because of the miniaturization
of devices, but also the difference of chemical and physical properties from the bulk
materials.1 This is attributed to both surface and quantum confinement effects.
Magnetic nanoparticles (NP) is one of the most attractive nanometer-scale objects in
the field of materials science. Unlike the bulk magnetic materials, the size and shape
are crucially important to adjust the intrinsic magnetic properties (i.e. coercivity (Hc),
saturation magnetization (Ms)). For example, changing the diameters from 2 to 20 nm
has already possessed a drastic change in magnetic properties, which can be used to
manipulate the particle performance.2 As a result, the magnetism of NP draws
immense attention with a wide range of potential applications such as biotechnology
and biomedicine, environmental remediation, catalysis and information data storage.
As mentioned, the magnetic property of the nanometer-scale objects is affected by
several factors such as chemical composition, shape, size, structure of crystal lattice
and the particle interaction with the surrounding environment. In terms of
composition, the nanoparticles may consist of pure metals, metal oxides and alloys.
The simple metallic nanoparticles (i.e. Fe, Co and Ni) usually provide larger
1

magnetization than the metal oxides, but they are air-unstable and easily resulted in
the change of magnetization. In the case of metal alloys (i.e. FeCo, FePt, SmCo5),
enhancement of properties is always observed, because of both the synergetic effects
and rich diversity of composition and architecture.3
Magnetic NP can be further classified by their response to the magnetic field.
Figure 1.1a depicts the general picture of ferromagnetic NPs, which shows hysteresis
(i.e. irreversible behavior of magnetization versus external magnetic field) due to the
presence of energy obstacles during the magnetization and demagnetization.4 The
energy barrier provides a certain level of magnetization, remnant magnetization (Mr),
after the removal of external field. In other words, a negative external magnetic field
is required to push the magnetic moment to zero and opposite magnitude.
Ferromagnetic NP hence serves as a candidate in the field of information data storage.
The force or field required to reverse the magnetization is called coercivity (Hc),
which is one of the most essential elements in the selection of ferromagnetic materials
for specific application. This field depends not only on the phase of crystal structure,
but also the synthetic condition.5 In contrast, superparamagnetic NP shows a linear
behavior of induced magnetization with respect to the applied magnetic field until Ms
has reached. They are particularly useful in biological imaging (e.g. magnetic
resonance imaging (MRI)) and therapeutic applications (e.g. drug delivery).6
2

Figure 1.1. Magnetization versus field (M–H) curves for (a) an assembly of ferromagnetic
nanoparticles and (b) an assembly of superparamagnetic nanoparticles.4

One of the applications of magnetic NP is the use of information data storage. The
emergence of magnetic data storage can be dated back to 1898, when Valdemar
Poulsen invented telegraphone for sound recording and reproducing.7 This prototype
was then evolved into the first commercialized hard disk drives (HDDs), introduced
by IBM in 1956. The storage capacity was just 5 Mbytes at 2 kbit/in2 at that time.
With the tremendous effort, a 108 times increase of the original areal density was
achieved as shown in Figure 1.2 (i.e. over 600 Gbytes/ in2 at 2011).8 In the
conventional storage device, a thin magnetic granular film containing random
nanometer-scale isolated grains was employed as the magnetic recording layer. In the
past two decades, the industry has scaled down the size of components involved and
replaced the longitudinal recording by the perpendicular recording media (Figure
1.3),9 so as to boost the magnetic areal density to a higher level. However, it was
predicted that the conventional perpendicular recoding media will face the limit of
750 Gbytes/ in2 in the near future.10
3

Figure 1.2. Growth in areal density for specific IBM drive models.

(a)

(b)

Figure 1.3. Schematic diagrams of (a) a longitudinal recording system, (b) a perpendicular recording
system.9

To achieve a higher storage capacity, a trilemma among signal-to-noise ratio,
thermal stability and writebility is required to overcome. In general, the smaller the
grain size, the larger the signal-to-noise ratio achieved. However, the reduction of
grain size is always restricted by the superparamagnetic limit (related to the thermal
4

stability). If the grains are not thermally stable, it is easier to result in flipping of
magnetic moment during thermal fluctuation, hence loss of stored information. To
quantify the thermal stability, Néel-Brown equation (1) is employed.
𝜏 = 𝜏0 𝑒

𝐾 𝑉
( 𝑢 )
𝑘𝐵 𝑇

…. (1)

where
τ

: relaxation time of the moment of a particle

Ku : magnetic anisotropy constant (ability of materials to magnetize more easily in
one direction than another)
V

: particle size

kB

: Boltzmann’s constant

T

: temperature
To ensure sufficient thermal stability, the product of KuV (anisotropy energy) should

be about 40-60 times larger than the product of kBT (thermal energy). If the KuV value
drops to the extent that is smaller than the kBT, the NP system is regarded as
superparamagnetic. The present commercialized perpendicular HDD using CoCrPt
alloy as magnetic recording layer requires a grain size of 5.5 nm with small size
distribution to achieve 500-600 Gbytes/ in2. However, the average size of 8-10 nm in
the cobalt-alloy grains is already close to the onset of its superparamagnetic limit.11
As a result, if a hard magnetic material with large magnetic anisotropy constant is
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used, it is possible to achieve an areal density of 1 Tbytes/ in2 or beyond. It is also
reminded that the increasing Ku inescapably involves a higher switching field, in
which the conventional read/write heads cannot afford (i.e. maximum at about 1.5-1.8
T).
To overcome this trilemma, the concept of energy-assisted magnetic recording (i.e.
heat) was introduced.12 Based on the temperature-dependence of coercivity (i.e. it
decreases with increasing temperature), energy source is used to reinforce the external
magnetic field to reverse the magnetization in magnetic NP during the writing process.
Microwave is another energy source to reduce the switching field.13 When an AC
magnetic field is imposed to the medium, the precession of magnetic moments around
the anisotropy axis is induced.
Another approach to overcome the trilemma is the use of bit-pattern media (BPM),
in which a bit is regarded as a unit of grains instead of the averaging signals of a
group of independents grains (i.e. 50-100 grains). Theoretically, single bit-based
approach benefits the storage system with a higher signal-to-noise ratio and higher
areal density. Moreover, the BPM approach is different from the conventional method
in the manufacturing process, since the recording bits are predefined by the
lithographic techniques during fabrication.9,

14

Hence, the process poses a great

challenge as a high resolution patterning is required to further scale down the highly
6

dense bits. The resolution of conventional optical lithography is limited by the
wavelength of light, whereas the electron-beam (e-beam) lithography is not
cost-effective for large area fabrication. Therefore, it requires new patterning
processes, such as nanoimprint lithography (NIL) and block copolymer lithography,
which allow large volume high resolution manufacturing process.
In summary, the magnetic NP for next generation HDDs should provide high
thermal/chemical stability, high anisotropy magnetic constant, high coercivity, and
monodisperse grain size distribution (σ < 5%).

1.2 FePt NP and their general synthesis
A series of alloy system has been studied for the magnetic recording media, such as
CoCr20Pt15, FePt, Fe14Nd2B and SmCo5.15 L10-FePt and SmCo5 NP both fulfill the
requirement of high magnetic anisotropic constant (i.e. 7 x 107 and 11 x 107 erg/cc,
respectively). Although L10-FePt NP provide a relatively smaller magnetic anisotropic
constant, they are more chemically stable (i.e. high resistance against corrosion) than
other hard magnets (i.e. Fe14Nd2B and SmCo5).2b,

5

This is because of the

hybridization between the Fe 3d orbitals and Pt 5d orbitals. It makes FePt NP an
excellent candidate for the next generation magnetic data storage. There are two main
reasons attributed to the high anisotropic constant. The first reason is the uniaxial
7

anisotropy along the [001] direction. The spin-orbit coupling and the hybridization
between the Fe 3d orbitals and Pt 5d orbitals further allow the grain size down to 3-4
nm without reaching the superparamagnetic limit.15b,16 As a result, the recording
media based on hard magnetic materials is expected to achieve up to 1 Tbytes/ in2 or
beyond.
However, not all the FePt alloy NPs can be utilized as hard magnets. There are
face-centered cubic (fcc, disordered) and face-centered tetragonal (fct, ordered) phases.
Figure 1.4 shows the unit cells of both structures. In the chemically disordered fcc
phase, the chances for both Fe and Pt atoms to occupy any atomic sites are the same,
and the three dimensions are the same in length ratio. This phase is of low magnetic
anisotropic constant and obtained easily at low temperature. In contrast, the ordered
fct phase provides great magnetic anisotropy with hard magnetic property. Its
alternating stacking layers of Fe and Pt are formed along [001] direction under high
temperature phase transition from fcc.4, 17 In addition, the fct structure is arranged in
0.968:1 of c:a ratio, which breaks the cubic symmetry and allows a preferential
magnetic alignment along the c-axis. On the other hand, the composition of Fe to Pt is
expected to be about 1:1 for the use of next generation HDDs, due to the difference in
crystal structures, chemical and physical properties.18 Hence, the control in
composition of both atoms is crucial to the final use.
8

Figure 1.4. Schematic diagrams showing (a) fcc and (b) fct FePt NP strucutres.4

Historically, FePt NP was prepared by the physical vacuum deposition,19 but
random nucleation is easily observed during the post annealing at high temperature.
This results in broad distribution in the initial growth of particles. Even worse is that
grain coarsening at high temperature annealing further destroys interaction between
NP. Various insulator matrices have been introduced to separate the FePt NP in
post-annealing, such as SiO2, Al2O3 and S3N4.20 To get rid of this tedious physical
approach, chemical solution phase synthesis was introduced by Sun et. al. since
2000.21 This method requires the use of metal salt precursors with surfactants, thus
provides a simple platform towards narrow particle size distribution. The NP can be
further dispersed in a range of common organic solvents for pattering. This
well-developed method includes two steps, as depicted in Figure 1.5. The first step is
the simultaneous thermal decomposition of iron pentacarbonyl (Fe(CO)5) and
polyol-reduction of platinum acetylacetone (Pt(acac)2) surrounded by surfactants (e.g.
oleic acid and oleic amine) at low temperature (i.e. 300 oC) to generate fcc FePt NP.
9

Then, these NP are dispersed in organic solvent (i.e. hexane) and deposited to
evaporate the solvent and thermally annealed in furnace at high temperature (i.e.
600-800 oC) to yield the chemically ordered fct NPs. By carefully varying the feeding
ratio of precursors and annealing temperature, 1:1 Fe:Pt ratio can be achieved with
diameter of around 3-10 nm. Further controlling the surfactants used adjusts the
inter-particle spacing during self-assembly.

Figure 1.5. Schematic illustration of FePt nanoparticle formation from the decomposition of Fe(CO)5
and reduction of Pt(acac)2.2b

However, the high temperature usually leads to particle aggregation, which
deteriorates the monodispersity of particles.22 This is not just because of the difference
in the onset temperature of the two metal precursors, but also the relatively small
particle spacing as well as the strong interparticle exchange coupling.23 In addition,
the surfactants are easily decomposed at high temperature annealing, which fails to
stabilize the NP from sintering. Hence, the aggregated NP increases in size, and
destroys the size distribution and particle arrangement. To protect the NP from
coalescence, several approaches have been employed. The first approach introduces
10

third elements, such as Au24, Ag25, Zn26 and Sb27 into the alloy to reduce the transition
temperature and even in some cases can enhance the chemical ordering.28 Another
approach uses the physical barriers formed by inorganic compounds, such as SiO222, 29
and MgO30, to avoid sintering at high temperature. However, these barriers may
render the 2D self-assembly difficult in long-range order and make regular pattern
over large area hard to obtain.
On the other hand, problem related to the stoichiometric control is often observed
due to the premature reaction between the Fe and Pt NP, and non-stoichiometric
dual-source precursors. The inherent small interparticle distance allows strong dipolar
coupling.31 This coupling hence generates an undesirable collective magnetic
dynamics which is not suitable for storage device. As a result, a whole new synthetic
pathway is required.

1.3 FePt NP and other metal NP fabricated by metal-containing polymers
To obtain 1:1 stoichiometric ratio in Fe:Pt, single-source bimetallic compounds32 or
layered polycrystalline molecular compound33 involving direct bond between Fe and
Pt atoms have been employed. This atomic level mixing of metal species allows the
formation of bimetallic phase under mild condition. However, there is still a way far
from device fabrication, due to the lack of well spatial control of NP over a large area
11

of substrates. To overcome this problem, metallopolymers were employed in recent
years. This method provides some benefits. First of all, metal atoms can be selectively
located in the polymer backbone, such as main chain, side chain or chain terminal.
Moreover, diverse architectures from linear, dendritic and star shaped polymer are
formed. It allows the metal-containing polymers to yield different morphology and to
suit the final applications. Taking the advantages of film forming property, both
top-up and bottom-up approaches are suitable to pattern the metallopolymer thin films
into desired nanostructures. Top-down approach refers to the use of photosensitive
masks or mechanical molds to transfer pattern to the underlying polymers, such as
electron-beam (e-beam) and nanoimprint lithography (NIL). The bottom-up
techniques rely on the intrinsic self-assembling abilities of polymers to generate
hierarchical structures, such as block copolymer (BCP) lithography.
In 2008, Wong and Manners et al. have addressed the spatial problem by using
e-beam lithography with bimetallic metallopolyyne precursor (Figure 1.6).34

After

the exposure of polymer thin films under e-beam source and treatment in
dichloromethane (CH2Cl2), arrays of microbars (ca. 1.0 x 10 um2) were revealed
under scanning electron microscope (SEM). Further pyrolysis gave FePt NP with size
at around 9 nm densely covering the microbars, shown in Figure 1.7b. Besides, the
FePt NP in amorphous carbon matrix was obtained with a narrow size distribution
12

after pyrolysis. It is claimed that heating polymer at high temperature released both
metal atoms, resulting in FePt clusters as nuclei for NP growth. No aggregation of NP
was observed. This is believed to be the result of suppression by surrounding
carbonaceous matrix.

Figure 1.6. Chemical structure of bimetallic metallopolyyne precursor.34

(a)

(b)

Figure 1.7. (a) Optical micrograph of polyferroplatinyne microbars after EBL and (b) SEM image of
microbars after pyrolysis.34

However, the EBL may not be the most promising solution in patterning the
magnetic recording media in the future, despite the advancement of producing sub-10
nm feature size.35 This is because of the incapability of large volume production, long
processing time and high maintenance cost. As a result, Wong and Manners et al.
13

further expanded the use of polyferroplatinyne precursor with NIL, which is
cost-effective for large scale and high resolution feature production. Figure 1.8 shows
the fabrication process of imprinting the metallopolymer thin film. By simple drop
casting the polymer solution and pressing the soft PDMS mold on the polymer,
FePt-containing polymer thin film with line arrays and dot patterns were formed after
UV curing. This single-step fabrication eliminates both the patterning of photoresist
or subsequent etching/lift-off of the polymer films. Pyrolysis of the bulk materials
generated FePt NP with average size of around 4.6 nm. Magnetic measurement
revealed 1.4 T of coercivity at room temperature. Figure 1.9 shows the magnetic
signal of dots arrays of FePt NP. This prototype demonstrated the areal density of 2.58
Gbytes/in2, which potentially allowed fabrication of 1 Tbytes/in2 BPM or beyond
without any advanced technologies. The same group further demonstrated the use of
NIL with FePt-containing side chain organometallic polymer.36

14

Figure 1.8. Schematic illustration of patterning polyferroplatinyne thin film by NIL.37

Figure 1.9. (a) MFM images of the dot pattern of FePt NP after field-annealing in the –Z direction and
(b) +Z direction.37

In contrast to the top-down approach, block copolymer self-assembly represents a
possible alternative for the fabrication of the next generation storage disk. In the past
15 years, researchers have focused on using BCP to template metal precursors or
as-synthesized NP, and to produce highly ordered patterns. This micelle approach has
15

broken the limits of colloidal methods, and shown the potential in semiconductor
applications such as TiO2 and ZnO.38 There are two ways of using BCP. The first
approach use metal salts or magnetic NP with BCP. In the case of NP, the
as-synthesized fct FePt NP usually has no interaction to be selectively located, so
either short homopolymer chains39 or small organic ligands40 was coated on the
surface of NP to induce hydrophobic or hydrophilic interaction to one of the domains
in BCPs. Then, the FePt NP was either mixed with BCP solutions in certain loading or
spin-coated on the pre-patterned BCP surface. BCP was then etched to reveal the NP
in ordered arrays.
In contrast to FePt NP, the individual metal salts (i.e. FeCl3 and H2PtCl6) can be
added to BCP (PS-b-P2VP or PS-b-P4VP) solution directly by the ionic interaction.31
The metal salts were sequentially added to the BCP solution with stirring. Post
annealing at high temperature or oxygen/hydrogen plasma was then employed to
remove the polymer matrix and convert the metal salts to fct FePt NP. In some cases,
the metal salts are replaced by the small organometallic molecules. Lee and Kim et al.
have

reported

the

use

of

hydrophobic

metal

precursors

(i.e.

dimethyl(1,5-cyclooctadiene)platinum(II) and dimethylaminomethylferrocene) with
BCP (i.e. PI-b-PEO) and aluminosilicate (Figure 1.10).41 During mixing, the two
metal precursors and hydrophilic aluminosilicate were selectively located in
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hydrophobic PI and hydrophilic PEO, respectively. BCP here acted as structure
directing reagent, whereas the thermally stable aluminosilicate induced the formation
of mesoporous structure to confine FePt NP formation and prevent aggregation of NP.
In all these mixing methods, the size of NP and interparticle spacing between the
NP are controlled by the amount of metal precursors added and by the length of the
BCP chains employed, respectively. In the case of FePt NP, the weak interaction is
used to locate the NPs to one of the BCP domains, so sufficient difference in
hydrophilicity and hydrophobicity between BCP domains is always required. If a
more complex morphology is involved, the use of triblock copolymer may complicate
the situation of selectively locating the magnetic NP. On the other hand, the use of
metal salts usually requires careful addition sequence and amount of metal salts. For
example, the initial addition of FeCl3 was resulted in the blockage of the second salt,
H2PtCl6, loading into the P2VP core.31a Moreover, the amount of salt addition is also
limited, because excessive addition of metal salts may complicate the morphology by
cross-linking of polymers in high concentration of metal salts. Hence, poorly ordered
structure is induced.42 In addition, the BCP mixing with two different monometallic
precursors may disturb controlled distribution of precusors in polymer chains, and
lead to difficulty in controlling the composition in NP. To ensure 1:1 ratio of both
atoms in FePt NP, it is better to use single source bimetallic-containing polymer in
17

fabrication.

Figure 1.10. Schematic representation of the preparation of fct FePt nanocrystals inside ordered
mesostructured aluminosilicate/carbon.41

With the advanced of controlled polymerization methods, such as living anionic
polymerization and controlled free radical polymerization, metal-containing
macromolecules containing various architectures and functionalities have been rapidly
unveiled in the past twenty years.43 Metallo-block copolymers on the other hand
ensure the precursors to directly link to BCP via intact covalent bond or reversible
coordination bond. The metal is incorporated into the side chain or main chain of
polymer backbones. By carefully integrating the functional ligands and metal centers,
a novel platform with various applications is established, ranging from energy
conversion and storage, stimuli-responsive materials and catalysts to biomedical and
nano-science aspects. In addition, metal-containing BCP provides another possible
solution in positioning the NPs due to the inherent ability to phase-separate into wide
range of ordered nanostructures in both solid and solution states.44 Taking this benefit,
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it is possible to achieve sub-20 nm scale ordered nanostructure in large area
fabrication and make the spatial control in FePt NP possible in the near future. Among
the

metal-containing

BCPs,

PS-b-PFEMS

(polyferrocenylethylmethylsilane,

iron-containing BCP, Figure 1.11) has been extensively studied in both bulk and thin
film self-assembly by Manners et al. With the careful control of volume fraction of
the blocks, the cylindrical morphology was observed, containing the PFS
(polyferrocenylsilane) cores embedding in PS matrix.45 By varing the thin film
thickness and solvent-vapour annealing condition, ordered hexagonally packed arrays
of iron cylindrical domain was orientated perpendicular to the substrates.46 UV
crosslinking and pyrolysis of thin film with cylinders (i.e. ~20.5 nm diameter) yielded
monodisperse iron NP (i.e. ~6.5 nm average size) in C/SiC matrix (Figure 1.12). It
was found that the pre-defined nanostructure limits the diffusion of Fe atom during
pyrolysis and UV crosslinking of polystyrene domain further retains the Fe atoms
from loss. Hence, the Fe NPs surrounded by C/SiC matrix were obtained with desired
morphology.

Figure 1.11. Chemical structure of PS-b-PFEMS.46
19

Figure 1.12. (a)AFM height-mode and and (b) SEM images of pyrolyzed, UV cross-linked
PS-b-PFEMS (inset scale bars = 50 nm). (c) Schematic diagram of the proposed structure.47

Another widely studied metallic NPs using metallopolymer as single source
precursors were individually established by Grubbs48 and Tew.49 Grubbs et al. showed
the possibility of using controlled radical polymerization, such as NMP and RAFT to
easily synthesize BCP with alkyne-functional blocks (Figure 1.13a) enabling
localization of cobalt atoms in the segregated domains. By changing the weight
composition of PS domain (i.e. 8 to 70 wt %), PS-rich lamellar morphologies to
cobalt-adduct spherical morphologies were observed. By appropriately heating the
polymers in an inert atmosphere, the Co NP (with some CoO and Co3O4 in
nanocomposites) was formed simultaneously and localized by the carbon matrix. On
the other hand, Tew et al. reported the use of ROMP to synthesize cobalt-containing
BCP (Figure 1.13b). Pyrolysis of the polymer generated room temperature
ferromagnetic materials. Interestingly, the BCP nanostructure not only arranged the
nanocomposites in the desired order (Figure 1.14), but also provided a strong
confinement to impart interaction among the Co NPs, hence increasing magnetic
coupling and thus the magnetic property.
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Figure 1.13. Chemical structures of cobalt-alkyne-functional block copolymer synthesized by (a)
RAFT48c and (b) ROMP.49a

Figure 1.14. Microtomed TEM images of thermal annealed (a) Co-containing BCP and (b) the
corresponding homopolymer (scale bar = 100 nm).49a

As mentioned, the metal precursors can be attached to the BCP via reversible
coordination linkage. This approach on the other hand requires a less strict condition
for synthesis. Brinke et al. and Ikkala et al. made use of the coordination bond
between nitrogen atom and zinc atom to attach zinc dodecylbenzenesulfonate
(Zn(DBS)2) to PS-b-P4VP (Figure 1.15a).50 Lamellar structure was observed under
TEM, whereas methanol treatment led to mesoporous structures with lamellar walls.
It opens a possible way towards mesoscale electrical or biotechnological applications.
Another example was reported by Shenhar et al., using Pd-pincer complex to attach
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PS-b-P2VP via either coordination (Figure 1.15b) or stacking interaction (without the
addition of AgBF4).51 In both cases, transition from one phase to another phase was
observed by changing the Pd-pincer complex loading. However, due to the difference
of the interactions involved, the weak stacking interaction resulted in different
distribution of pincer molecules in P2VP matrix, and weakened the segregation
strength between the blocks. Hence, a perforated lamellar phase was observed in the
case of stacking. The same group further showed the formation of disk-shaped
nanoparticle aggregates of Pd NP organized in ordered hierarchical arrays (Figure
1.16).52 Chan et al. reported the functionalization of PS-b-P4VP with a
chlorotricarbonyl rhenium(I) diamine complex (Re-DIAN) (Figure 1.15c) to exhibit
cylindrical domains with fingerprint pattern under TEM.53 By spin-coating the
polymer on different substrates, either cylinders or island-like features were found
according to the different surface polarity of substrates applied. The patterned surface
was employed to pattern the CdS NP due to the charged surface generated after
Re-complex attachment.
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Figure 1.15. Chemical structures of (a) PS-b-P4VP[Zn(DBS)2]y50, (b) PS-b-P2VP(Pd-SCS)x/
AgBF451-52 and (c) PS-b-P4VP(Re-DIAN).53

Figure 1.16. Microtomed TEM image of PS-b-P2VP(Pd-SCS)x after reduction with NaBH4, showing
round-shaped aggregates of Pd nanoparticles in lamellar P2VP domains.52

In the further development, researchers have synthesized the bimetallic
metalloblock-copolymer. Manners et al. employed the photocontrolled ring-opening
polymerization to synthesize the acetylene-functionalized PS-b-PFS.54 This polymer
23

was

separately

clusterized

with

dicobalt

octacarbonyl

and

(tri-n-butylphosphine)gold(I) chloride to yield PS-b-(Co-PFS) and PS-b-(Au-PFS),
respectively (Figure 1.17). Bulk film analysis under TEM showed lamella-liked
phase-separation in both cases.

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

Tang et al. have demonstrated the use of RAFT to prepare series of
PMAECoPF6-b-PMAEFc (poly(2-(methacrylolyoxy)ethyl cobaltoceniumcarboxylate
hexafluorophosphate)-b-poly(2-(methacrylolyoxy)ethyl

ferrocenecarboxylate))

to

prepare FeCo alloy NPs (with FeCo phosphide nanocomposites) embedded in carbon
matrix (Figure 1.18).55 It was observed that there were magnetization change and
transition of pyrolyzed materials from metal phosphide to metal alloy by varying the
block ratio of the two metal blocks.
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Figure 1.18. Chemical structure of PMAECoPF6-b-PMAEFc.55b

With the above demonstrations, the metal-containing BCP approach is expected to
be a promising and possible solution to direct and confine the metal precursors in one
of the BCP domains, and to obtain monodisperse metallic NPs after direct pyrolysis or
other post-annealing treatments. However, up to now, using single bimetallic
metalloblock copolymer to synthesize FePt NPs is rarely seen in the literature.

1.4 Random copolymers/BCP self-assembly and solvent vapor annealing of BCP
thin film
As mentioned, the current top-down techniques are partially prohibited by the high
production and cost and low throughput in large scale fabrication. To catch up with
the roadmap for high-performance logic complementary metal oxide semiconductor
technology (CMOS), it is urged to investigate an alternative technique to obtain
nanoscale features. Hence, BCP self-assembly is one of the promising candidates
from bottom-up techniques. Due to the inherent self-assembling ability, it has
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attracted both chemists and engineers to widely explore in the past decades.44b
Self-assembly is an equilibrium process that represents a balance between repulsive
an attractive forces between entities. It is used as a term to describe spontaneous
process where nanoscale entities pack into regular arrangements to maintain a
minimum free energy via minimization of repulsive and maximization of attractive
molecular interaction. This process can happen in different scale and involving a
variety of entities, such as surface molecules in self-assembled monolayers or
molecules in solution for micelle formation. This term has also been applied to
processes not involving individual entities, such as phase separation within a single
component. This is the case of block copolymer phase separation. The phase
separation was driven by the energy balance of the stretching between chains and the
interaction at the interface between immiscible blocks.44a,

44c

Theoretically, three

parameters are used to determine the nanostructure obtained, namely degree of
polymerization (N), relative volume fraction of the blocks (ƒ) and Flory-Huggins
interaction parameter () in BCP. The ƒ controls the degree of stretching and
determines the type of morphology assembled, while the N governs the total length of
chain and hence the domain size. The multiply N (segregation strength) further
determines the state of block copolymer from disordered to ordered structure.56 In the
proper range of segregation strength, an order-order transition from one phase region
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to another is induced by varying the ƒ (Figure 1.19).

Figure 1.19. (a) Schematic drawing of different morphology, (b) theoretical and (c) experimental phase
diagrams of linear AB diblock copolymers.44c

To achieve certain patterns, both molecular weight and volume fraction of
corresponding blocks are required to take into consideration. As shown in the phase
diagram and well-studied mean field theory, the order-disorder transition (ODT)
represents a boundary to control the occurrence of phase separation. To make it clear,
a satisfied segregation limit (N) is required to be obtained before self-assembly can
occur and the first requirement of the polymer synthesized should be sufficiently high
in molecular weight. But if the molecular weight is too high, it is difficult to decrease
the feature size down to sub-10 nm. As a result, there is a trend to make use of high
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interaction parameter with short polymer chain length.57 In the case of inorganic BCP,
a relatively huge  value is observed, so it is possible to use metal monomers to
achieve high  and low N polymer system.58 In the application of FePt NP, it would be
better to use either cylindrical or spherical forming metallo-block copolymer to
fabricate the BPM, since either the spherical dots or perpendicular circular cylinders
can act as individual bits to confine the FePt NP over a large area. The parallel
cylindrical and lamellar morphology may not be good for the BPM, due to the
uncontrolled confinement of NPs along the tubular structures. On the other hand, to
address the problem of using metallic monomers (i.e. sensitivity and reactivity),
metallic components may be attached to the chain after the polymerization. This
approach is comparable to those using small molecules functionalize or induce
morphology change in to BCP systems (especially to give weak segregation property
to obtain morphology in tiny phase diagram region).

Figure 1.20. Synthetic scheme showing the incorporation of alkyne-containing organometallic
complexes to azide-containing polymers.59
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Post-polymerization modification is then introduced by attaching the small
molecules to polymer chains via either covalent or non-covalent linkage.60 Covalent
post-modification in metallopolymers involves esterification, amination, thiol-ene and
alkyne-azide cycloadditions.59,

61

Among them, alkyne-azide cycloaddition has

attracted most attention, due to the high tolerance of a wide range of functional groups
and high yield in many conditions. In this case, organic monomers are generally
functionalized with primary halide groups, converting them to azides after
polymerization.

Then,

the

alkyne-containing organometallic

complexes

are

incorporated to the azide moieties (Figure 1.20). Despite the stability of covalent
linkage, mimicking the nature to use noncovalent interaction to direct the assembly of
biomacromolecules (such as proteins and lipids) to hierarchical architectures is still
fascinating. This allows the versatility to interchange the functionality. These
interactions involved π-π interactions, hydrogen bonding and metal coordination, etc.
In the past two decades, Ikkala and Brinke et al. have extensively explored the
hydrogen bonding self-assembly using phenolic organic molecules and PS-b-P4VP
(hydrogen donor and receptor respectively) to produce various morphologies (i.e.
bicontinuous gyroid and hexagonally perforated lamellae) that are traditionally
observed only in weak to intermediate segregation regime.62 These systems are found
to be useful in applications like porous materials and liquid crystalline materials. The
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hydrogen bond strength can be varied by temperature, solvent nature and number of
hydrogen bonds available. Stamm and Kuila et al. have reported a successful example
of introducing organometallic compounds

to PS-b-P4VP.63

In the study,

ferroceneacetic acid (FAA) molecules were stoichiometrically attached to the
PS-b-P4VP (Figure 1.21) and the polymer solution was dip-coated to a silicon wafer
to produce hexagonally packed cylindrical morphology perpendicular to the substrate.
Further pyrolysis or oxygen plasma of the UV-crosslinked thin film generated iron
oxide NPs ranging in size from 3.5 to 7 nm. Metal coordination on the other hand
provides a relatively strong binding force and can directly introduce new
functionalities (i.e. catalysis, photovoltaic property, and conductivity). Interestingly,
this attraction is not limited to adding metallic moieties to polymer side chains, but
also can act as an irreversible linkage among two or more homopolymer chains and
yields various architectures.64

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

In recent years, some research works have demonstrated the possibility of random
copolymer self-assembly (Figure 1.22).65 Despite their relatively ill-defined structure
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and generally broad polydispersity, their synthetic strategies are more easily achieved
by one step free radical polymerization among few distinct monomers. Their
self-assembled nature is relied on the proportion of hydrophilic and hydrophobic units,
which is quite different from the BCP counterparts.

Figure 1.22. Chemical structure of copolymers and TEM images of the assemblies obtained from these
copolymers under different conditions.65a

Inserting metal units into BCP can further improve higher etching resistance and
selectivity in the block interfaces, by raising the  value. During reactive-ion etching
(RIE), a protective metal-oxide layer is formed on the surface of inorganic domain
rather than volatile compounds in organic counterparts. Hence, the pattern is retained
and allows subsequent patterning on underlying materials. That is why the
metal-containing counterparts have attracted immense study in BCP lithography in
recent years.66
From the literature reports, the BCP self-assembly in thin film is more studied than
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the bulk state, because the situation in thin film becomes more puzzling. Additional
parameters, such as confinement effects, surface energetics with substrates and air
surfaces, should be carefully considered to manipulate the nanostructures and
orientations. Besides, island and hole in micro-scale can be observed if the film
thickness is not compatible with the domain periodicity. As a result, demanding
control is required for practical applications from the thin film self-assembly.
In the above mentioned, the powerful self-assembly nature in BCP is shown, but
isotropic microdomains are always formed by rapid microphase separation in thin
film.67 This is because the kinetically trapping of BCP occurs in the non-equilibrium
state in sample casting. Control to highly ordered and oriented pattern is extremely
important for nanoscale device fabrication. To promote the long-range order and
specific orientation, plenty of directed self-assembly technologies have been
developed. They are based on confinement and external field interaction, including
electric field alignment, shear alignment topographical/chemical templates, thermal
annealing and solvent vapour annealing.68 Obviously, the thermal annealing is
regarded as the easiest techniques by simple heating the film in either vacuum or
nitrogen atmosphere. The temperature is held at a value higher than the glass
transition temperature (Tg) of the polymers.69 Theoretically, the  parameter depends
on temperature and decreases when raising the temperature, hence the phase
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separation at equilibrium state is induced. Unfortunately, not all polymers are suitable,
such as thermally sensitive polymers. On the other hand, those polymers with high
molecular weight are also not advisable due to the long annealing time involved.
In contrast, solvent vapour annealing represents another commonly used method to
carry out direct patterning across thin film, in which the as-cast thin film is exposed to
a single solvent or solvent mixture inside a solvent chamber (Figure 1.23).67 The
temperature involved is usually lower than the Tg of the corresponding blocks and the
solvent selected is better to be a selective solvent to one block involved to induce
preferential interaction between solvent molecules and polymer chains. During the
solvent exposure, the solvent molecules are absorbed by the film from surface to
interior region, and then swelling of the film appears. The solvent molecules act as a
plasticizing agent, imparting mobility of the polymer chain and mediating the 
values among block components, and air/substrate interfaces. As a result, the polymer
thin film is reconstructed after a period of time. Since 1998, Thomas et al. have
reported the enhancement of PS-b-PB-b-PS long range ordering upon solvent vapour
exposure with reduction of time required as compared with thermal annealing.70 It
was believed that the microstructure change was closely related to the additional
mobility of polymer blocks in the process. In the meanwhile, Libera et al. further
suggested the relationship of long range order as a function of solvent evaporation
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rate, as slower rate of evaporation allowed sufficient diffusion of polymer chains.71
Another early landmark work was reported by Russel et al..72 It was proposed that
there was a directional ordering front which is parallel to the initial propagation
direction of solvent inducing a perpendicular orientation of BCPs (Figure 1.24). The
study further illustrated the improvement in long range order of PS-b-PEO thin film
after the exposure to benzene vapour for 2 days with decrease in the number of
defects (Figure 1.25). Despite the extensive mechanistic studies and simulations, the
actual process is believed to be much more completed and the exact explanation is in
study.67,

73

Parameters like solvent selection, vapor pressure and swelling ratio,

annealing duration, solvent evaporation rate and set-up used etc., would affect the
annealing process.74

Figure 1.23. Schematic diagram of simple static solvent vapour annealing using a solvent chamber
with the change on thin film morphologies.67
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Figure 1.24. Schematic diagram illustrating the concept on an ordering front that propagates through
the film.72

Figure 1.25. (a) AFM phase images of an as-spun PS-b-PEO thin film after spin-coating, and (b) AFM
phase image after annealing for 48 hours in benzene vapor.

In the literature reports, it has been illustrated that a slight change in structure in
BCP, such as replacing the covalent linkage of the diblock copolymer with a metal
coordination complex, can change the annealing requirements towards improved order.
Schubert et al. have demonstrated the different solvent annealing behavior after using
a ruthenium charged complex as the linkage between PS and PEO blocks.64c The
original non-polar benzene was found to be useless to improve the perpendicular
cylindrical morphology, but THF did. It was suggested that the distinct phenomenon
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was obtained by the charge site and poor solubility in benzene resulted in aggregation
during annealing. Hence the rearrangement was prohibited.
In the further development of directed self-assembly of BCP, the substrate effect is
taken into account, as the interfacial energy impacts a lot in the energy balance of the
whole polymer thin film system. Also, the reproducibility becomes another concern
when large area fabrication is involved. Additionally, the solvent annealing is
associated with dewetting problems due to the retraction of polymer film from
substrate generating the island-like pattern from continuous films, especially when
long time annealing is involved.75 Only in rare cases, the dewetting process can create
the regular pattern. Usually this destabilization threatens the practical applications
requiring continuous film with uniform thickness. As a result, the templated
self-assembly is being investigated, which confine and direct the ordering and
orientation of BCP films above topographical or chemical patterns. After the casting
of BCP solution on the template, the tendency of BCP to achieve energetically stable
state drives the microdomains to manipulate themselves in size, shape and spacing to
match the surface energies of the templates. Therefore, the long-range order and
appropriate orientation are accomplished. In topographical patterning, the HSQ
cylindrical posts (hydrogen silsesquioxane), side-wall templates or grooves are used
to confine the BCP domains and accommodated domains with change in row spacing
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and domain size in order to maintain constant number of arrays. Ross and coworkers
have shown the possibility of employing the 1D to 2D templates to pattern the
inorganic spherical and lamellar-forming BCP with long range order.76 On the other
hand, chemical template formed by coating the substrate interface with different
homopolymer brushes was used in promoting different ordering and orientation, due
to the change of effective interaction at BCP-air/substrate interface.77
With regard to the inborn redox property in metallopolymers, electric field is
employed as an alternative guiding agent to pattern polymer film. Ross and Manners
have demonstrated the influence of electric fields on the pattern formation of
PFEMS-containing BCP during solvent annealing.78 Supposing the threshold voltage
was reached, the electric field induced partial oxidation of the Fe(II) to Fe(III) to
increase the effective volume fraction of PFEMS domains by repulsion of positive
charge. In addition, the change in charge also increased the polarity difference and
enhanced the uptake of solvent during annealing. Besides, the dielectric interface
between the corresponding blocks reoriented to align properly to the electric field
vector. All of these factors resulted in the gain of morphology control. With great care
and control in the parameters involved, it is believed that the desired nanostructure in
microphase separation is possible to obtain.
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1.5 Scope of the thesis
In summary, the use of FePt-containing BCP is rarely seen in the literature for
generation of ferromagnetic FePt NP. Taking the advantages of forming a wide range
of morphologies and confining the NP in specific domain of BCPs, we plan to design
and synthesize a series of FePt-containing BCPs. In this thesis, the syntheses of both
covalently-linked and coordination-bonded bimetallic complexes were investigated.
Due to the better solubility and well characterization of the coordination-bonded BCP,
it was chosen to further study both the bulk and thin film self-assembly. Both
spin-coating and nanoimprint-assisted methods were studied for the thin film
preparation with the solvent vapour annealing, to see their potential to fabricate the
next generation magnetic data storage device.
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Chapter 2 Synthesis and Characterization of
Metal-containing Copolymers and Block Copolymers
2.1 Introduction
As mentioned in previous chapter, the bits in current conventional HDDs are
composed of weakly coupled magnetic Co-alloyed grains. Although the perpendicular
HDDs have improved the areal density, it is predicted to reach its limit at around 1
Tbytes/ in2 in near future.1 Moreover, the recent growth rate has decreased to 30-50 %,
limited by the superparamagnetic limit towards stability of small magnetic NPs. The
trilemma among the wirtability, signal-to-noise ratio and thermal stability of small
size grains is hence posed to the HDD industry. According to the ASTC Technology
Roadmap 2016 reported by IDEMA (The International Disk Drive Equipment and
Materials Association),2 BPM and energy-assisted magnetic recording technologies
are expected to increase the areal density above 1 Tbytes/ in2. As a result, the
investigation for new materials is a must for the next generation of HDDs.
Although the conventional method in NP synthesis has been extensively studied,
the use of surfactant posed few problems, such as inherent short particle distances and
particle aggregation at high temperature. As a result, an alternative approach using
polymer-based materials has been developed and addressed the current problems.3 In
the meanwhile, the development of semiconducting industry has driven the top-down
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patterning techniques (i.e. UV photolithography and EBL) to certain advanced level,
but the high cost and low throughput for these demanding technologies still partially
hindered their use in the industries. As a result, NIL was proposed to rapidly pattern
the bimetallic metallopolyyne precursor by Wong and Manners et al..3a,

3b

. This

approach is of low cost and less demanding condition. Their work demonstrated the
possibility to employ NIL to synthesize FePt NPs BPM for magnetic data storage.
However, scaling down the patterned feature to sub-20 nm scale may not be a simple
task, due to the practical difficulties. As a result, it is required to seek for another
approach to pattern the metallopolymers.
BCP lithographic technique has shown to be a second alternative to generate
feature scale useful for magnetic data storage. It is based on the inherent
self-assembling ability of BCP to produce hierarchical architectures. These BCP
templates were widely studied to produce highly ordered patterns, incorporating either
metal salt precursors or as-synthesized NPs to produce semiconducting metal oxide
and metal NPs. This simple approach however has a few problems when dealing with
bimetallic magnetic NPs. When using two different monometallic salts, their order of
addition requires strict control, to make sure no blockage resulted from the first metal
salts. It has been reported that there was a blockage of the H2PtCl6 after the addition
of FeCl3 to the P2VP block. In addition, the amount of salt addition is also limited,
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because excessive addition of metal salts may complicate the morphology by
cross-linking of polymers in high concentration of metal salts. Both problems may
further result in uneven distribution of metal salt precursors in polymer chains, hence
threatens the control of bimetallic composition in NP. In the case of the as-synthesized
bimetallic NP, weak hydrophobic/hydrophilic interactions are usually involved to
attach NP on BCPs. However, the weak interactions may be harmed by etching
treatment, and hence the order is disturbed.
As a result, bimetallic copolymers have been introduced to address the mentioned
problems.3a-c, 4 First of all, they provide either covalent or coordination linkage to 30
anchor the metal moieties inside polymers, ensuring extra stability in high
temperature treatment. Moreover, the corresponding metal atoms are in close
proximity within a single bimetallic source, so that the desired metal composition can
be easily obtained in atomic scale. This systematic approach eliminates the concern of
uneven distribution. In contrast to the pure organic blocks, metal-containing blocks
produce sufficient etch contrast and resistance to generate involatile and intact metal
oxide during plasma treatment, allowing adequate pattern retain and transfer. Finally,
the pyrolysis of metallopolymers has been reported to be an effective way to provide
magnetic metal and metal oxide NP.5
From all the above, this work will focus on the investigation the potential of
53

FePt-containing copolymers as precursors towards magnetic FePt NP. Four
metallopolymers from random copolymer to block copolymers were synthesized and
characterized in this chapter (Figure 2.1). In each trial, their own benefits and
drawbacks were discussed. One of the systems was further chosen to undergo bulk
state self-assembly to demonstrate the potential for spherical or hexagonally packed
cylindrical NP fabrication in thin film. Finally, the characterization of the ceramic
materials was provided after the pyrolysis of the desired metallopolymers.

Figure 2.1. Structures of FePt-containing random copolymer (FePt-A) and BCPs (FePt-B2, C and D).
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2.2 Results and discussion
2.2.1 Synthesis and structural characterization of random copolymer (FePt-A)
In the early attempt, the random copolymer self-assembly was investigated due to the
ease of free radical polymerization. As mentioned, random copolymer self-assembly
relies on the corresponding ratio of hydrophobic and hydrophilic monomers and
solvent nature. Therefore, random copolymer containing non-polar styrene and polar
ferrocene-containing terpyridine platinum complex (A2) was synthesized (Figure 2.2).
The

ferrocene-containing

terpyridine

ligand

(A1)

was

synthesized

from

ferrocene-2-carboxaldehyde and 2-acetylpyridine via aldol condensation, followed by
Michael addition and ring closure.6 Refluxing the platinum precursor (Pt(DMSO2)Cl2)
with the ligand directly yielded the FePt terpyridine complex (A2). An
trimethylsilyl(TMS)-acetylene-containing monomer (A6(TMS)) was employed to
attach the bimetallic complex to the polymer backbone. This linkage was elongated
by a hexa-1,6-diol unit to increase the chance of complexation. This monomer was
prepared by Witting reaction, Williamson ether reaction and silver-catalyzed
trimethylsilyl-protection.7 The protection eliminated the interference of alkyne proton
to radical polymerization by chain transfer.8 This metal-free monomer was reacted
with styrene to yield the random copolymers (PS-r-PA6(TMS)). The FePt polymer
(FePt-A) was performed in DMF with a catalytic amount of CuI in the presence of
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triethylamine, after the acetylene deprotection.9 DMF was used as the solvent due to
the poor solubility of the FePt complex A2.
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Figure 2.2. Synthetic scheme of FePt-A.

FePt-A became slightly soluble in CHCl3 (chloroform) and THF (tetrahydrofuran)
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after complexation. The relative composition and molecular weight were determined
by the 1H NMR and GPC. Before the polymerization, the styrene-containing
monomers from A3 to A6(TMS) showed well-defined sharp peaks in the NMR
spectra. The three doublet of doublet peaks at δ 5.10, 5.60 and 6.60 ppm were
characteristic peaks of the three protons in the vinyl double bond. The peaks became
broad after polymerization. Also, the 1H NMR spectrum of PS-r-PA6(H) shows the
quantitative removal of the TMS group as evidenced by the disappearance of methyl
proton and presence of acetylene proton signals at δ 0.17 and 2.39 ppm, respectively.
Random copolymers were found to be monomodal in character (Table 2.1). There
were no considerable changes regarding to the retention volume in the GPC traces,
indicating there is no cross-linking between polymer chains via acetylene moieties.
Mna)

Mwa)

PDIa)

PS-r-PA6(TMS)

10161

12303

1.21

PS-r-PA6(H)

10058

12370

1.23

FePt-A

11595

14098

1.22

Table 2.1. GPC data of FePt-A.
a) Mn, Mw and PDI calculated from GPC

The solid state self-assembly was also investigated in bulk film. The concentrated
polymer solution in DMF (Dimethylformamide) was dropcasted on the glass substrate
and solvent was allowed to evaporate. After thermal annealing for a few days, the
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bulk sample was sectioned into 100 nm thick thin film and analyzed by TEM. The
TEM images showed some dark and grey spots in white matrix, but the feature was
ill-defined (Figure 2.3). It was hard to expect that the desired morphology can be
achieved under this random copolymer approach. Considering the high boiling point
of DMF, it was also difficult to completely remove solvent after spin-coating during
thin film fabrication. As a result, BCP approach was used to replace the use of random
copolymer.

Figure 2.3. TEM image of FePt-A (scale bar = 200 nm).

2.2.2 Synthesis and structural characterization of block copolymers (FePt-B, C
and D)
To achieve the desired morphology, BCPs using covalent linkage were utilized. Under
this approach, two polymers were proposed to synthesize (but they did have problems
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in their final characterization). In FePt-B, it was regarded as an improved version of
FePt-A. An N atom with hexyl chain was inserted into the tridentate ligand as FePt
bimetallic complex (B5), to break the coplanar nature and improve the solubility.10
This complex was synthesized by Witting reaction, separated Buchward-Hartwig
reactions,

palladium

catalyzed

Stille

coupling

reaction

and

subsequent

cyclometallation with platinum precursor, following the procedures in the literature
(Figure 2.4).10-11 On the other hand, the monomer A6 was found inactive towards the
PS-macroinitiator in ATRP (atom transfer radical polymerization). However, there is
still no clue on the poor reactivity of A6 yet. As a result, another monomer,
4-(trimethylsilylethynyl)styrene (B6(TMS)) was utilized. B6(TMS) was synthesized
via Sonogashira reaction from 4-bromostyrene.12
In the history of polymerization, free radical polymerization is not controlled in
spite of the high tolerance to impurities and excellent capabilities to cope with a wide
range of monomers. This is attributed to the rapid growth of polymer chain and fast
irreversible termination, hence there is no control in molecular weight and
polydispersity index.13 On the other hand, living anionic polymerization (discovered
by Michael Szwarc) represents the most direct way to achieve monodisperse BCPs
with pre-determined molecular weight. However, the condition is extremely harsh in
the absence moisture and oxygen.14 Fortunately, numerous controlled radical
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polymerization methods are developed, such as ATRP, NMP (nitroxide-mediated
radical polymerization) and RAFT (reversible addition fragmentation chain transfer).
The concept behind these methods is based on the dynamic equilibrium between the
propagating radicals and the dormant species.15 The radicals are either reversibly
trapped in the activation-deactivation turnover, or take part in reversible transfer
(degenerative exchange). ATRP is chosen in our study to synthesize the BCP, because
of its high capability to deal with a broad range of monomers. In addition, the
transition catalyst involved is commercially available at low price. Finally, the
temperature used is moderate.
The acetylene-containing diblock copolymer PS-b-PB6(H) was synthesized by a
two-step ATRP (Figure 2.4). In the first stage, the PS macroinitiator was synthesized
using

CuBr/PMDETA

(copper(I)

bromide/

N,N,N’,N’’,N’’-pentamethyldiethylenetriamine) catalytic system. In the second stage,
PMDETA was replaced by 2,2’-bipyridine due to the relatively strong ability to
remove

TMS-protecting

group,

which

may

lead

to

the

interference

of

polymerization.16 The complexation to polymer backbone was performed as
previously described to generate partially metallized FePt-B1 (Figure 2.5).
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Figure 2.4. Synthetic scheme of FePt bimetallic complex B5.
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Figure 2.5. Synthetic scheme of FePt-B1 (via CuI route).

Although the solubility was improved, the evidence of complexation was not clear.
The NMR spectrum of FePt-B1 shows disappearance of the acetylene signal at δ 3.02
ppm (Figure 2.6), and a new broad peak signal at δ 3.7-4.7 ppm, which corresponds
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to the ferrocenyl proton. However, the GPC spectrum of FePt-B1 showed the bimodal
peak, in which the first one was at a similar retention time as its precursor diblock
copolymer (PS-b-PB6(H)) and the second peak corresponded to B5, the FePt
bimetallic complex. As a lot of unreacted FePt bimetallic complexes were observed in
the GPC trace, an alternative way to attach the metal complexes was required to
develop.

Figure 2.6. 1H NMR spectrum of FePt-B1 (via CuI route).

Before the prevalent use of CuI-catalysed dehydrohalogenation, metal alkynyl
complexes were traditionally prepared by the reaction of metal halides with an alkali
metal-alkynylating agent,17 such as lithium acetylide. This approach should remove
the concern in crosslinking reaction between acetylene moieties, as a result n-BuLi
(n-butyllithium) was employed to initiate the complexation. The original BCP
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PS-b-PB6(TMS) was slightly modified to remove the terminal Br atom, because
n-BuLi was also able to deprotonate terminal benzyl bromide.18 Moreover, the
dehalogenation was done prior to the TMS-deprotection to eliminate the chance of tin
hydride attachment to acetylene (Figure 2.7). The complexation was either performed
with/out TMEDA (N,N,N’,N’-tetramethylethylenediamine) for comparison, since the
TMEDA was believed to stabilize the lithium acetylide complex with improved
solubility for deprotonated BCP in THF.

Figure 2.7. Synthetic scheme of FePt-B2 (via n-BuLi route).
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Figure 2.8. 1H NMR spectra of PS-b-PB6(TMS), PS-b-PB6(TMS)-2 and PS-b-PB6(H)-2 from
bottom to top.

From the 1H NMR, the dehalogenation was confirmed by the disappearance of the
halogen end group methane proton at around δ 3.70 ppm. The TMS-deprotection of
acetylene was confirmed by the downfield shift of the acetylene proton signal at δ
3.02 ppm and the upfield shift methyl proton signal at δ 0.25 ppm (Figure 2.8). The
the block ratio was calculated from the integration of proton signals between aromatic
region and TMS group, and the ratio of PS to PB6(TMS) was about 81:7. The ratio
remained almost the same after dehalogenation and deprotection. The complexation
was found to be incomplete, as the acetylene proton signal was still observed at δ 3.02
ppm. By the integration of aromatic, ferroceneyl and ethynyl proton regions, only one
third of the acetylene was occupied by the FePt complexes. The reaction condition
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remained unchanged after altering the amount of n-BuLi and TMEDA added.
Mna)

Mnb)

Mwb)

PDIb)

PS-Macroinitiator

8691.11

8237

8716

1.06

PS-b-PB6(TMS)

10173.77

10210

11415

1.09

PS-b-PB6(TMS)-2

10093.87

11007

11985

1.10

PS-b-PB6(H)-2

9560.03

10191

10929

1.07

FePt-B2c)

11766.77

-

-

-

Table 2.2. GPC data of FePt-B2.
a) Mn calculated from the two block ratio in NMR, except for the first one from MALDI-TOF-MS.
b) Mn, Mw and PDI calculated from GPC.
c) A bimodal peak was observed in GPC.

PS-b-P6B(H-Br)
FePt-B2

Normalized RI signal (a.u.)

1.0

0.8

0.6

0.4

0.2

0.0
16

17

18

19

20

21

Retention Volume (ml)
Figure 2.9. GPC spectra of polymers of PS-b-PB6(H)-2 and FePt-B2.

The conversion from PS homopolymer to diblock copolymer, PS-b-PB6(TMS),
showed a decrease of retention volume associated with an increase in hydrodynamic
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volume of polymer, reflecting an increase of molecular weight in BCP (Table 2.2).
FePt-B2 showed 2 peaks in RI, the first peak was broad and have similar retention
volume as PS-b-PB6(H)-2 and the second peak corresponded to B5 (Figure 2.9). The
UV signal at 440 nm (non-PS-sensitive) further showed the presence of B5 in both
peaks. Although the solubility of B5 was improved, it was still difficult to completely
remove all the unreacted B5 using aluminum oxide or silica gel. On the other hand, a
model system was performed by reacting B5 with phenylacetylene using n-BuLi. The
Pt-acetylene formation was found to be successful with almost 90% conversion
(Figure 2.11). Also, the B5 was found to be stable in the reaction condition. These
findings suggested that the bulkiness of B5 reduces the chance of Pt-acetylene
formation.
5
N
5

N
Fe

Cl

Pt

N
N

N
Pt
Fe

N

1. n-BuLi, THF, -78oC
2. FePt-complex, Room Temp.
B7

Figure 2.10. Synthetic scheme of reaction between B5 and phenylacetylene (via n-BuLi route).
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Figure 2.11. 1H NMR spectra of B5, B7(purified) and B7(crude product) from bottom to top.

As mentioned in the previous chapter, Manners et al. have reported the use of
cobalt clusterized PFS homopolymer and PFS block copolymer to synthesize
magnetic CoFe and -Fe NPs within the SiC matrix, respectively.5b, 5d-f, 19 Few years
later, the same group illustrated the synthesis of PS-b-PFS clusterized with Au and Co,
both showing lamellar morphology in solid state self-assembly.4b This report
demonstrated the use of photolytic ring-opening polymerizations (PROP) of
silaferrocenophanes to replace the traditional anionic polymerization, allowing the use
of silaferrocenophanes with increasing functionalities. Taking the benefits of this
well-developed PFS system, another block copolymer (FePt-C) was synthesized. The
PS block was synthesized via anionic polymerization in cyclohexane and terminated
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with excess dichlorodimethylsilane, the volatiles were then removed in vacuo and
dried under vaccum at 80 oC overnight to ensure complete removal of excess
dichlorodimethylsilane. Then, the polymer was functionalized with cyclopentadiene
(Cp) (Figure 2.12). Excess chlorotrimethylsilane was used to terminate the Cp ring
and quench the excess magnesocene, the volatiles were removed in vacuo again and
dried under vaccum at 80 oC overnight. PS-Cp was then dissolved in anhydrous THF
and precipitated in anhydrous methanol for three times under an inert atmosphere,
followed by storage in a glovebox. Special care was taken to prevent the attack from
moisture and oxygen to cleave the Si-Cl bond and terminate the first block. The
second monomer (C2(TMS)) was synthesized from chloromethylsilaferrocenophane.
PS-Cp was then re-initiated with NaN(SiMe3)2 (sodium bis(trimethylsilyl)amide) and
propagated with C2(TMS) under UV light and low temperature, to generate
PS-b-PC2(TMS). This bulky base was used to eliminate the chance of deprotection
of acetylene moieties on C2(TMS). C4 was synthesized by displacing a phenyl group
of diphenyl(1,5-cyclooctadiene)platinum(II) with chloride atom, followed by
4-(5-nonyl)pyridine substitution. PS-b-PC2(TMS) was then deprotected by sodium
methoxide and complexed with monodentate platinum complex (C4) (Figure 2.13).
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The intermediates were characterized by 1H and 13C NMR, GPC and MALDI-TOF
MS. The synthesis of second block was proved by the shift of ferrocenyl proton signal
from δ 3.82, 4.32, 4.39 and 4.48 to 4.14, 4.24, 4.39 and 4.41 ppm, which was
attributed to the opening of strained C2(TMS). The block ratio of PS to PC2(TMS)
was 194:60. The volume fraction was calculated to be 38% for PC2(TMS), so as to
achieve cylindrical morphology. The deprotection of acetylene was demonstrated by
the loss of TMS-methyl signal at δ 0.29 ppm, with replacement of an ethynyl proton
at δ 2.69 ppm. The calculated molecular weight and PDI are shown in Table 2.3. The
conversion from homopolymer to block copolymer showed an observable decrease in
retention volume, indicating the increase in hydrodynamic volume and molecular
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weight in PS-b-PC2(TMS). Deprotection of PS-b-PC2(TMS) gave no significant
change in retention volume inside GPC traces. However, the platinum complexed
polymer (FePt-C) was slightly soluble in common organic solvent. This was not
expected, since PS530-b-PC2(Pt)53 was synthesized in early attempt and found to be
soluble. PS-b-PC2(H) was found to be a mixture containing terminated
PS-macroinitiaor, but it did not affect the complexation. Both 1H NMR and GPC
showed the FePt-C formation with PS homopolymer. Selective precipitation was
employed using THF and acetone, since acetone is a good solvent to PS but poor
solvent to PFS. A orange-yellow gum was formed in the pale yellow solution and
centrifuged. It was repeated twice and the gum was allowed to dry overnight in
vaccum. However, the gum was slightly dissolved in solvents like THF, toluene, DMF
and even pyridine. The GPC and DLS measurements both showed the presence of
aggregation. On the other hand, crude product of PS-b-PC2(H) was purified by
preparative size exclusion column to remove PS-macroinitiaor. The pure PS-b-PC2(H)
was well-soluble in common organic solvents. However, after the complexation and
precipitation, an orange gum was formed with poor solubility. Regarding the
successful synthesis and well characterization of PS530-b-PC2(Pt)53, it is suggested
that the block ratio in FePt-C is relatively small, so that the solubility imposed by PS
decreased. In addition, although the platinum complex used in this polymer is
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monodendate, the crowded environment may lead to stacking interaction. As a result,
the FePt-Cs obtained in both attempts were insoluble.
Mna)

PDIb)

PS-Cp

20429

1.04

PS-b-PC2(TMS)

40014

1.16

PS-b-PC2(H)

35636

1.17

Table 2.3. GPC data of FePt-C.
a) Mn calculated from the two block ratio in NMR, except for the first one from MALDI-TOF-MS.
b) PDI calculated from GPC.

Facing the failures, our approach was modified again with the use of coordination
linkage. PS-b-P4VP is widely employed to create different hierarchal structures
because of its relatively large  value. In addition, it can selectively accommodated
the functional small molecules by the special bonding nature of pyridine to polar
organic molecules and inorganic metal salts. Extensive studies using small molecules
to direct BCP morphologies have been reported by Brinke et al. and Ikkala et al.
These reports have already demonstrated the possibilities of small-molecule-BCP
hybrids to pattern functional materials.20 Furthermore, NPs and metal salts/complexes
have been incorporated to the BCP for patterning.21 Usually, these small inorganic
units were enfolded by surfactants to utilize the weak hydrophobic/hydrophilic
interaction whereas the metal salts made use of the ionic bond. However, extra care
was required for the order of addition of metal salts. Only few examples using
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coordination bond to carry organometallic complexes have been reported.22 To the
best of our knowledge, there is no report using coordination bond carrying bimetallic
complexes to synthesize bimetallic BCP. As a result, we decided to use PS-b-P4VP as
the BCP backbones, as the pyridine units could facilitate the linkage with platinum
atoms under mild condition. Attempts have been made to synthesize PS-b-P4VP, but
the condition was difficult to control using conventional anionic polymerization.
Hence, four commercially available PS-b-P4VPs were purchased according to their
ability of microphase separation to spherical and cylindrical morphologies. FePt
complex D1 was designed for this system to reduce the - stacking after anchoring
to the polymer backbones, as the methyl group replaced the benzene ring. The
ferrocene-containing ligand was synthesized by Stille coupling of B2 with
2-bromopyridine whereas cis-Pt(Me)2Cl2 was prepared by reacting tetramethyltin with
potassium tetrachloroplatinate(II) (Figure 2.14). Then, cis-Pt(Me)2Cl2 was refluxed
with the ferrocene-containing C^N ligand in acetone to yield D1. D1 was then added
to PS-b-P4VP slowly in CHCl3 and stir overnight to generate the four different
FePt-Ds. The molecular weight and volume fraction of neat PS-b-P4VP are shown
(Table 2.4).
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Figure 2.14. Synthetic scheme of FePt-Ds.

MW of PS

MW of P4VP

Vol. fract. of
P4VP

Morphology

PS-b-P4VP-Cy1
(PS316-b- P4VP76)

33,000

8,000

0.186

Cylinder

PS-b-P4VP-Cy2
(PS459.3-b-P4VP104.4)

48,000

11,000

0.178

Cylinder

PS-b-P4VP-Sp1
(PS516.8-b-P4VP61.7)

54,000

6,500

0.102

Sphere

PS-b-P4VP-Sp2
(PS1148.3-b-P4VP189.8)

120,000

20,000

0.136

Sphere

Table 2.4 Molecular weight and volume fraction data of neat PS-b-P4VPs.
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Figure 2.15. 1H NMR spectra of FePt-D-Cy2 with x = 0, 0.1, 0.2 and 0.4 from bottom to top.

These polymers were studied by 1H NMR. Taking FePt-D-Cy2 as an example, D1
was added in different amount from 0-40% (Figure 2.15). With increasing the amount
of D1, the 2 and 6 aromatic proton signals on pyridine decreased at δ 8.10-8.50 ppm,
whereas the aromatic and ferrocenyl proton signals increased at δ 7.40-7.90 and
4.00-4.60 ppm.
To further demonstrate the coordination upon adding D1, UV-Vis absorption
spectroscopy and FTIR were employed. The small complex (D0, 1 and 2) models
were first studied by UV-Vis absorption spectroscopy (Figure 2.16 and 2.17). Both
platinum complexes displayed red-shifted absorption bands similar to their ligand in
shape, and a new MLCT band in the 400-550 nm region. It is believed to be due to the
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enhanced  conjugation via metal chelation.23 By replacing the DMSO ligand with a
pyridine ligand, a red-shift in MLCT band (380-500 nm) was expected to observe, as
the electron-donating ability of pyridine should be stronger than DMSO. However, in
our case, the MLCT bands in D1 and D2 were not consistent to this trend. In the
comparison among FePt-D-Cy2 with x = 0.2, 0.5, 0.7 and 0.9 at the same
concentration, the increasing trend of intensity was observed with increasing D1
loading (Figure 2.18). The shape of the spectra was similar to D2. However, it was
not yet a solid evidence to show the presence of coordination bond.

Figure 2.16. Synthetic scheme of D2.
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Figure 2.17. UV-Vis absorption spectra of D0, D1 and D2.
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Figure 2.18. UV-Vis absorption spectra of FePt-D-Cy2 with x = 0.2, 0.5, 0.7 and 0.9.
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Figure 2.19. FTIR absorption spectra of FePt-D-Cy2 with x = 0, 0.2, 0.3 and 0.5.

In the FTIR spectra, D1, D2 and FePt-D-Cy2 with x = 0, 0.2, 0.3 and 0.5 were
displayed (Figure 2.19). With the increasing D1 loading, a decrease of absorption
band at 1415 cm-1 and increases of absorption bands at 1471 and 1580 cm-1 were
found in FePt-D-Cy2. The peak at 1415 cm-1 corresponded to the C-N stretching
mode of uncomplexed pyridine,24 and the decrease in signal suggested the uptake of
D1. The peaks at 1471 and 1580 cm-1 were originated from the bimetallic complex
after coordination. The peak at 1471 cm-1 further suggested the coordination, as it did
not appeared in neat PS-b-P4VP and D1. Although the increase in signal was almost
saturated at 30-50 %, a lower loading of D1 into polymers was chosen. It was because
of the unsatisfied spin-coating performance at above 30%. As a result, 20% loading of
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D1 into polymers was chosen in the following studies to ensure all the D1 added was
attached to the pyridine units.

2.2.3 Bulk film self-assembly and pyrolysis studies of FePt-D
Initial self-assembly in the solid state of four polymers were examined in the bulk
state. The bulk state was prepared by drop-casting 50 mg ml-1 polymer solution in
CHCl3 on a glass slide and the solvent was allowed to evaporate. Thick orange-red
films (about 1 mm thick) were then annealed under vacuum at 180 oC for four days
and quenched with liquid nitrogen. Then, they were sectioned into 60-100 nm thick
sections using a microtome equipped with a diamond knife and floated onto a copper
grid. The films were directly imaged by TEM without staining, because the presence
of metal atoms with high electron density generates the contrast. FePt-containing
domains were in dark color due to the electron-rich nature, whereas the PS region
domains were lighter in color. The neat polymers were divided into two groups,
namely

spherical

(i.e.

PS-b-P4VP-Sp1

and

Sp2)

and

cylindrical

(i.e.

PS-b-P4VP-Cy1 and Cy2) forming BCP. The TEM images of both PS-b-P4VP-Cy1
and Cy2 showed hexagonally packed cylinders in some localized region (Figure
2.20). PS-b-P4VP-Cy1 additionally showed some long tubules. PS-b-P4VP-Sp1 and
Sp2 both showed spheres. Attempts have been made to increase the D1 loading as
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well, but the bulk morphology became ill-characterized. Ikkala, Stamm, Shenhar and
Tung have individually demonstrated the small composition-dependent morphology
of BCP.22b, 25 By varying the stoichiometric composition of small molecules in a fixed
block copolymer, both the weight and volume fraction of small molecule-anchoring
block were changed. The transition from one morphology to another was hence
observed. However, it is not the case. We suggested that the coordination ability was
not strong enough between Pt and pyridine, even though the Pt-DMSO bond was
labile. The saturation level was lower than the 1:1 stoichiometric ratio and unreacted
bimetallic complexes were blended as a mixture inside the BCP without any
interaction. Therefore, there were no variations in both weight and volume fraction of
both blocks, and hence no morphology transition was observed. In addition, unreacted
bimetallic complexes may aggregate randomly without being localized in P4VP
domain and mess up the desired morphology. The domain sizes in each FePt-Ds were
calculated with computer software with sample sizes larger than 50 (Table 2.5). The
domain size changes were consistent with the increase of molecular weight. However,
there are only two polymers in each morphology, so we cannot conclude the domain
size was proportional to the theoretical calculation.
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(a)

(b)

(c)

(d)

Figure 2.20. TEM images of (a) FePt-D-Cy1,(b) FePt-D-Cy2, (c) FePt-D-Sp1and (d) FePt-D-Sp2.

Samples

Domain size in bulk (diameter, nm)

PS-b-P4VP-Cy1

12.0

PS-b-P4VP-Cy2

21.0

PS-b-P4VP-Sp1

20.0

PS-b-P4VP-Sp2

27.2

Table 2.5 Domain sizes of FePt-Ds in bulk state.
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Behaviors of the four materials during the pyrolysis were studied by TGA
(thermogravimetric analysis). The materials were heated to 800 oC at a ramp rate of
10 oC/ min under a nitrogen atmosphere (Figure 2.21). The resultant materials in all
cases were charred black powders. The weight loss of the four polymers was almost
superimposed before 450 oC. Polymers were all thermally stable to weight loss up to
300 oC, in which a rapid volatilization of the organic components took place. Hence,
steep weight loss was observed in each case. After 450 oC, the rates of decomposition
in TGA traces slowed down as most of the organic residues were removed. The
ceramic yields were showed (Table 2.6). As the formation enthalpy of late
transition-metal nitrides from the nitrogen ligand in polymer precursor was low,3a it
was unlikely to form the PtN2 and Fe2N in the pyrolysis. We suggested that some
carbon atoms may be converted to amorphous carbonaceous matrix enfolding metal
NP. This was always observed in the pyrolysis of metallopolymers.
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Figure 2.21. TGA traces of FePt-Ds during pyrolysis under a nitrogen atmosphere at 10 oC/ min to 800
o

C.

Sample

Ceramic yield

PS-b-P4VP-Cy1

8.3%

PS-b-P4VP-Cy2

15.6%

PS-b-P4VP-Sp1

4.4%

PS-b-P4VP-Sp2

10.4%

Table 2.6 Ceramic yields of FePt-Ds after pyrolysis.
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Figure 2.22. XRD patterns of (a) FePt-D-Cy1 and FePt-D-Cy2, (b) FePt-D-Sp1 and FePt-D-Sp2.

The four ceramic products was analyzed by TEM and XRD. The XRD patterns
show all the FePt NPs with typical fct structures (Figure 2.22), with the presence of
(001) and (110) superlattice peaks. Also, the shapes of PS-b-P4VP-Cy1 and
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PS-b-P4VP-Sp1 were much sharper than their larger molecular weight counterparts.
The average particle size and standard deviation of NP obtained were calculated
(Figure 2.23). At the same percentage of bimetallic complex loading, the cylindrical
BCP generally generated FePt NPs with larger size than those found in spherical BCP.
This was attributed to the numbers of site available for coordination, and those
numbers should be higher in cylindrical. Hence, more FePt complexes are available
for NPs formation. Noticeably, the standard deviation is relatively large in each case.
However, there is no clue at the moment.

Sample

Average size (nm)

Standard deviation (nm)

PS-b-P4VP-Cy1

7.9

1.3

PS-b-P4VP-Cy2

12.8

1.4

PS-b-P4VP-Sp1

5.8

1.6

PS-b-P4VP-Sp2

8.8

1.9

Table 2.7 Statistics of NP of FePt-Ds after pyrolysis.
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(a)

(b)

(c)

(d)

Figure 2.23. TEM images of pyrolyzed (a) FePt-D-Cy1,(b) FePt-D-Cy2, (c) FePt-D-Sp1 and (d)
FePt-D-Sp2 (scale bar = 20 nm).

2.3 Concluding Remarks
In summary, the use of coordination bond as a linkage between BCPs and
FePt-containing complexes toward FePt-Ds was demonstrated. The structural
characters were confirmed by both FTIR and
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1

H NMR, whereas the bulk

morphologies in equilibrium were analyzed by TEM. However, due to the relatively
weak bond strength between pyridine to platinum center, the four polymers were
targeted at 20% of pyridine being occupied to maintain the desired morphology.
Therefore, both the original spherical and hexagonally packed cylindrical
morphologies were retained after complex binding. These two morphologies are
desired for the patterning of FePt NPs for potential magnetic data storage application.
The bulk pyrolysis was also studied by TGA. The ceramic products were further
studied by XRD and TEM. XRD patterns showed the presence of fct FePt structure
whereas average sizes of FePt NPs were in the range of 6-13 nm.
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Chapter 3 Thin Film Self-assembly of FePt-containing
Diblock Copolymer
3.1 Introduction
In the previous two chapters, we have introduced the use of diblock copolymer
self-assembly to patterning nanoscale features. In the bulk state, once the N reaches
a critical value, the diblock copolymer will self-assemble into well-ordered nano-scale
features. Their thin film counterparts have further attracted immense studies due to
their

generation

of

templates

with

well-defined

nanoarchitectures.

These

nanostructures are not limited to the simple parallel lines and closed-packed dots, but
being extended to the square-symmetry, 90o bend and T-junction.1 These features are
crucially important to the advanced technologies such as magnetic data storage media
and microelectronics. Although the current fabrication is dominated by the serial
top-down techniques, these techniques may not be cost-effective and fast access to
nanoscale patterning. Moreover, the bottom-up approach has already outweighed the
top-down counterpart, with respect to the feature size and length scale obtained. As a
result, many examples have used BCP as negative tone patterning templates.
In recent years, integration of transition metal into polymers has provided an
alternative way to directly create the functional nanostructured materials.2 This
one-pot approach is attractive because of the elimination of additional materials
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deposition and exhibition of novel applications. The metal-containing BCPs are
similar to the whole organic BCPs in view of patterning. Simply controlling the
volume fraction and molecular weight of components provide an access to diverse
morphologies ranging from spherical to cylindrical, gyroidal and lamellar.
From chapter 2, FePt-containing BCPs using coordination linkage have been
investigated by the bulk-state self-assembly study to explore their potential to form
spherical and hexagonally packed cylindrical morphologies. In the present chapter,
the thin film assembly of the BCPs was studied with three different methods. In the
first method, the BCPs were dissolved in a good solvent and spin-coated on the
silicon substrate. This is the simplest approach, and the morphology formed is directly
related to the surface energy balance with air and substrate surface, in addition to the
N,  and  parameters. However, the spin-coating always resulted in isotropic
microdomains due to the microphase separation in non-equilibrium state. The
isotropic microdomain is a challenge in fabrication due to the lack of highly ordered
and oriented patterns. As a result, solvent vapour annealing (SVA) was employed to
further promote the long range order and the desired orientation in this chapter. Plenty
of directed self-assembly methods have been developed including electric field
alignment, topographical/chemical modifications, thermal annealing and SVA. SVA
allows the pattern propagation along the thin film at temperature lower than Tg of the
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corresponding blocks, without polymer degradation. Simply exposing the thin film
inside a chamber with single solvent or solvent mixture will induce preferential
interaction between solvent molecules and polymer chains. The interaction not only
makes polymer chains mobile, but also mediates the  values among block
components and air/substrate interfaces. Hence, the film morphology is reconstructed.
Precise controls in the selection of solvent, exposure time, vapour pressure and film
thickness are always required. In this section, the spherical domains before and after
the SVA were further pyrolyzed and compard the FePt NP in an amorphous
carbonaceous matrix.
In the second part, the NIL method was employed to study the mold effect on the
morphology, especially the cylindrical morphology. When a thin film is casted on the
surface, the film self-assembles into a pre-determined nanostructure with a specific
orientation. The orientation is also adjusted by the surface interaction and film
thickness. However, it is always a challenge to gain the control in a large scale
production. Physically and chemically templated surfaces have recently shown their
excellent power to obtain ordered BCP nanostructure over length scales of
micrometers. Chemical pattern is prepared either by deposition of a random
copolymer/homopolymer layer3 or by graphoepitaxy4 with topographical patterns to
preferentially attract one or both blocks by hydrophobic and hydrophilic interactions
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(Figure 3.1). On the other hand, the topographical patterning is made by side-wall
templates, grooves or HSQ posts to confine BCP domains.1a, 5 These techniques are
powerful to generate defect-free nanostructures with resolutions that are hard to
achieve in the traditional top-down approaches alone.
In terms of metallopolymers, Ross and co-workers have reported the use of
constant-width and width-modulated templates to confine the spherical-forming BCP,
PS-b-PFDMS.6 In their study, the topographical relief structures were made by
interference lithography, and the width of spacing was controlled from 0.5 to twelve
times of row spacing. The spherical BCP was spin-coated on the substrate and
annealed thermally. By controlling the configuration transition energy and fluctuation
energy, ordered spherical arrays were formed, even in template with imperfection
(Figure 3.2). The confinement width was found to determine the number of rows, in
which the rule followed (n-0.5) d < N < (n+0.5) d. If the width was close to the limit,
both N = n and n+1 were found. Energy balancing hence pushed the BCPs to alter
their domain sizes and row spacing so as to accommodate the imperfect confinement
due to template fabrication.
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Figure 3.1. Schematic illustration of (a) epitaxial self-assembly utilizing chemical pattern to register
BCP self-assembly and (b) graphoepitaxy employing the topographic substrate to direct BCP
assembly.7

(b)
(a)
Figure 3.2. SEM images of (a) ordered arrays of PFDMS domains with N = 5 to 7 and (b) (i) 7-row
ordered array in a template with confinement width of (7±0.3) d and modulation length of 2p. (ii)
7-row ordered array in a template with confinement width of (6.7±0.4) d and modulation length of 4p.
(iii) an array with both 6 and 7-row regions in a template with confinement width of (6.8±0.5) d and
modulation length of 7p. (N , d and p are the number of rows in arrays, spacing and average
centre-to-centre spacing).6b

Recently, Ross et al. further employed either guiding walls or posts combining
chemical brushes to pattern PI-b-PS-b-PFEMS/homopolystyrene blend.8 The
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templates were made by hydrogen silsesquioxane (HSQ) resists. In the case of side
wall, PEO and PFEMS brushes were coated on the guiding wall and substrate surface,
respectively (Figure 3.3). Highly ordered square arrays of PFS domains were
obtained in large area with out-of-plane alignment. In the next attempt, HSQ posts
were arranged with spacing commensurate with the period of BCPs on the surface of
substrate. The side walls of posts were coated with PFEMS brushes, whereas the
horizontal surface of the template was covered by PEO brushes. Similar to the first
case, the square packing of PFS domains was observed, besides, this approach was
effective to eliminate the presence of multiple orientations in microdomain lattice.
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(a)

(b)

Figure 3.3. (a) (top) Schematic diagram of topographical template with PFS brush on sidewall and
(bottom) SEM image of oxidized PFS microdomains in 1.5 and 2 μm x 3 μm templates, (b) (top)
schematic diagram of HSQ posts in square arrangement and (bottom) SEM image of PFS formed in 88
nm x 132 nm single posts.8

However, there are few problems when using these templates in industry. The first
problem is the reusability of the template. As the topographical or chemical templates
are prepatterned on the substrate surface and removed after the order and orientation
alignment, so they can only be used once. Secondly, time and expense are relatively
high, as every substrate requires prepatterning. The steps involved complicated
fabrication process, such as e-beam lithography. Finally, additional processing is
required to remove the topographical/chemical patterns. As a result, methodologies
are established to use removable silicon,9 disposable lithographical polymer
template10 or even incorporate template inside the BCP domains.11 However, if the
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substrate prepatterning can be avoided, it is much easier for the applications requiring
highly planar surface to be fabricated.

Figure 3.4. Schematic diagram showing NIL setup, involving pattered mold pressed upon a BCP film
and released to generate lamellar morphology with ordered straight line.12

NIL, therefore, represents another alternative to address the same issue, and has
benefits from low cost and simplicity (Figure 3.4). The mechanical molds are
composed of micrometer-sized features similar to the topographical template. They
are usually made by standard lithographic techniques, but reusable. There are already
several examples using this method to pattern homopolymers and BCP into different
nanostructures.12-13 Unlike the template guiding approaches mentioned before, NIL
creates features by mechanical deformation of polymer films. Heat or UV light is
sometimes used to pattern at a temperature above the glass temperature of polymers
or to cure and crosslink the low molecular weight polymers, respectively. The
polymer film is then deformed regarding the patterns of mold and retained the
negative image after mold removal. Resolution on the other hand is not restricted by
the wave diffraction in UV lithography, but the ability of small feature creation on the
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mold. In terms of metallopolymers, only a few reports have been published. Wong
and Manners et al. have employed a polyferroplatinyne polymer and yielded FePt NP
with the average size of 4.6 nm.14 To achieve BPM for the use of magnetic data
storage devices, soft PDMS mold with line arrays or dot patterns were pressed against
the polymer solution on substrate and UV radiation was used to crosslink the low
polymer film. After high temperature pyrolysis, the desired L10 phase FePt NPs
within predetermined shapes was observed (Figure 3.5). Although collapse was
observed in the case of dot array, the general shapes were retained in both cases.

(a)

(b)

Figure 3.5. (a) SEM images of nanoimprinted line array pattern of FePt NPs after pyrolysis (pattern
periodicity and feature size were 740 and 350 nm, respectively) and (b) AFM image of nanoimprinted
dot array FePt NPs after pyrolysis (pattern periodicity and feature size were 500 and 250 nm,
respectively).14c

In practice, the mold detachment is one of the concerned problems in NIL due to
the inherent high surface area contact between polymer film and mold. The high
interfacial adhesion will damage or deform features during release. As a result,
methods have been developed to release the mold efficiently by the use of additives,
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such as perfluoropolyether-based elastomers15 and coating the mold with short,
interface-active fluoroalkyl chains.16 Unfortunately, the molds with additives usually
are not reusable, since it is required to reapply a fluoroalkylsilane surface layer on the
molds after each pressing. It hence limits the industrial scale processing for multiple
imprinted films. Interestingly, Wong’s example demonstrated the use of bare PDMS
mold without the use of release agent.
The article suggested that the NIL molds with sub-15 nm pitch size and sub-10 nm
features were able to achieve an areal density of 2.8 Tbytes/in2 and further scaling
down was able to reach 4.3 Tbytes/in2. However, it should be reminded that such
sub-nanoscale mold may not result in efficient processing, due to the the tribological
phenomena.17 During NIL, the interfaces were formed in mold/polymer and
polymer/substrate. An adhesion force and a friction were formed in the former
interface, while another adhesion force acted on the latter interface separation process.
All these forces complicated the whole process, and resulted in deformation/ fracture
defects. The maintenance of the alignment hence requires precise mechanical
movement and the corresponding mechanical stability of polymer films. This highly
sophisticated precision requirement implies demanding substantial cost. Baring this in
mind, it is not hard to imagine the difficulties of scaling down the imprint mold for
metallopolymer patterning.
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On the other hand, it may be easier to control the process if the nanoimprint
directed self-assembly of BCPs is used. As the nanoscale features are relied on the use
of block copolymer nanodomains whereas the long range order and orientation were
based on the confinement of imprint molds. It is a cost-effective, rapid and reusable
templated directed self-assembly method of high resolution nanofabrication, as
compared to the use of surface chemical or topographical templates. Several reports
have demonstrated the ability of the imprint mold to generate order microdomains
with the desired orientation.13, 18 Huck et al. have employed imprint mold with line
arrays to accommodate cylindrical-forming PS-b-PMMA into either vertical or
horizontal alignment on neutralized substrate.13a The substrate used was pre-coated
with PS-r-PMMA copolymer to balance the interfacial interactions to both blocks.
The BCP was then spin-coated and thermally imprinted for a period of times. 2 and 3
rows of arrays of vertically aligned cylinders were observed when the mold of 200 nm
periodicity with 100 nm spacing grating and 210 nm periodicity with 120 nm spacing
were used, respectively (Figure 3.6). By varying the film thickness inside the mold
gap, an in-plane orientation of PMMA blocks in PS matrix was observed with a
mixture of arrays and lines. Despite the imperfect alignment, the simplicity of this
setup allows an alternative approach to potentially align nanoscale features.
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Figure 3.6. SEM images of PS-b-PMMA in (a) standing dots arrays within 200 nm periodicity line
arrays and oxygen etched and (b) line arrays of 3 rows of lying cylinders.13a

Another promising example was presented by Helms and Olynick et al.,13c using
the PDMS-coated imprint mold to align PS-b-PDMS along the long axis of imprint
grating (Figure 3.7). In their study, the widely used fluoroalkyl monolayer was found
to result in BCP film located outside the patterned features, and some pattern residue
on the substrate. Even worse was that some BCP was found to adhere mold surface.
In sharp contrast, PDMS-coated mold was found to be useful in yielding
well-characterized BCP film formed. Surprisingly, the PDMS was not the lowest
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interfacial energy materials in the coating used, but it gave the best result in their
study. The author suggested it might be due to the lower friction during release. This
mold with protrusive features revealed horizontal cylindrical domain with 20 nm
domain period without interference of disordered domains from the neighboring
residual layers. By a good control in film thickness and mold depth, single layer of
cylinders was formed. With subsequent CF4 and O2 etching, cylindrical pattern with 8
nm width line was observed in the silicon substrate layer with a pattern depth of 10
nm. This study represents the potential sub-10 nm nanofabrication in an easy and
cost-effective manner from the combination of nanoimprint technique and
self-assembly of BCPs. As a result, in the second section of this chapter, we are going
to investigate both the effect of flattened and patterned PDMS molds in our polymer
system.
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Figure 3.7. (a) Schematic drawing showing mold with protrusive features, (b) SEM image of imprinted
PDMS cylinders after plasma etching layer, with inset showing magnified PDMS cylinders aligned
along the long axis of the imprint grating. (c) Tilted SEM image of BCP templates and (d) SiO2 line
patterns with 8 nm line width, after sub-10 nm pattern transfer process.
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Coming to the last section of this chapter, solution self-assembly of our BCP
system was investigated for alternative thin film fabrication. The introduction of
solvent into the morphology control increases the complexity of BCP self-assembly,
due to the addition of the interaction parameter between corresponding blocks with
solvent molecules.19 The self-assembly of BCP in a selective solvent is similar to
those in surfactants and lipids in our daily life. However, unlike the low molecular
weight surfactants, it is not easy to observe rapid exchange of polymer chains between
micelles, which gives rise to the kinetic stability of BCP assemblies. It makes the use
in delivery applications possible and allows the novel platform for constructing
interesting nanoarchitectures. Moreover, the nonergodicity allows the polymers to
form a few different structures from single composition. Some of them are induced
thermodynamically whereas others are kinetically controlled. Hence, the desired
morphology highly depends on the preparation path. By the careful interfacial balance
between solvated and solvophobic components, diverse morphologies can be obtained
ranging from simple spherical micelles, rods and bicontinuous structures to lamellae,
vesicles and tubules, etc (Figure 3.8). Spherical micelles are the simplest form seen in
the solution self-assembly, which consisted of a spherical core embedded inside the
coronal chains. They are usually the first aggregated morphology observed, and
regarded as the starting point for other aggregate forms. Such simple structure is
110

highly studied for the bio-medical applications, due to the ideal site for encapsulation
of functional materials in micelle cores.

Figure 3.8. (a) Transmission electron microscopy (TEM) micrographs and corresponding schematic
diagrams of various morphologies formed from amphiphilic PSm-b-PAAn copolymers.20

In the past two decades, many methods have been developed to prepare BCP
aggregates of controlled size and shape inside solution. Eisenberg et al. have built up
a general platform for processing these assemblies in common solvents in the past two
decades.19a, 20 In general, gradual addition of a selective solvent into BCP solution (i.e.
a BCP is dissolved in a common solvent) shifts the equilibrium to the onset of
aggregation, subsequent addition of the selective solvent drives the solvophobic block
to solidify and locks the polymer in one of the possible morphologies (Figure 3.9).
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Figure 3.9. Phase diagram of PBO-b-PEO in water as a function of molecular weight and copolymer
concentration.21

Based on this concept, diversity of structures becomes accessible, such as helices
and segmented micelles. There are many factors influencing the morphology, such as
copolymer composition (affecting the fundamental polymer chain arrangement in
different morphologies), copolymer concentration, composition of common solvent
and selective solvent, and presence of additives (i.e. ions and homopolymers). All
these parameters affect the aggregate formation thermodynamically and kinetically. In
the latest development, some new pathways were introduced to control the BCP
assemblies in solution. Wooley and Pochan have reported the use of polyvalent
organic acid-base complexation to the hydrophilic portions of amphiphilic BCPs to
manipulate the assembly of PAA-containing BCPs.22 The micelle geometry of BCP
with single composition was controlled by varying the type and amount of added
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mutilamine from spheres, cylinders to disk-shaped and toroidal micelles. Moreover, it
is possible to assemble incompatible BCP into mixed micelles with a wide range of
solvent composition. Another interesting control method was demonstrated by
Manners and Winnik et al. using the PFS block as crystalline core to tune the chains’
interaction within micelle core.23 Remarkably, dissolving the PFS-containing BCP
into a solution of seed micelles revealed the epitaxial growth of PFS cores at the end
of existing seeded micelles (Figure 3.10). This living nature of polymer aggregates
allows entry to a number of interesting nanostructures and potential applications.
Prud’homme et al. on the other hand used “flash nanoprecipitation” to combine BCP
and active ingredients in water miscible organic solvent. On the other hand, via a
confined impinging jets mixer,24 tiny active ingredients’ aggregates were coated on
the amphiphilic polymer shell rapidly after mixing. It provides a solution to find an
appropriate solvent condition for composite loading into micelles, which is typically
challenging. With the diverse morphologies formed in the wide range of processing
methods, BCP-based core-shell/corona nanomaterials provide a perfect path to
compartmentalization and delivery of functional ingredients with tunable surface
chemistry and behavior.
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Figure 3.10. Schematic illustration (a) showing the process of PFS-containing seed micelles extending
themselves and (b) heteroepitaxially grown scarflike micelles.23

As mentioned in the previous chapters, the inherent short distance between NPs in
the use of surfactants may result in undesirable collective magnetic dynamics. Similar
to the surfactant-encapsulated NPs, pattern formation is possible to obtain by the
deposition of spherical BCP micelles on substrates.25 The BCP micelles serve as the
compartment for the NPs formation. Subsequent plasma etching or high temperature
annealing removes organic components and leaves the regularly arranged NPs. In
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contrast, the BCP method allows inter-particle distance up to 140 nm. From the
literature report, the cylindrical-forming BCP in the solid state can be used to form
spherical micelles in a solvent mixture and arranged in hexagonally packed spherical
micelles by simple spin-coating or dip-coating.26 Russell et al. have reported the
surface morphological evaluation of PS-b-P4VP monolayer film from a THF/toluene
mixture. By varying the solvent composition in polymer solution casting and exposure
time of solvent vapour annealing, either cylindrical or spherical micelles were formed
via micelle fusion and splitting. Taking the benefits of solution self-assembly, solvent
mixture was used in this study to encapsulate the FePt-containing block as spherical
micelles. Unlike the frequent use of H2O or alcohol as the selective solvent, toluene
was used instead to prevent the P4VP-containing block pointing outwards.
As a result, thin film fabrication of FePt-Ds by simple spin-coating with single
solvent and solvent mixture will be discussed, as well as the imprint mold-assisted
method.
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3.2 Results and discussion
3.2.1 Thin film fabrication of FePt-Ds via solid state self-assembly
In chapter 2, the desired spherical and cylindrical morphologies of FePt-Ds were
confirmed in the bulk state via TEM analysis. In this chapter, they were further
employed in thin film fabrication. In the preparation of polymer solution for film
casting, the solvent selected should be chosen to effectively dissolve both PS and
P4VP blocks. Both DMF and CHCl3 were regarded as good solvent for both blocks,27
however due to high boiling point of DMF, it was not easy to remove solvent residue
during spin-coating and subsequent air-drying. Hence, CHCl3 was used as solvent.
The concentration was varied from 0.3 wt% to 1 wt%, and the polymer solution was
spin-coated onto silicon wafer with a native oxide surface. By AFM height profile
analysis, solutions at 0.6 wt % at 3000 rpm reproducibly gave thin films with a
thickness of 30-50 nm. Hence, 0.6 wt% polymer dissolving in CHCl3 was employed
as solvent for casting.
In the early stage of thin film fabrication, PS-b-P4VP-Cy2 was chosen as a model
to carry FePt complexes D1 in different stoichiometric ratio to see the effect of D1 on
the morphological change (Figure 3.11). Unlike the others, the neat PS-b-P4VP-Cy2
film was immersed in ethanol for a short period before AFM analysis, which the
solvent was preferential for P4VP and left P4VP block on the surface (Figure 3.12).
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This surface reconstruction resulted in nanoporous film and increased the contrast in
AFM analysis. The AFM image of as-spun neat polymer PS-b-P4VP-Cy2 showed
vertically aligned cylinders, although they were only packed hexagonally in short
range. The observation was consistent with the result mentioned by Russell et al..26b
Since the spin-coating was a rapid solvent evaporation process, the poor ordering was
resulted from the kinetical trapping and required further annealing process to improve
the arrangement of cylinders. Moreover, unlike the spherical-forming block, the
cylindrical P4VP region was exposed to the film surface rather than embedded inside
the PS matrix. Hence the ethanol was able to interact and dissolve P4VP region. By
increasing the D1 loading to 20-30 %, both horizontally and vertically-aligned
cylinders were observed, and it suggested that little addition of D1 was still resulted in
the region of cylindrical phase. However, cylinders parallel to the surface decreased in
quantity in 50 % loading of D1. With a further increase in loading to 70-90 %, no
circular tubes were observed but only spherical dots remained. From this result, there
were two possible reasons. Given that all the complexes were attached to P4VP, it
would alter both the weight fraction and volume fraction of P4VP(D1) fraction. In
general, it should induce a morphological change in phase diagram (i.e. cylinder to
lamella).28 However, in our case, bimetallic complexes were employed and transition
metals usually provide high density. Due to the high density, the volume fraction of
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P4VP(D1) should decrease to a certain extent by increasing the D1 loading. Decrease
in volume fraction may shift the cylindrical to the spherical morphology, and
therefore, more spheres were observed under AFM.
The second reason may be due to the unbound complexes, in which they may be
trapped inside the polymer matrix rather than being removed in the precipitation of
polymers. Due to the crowding environment and poor mobility in thin film during
solvent evaporation, they may be trapped and aggregated themselves like a spherical
micelles. If so, there should be no morphological transition observed and current
cylindrical phase was disturbed by the presence of aggregates to give ill-defined
structures. To confirm the situation, FTIR analysis was done in chapter 2, by
comparing the signal intensity at 1471 and 1580 cm-1, and the signals were almost
saturated between 30-50 %. In other words, further addition of complexes did not
result in more coordination but disturbed the current morphology with complex
aggregation. With both FTIR and AFM analysis, the first reason was rejected and 20
% of metal loading was employed in the four polymers so as to ensure sufficient
pyridine moieties for complexation.
PS-b-P4VP-Cy1 was also loaded with 20 and 30 % of D1 and showed similar
pictures (Figure 3.13). The cylindrical domains in FePt-D-Cy1 and FePt-D-Cy2
were found to be 18.0 and 22.5 nm of diameter, respectively. The increase in diameter
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in as-spun thin film was consistent with that in the bulk, as the increase in molecular
weight increased the domain size, and hence the diameter observed. Interestingly, the
diameters in the bulk were slightly smaller than those found in thin film under AFM,
and it was suggested to be the convolution effect that part of the resolution in AFM
was lost.29

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 3.11. AFM height images of PS-b-P4VP-Cy2 with (a) 0, (b) 20, (c) 30, (d) 50, (e) 70 and (f)
90% loading of

D1 complexes (The neat BCP was reconstructed with ethanol to increase the contrast

and P4VP cylinders).

Figure 3.12. Procedure for the thin film fabrication (surface reconstruction was only for the neat
polymer).
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(a)

(b)

Figure 3.13. AFM height images of PS-b-P4VP-Cy1 with (a) 20 and (b) 30% loading of

D1

complexes.

The remaining two neat spherical-forming PS-b-P4VPs were also examined with
different D1 loading ratio (20, 30 and 50 %) (Figure 3.14). The results showed a little
ordering in spherical morphology when the D1 loading ratio was at 20%. Further
loading increase resulted in disturbance of the ordering. Besides, the spherical
diameters were 21.4 and 32.7 nm in FePt-D-Sp1 and FePt-D-Sp2, respectively. The
result were consistent with those observed in bulk film analysis, but slightly larger in
value.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.14. AFM height images of PS-b-P4VP-Sp1 and PS-b-P4VP-Sp2 with (a, b) 20, (c, d) 30, (e,
f) 50 % loading of D1 complexes, respectively.

After finding an optimum condition of D1 addition ratio and spinning rate, the
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thermal and solvent-vapour annealings were investigated. The neat polymers
(PS-b-P4VP-Cy1 and PS-b-P4VP-Cy2) were used to show the power of
solvent-vapour annealing in our annealing condition. The AFM of the films as-spun
and after 2 hours dioxane solvent annealing were investigated (Figure 3.15). The
hexagonal packings were weak in both as-spun films, as the orders were both in short
range. Although both films showed some improved hexagonal packing after 2 hours
dioxane annealing, the order in PS-b-P4VP-Cy2 was still not long range enough. In
the literature, dioxane was a selective solvent to PS block and resulted in preferential
swelling in PS region. Such swelling allowed the reconstruction of the film towards
thermodynamic equilibrium state and improved the packing by enhanced mobility.
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(a)

(b)

(c)

(d)

Figure 3.15. AFM height images of PS-b-P4VP-Sp1 and PS-b-P4VP-Sp2 after (a, c) as-spun, (b, d) 2
hour, dioxane annealing, respectively.

After the demonstration of the neat BCPs, the order improvement in the metalated
BCPs was investigated. In the case of cylindrical-forming BCPs, FePt-D-Sp2 was
chosen as an example to illustrate different choices of annealing conditions. First of
all, the thermal annealing was attempted by heating the film at 140 oC under vacuum
for 24 hours (Figure 3.16). Oxygen plasma was attempted due to the weak contrast
observed in the annealed film. Although the temperature was already higher than the
glass transition temperature of P4VP, both the parallel and perpendicular orientations
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were still observed after annealing. The thermal energy may not be enough to pass
through the energy barrier and to enhance the mobility of polymer chains. In addition,
in some area of the film after oxygen plasma, it was easier to observe some large
spots in bright yellow color, and these spots destroyed the contrast of the
corresponding domains resulting in dark lines. These spots were believed to be the
organic residues that have not been removed during the oxygen plasma. Gentle
blowing of nitrogen was not useful to remove these spots.

(a)

(b)

(c)

(d)

Figure 3.16. AFM height and phase images of FePt-D-Cy2 after (a, b) as-spun, (c, d) 24 hours thermal
annealing, after 1 minutes oxygen plasma.
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After the thermal annealing, solvent annealing was used. It is another common
method to improve both orientation and ordering. Moreover, the process can happen
at room temperature without the chance of polymer degradation. Three common
solvents were employed, namely CHCl3, dioxane and THF. The phase images were
also shown in the following comparison to show the difference of corresponding
domains more clearly. Similar as above, the as-spun film demonstrated both parallel
and perpendicular aligned cylinders (Figure 3.17). After 24 hours of solvent
annealing in dioxane, the extent of parallel aligned cylinder declined, but further
annealing showed no change. In the case of CHCl3, only a few circular tubules were
observed, whereas there is no considerable change in the case of THF. According to
the study from Green et al. on the effect of solvent vapors on phase behavior,27b, 30 the
effective interaction parameter (eff) can be approximated into the following equation.
eff = (AB + AS − BS ) ≈ (AB + ∆) …. (1)
where

 : volume fraction of a BCP in the solvent (which is different from the ƒ)
It was assumed that the interaction between blocks and solvent molecules (AS and BS)
were not strongly dependent on polymer concentration. As expected, a selective
solvent changed both eff and . During the swelling by selective solvent, there are
changes in the interaction between solvent molecules and corresponding blocks, and
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the change in each block should be different due to the presence of selective solvent.
Hence,  is not zero. In addition,  decreases slightly. In both cases, eff will increase.
For prolonged solvent annealing, the swelling should be much larger and  decreases
in a way that dominates . Hence, eff decreases. On the other hand, theoretical study
suggested that AB was large enough to prevent the occurrence of disorder in swelling,
which resulted in the order-order transition between cylindrical and ellipsoidal
morphology near the phase boundary between cylinders and spheres (Figure 3.18a).
During the solvent evaporation, the drying led the solvent molecules to escape from
the film surface and drove the shrinkage on domain along the vertical axis of film.
This driving force further enhanced the fusion of ellipsoidal spheres and resulted in
perpendicularly aligned cylinders. Although the mobility of polymer chains was
expected to improve during annealing, the coordination of bimetallic complexes may
decrease the mobility and hinder the morphology evolution. The decreases in mobility
of domain have been observed with the addition of NPs.31 As a result, the horizontal
cylinders decreased in quantity after 24 hours of dioxane annealing, but did not show
full hexagonally packed cylinders as the neat BCP. Another selective solvent was also
used in which, THF was expected to have similar effect as dioxane, but the ordering
was much poorer and unclear than those in dioxane. It may be attributed to the weak
selective nature of THF to PS, as compared to dioxane.
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In the next trial, a neutral solvent, chloroform was used. Surprisingly, almost no
striped patterns were found in AFM images. In Gowd’s study,27b it was suggested that
the swelling in non-selective solvent only changed  (without the change in ƒ in
neutral solvent), as  ~ 0 can be assumed with uniform swelling. As  decreased,

effN then shifted vertically downward and induced the morphological transition
between cylindrical and disordered state (Figure 3.18b). During the solvent
evaporation, effN increased back to the original level and reformed into cylinders.
The authors suggested that there was a strong affinity between Si/SiO2 surface and
P4VP chains, whereas PS migrated to the air-polymer interface due to the lower
surface energy. As a result, it favored the formation of horizontally aligned cylinders
during the reconstruction. However, in our case, almost no cylinders parallel to the
substrate surface was observed. Taking the thin film thickness into account, reports
related to a strong dependence of surface morphology on the polymer solution
concentration have been published.32 From the study, it was found that the
concentration of PS-b-P4VP solution from 1, 2 and 4 mg/mL showed different
orientation according to the film thickness. Striped nanochannels were observed in 2
mg/ml, whereas the other two showed hexagonally-packed cylinders. In our case, we
suggest that the film thickness may dominate the role in controlling the phase
orientation instead of the selection of solvents. However, further AFM analysis with
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different polymer concentrations is required to confirm this explanation.

(a)

(b)

(c)

(d)

(e)

(f)
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(g)

(h)

(i)

(j)

Figure 3.17. AFM height and phase images of FePt-D-Cy2 thin film of (a, b) as-spun, (c, d) 24 hours
dioxane, (e, f) 48 hours dioxane, (g, h) 24 hours CHCl3 and (i, j) 24 hours THF, respectively.
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Figure 3.18. Schematic phase diagrams showing a typical diblock copolymer with the effects of (a)
selective and (b) non-selective solvents.

(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)

Figure 3.19. AFM height and phase images of FePt-D-Sp1 thin film of (a, b) as-spun, (c, d) 2 hours
dioxane, (e, f) 24 hours dioxane and (g, h) 24 hours CHCl 3, respectively.

In the case of spherical-forming BCP, the neat polymer of PS-b-P4VP-Sp1,
however, showed no observable spheres or cylinders were seen under AFM, even
after surface reconstruction. The as-spun FePt-D-Sp1 showed spherical morphology
which is consistent to that found in the bulk. It was then annealed in both dioxane and
CHCl3 (Figure 3.19). Actually, weak order was observed in the as-spun film, then, the
annealing in dioxane for 2 and 24 hours at room temperature showed a slight
improvement in the ordering. Unlike the cylindrical morphology, only the
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disorder-order transition should occur in swelling by the solvent. The solvent
molecules are absorbed into the polymer chains, and then it decreases the interaction
parameters between the blocks and posed the mobility for polymer backbones to
move themselves. Longer period of solvent annealing without dewetting allows
sufficient mobility for the polymers to reconstruct. Moreover, the mobility should not
be declined too much in this spherical-forming BCP, because the P4VP to PS volume
fraction ratio was comparatively small than that in the cylindrical one. As a result, the
coordination of the bimetallic complexes D1 should not alter the mobility too much.
In addition, some small regions of hexagonal packed spheres were observed. Similar
to the study from Ross and Vancso et al., hexagonally packed spheres were found in
template-directed spherical-forming BCP.1a On the other hand, when CHCl3 was used
as the solvent, the morphology remained the same, but the ordering was weaker and
unclear after drying. In contrast, the weak order from the phase image was still
observed. Two reasons were proposed, the first one was related to the neutral nature
of CHCl3 to both blocks. The polymers dissolved much better than in dioxane, and an
enhanced mobility was observed. However, prolonged annealing period may not be a
good environment due to the chance of dewetting. The vapour pressure of the solvent,
on the other hand, determines the amount of solvent and length of annealing. For
solvent with higher vapour pressure, it takes shorter time and less solvent to reach the
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ordered structure. Hence prolonged annealing period will possibly destroy the good
order achieved. Besides, the rapid evaporation of CHCl3 may also freeze the
morphology and trap the solvent molecules inside the polymers in spite of the
presence of thin film. As solvent molecules in surface are removed, the local
temperature at film surface becomes lower and slows down the solvent removal. With
the insufficient removal of solvent, an unclear and weaker order thin film was
observed after annealing and air-drying for a few days. However, these explanations
still require further confirmation.
To demonstrate the morphology of post-annealing, oxygen plasma was employed
in the as-spun and dioxane-annealed films. Under oxygen plasma, only organic
residue is removed and the inorganic moieties are retained due to the conversion to
involatile metal/ metal oxzide. From both the height and phase images (Figure 3.20),
it can be seen that the brighter region increased in area, revealing the presence of hard
materials which is originally embedded under the organic matrix. The morphologies
after plasma etching are consistent to those before the process, except for the
expansion in domain size.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.20. AFM height and phase images of FePt-D-Sp1 thin film of (a, b) as-spun, (c, d) 2 hours
dioxane and (e, f) 24 hours dioxane after oxygen plasma, respectively.

135

To further investigate the effect of pyrolysis on morphology, the as-spun and 24 hour
dioxane annealied thin films were pyrolyzed to 800oC at 10 oC min-1 and stayed at
that temperature for one hour. The feature sizes obtained (Figure 3.21) were 30.7 and
31.9 nm, respectively. They were slightly larger. We suggested the resolution may be
hindered by the AFM cantilever used. Similar to the film before pyrolysis, the order
after the solvent annealing was only improved a little. Although both spherical
morphologies were still observed, the spheres were not well arranged as the cases in
oxygen plasma. We suggested that the high temperature may partially disturb the
ordered morphology, as increase in temperature provided more chance for spheres
movement. To improve the current situation, we suggested the use of UV irradiation
to the film prior to pyrolysis. As suggested, the UV-irradiation can cross-link the PS
matrix,2b which stabilizes thin film structure during subsequent pyrolysis. It is a
possible method to improve the shape retention in ceramic arrays. This postulation is
still under study and not yet confirmed.
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(a)

(b)

(c)

(d)

Figure 3.21. AFM height and phase images of FePt-D-Sp1 thin film of (a, b) as-spun and (c, d) 24
hours dioxane after pyrolysis to 800oC at 10 oC min-1 and 1 hour isotherm under 5% H2 in Ar,
respectively.
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3.2.2 Nanoimprinted mold assisted thin film fabrication of FePt-Ds via solid state
self-assembly
In the introduction of this chapter, we have mentioned the up-coming trend of using
nanoimprint lithography to replace topographical template, shaping the BCP in long
range order. In this section, both flattened and line patterned imprint molds were used.
Both FePt-D-Sp1 and FePt-D-Cy2 were used to demonstrate the effect of mold on
polymer thin film.
The polymer solutions in CHCl3 were drop-casted on the Si substrate, and then the
soft, flattened PDMS mold was either contacted or pressed against the drops for 8
minutes. Then, the mold was vertically released and the film was air-dried overnight
at ambient condition. In the case of FePt-D-Cy2, the drop was just contacted by the
mold to investigate what would the surface happen if the PDMS surface just contacts
the droplet instead of squeezing. The contact induced the substrate covered with
cylinders mainly parallel to the surface after oxygen plasma (Figure 3.22a, b). Also,
some dark valleys were observed. The presence of valleys was believed to be the
condensation of water vapor and/or dewetting of films at saturated vapor environment.
Although the mold was contacted to polymer drops initially, the evaporation of
solvent reduced the film thickness resulting in some vacancy to trap the water
moisture from both atmosphere and polymer solution itself. This kind of valleys was
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also observed when the spin-coating the polymer solution was done without inert gas
protection or outside the glovebox (Figure 3.23). As the solvent molecules at the
surface were evaporated, the temperature nearby decreased and water vapour from the
atmosphere condensed. The water condensed acted like small aggregate and occupied
on the film surface, hence circular valleys were observed. Besides, the large quantity
of parallel cylinders was attributed to the direction of evaporation. Unlike the
spin-coating process, a mold was entirely contacted to the film surface, so the solvent
molecules were hardly escaped from surface, but the open-end at four side boundaries.
These boundaries were the only exits for the solvent molecules. It is similar to the
field alignment in which the solvent being removed along the axis parallel to the
substrate surface, and generated a driving force to horizontally-aligned the cylinders.
It was consistent with the result obtained by Helms and Olynick et al., in which
nanoimprint-induced polymer flow allowed parallel alignment to sidewall within an
open-ended pattern.13c Another possible reason was that the mold acting as a tiny
solvent chamber, which the neutral solvent allowed both blocks freely to move. The
P4VP preferentially attracted to the Si/SiO2 surface enhanced the parallel alignment.
Both reasons drove the alignment parallel to the surface.
By further pressing the mold and compressing the polymer drop, both
perpendicular and parallel cylinders were observed in both 0.3 and 0.6 wt% polymer
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solution. There was no observable morphology difference between the two
concentrations used. The morphologies observed were similar to the as-spun 0.6wt %
polymer film, but the images were not clear. We suggested that there is interaction
between the film and mold, especially when a polar PDMS mold was used.
Theoretically, if the pressing condition was perfect, polar surface should assist the
film to horizontally align. However, similar to the general release problems that were
faced in NIL, the contact surface area between the mold and film was large, the
interfacial adhesion was often too high in value that damaged and deformed the
desired features. This inefficient release resulted in an obstacle to reliable and
reproducible patterning. In the case of high molecular weight polymers, they are
always accompanied with high viscosity. The viscous nature made the mold release
more difficult. As a result, fluoroalkyl monolayers were commonly coated on the
mold surface for efficient release. Due to high contact surface area, the upward
movement may direct some of the domains to move along the axis normal to the film
surface. As a result, the adhesion and movement directed the cylinders to align
vertically.
In addition, a significant domain size difference was observed when imprinting 0.3
wt% solution (Figure 3.22c-f). We suggested that there was squeezing in the thin film
especially under a flattened substrate. In a flattened substrate, little space was allowed
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to accommodate the polymer film, unlike the regular line gaps under patterned mold.
When the force was applied, the domains were compressed and squeezed themselves,
so there would be a considerable size difference at the same concentration solution.
The situation became severed when the surface was not perfectly flat.

(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)

Figure 3.22. AFM height and phase images of FePt-D-Cy2 thin film imprinted with polymer solutions
of (a, b) 0.3 wt% (contact), (c, d) (e,f) 0.3 wt% (press) and (g, h) 0.6 wt% (press) after oxygen plasma,
respectively.
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(a)

(b)

Figure 3.23. AFM (a) height and (b) phase images of FePt-D-Cy2 thin film spin-coated with 0.6 wt%
polymer solutions without inert gas protection, respectively.

In the case of FePt-D-Sp1, spheres with striped pattern were observed in both
concentrations. The presence of striped pattern was not expected, due to the
spherical-forming BCP used (Figure 3.24). Comparing the result with those as-spun
films, we suggested that it was the cause of mold pressing. During the pressing
motion, the spheres were compressed and the contact between spheres was increased.
It allowed the fusion between two spheres due to the compression and, the interfacial
area between PS and P4VP blocks was increased. However, from the fundamental
view of BCPs, the increase in surface contact between two immiscible blocks resulted
in destabilization between the domains. As a result, to lower the energy state, the
nanostructure was changed to another phase, such as cylindrical morphology in this
case. In addition, a tribological problem may be present in our situation. Although the
mold was moved vertically upward, it was hard to ensure that there was no horizontal
movement of the mold during the mold pressing and mold release, especially when
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there is a high adhesion force between the mold and imprinted film. Therefore, both
pressing and release of the flattened mold were suggested to result in stripped patterns
observed.

(a)

(b)

(c)

(d)

Figure 3.24. AFM height and phase images of FePt-D-Sp1 thin film imprinted with polymer solutions
of (a, b) 0.3 wt% (press) and (c, d) 0.6 wt% (press) after oxygen plasma, respectively.

After the demonstration of flattened mold, the effect of mold with line arrays
pattern was investigated. A stamped PDMS template with periodicity of 750 nm and
feature size of 350 nm was used. This mold was then pressed and released as the
flattened mold. The pattern was consistent with the mold line arrays. The four films
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all showed line arrays in similar nanoscale in low magnification SEM images (Figure
3.25a). However, the line boundaries were rough in all cases. The poor line roughness
was clear in high magnification images and polymer residue was found outside the
patterned region (bright region was the peak/patterned region) (Figure 3.25b-e). It
was attributed to the recessed features in mold geometry. It resulted in failure to erase
the residual layer between features. Moreover, some dots were observed in those thin
layers outside the patterned regions, which further confirmed the presence of polymer
film in those regions.
As suggested, the height difference inside the pattered region after NIL was low, it
was not sufficient to provide contrast under SEM. As a result, only some region was
able to show the cylinder or sphere pattern. Fortunately, some dots were clearly
observed in imprinted FePt-D-Cy2 at 0.6 wt%. In contrast, the height of patterned to
non-patterned region was within 60-70 nm in average from the height profiles (Figure
3.26c-d), so it was able to generate sufficient contrast in SEM. In the comparison of
AFM images and height profiles between FePt-D-Cy2 at 0.3 and 0.6 wt%, the diluted
concentration resulted in generally thinner patterned arrays and more deviated peak
height. In diluted polymer solution, probably insufficient amount of polymer was
placed inside the pattern region, resulting in relatively short depth of peaks after
solvent evaporation. However, if the polymer solution is too concentrated, it will not
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be easy for the mold to eliminate the residue layer in non-patterned as in our case. In
addition, the higher the viscosity, the more complicated the mold release is.
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Figure 3.25. SEM images of imprinted thin film of FePt-D-Cy2 with polymer solutions at (a, b) 0.3
wt% and (c) 0.6 wt%, FePt-D-Sp1 with polymer solutions at (d) 0.3 wt% and (e) 0.6 wt%.
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(a)

(b)

(c)

(d)
Figure 3.26. AFM height images and height profiles of imprinted thin film of FePt-D-Cy2 with
polymer solutions at (a, c) 0.3 wt% and (b, d) 0.6 wt%.
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3.2.3 Thin film fabrication of FePt-Ds via solution state self-assembly
With regard to cylindrical-forming BCP, it would be better if the cylinders in
hexagonal packing for fabrication can be obtained, as the metal content by weight is
much greater than the spherical one. Russell et al. have reported the use of solution
self-assembly to induce hexagonally packed spherical micelles from asymmetric
PS-b-P4VP. Following their approach, FePt-D-Cy2 was employed to demonstrate the
potential to form spherical micelles in our system. The micelles were obtained from
THF/toluene mixture. In the preliminary study, a series of FePt-D-Cy2 in
THF/toluene mixture ranging from 5:5, 3:7 and 2:8 (volume ratio) was prepared. The
as-spun films of these spherical micelles were similar in size. As a result, volume ratio
of 3:7 (THF/toluene) was chosen to ensure sufficient THF for dissolving FePt-D-Cy2.
The polymer was stirred in THF and then added into toluene. Two polymer
concentrations were prepared, namely 0.3 and 0.6 wt%. Two spinning rate (2000 and
3000 rpm) were employed to find out the optimum condition. After air-drying, the
as-spun films were examined by AFM, they all showed spherical micelles on the
substrates (Figure 3.27). However, their sizes were widely distributed in each case,
and their packings were generally poor. 0.6 wt% at 2000 rpm and 0.3 wt% at 3000
rpm showed relatively better order than the remaining two.
Considering the selection of solvent, THF was a slightly selective solvent to PS
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whereas toluene was highly selective to PS. Due to the low volume fraction of P4VP
(~17.8%), there should not be a severed aggregation problem. However, when toluene
was added, the spherical micelles were formed rapidly in solution. However, as
toluene was a strong selective solvent for PS, it was hard for the BCPs to exist as
unimers in solution. As mentioned, the glass transition temperature of BCP was high
which limited the fracture and fusion of micelles. Hence, the way to achieve equal
size micelles was blocked and resulted in broad size distribution of micelles.
To improve the order, THF annealing was used employed to generate mobility in
polymer chains for reorganization. The films were annealed in THF chamber for four
hours and then moved to the ambient condition for solvent evaporation. Spherical
micelles were still observed after the annealing, but the domain sizes decreased as
well as the size distribution (Figure 3.28 and Table 3.1). The results were consistent
with the study by Russell26c and Jiang.33 THF was less selective than toluene to the PS,
so the polymer chains gained some mobility and reconstruct themselves. This was
supported by the decrease in domain sizes and narrow size distribution. From the
AFM analysis, the polymer solution with 0.3 wt% at 3000 rpm is shown to be the
most optimum condition achieved. However, there is no hexagonal packing yet,
despite a slight improvement in packing. The reason is still under investigation.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)

(h)

Figure 3.27. AFM height and phase images of FePt-D-Cy2 as-spun thin film from THF:toluene (3:7)
of (a, b) 0.3 wt% at 2000 rpm, (c, d) 0.6 wt% at 2000 rpm, (e,f) 0.3 wt% at 3000 rpm and (g, h) 0.6
wt% at 3000 rpm, respectively.

(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)

Figure 3.28. AFM height and phase images of FePt-D-Cy2 4 hours THF annealed film from
THF:toluene (3:7) of (a, b) 0.3 wt% at 2000 rpm, (c, d) 0.6 wt% at 2000 rpm, (e,f) 0.3 wt% at 3000
rpm and (g, h) 0.6 wt% at 3000 rpm, respectively.

Samples

Domain size in as-spun
film
(diameter, nm)

Domain size in 4 hours
THF annealed film
(diameter, nm)

0.3 wt% at 2000 rpm

16.2

11.1

0.6 wt% at 2000 rpm

18.9

15.6

0.3 wt% at 3000 rpm

24.5

13.5

0.6 wt% at 3000 rpm

14.9

11.6

Table 3.1 Domain sizes of FePt-D-Cy2 from THF:toluene (3:7) after as-spun and solvent annealing .
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3.3 Concluding Remarks
In short, the solid state self-assembly demonstrated the thin film fabrication with
either spherical-forming FePt-D-Sp1/2 or cylindrical-forming FePt-D-Cy1/2. Solvent
annealing of FePt-D-Cy2 in dioxane or CHCl3 revealed the vertically aligned
cylinders with little or no striped patterns. However, hexagonal packing was only
observed in short range order. The order evolution might be hindered by the poorer
mobility after complexation. On the other hand, solvent annealing of FePt-D-Sp1 in
dioxane improved the lateral order slightly from the as-spun film, but the packing was
quite well in as-spun film with some short-range hexagonal packing. Further pyrolysis
of FePt-D-Sp1 showed some damages in the packing which was attributed to the high
temperature used. Shape retention is required in our case and it is suggested that the
UV irradiation might be a remedy to the current situation. This strategy requires
further study.
NIL-assisted BCP self-assembly approach was employed to shape the polymer, but
the result was not satisfied as both perpendicular and parallel cylinders were observed
after mold release in FePt-D-Cy2 with flattened mold. It was attributed to the directed
alignment from the open-end of side walls, and deformation of inefficient mold
release. Without an appropriate releasing agent coated on the mold surface, the
viscous nature of our polymers results in high adhesion force with large surface
154

contact area. This force may align the domains during vertical movement, which is
totally a different situation when comparing with the patterning of polyferroplatinyne
polymer with NIL methods published by our group previously. Confining
FePt-D-Cy2 with line-patterned PDMS mold resulted in patterned region with some
dot features on the surface, and thin polymer residue in non-patterned region. The
unclear surface pattern was due to the insufficient contrast under SEM and high
adhesion force of mold partial deforming or damaging the original pattern.
The solution self-assembly approach of FePt-D-Cy2 showed the spherical micelles
with narrow size distribution and improved order after THF annealing, but the
hexagonal packing was not observed. The polymer solution with 0.3 wt% at 3000 rpm
was regarded as the most optimum condition achieved at the moment in our system.
This approach showed the possibility to separate the individual micelles for the
synthesis of FePt NPs toward data storage application, in a way similar to the ideal
vertically aligned cylinders. Unlike the traditional approach, using the weak
interaction to incorporate surfactant-coated NPs or ionic bonding to metal salts, this
study provides an alternative one-pot synthesis approach combining BCP
self-assembly with single bimetallic source for FePt NPs formation.
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Chapter 4 Concluding Remarks and Future Work
To start with, a series of bimetallic polymers ranging from random copolymers to
BCPs using either covalent or coordination linkage, connecting FePt-containing
complexes to polymer backbones, was synthesized and characterized (Figure 4.1). In
the first three copolymers, FePt-A was found to be poor soluble and weakly phase
separated in the bulk state, whereas the complexation was incomplete in FePt-B2,
probably due to the bulky complexes used. In FePt-C, the monometallic BCPs were
successfully synthesized, but the product from complexation became insoluble
because of the relatively higher volume fraction in our case. Moving to the use of
coordination linkage, FePt-Ds were successfully synthesized and characterized by the
FTIR and 1H NMR. Owing to the relatively weak binding strength between pyridine
and platinum center, it was easy for the neat BCP to reach the saturation of bimetallic
complex loading at around 30-50 %. To ensure the efficient metal binding with
well-characterized morphology, the four polymers (FePt-D-Cy1/2 and FePt-D-Sp1/2)
were targeted at 20% of pyridine being occupied. From the bulk analysis,
FePt-D-Cy1/2 and FePt-D-Sp1/2 showed spherical and hexagonally packed
cylindrical morphologies in equilibrium, similar to their corresponding neat BCPs.
To demonstrate the synthesis of FePt NP from FePt-Ds, TGA, XRD and TEM were
performed. TGA showed thermal stability of polymers up to 300 oC while TEM and
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XRD patterns confirmed the presence of fct FePt structure with average particle size
of 6-13 nm. By tuning the metal content weight percentage, the NP size can be
systematically controlled. However, the standard deviation of the NP size is large.
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Figure 4.1. Structures of FePt-containing random copolymers (FePt-A) and BCPs (FePt-B2, C and
D).

To demonstrate the solid state self-assembly in thin film and achieve control in both
order and orientation, the polymers were spin-coated on Si substrates and
characterized by AFM. The patterns in thin films were similar to the corresponding
bulk state morphologies. The size of inorganic domains can be controlled by the
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molecular weight of BCPs applied, whereas the morphology of metallized BCPs can
be controlled by the corresponding neat BCPs. However, the order and orientation
were not in control, so solvent annealing was employed showing improved order and
desired orientation (with little or no stripped patterns in FePt-D-Cy2). Due to the
relatively good ordering process in polymer film of FePt-D-Sp1, the samples were
pyrolyzed and the spherical morphology was retained with relatively poor shape
retention.
NIL was then employed to study its effect of directed self-assembly in our system.
Although the line patterned was observed by the use of patterned mold under SEM,
the morphologies from both flattened and line-patterned mold were found to be
disturbed by the mold pressing and mold release due to the interaction of soft PDMS
mold surface. In addition, the cylinders were highly aligned by the solvent
evaporation in the case of cylindrical-forming FePt-D-Cy2 under flattened mold.
Without an appropriate surface releasing agent and a solution to the tribological
problem, it would be difficult to prevent defamation or damage in the original pattern.
At the end, the solution state self-assembly towards the formation of spherical
micelles was investigated. The as-spun films from the solvent mixture were studied
by AFM. Although it was possible to alter the order and distribution of spherical
micelles by varying the spinning rate and polymer solution concentration, relatively
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poor order and broad size distribution were generally obtained. Solvent annealing
with a slightly selective solvent was employed. The domain size and size distribution
were both declined, but the improved order was still not in hexagonal packing. This
approach showed the possibility of PS domain to separate individual spherical
micelles with relatively higher metal content by weight percentage.
From the results, both the solid and solution state self-assembly were proved to be
effective in forming desired morphology despite the fact the orders were not
completely improved. As a result, these studies were believed to potentially provide
an alternative one-pot synthesis approach combining BCP self-assembly with single
bimetallic source for FePt NP formation, in the absence of surfactants of weak
binding strength or complicated addition sequence of monometallic salts.
In the future, for the magnetic properties, the bulk state pyrolyzed samples and
pyrolyzed thin films require measurement by VSM and MFM to gain the insight for
their potential application in magnetic data storage media. Regarding the thin film
morphology from solid-state self-assembly, further control in both order and
orientation of the cylindrical-forming BCPs (FePt-D-Cy1/2) is needed to obtain a
better morphology. The effect of variation in film thickness and selection of solvent in
annealing on the film morphology required deeper investigation. For the
spherical-forming BCPs (FePt-D-Sp1/2), UV irradiation is required to study for the
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shape retention in pyrolysis. With regard to the solution-state self-assembly, it
requires further TEM and DLS study on the special micelle formation. In addition,
spinning condition and length of annealing are required to find out the most optimum
condition to achieve hexagonally-packed micelles. In the case of NIL-assisted
self-assembly, problems of releasing agent and tribological phenomenon during mold
release are needed to be solved before further investigation of its potential, otherwise,
the results will not be reproducible and consistent.
On the other hand, other bimetallic combinations (e.g. FePd and CoPt) in BCPs are
going to be developed for serial study of their potential applications in magnetic data
storage and catalysis.
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Chapter 5 Experimental Details
5.1 General
Unless otherwise stated, all reactions were either carried out under nitrogen with
standard Schleck techniques or inside the glovebox unless otherwise stated. All
air/moisture-sensitive solids (i.e. PS-Cp macroinitiators) and solutions were stored
inside the glovebox. Solvents for air/moisture-sensitive reaction were dried by
standard procedure and distilled prior to use. Cyclohexane was washed with 95 mol %
H2SO4 for several times until the acid remained uncolored, followed by washing with
10 M NaOH solution. After that, it was rinsed with distilled water for a few trials to
neutralize the pH value. It was then dried over MgSO4 and stirred over CaH2
overnight. It was then refluxed and distilled. Before use, it was stirred over n-BuLi
(2-3 mL) for one day and finally distilled under reduced pressure. THF for anionic
polymerization was distilled under reduced pressure from Na/benzophenone. Anisole,
toluene, dioxane and diethyl ether for ATRP and other chemical reactions were dried
with CaH2 and distilled from sodium with Na/benzophenone. Acetonitrile was dried
and distilled over CaH2. Dichlorodimethylsilane and chlorotrimethylsilane were
purchased from Sigma and distilled over CaH2 twice. Styrene was either passed
through a basic alumina column to remove inhibitor for ATRP use or stirred with
CaH2 overnight and distilled twice under reduced pressure before use. Reagent
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distillation and monomer preparation for anionic polymerization were carried out on a
glass vacuum line under nitrogen. Polymerizations of FePt-C were conducted inside
glovebox in an inert atmosphere or with mercury lamp at 5 oC inside a dark cupboard.
The mercury lamp used for polymerization experiments was purchased from
Photochemical Reactors Ltd and the polymerizations were conducted within an
ethylene glycol/water bath maintained at 5 °C through a thermocouple that reads the
bath temperature into a feedback loop connected to a Julabo FP 50 refrigerator/heater
circulator, which circulated ethanol through a stainless steel coil placed within the
bath. Reactions were monitor by thin layer chromatography (TLC) with Merck
pre-coated aluminum plates, whereas column chromatography with silica gel was
purchased from Merck and used for product separation and purification.
1

H, 13C and 29Si NMR spectra were obtained from Bruker Ultra-shield 400 MHz ,

Varian 400 MHz and Varian 500 MHz spectrometers. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectra were collected on a
4700 Proteomics Analyser (Applied Biosystems) equipped with a Nd:YAg laser,
operating at 335 nm. Positive ion mass spectra were obtained in reflector mode over a
range of m/z values. Samples were prepared in THF using dithranol as a matrix and
silver trifluoroacetate in a volume ratio of 10: 1: 1 matrix: polymer: salt (10 mg mL−1
of matrix, 1 mg mL−1 of salt and 10 mg mL−1 solution of polymer in THF). GPC was
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performed with a Viscotek VE 2001 Triple-Detector and using styrene/divinylbenzene
columns with pore sizes of 500 Å and 100 000 Å . THF was used as eluent with 1.0
mL/min flow rate. IR analysis was performed with Perkin-Elmer Spectrum Two IR
spectrometer equipped with attenuated total reflectance (ATR) FT-IR accessory.
TGA was performed with TA Instruments Q500 using platinum sample pan.
Spin-coating of thin film was performed by a Laurell WS-400B-6NPP-LITE spin
coater under an argon purge. Silicon wafers were purchased from Wafer world, Inc.
Plasma etching was performed by Harrick Plasma Cleaner. AFM was carried out in
the tapping mode with 10 nm wide cantilevers (Nunano, Scout 350) using a
Nanoscope 3D microscope. TEM was performed on a Philips Tecnai G2 20 S-TWIN,
operating with a tungsten filament at 200 kV. SEM was carried out with LEO 1530
field emission scanning electron microscope, which operates with 5kV accelerating
voltage with In Lens mode. Powder XRD was performed with Bruker D8 machine,
with Cu Kα1 (λ = 540 nm, 40 kV, dan 30 mA).
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5.2 Materials
Chemicals, like tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), palladium(II)
acetate

(Pd(OAc)2),

palladium(0)

bis(dibenzylideneacetone),

Pd(dba)2,

1,1’-bis(diphenylphosphino)ferrocene, n-BuLi (1.6 M solution in cylcohexane),
sec-BuLi (1.4 M solution in cyclohexane), sodium hexamethyldisilazide (NaHMDS, 1
M, THF) and the other chemicals mentioned in the experimental part were mainly
purchased from Sigma-aldrich, Tokyo Chemical Industry Co and Alfa Aesar.
Magnesocene (MgCp2) was purchased from Alfa Aesar and sublimed at reduced
pressure a few times until it was pure by 1H NMR. Anhydrous methanol was
purchased from Alfa Aesar. PS-b-P4VP with specific molecular weight was purchased
from Polymer Source, Inc. Most chemicals for monomer synthesis were purchased
commercially and used without purification.
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5.3 Experimental details for Chapter 2
5.3.1 Synthesis of random copolymer (FePt-A)
4’-(2-Ferrocenyl)2,2’:6’2’’-terpyridine (A1)
2-Acetylpyridine (2.425 g, 2 molar equivalents) in 100 mL ethanol was mixed with
ferrocene-2-carboxaldehyde (2.10 g, 1 molar equivalent), potassium hydroxide (1.52
g, 3 molar equivalents) and ammonia solution (65 mL). The resulting mixture was
heated at 35 oC overnight. The resulting brown precipitate was filtered and washed
with water and cold ethanol. The red precipitate was dried under vacuum to afford the
product in 52 % yield. 1H NMR (400 MHz, CDCl3): δ 8.74 (d, J = 4.7 Hz, 2H, Ar H),
8.65 (d, J = 7.9 Hz, 2H, Ar H), 8.52 (s, 2H, Ar H), 7.87 (td, J = 7.8, 1.8 Hz, 2H, Ar H),
7.35 (m, 2H, Ar H), 5.01 (t, 2H, Ar ferrocenyl H), 4.46 (t, 2H, Ar ferrocenyl H), 4.09
ppm (s, 5H, Ar ferrocenyl H).

13

C NMR (100 MHz, CDCl3): δ = 156.47, 155.32,

150.76, 149.08, 136.82, 123.69, 121.35, 117.66, 81.58, 70.21, 70.01, 67.42 ppm.
MALDI-TOF-MS: m/z calcd for C25H19FeN3: 417.09, found: 417.09 [M]+.

4’-(2-Ferrocenyl)2,2’:6’2’’-terpyridine platinum(II) chloride (A2)
A1 (98.8 mg, 1 molar equivalent) and K2PtCl4 (100 mg, 1 molar equivalent) were
mixed in 10 mL CHCl3 and refluxed at 60 oC overnight. After cooling to room
temperature, the dark blue product was filtered and washed with diethyl ether to give
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80% yield of the purple blue solid. 1H NMR (400 MHz, DMSO-d6): δ 8.98 (d, 2H, Ar
H), 8.84 (d, 2H, Ar H), 8.67 (s, 2H, Ar H), 8.58 (t, 2H, Ar H), 7.98 (t, 2H, Ar H), 5.47
(s, 2H, Ar ferrocenyl H), 4.86 (s, 2H, Ar ferrocenyl H), 4.24 ppm (s, 5H, Ar
ferrocenyl H). MALDI-TOF-MS: m/z calcd for [C25H19ClFeN3Pt]+: 647.03, found:
647.24 [M]+.

4-Vinylphenol (A3)
To 50 mL dry THF, methyltriphenylphosphonium iodide (9.92 g, 1.5 molar
equivalents) was added and cooled in an ice bath. Potassium tert-butoxide (t-BuOK)
(3.82 g, 2.5 molar equivalents) was added and stirred for 15 minutes, followed by the
addition of 4-benzaldehyde (2 g, 1 molar equivalent). The reaction mixture was stirred
at room temperature for 4 hours and the product was extracted with CH2Cl2 and water,
followed by purification through a flash column with hexane and ethyl acetate (5:1) to
yield a pale brown powder in 79% yield.
1

H NMR (400 MHz, CDCl3): δ 7.30 (m, 2H, Ar H), 6.79 (m, 2H, Ar H), 6.65 (dd, J =

17.6, 10.9 Hz, 1H, CH2=CH), 5.60 (dd, J = 17.6, 0.8 Hz, 1H, trans CH2=CH), 5.12
(dd, J = 10.9, 0.8 Hz, 1H, cis CH2=CH), 4.86 ppm (s, 1H, -OH).

1-((6-Bromohexyl)oxy)-4-vinylbenzene (A4)
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To 100 mL acetone, A3 (0.5 g, 1 molar equivalent) was mixed with K2CO3 (2.30 g, 4
molar equivalents) for 10 minutes, 1,6-dibromohexane (4.06 g, 4 molar equivalents)
was added and refluxed for 16 hours. The product was purified with a flash column
eluting with hexane and ethyl acetate (20:1) to yield a white solid in 64% yield. 1H
NMR (400 MHz, CDCl3): δ 7.33 (m, 2H, Ar H), 6.84 (m, 2H, Ar H), 6.65 (dd, J =
17.6, 10.9 Hz, 1H, CH2=CH), 5.60 (dd, J = 17.6, 0.9 Hz, 1H, trans CH2=CH), 5.11
(dd, J = 10.9, 0.9 Hz, 1H, cis CH2=CH), 3.96 (t, J = 6.4 Hz, 2H, CH2O) , 3.40 (t, J =
6.8 Hz, 2H, CH2Br) , 1.80 (dm, 4H, alkyl H), 1.50 ppm (m, 4H, alkyl H).

13

C NMR

(100 MHz, CDCl3): δ = 156.47, 155.32, 150.76, 149.08, 136.82, 123.69, 121.35,
117.66, 81.58, 70.21, 70.01, 67.42 ppm.

1-((6-(Prop-2-yn-1-yloxy)hexyl)oxy)-4-vinylbenzene (A5)
To 50 mL dry THF, propargyl alcohol (0.296 g, 3 molar equivalents), 15-crown-5 (39
mg, 0.1 molar equivalent) and sodium hydride (0.282 g, 4 molar equivalents) were
mixed in an ice bath for 15 minutes. A4 (0.5 g, 1 molar equivalent) was added and
refluxed at 80 oC for 16 hours. The product was diluted with ammonium chloride and
then extracted with CH2Cl2. The product was then purified with a flash column with
pure hexane, followed by hexane and ethyl acetate (1:1) to yield a white solid in 65%
yield. 1H NMR (400 MHz, CDCl3): δ 7.33 (m, 2H, Ar H), 6.84 (m, 2H, Ar H), 6.63
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(dd, J = 17.6, 10.9 Hz, 1H, CH2=CH), 5.60 (dd, J = 17.6, 0.9 Hz, 1H, trans CH2=CH),
5.10 (dd, J = 10.9, 0.9 Hz, 1H, cis CH2=CH), 4.14 (d, J = 2.4 Hz, 2H, CH2O), 3.95 (t,
J = 6.5 Hz, 2H, CH2O), 3.52 (t, J = 6.5 Hz, 2H, CH2O), 2.41 (t, J = 2.4 Hz, 1H,
-CCH), 1.70 (dm, 4H, alkyl H), 1.48 ppm (m, 4 H, alkyl H).

13

C NMR (100 MHz,

CDCl3): δ = 158.91, 136.28, 130.27, 127.35, 114.49, 111.41, 80.02, 76.70, 74.08, 7.10,
67.89, 58.04, 29.45, 29.20, 25.90, 25.87 ppm.

Trimethyl(3-((6-(4-vinylphenoxy)hexyl)oxy)prop-1-yn-1-yl)silane (A-6(TMS))
To 2 mL dry CH2Cl2, silver chloride (32 mg, 0.1 molar equivalent) and
1,8-diazabicycloundec-7-ene (380 mg, 1.2 molar equivalents) were added. Then, A5
(0.524 g, 1 molar equivalent) was added and heated to 80 oC. Trimethylsilyl chloride
(367 mg, 1.7 molar equivalents) was added and the mixture was continued to carry
out reflux at the same temperature overnight. The reaction mixture was then cooled
down and diluted with hexane, then washed with aqueous NaHCO3, followed by
aqueous 1% HCl and water. The product was then purified with a flash column with
pure hexane, and then a mixture of hexane and CH2Cl2 (2:1) to yield a colorless oil in
65% yield. 1H NMR (400 MHz, CDCl3): δ 7.33 (m, 2H, Ar H), 6.84 (m, 2H, Ar H),
6.63 (dd, J = 17.6, 10.9 Hz, 1H, CH2=CH), 5.60 (dd, J = 17.6, 0.9 Hz, 1H, trans
CH2=CH), 5.10 (dd, J = 10.9, 0.9 Hz, 1H, cis CH2=CH), 4.13 (s, 2H, CH2O), 3.96 (t,
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J = 6.5 Hz, 2H, CH2O), 3.50 (t, J = 6.5 Hz, 2H, CH2O), 1.70 (dm, 4H, alkyl H) , 1.47
(m, 4H, alkyl H), 0.17 ppm (s, 9H, -Si(CH3)3)). 13C NMR (100 MHz, CDCl3): δ =
158.92, 136.29, 130.28, 127.35, 114.50, 111.41, 101.86, 90.99, 76.70, 70.05, 67.691,
58.83, 29.45, 29.22, 25.92, 25.88, 0.24 ppm.

PS-r-PA6(TMS)
Styrene (3.167 g, 50 molar equivalents), A6(TMS) (201 mg, 1 molar equivalent), and
AIBN (127 mg, 1.3 molar equivalents) were added in anhydrous THF in a Schlenk
tube. Then, the reaction mixture was then degassed with freeze-pump-thaw method
for three times, and refluxed for 19 hours. The white product was obtained in
quantitative yield. Mn (GPC) = 10161 g/mol, Mw = 12303 g/mol, PDI = 1.21; 1H
NMR (400 MHz, CDCl3): δ 7.34-6.24 (br, 269H, Ar styrenic H), 4.16 (br, 2H, alkyl
H), 3.95 (br, 1.9H, alkyl H) , 3.53 (br, 2H, alkyl H) , 2.25-0.80 (br, 222H, aliphatic
backbone H) , 0.17 ppm (br, 8.9H, -Si(CH3)3)). Styrene: A6(TMS) ratio = 2:106.

PS-r-PA6(H)
PS-r-PA6(TMS) (150 mg, 1 molar equivalent) and 1 M tetrabutylammonium fluoride
(0.064 mL, 3 molar equivalents) were added in anhydrous THF in an ice bath. Then, it
was allowed to stir for 3 hours under dark condition. The white product was
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precipitated from methanol and obtained in quantitative yield. Mn (GPC) = 10058
g/mol, Mw = 12370 g/mol, PDI = 1.23; 1H NMR (400 MHz, CDCl3): δ 7.23-6.67 (br,
333.7H, Ar styrenic H), 4.15 (br, 2H, alkyl H), 3.88 (br, 2H, alkyl H), 3.53 (br, 2H,
alkyl H) , 2.39 (br, 1.2H, -CCH), 2.19-0.80 ppm (br, 279.5H, aliphatic backbone H).
Styrene: A6(H) ratio = 2:106.

FePt-A
Copper(I) iodide (2 mg, catalytic amount) and A2 (13 mg, 1 molar equivalent) were
added in

trimethylamine (3 mL) and DMF (18 mL). The reaction mixture was

purged with nitrogen for 15 minutes. Then, PS-r-PA6(H) (50 mg, 1 molar equivalent)
was added and the mixture was allowed to stir overnight without light. The dark
product was precipitated from methanol and obtained in quantitative yield. Mn (GPC)
= 11595 g/mol, Mw = 14098 g/mol, PDI = 1.22; Styrene: A2 ratio = 2:106.
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5.3.2 Synthesis of block copolymers (FePt-B, C and D)
(E)-1-[2-(4-Bromophenyl)vinyl]ferrocene (B1)
To 60 mL dry THF, 4-bromophenyltriphenyl phosphonium bromide (4.8 g, 1 molar
equivalent) was added and cooled in an ice bath. Potassium tert-butoxide (t-BuOK)
(1.56 g, 1.5 molar equivalents) was added and stirred for 15 minutes, followed by the
addition of ferrocene-2-carboxaldehyde (2 g, 1 molar equivalent). The reaction
mixture was stirred at room temperature overnight and the product was extracted with
CH2Cl2 and water, followed by purification through a flash column with hexane and
CH2Cl2 (4:1) to yield a red oily solid, followed by refluxing at 80 oC in 100 mL
mixture of hexane and CH2Cl2 (4:1) overnight with a catalytic amount of iodine. The
red powder was first extracted with CH2Cl2 and aqueous sodium thiosulfate, isolated
and purified with flash column eluting with CH2Cl2 to give the product in 60% yield.
1

H NMR (400 MHz, CDCl3): δ 7.42 (m, 2H, Ar H), 7.29 (m, 2H, Ar H), 6.86 (d, J =

16.1 Hz, 1H, CH=CH), 6.62 (d, J = 16.1 Hz, 1H, CH=CH), 4.45 (t, J = 1.8 Hz, 2H,
Ar ferrocenyl H), 4.29 (t, J = 1.8 Hz, 2H, Ar ferrocenyl H), 4.13 ppm (s, 5H, Ar
ferrocenyl H).

13

C NMR (100 MHz, CDCl3): δ = 136.84, 131.69, 127.89, 127.22,

124.68, 120.24, 82.85, 76.69, 69.22, 69.21, 66.93 ppm.

(E)-4-(2-(Ferrocenyl)vinyl)-N-hexylaniline (B2)
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To 40 mL dry toluene, B1 (1 g, 1 molar equivalent), sodium tert-butoxide (t-BuONa)
(0.537 g, 2 molar equivalents), DPPF (62 mg, 0.04 molar equivalent), Pd(dba)2 (103
mg, 0.04 molar equivalent) and n-hexylamine (566 mg, 2 molar equivalents) were
added, and refluxed at 110 oC for 1 day. The product was extracted with ethyl acetate
and water, and purified by a flash column eluting with hexane and CH2Cl2 (3:1) to
afford an orange solid in 67% yield. 1H NMR (400 MHz, CDCl3): δ 7.26 (d, J = 8.6
Hz, 2H, Ar H), 6.62 (s, 1H, Ar H), 6.57 (d, J = 8.6 Hz, 2H, Ar H), 4.41 (t, J = 1.8 Hz,
2H, Ar ferrocenyl H), 4.22 (t, J = 1.8 Hz, 2H, Ar ferrocenyl H), 4.11 (s, 5H, Ar
ferrocenyl H), 3.68 (br, 1H, alkyl H) , 3.12 (m, 2H, alkyl H), 1.61 (m, 2H, alkyl H) ,
1.36 (m, 6H, alkyl H), 0.90 ppm (t, 3H, alkyl H).

13

C NMR (100 MHz, CDCl3): δ =

147.66, 127.26, 126.97, 126.45, 122.09, 112.80, 84.63, 69.11, 68.50, 66.38, 44.03,
31.66, 29.54, 26.85, 22.64, 14.05 ppm.

6-Bromo-(N-hexyl-N-(E)-4-(2-(ferrocenyl)vinyl))pyridin-2-amine (B3)
To 40 mL dry toluene, 2,6-dibromopyridine (0.917 g, 1.5 molar equivalents), sodium
tert-butoxide (t-BuONa) (0.3 g, 1.2 molar equivalents), DPPF (58 mg, 0.4 molar
equivalent), Pd(dba)2 (98 mg, 0.4 molar equivalent) and B2 (1 mg, 1 molar equivalent)
were added, and refluxed at 110 oC for 1 day. The product was extracted with ethyl
acetate and water, and purified by a flash column eluting with hexane and CH2Cl2 (2:1)
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to give a red orange solid in 48% yield. 1H NMR (400 MHz, CDCl3): δ 7.47 (d, J =
8.4 Hz, 2H, Ar H), 7.16 (d, J = 8.4 Hz, 2H, Ar H), 7.05 (dd, J = 8.3, 7.4 Hz, 1H, Ar H),
6.86 (m, 1H, Ar H), 6.70 (dd, J = 4.7, 4.1 Hz, 2H, Ar H), 6.25 (d, J = 8.3 Hz, 1H, Ar
H), 4.41 (t, J = 1.8 Hz, 2H, Ar ferrocenyl H), 4.22 (t, J = 1.8 Hz, 2H, Ar ferrocenyl H),
4.11 (s, 5H, Ar ferrocenyl H), 3.91 (m, 2H, alkyl H), 1.61 (m, 2H, alkyl H) , 1.30 (m,
6H, alkyl H), 0.88 ppm (t, 3H, alkyl H).13C NMR (100 MHz, CDCl3): δ = 158.55,
142.94, 139.96, 138.49, 136.13, 127.89, 127.40, 127.14, 125.06, 115.47, 106.94,
83.16, 69.25, 69.16, 66.92, 50.13, 31.56, 27.70, 26.54, 22.63, 14.08 ppm.

6’-Bromo-(N-hexyl-N-(E)-4-(2-(ferrocenyl)vinyl))2,2’-bipyridin-2-amine (B4)
To a 100 mL round-bottom flask, B3 (0.664 g, 1 molar equivalent) was added in 50
mL toluene and mixed with 2-(tributylstannyl)pyridine (0.675 g, 1.5 molar
equivalents). Pd(PPh3)4 (catalytic amount) was added. The mixture was then refluxed
at 110 oC for 2 days. The product was passed through a wet column with silica gel
eluting with hexane and ethyl acetate (8:1). A red oil was obtained in 87% yield. 1H
NMR (400 MHz, CDCl3): δ 8.66 (d, J = 4.1 Hz, 1H, Ar H), 8.41 (d, J = 7.9 Hz, 1H,
Ar H), 7.80 (td, J = 7.7, 1.8 Hz, 1H, Ar H), 7.74 (d, J = 7.4 Hz, 1H, Ar H), 7.47 (d, J =
8.4 Hz, 2H, Ar H), 7.43 (m, 1H, Ar H), 7.27 (m, 3H, Ar H), 6.87 (d, J = 16.1 Hz, 1H,
CH=CH), 6.70(d, J = 16.1 Hz, 1H, CH=CH), 6.51 (d, J = 8.4 Hz, 1H, Ar H), 4.41 (t, J
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= 1.8 Hz, 2H, Ar ferrocenyl H), 4.22 (t, J = 5.4 Hz, 2H, Ar ferrocenyl H), 4.11 (s, 5H,
Ar ferrocenyl H), 3.91 (m, 2H, alkyl H), 1.61 (m, 2H, alkyl H), 1.30 (m, 6H, alkyl H),
0.88 ppm (t, 3H, alkyl H).

13

C NMR (100 MHz, CDCl3): δ = 157.7, 157.03, 153.72,

148.92, 144.28, 137.51, 136.67, 135.27, 127.44, 126.99, 126.80, 125.32, 123.20,
120.85, 110.09, 109.69, 83.38, 69.24, 69.08, 66.87, 31.76, 27.84, 26.87, 22.70, 14.09,
13.62 ppm.

B5
To a 50 mL round-bottom flask, B4 (93.9 mg, 1 molar equivalent) was added in 10
mL dry acetonitrile and mixed with K2PtCl4 (72 mg, 1 molar equivalent). The mixture
was then refluxed at 90 oC for 3 days. The product was passed through a wet column
with silica gel eluting with pure CH2Cl2. A red solid was obtained in 68% yield. 1H
NMR (400 MHz, CDCl3): δ 9.53 (d, J = 5.3 Hz, 1H, Ar H), 8.41 (d, J = 2.0 Hz, 1H,
Ar H), 7.86 (tt, J = 8.0, 4.2 Hz, 2H, Ar H), 7.74 (td, 1H, Ar H), 7.45 (td, 1H, Ar H),
7.35 (d, J = 7.3 Hz, 1H, Ar H), 7.22 (dd, J = 8.4, 2.0 Hz, 1H, Ar H), 6.10 (d, 1H, Ar
H), 7.01 (d, J = 8.5 Hz, 1H, Ar H), 6.87 (d, J = 16.1 Hz, 1H, CH=CH) 6.78 (d, J =
16.1 Hz, 1H, CH=CH), 4.40 (t, 2H, Ar ferrocenyl H), 4.17 (t, 2H, Ar ferrocenyl H),
4.05 (s, 5H, Ar ferrocenyl H), 3.96 (t, 2H, alkyl H), 1.61 (m, 2H, alkyl H), 1.30 (m,
6H, alkyl H), 0.88 ppm (t, 3H, alkyl H).13C NMR (100 MHz, CDCl3): δ = 154.79,
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153.43, 150.04, 146.82, 137.69, 136.78, 136.14, 134.71, 130.39, 126.19, 1124.35,
123.23, 120.91, 120.37, 118.99, 116.49, 115.68, 113.71, 83.44, 68.17, 67.63, 65.61,
30.24, 28.67, 27.31, 25.46, 21.43, 13.11, 12.95 ppm.

4-(Trimethylsilylethynyl)styrene (B6(TMS))
To a 100 mL round-bottom flask, 25 mL THF and 25 mL trimethylamine were added.
4-Bromostyrene (1.5 g, 1 molar equivalent), Pd(OAc)2 (30 mg, 0.02 molar equivalent),
copper(I) iodide (30 mg, 0.02 molar equivalent) and triphenylphosphine (150 mg,
0.06 molar equivalent) were added subsequently. Trimethylsilylacetylene (3 molar
equivalent) was added and the mixture was refluxed for 1 day at 70 oC. The product
was filtered to remove the black precipitate and passed through a flash column with
hexane and ethyl acetate (5:1) to yield a pale brown powder in 55% yield. 1H NMR
(400 MHz, CDCl3): δ 7.42 (m, 2H, Ar H), 7.34 (m, 2H, Ar H), 6.68 (dd, J = 17.6, 10.9
Hz, 1H, CH2=CH), 5.76 (dd, J = 17.6, 0.9 Hz, 1H, trans CH2=CH), 5.28 (dd, J = 10.9,
0.9 Hz, 1H, cis CH2=CH), 0.25 ppm (s, 9 H, -Si(CH3)3)).

PS-macroinitiator
To a Schlenk tube, CuBr (103 mg, 3 molar equivalents), styrene (5 g, 200 molar
equivalents), 3.7 mL dry anisole and PMDETA (125 mg, 3.05 molar equivalents) were
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added. Then, it was allowed to stir for 10 minutes. Ethyl α-bromoisobutyrate (47 mg,
1 molar equivalent) was added. The reaction mixture was sealed and oxygen was
removed with three freeze-pump-thaw cycles followed by backfilling with nitrogen.
The reaction mixture was refluxed at 110 oC to 50% conversion. The reaction mixture
was cooled down, diluted with THF and passed through neutral alumina to remove the
copper catalyst. The product was precipitated in methanol and dried in vacuum as a
white powder. Mn (GPC) = 8691 g/mol, Mw = 8716 g/mol, PDI = 1.06; 1H NMR (400
MHz, CDCl3): δ 7.42–6.34 (br, Ar styrenic H), 2.31–0.81 ppm (br, aliphatic backbone
H). MALDI-TOF-MS: found: 8691.11 [M]+.

PS-b-PB6(TMS)
To a Schlenk tube, CuBr (27.3 mg, 2 molar equivalents), B6(TMS) (1.905 g, 100
equivalents), 9 mL dry anisole and bipyridine (59.4 mg, 4 molar equivalents) were
added. Then, it was allowed to stir for 10 minutes. PS-macroinitiator (1 g, 1 molar
equivalent) was added. The reaction mixture was sealed and oxygen was removed
with three freeze-pump-thaw cycles followed by backfilling with nitrogen. The
reaction mixture was refluxed at 90 oC. The reaction mixture was cooled down,
diluted with THF and passed through neutral alumina to remove the copper catalyst.
The product was precipitated in methanol and dried in vacuum as a white powder. Mn
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= 10210 g/mol, Mw = 11415 g/mol, PDI = 1.09; 1H NMR (400 MHz, CDCl3): δ 7.22–
6.21 (br, 430H, Ar styrenic H), 3.70 (br s, 1 H, -CHBr), 2.00–0.81 (br, aliphatic
backbone H), 0.25 ppm (br, 9H, -Si(CH3)3)). Styrene: B6(TMS) ratio = 81:7.

PS-b-PB6(H)
PS-b-PB6(TMS) (400 mg, 1 molar equivalent) and 1 M tetrabutylammonium fluoride
(2 molar equivalents) were added in anhydrous THF in an ice bath. Then, it was
allowed to stir for 3 hours under dark condition. The white product was precipitated
from methanol and obtained in quantitative yield. Mn = 9741 g/mol, Mw = 10520
g/mol, PDI = 1.08; 1H NMR (400 MHz, CDCl3): δ 7.23-6.67 (br, 440H, Ar styrenic
H), 3.70 (br, 1 H, -CHBr), 3.02 (br, 1 H, -CCH), 2.19-0.80 ppm (br, aliphatic
backbone H). Styrene: PB6(H) ratio = 81:7.

FePt-B1
Copper(I) iodide (2 mg, catalytic amount) and B5 (1 molar equivalent) were added
into triethylamine and CH2Cl2. The reaction mixture was purged with nitrogen for 15
minutes. Then, PS-b-PB6(H) (1 molar equivalent) was added and the mixture was
allowed to stir overnight without light. The dark product was precipitated from
methanol and obtained in quantitative yield.
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PS-b-PB6(TMS)-2
PS-b-PB6(TMS) (1 molar equivalent) was dissolved in anhydrous toluene and then
tributyltin hydride (10 molar equivalents) was added. The reaction mixture was
refluxed at 85 oC. The reaction mixture was then cooled down, precipitated with
THF/methanol for three times and the solid was dried under vacuum to give a white
powder. Mn = 11007 g/mol, Mw = 11985 g/mol, PDI = 1.10; 1H NMR (400 MHz,
CDCl3): δ 7.22–6.21 (br, 428H, Ar styrenic H), 2.00–0.81 (br, aliphatic backbone H),
0.25 ppm (br, 9H, -Si(CH3)3)). Styrene: B6(TMS-Br) ratio = 81:7.

PS-b-PB6(H)-2
PS-b-PB6(TMS)-2 (1 molar equivalent) was dissolved in anhydrous THF and cooled
down to 0 oC. 1 M Tetrabutylammonium fluoride (2 molar equivalents) was added.
The reaction mixture was stirred overnight at room temperature. The reaction mixture
was precipitated with THF/methanol for three times and the solid was dried under
vacuum to give white powder. Mn = 10191 g/mol, Mw = 10929 g/mol, PDI = 1.07; 1H
NMR (400 MHz, CDCl3): δ 7.22–6.21 (br, 430H, Ar styrenic H), 3.02 (br, 1 H,
-CCH), 2.00–0.81 ppm (br, aliphatic backbone H). Styrene: B6(H-Br) ratio = 81:7.
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FePt-B2
PS-b-PB6(H)-2 (1 molar equivalent) was dissolved in anhydrous THF and cool down
to -78 oC. n-BuLi (1.6M, 1.1 molar equivalents) was added and the reaction mixture
was stirred inside the glovebox for 45 minutes (If TMEDA was added, the amount
was 1 molar equivalent to n-BuLi). Then, B5 (1.1 molar equivalents) in anhydrous
THF was added and stirred at room temperature overnight. The orange solution was
precipitated from methanol for three times and the solid was dried in vacuo. 1H NMR
(400 MHz, CDCl3): δ 7.22–6.21 (br, 880H, Ar styrenic H), 4.40–3.70 (br, 97H, Ar
styrenic H), 3.02 (br, 4.6 H, -CCH), 2.00–0.81 ppm (br, aliphatic backbone H).
Styrene: PB6(TMS-Br):B5 ratio = 81:4.6:2.3.

B7
It followed the synthetic procedure of FePt-B2, but PS-b-PB6(TMS-Br) was
replaced by an equal molar amount of phenylacetylene. The product was purified by
column chromatography. 1H NMR (400 MHz, CDCl3): δ 9.93 (d, J = 5.4 Hz, 1H, Ar
H), 9.10 (s, 1H, Ar H), 8.02 (m, 2H, Ar H), 7.91(dd, J = 8.5, 7.7 Hz, 1H, Ar H), 7.69
(m, 2H, Ar H), 7.54 (m, 2H, Ar H), 7.34 (m, 3H, Ar H), 7.24 (t, 1H, Ar H), 7.12 (m,
2H, Ar H), 6.93 (d, J = 16.1, 1H, CH=CH) 6.72 (d, J = 16.1, 1H, CH=CH), 4.40 (m,
2H, Ar ferrocenyl H), 4.21 (m, 2H, Ar ferrocenyl H), 4.16 (m, 2H, alkyl H), 4.07 (s,
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5H, Ar ferrocenyl H), 1.77 (m, 2H, alkyl H) , 1.23 (m, 6H, alkyl H), 0.83 ppm (t, 3H,
alkyl H).
.
Chloromethylsila[1]ferrocenophane (C1)
It was prepared according to the literature method reported.1 An orange powder of
Fe(η-C5H4Li)2.TMEDA

(10 g, 1 molar equivalent) was dissolved in 200 mL

anhydrous diethyl ether and cooled down to -78

o

C. Freshly distilled

trichloromethylsilane (5.12 mL, 1.2 molar equivalents) was then added slowly. The
reaction mixture was allowed to warm to room temperature and stirred overnight. The
volatiles and solvent were removed in vacuo and 200 mL anhydrous hexane was
added. The resulting slurry was filtered by celite so as to remove LiCl and the filtrate
was concentrated in vacuo. The mixture was recrystallized and sublimed for three
times and monitored by 1H NMR. 1H NMR (400 MHz, C6D6): δ 4.35 (m, 2H, Cp),
4.29 (m, 2H, Cp), 4.22 (m, 2H, Cp), 3.70 (m, 2H, Cp), 0.52 ppm (s, 3H, CH3).

Methyl(trimethylsilylethynyl)sila[1]ferrocenophane (C2(TMS))
It was prepared according to the literature method reported.2 Trimethylacetylene (0.95
molar equivalent) was dissolved in anhydrous diethyl ether and the mixture was
cooled down to 0 oC. n-BuLi (0.92 molar equivalent) was added dropwise. After an
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hour, the reaction mixture was added into another flask containing C1 (1 molar
equivalent) in anhydrous diethyl ether at -78 oC and allowed to stir overnight at room
temperature. The slurry mixture followed the same procedure as in preparation of C1.
1

H NMR (400 MHz, C6D6): δ 4.52 (m, 2H, Cp), 4.43 (m, 2H, Cp), 4.36 (m, 2H, Cp),

3.86 (m, 2H, Cp), 0.54 (s, 3H, CH3), 0.19 ppm (s, 9H, -Si(CH3)3).

PS-SiMe2Cl
Styrene (200 molar equivalents) was dissolved in 200 mL anhydrous cyclohexane and
sec-BuLi (1.4M, 1 molar equivalent) was added to initiate the polymerization. The
solution turned to orange, indicating the presence of polystyryllithium. After an hour,
excess dichloromethylsilane (130 molar equivalents) was added to quench the
reaction and the color turned to colorless. After stirring for an hour, all volatiles were
removed in vacuo. The reaction mixture was dissolved in a little amount of THF and
removed in vacuo three times to remove all the dichloromethylsilane. The polymeric
material was dried in vacuo for 2 days at 80 oC. 1H NMR (400 MHz, C6D6): δ 7.30–
6.30 (br, Ar styrenic H), 2.60–1.90 (br, aliphatic backbone H), 1.89–1.29 (br, polymer
backbone alkyl H), 0.13–0.05 ppm (br, Si(CH3)2).

PS-Cp
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PS-SiMe2Cl (1 molar equivalent) was dissolved in 20 mL anhydrous THF and MgCp2
(10 molar equivalents) was added. The solution was stirred overnight. Excess
chlorotrimethylsilane (100 molar equivalents) was added to quench the reaction.
After stirring for two to three hours, all volatiles were removed in vacuo. The reaction
mixture was dissolved in a little amount of THF and removed in vacuo three times to
remove all the chlorotrimethylsilane. The polymeric material was dried in vacuo for 1
day at 80 oC. The polymer was dissolved in a little amount of THF and precipitated in
anhydrous methanol for three times. Finally, the product was dried at 80 oC for 2 days.
Mn = 20429 g/mol, Mw = 21335 g/mol, PDI = 1.04; 1H NMR (400 MHz, C6D6): δ
7.30–6.30 (br, Ar styrenic H), 2.60–1.90 (br, polymer backbone alkyl H), 1.89–1.29
(br, aliphatic backbone H), 0.13–0.05 ppm (br, Si(CH3)2).

PS-b-PC2(TMS)
PS-Cp (1 molar equivalent) was dissolved in anhydrous THF and NaHDMS (1.5
molar equivalents) was added. The reaction mixture was stirred for an hour. C2(TMS)
(60 molar equivalent) in anhydrous THF was added into the reaction mixture. The
mixture was then photo-irradiated under a Hg lamp at 5 oC for 16 hours.
Chlorotrimethylsilane was added to the reaction to quench the reaction and stirred for
an hour. All the volatiles were removed in vacuo and redissolved in anhydrous THF
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again, this step was repeated once. The polymer was then redissolved in anhydrous
THF and precipitated twice to get the orange powder. Mn (NMR) = 40014 g/mol, PDI
= 1.16; 1H NMR (400 MHz, CD2Cl2): δ 7.30–6.30 (br, 15H, Ar styrenic H), 4.47–4.33
(b, 4H, Cp), 4.25–4.16 (b, 4H, Cp), 4.15–4.05 (b, 4H, Cp), 2.40–1.10 (br, aliphatic
backbone H), 0.62 (br, 3H CH3), 0.27 ppm (br, 9H, Si(CH3)3).

PS-b-PC2(H)
PS-b-PC2(TMS) (1 molar equivalent) was dissolved in THF/methanol (4:1) and
sodium methoxide (1.1 molar equivalents) was added at 0 oC. The reaction mixture
was stirred overnight. Ammonium chloride (2 molar equivalents) was added into the
reaction mixture. The mixture was then precipitated into anhydrous methanol for three
times and dried overnight. Mn (NMR) =35636 g/mol, PDI = 1.17; 1H NMR (400 MHz,
CD2Cl2): δ 7.30–6.30 (br, 15H, Ar styrenic H), 4.47–4.33 (b, 4H, Cp), 4.25–4.16 (b,
4H, Cp), 4.15–4.05 (b, 4H, Cp), 2.70 (br, 1H, CCH), 2.40–1.10(br, aliphatic backbone
H), 0.66 ppm (br, 3H, CH3).

Phenyl(1,5-cyclooctadiene)platinum(II) chloride (C3)
Diphenyl(1,5-cyclooactadiene)platinum(II) (1 molar equivalent) was dissolved in
CH2Cl2/ methanol (1:1) and then acetyl chloride (1 molar equivalent) was added. The
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solution was then stirred for an hour. All volatiles were removed in vacuo and the
resulting material was washed with methanol and dried in vacuum. 1H NMR (400
MHz, C6D6): δ 7.65 (m, 2H, Ph), 7.20 (m, 2H, Ph), 6.98 (m, 1H, Ph), 5.55 (m, 2H,
C2=CH2), 4.02 (m, 2H, C'2=CH'2), 1.60 ppm (m, 8H, CH2).

Bis(4-(5-nonyl)pyridine)phenylplatinum(II) chloride (C4)
4-(5-nonyl)pyridine (4 molar equivalents) was added to a suspension of C3 (1 molar
equivalent) in toluene. The reaction mixture was then refluxed for 16 hours. Volatiles
were removed in vacuo and the material recrystallized from hexane, giving a
brown-white powder. 1H NMR (400 MHz, C6D6): δ 8.90 (m, 4H, Py), 7.32 (m, 2H,
Ph), 6.99 (m, 3H, Ph), 6.14 (d, 4H, Py), 1.88 (m, 2H, CH), 1.4 - 0.61 ppm (m, 36H,
alkyl H).

FePt-C
PS-b-PC2(H) (1 molar equivalent) was dissolved in anhydrous THF and n-BuLi (60
molar equivalents) was added at -78oC, and then the mixture was allowed to stir for an
hour. Afterwards C4 (60 molar equivalents) was added at -78oC and allowed to stir
overnight. The reaction mixture was precipitated in methanol for three times.
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cis-Pt(Me)2Cl2
K2PtCl4 (1 molar equivalent) was dissolved in DMSO and then tetramethyltin (5
molar equivalents) was added. The reaction mixture was refluxed at 70 oC overnight.
The volatiles were removed in vacuo and the crude product was washed with diethyl
ether. The solid was dissolved in CH2Cl2 and filtered by activated charcoal. The
filtrate was dried in vacuo. 1H NMR (400 MHz, CDCl3): δ 3.13 (s, 12H, SO((CH3)2),
0.69 ppm (m, 6H, CH3).

D1
cis-Pt(Me)2Cl2 (1 molar equivalent) was dissolved into acetone and D0 (1 molar
equivalent) was added. The reaction was refluxed at 50 oC overnight. The reaction
mixture was then precipitated in hexane for a few times and the solid was dried in
vacuo. 1H NMR (400 MHz, CDCl3): δ 9.72 (s, 1H, Ar H), 7.70 (m, 4H, Ar H), 7.24 (m,
2H, Ar H), 6.94 (d, 1H, CH=CH), 6.76 (d, 1H, CH=CH), 4.49 (t, 2H, Ar ferrocenyl
H), 4.29 (t, 2H, Ar ferrocenyl H), 4.14 (s, 5H, Ar ferrocenyl H), 3.25 (s, 6H,
SO((CH3)2), 0.78 ppm (m, 3H, CH3).

D2
D1 (1 molar equivalent) was dissolved in CHCl3 and pyridine (5 molar equivalents)
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was added. The reaction was stirred overnight and precipitated from hexane. 1H NMR
(400 MHz, CDCl3): δ 8.87 (s, 2H, py H), 7.80 (m, 5H, Ar H), 7.50 (m, 3H, Ar H),
7.26 (m, 1H, Ar H), 6.96 (d, 1H, CH=CH), 6.75 (d, 1H, CH=CH), 4.50 (t, 2H, Ar
ferrocenyl H), 4.28 (t, 2H, Ar ferrocenyl H), 4.14 (s, 5H, Ar ferrocenyl H) , 0.92 ppm
(m, 3H, CH3).

FePt-Ds
PS-b-P4VP (1 molar equivalent) was dissolved into CHCl3 and D1 (20 molar
equivalents) was then added. The reaction was then stirred overnight and precipitated
in diethyl ether for three times. The polymeric product was dried under vacuum at 40
o

C for two days.
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5.3.3 Bulk film fabrication of FePt-Ds and synthesis of their NPs in bulk state
Bulk samples were prepared by drop casting of concentrated polymer solutions in
CHCl3 (~ 50 mg/ml) onto a glass slide over three days. The bulk films were annealed
at 180 oC for three days in an vacuum oven, followed by liquid nitrogen quenching.
Ultra-thin sections (50-80 nm) of the bulk films were microtomed and imaged by
TEM. The FePt NPs were prepared by direct pyrolysis of polymers in 5% H2/Ar. The
polymers were placed inside a ceramic boat inside a quartz tube furnace. The tube was
purged with 5% H2/Ar for an hour and heated to 800 oC from 50 oC in an hour. Then,
the temperature was held at 800 oC for an hour, followed by cooling it down to room
temperature for two hours. The black powders were then collected. A little amount of
the powders were suspended in ethanol and sonicated for an hour. The suspension was
drop-casted on the copper grid coated with carbon film. The sample was air-dried and
imaged by TEM.
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5.4 Experimental details for Chapter 3
5.4.1 Thin film fabrication of FePt-D and synthesis of their NPs in thin film
The substrate was rinsed with CHCl3, hexane, acetone, D.I. water and dried under
nitrogen before use. Thin film was prepared by spin-coating filtered 0.6 wt% polymer
solution in CHCl3. Then, the solution was spin-coated on silicon substrate at 3000
rpm for 60s. The film was then air-dried overnight. Solvent annealing was done by
placing the film in solvent chamber for specific period with a 1 kg loading above the
glass cover. The imprinted samples were prepared by drop-casting the polymer
solution on a silicon substrate and either flattened or patterned soft PDMS mold was
imprinted immediately for 8 minutes under 1 N gravity. The template was removed.
The thin film with well-ordered pattern was pyrolyzed according to the same
procedure as for the bulk sample. The films were then imaged by AFM and SEM.
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