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Templating ordered assemblies of magnetic oxide nanoparticles within self-assembled

diblock copolymers of varying morphologies is an important problem with a wide

applicability such as in electromagnetics, optical devices, metal catalysts, medicine

and biology. In this thesis, the effects of different polymer structures on particle

ordering and resultant magnetic properties have been investigated using various mi-

crostructure and magnetic characterization tools.

Ring-opening metathesis polymerization (ROMP) of norbornene and function-

alized norbornene monomers has been used to synthesize diblock copolymers of

narrow polydispersities using Grubbs’ catalyst. These block copolymers can be

used as templates to form inorganic nanoparticles. In this research, the struc-

tural and physical understanding of the inorganic-copolymer system was studied by



small-angle neutron and x-ray scattering techniques and transmission electron mi-

croscopy. Synthesis of γ-Fe2O3 nanoparticles has been achieved within novel block

copolymers of (norbornene)-b-(deuterated norbornene dicarboxylic) acid and (nor-

bornene methanol)-(norbornene dicarboxylic acid). The polymer morphologies were

controlled by varying the volume fractions of the constituent blocks. The pure

norbornene based diblock copolymer morphologies were demonstrated by electron

microscopy for the first time. Spherical, cylindrical and lamellar morphologies of

these novel diblock copolymers were reported. The block ratios of the synthesized

polymers were determined using gel permeation chromatography - light scattering,

elemental analysis and UV-VIS spectroscopy. Solution phase doping and submer-

sion of thin films in metal salt solutions were employed as metal doping methods

and the observed nanoparticle structures were compared to those of the undoped

copolymer morphologies. This project reports on the types of templating structures

and dispersion of the nanoparticles. The effects of particle interactions on the mi-

crophase separation and magnetic properties were also investigated. The knowledge

gained from understanding the templating mechanism in block copolymer / iron ox-

ide nanocomposites can be applied to other similar systems for a variety of biological

and catalyst applications.
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Chapter 1

Introduction

Magnetic nanoparticles are a subject of extensive research due to their unique mag-

netic properties and potential technological applications such as ferrofluids, record-

ing tapes, ultra-high density data storage media, biomedical materials and cata-

lysts.1,2 Stabilization of nanoparticles to avoid interparticle aggregation and con-

trol of their spatial distribution and size within template materials are important

factors in the design of nanoparticle synthesis and devices.3,4 Block copolymers

which microphase separate into ordered morphologies such as lamellar, cylindrical

and spherical microdomains provide a self-assembled template for the synthesis of

nanocomposites. These microdomains serve as nanoreactors within which a variety

of nanoparticles can be synthesized.

The aim of this research was to synthesize magnetic nanoparticles in novel di-

block copolymer systems and to investigate their structural and magnetic prop-

erties within different polymer structures. High-density magnetic particle arrays

have been fabricated using several lithographic techniques including X-ray lithogra-

phy and nanoimprint nanolithography.5 Block copolymers provide a self-assembled
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nanotemplate that can also be used for lithography.6 Polymer nanotemplates can

be used to produce ordered metal and metal oxide particles at room temperature.

Fabrication of high density nanoparticles within controlled nanopatterns with im-

proved catalytic, magnetic, optical and electromagnetic properties and exploring

their structure-property relationship is the main objective of many research endeav-

ors. The effect of different morphologies on the formation of metal oxide nanopar-

ticles and their resultant properties will determine the fabrication and design of

nanodevices for the above mentioned specific applications.

The synthesis of metal nanoparticles within the nanoscale morphologies of or-

dered block copolymers has been studied extensively by various techniques. One

method is to attach a metal group as a pendant group to organometallic monomers.

This method gives uniform dispersion of the metal precursor within the metal-

containing block of the copolymer. PbS, CdS, ZnS, Ag and Pd clusters were syn-

thesized with this method by R. E. Cohen’s group at MIT.7–12

Metal atoms were deposited into liquid monomers such as liquid styrene and

methyl methacrylate. In addition, deposition of metal atoms into polymers and

styrene vapor was employed.13 The incorporation of metal salts onto polymer films

from supercritical CO2, followed by reduction of salts to metal nanoclusters by

chemical post-treatment has also been reported.14

One of the method used in the synthesis of nanoparticles is the nanoreactor

scheme in which metals are incorporated into acid-containing domains of diblock

copolymers from aqueous solution. In this method, metal ions diffuse into the hy-

drophilic domains of the polymer film. The loading is modified by pretreating the
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polymer with aqueous sodium hydroxide. Protonated carboxylic acid groups are

converted into sodium carboxylate in order to enhance the metal ion uptake by Na+

cations. It has been observed that the rate and the equilibrium amount of metal ion

increased after NaOH treatment.15,16 This method produces successful doping in

polymer films ranging in thickness from 10µ to 0.5mm. For microtomed films, very

low metal salt concentrations were used (0.1M and 0.005M) to prevent formation of

metal salt crystals on the film surface.

Metal doping from solution has been successful in amphiphilic polymers due to

their high affinity to transition metal ions.17 In previous studies, block copolymers

containing carboxylic acid-functionalized blocks were synthesized and various metal

clusters were incorporated into acid-containing domains by mixing polymers with

metal salts in solution.18,19 This technique is also based on the substitution of the

carboxylic protons with the cations of the desired metal species. This method has

the advantage of loading the sample in solution phase so that the metal ions are in-

corporated homogenously and the bulk films consist of well-dispersed nanoparticles.

This loading method was used in this project. The mechanism of metal loading and

its effect on the resultant nanocomposite morphology were examined and compared

to the method where a pre-formed film is immersed in aqueous solution.

Another method developed in Cohen’s group is the vapor permeation of metal

alkyl compounds such as diethylzinc and dimethylcadmium into the polymer ma-

trix.20,21 Synthesis of PbS clusters within methyltetracyclododecene/norbornene

dicarboxylic acid diblock copolymer was reported by Kane et al. Tetraethyl lead

was coordinated with the carboxylate group on the block copolymer and then lead
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was reduced to its divalent form by heat treatment and after reacting with H2S, PbS

nanoclusters were created.22,23 Another method was the reduction of metal ions in

ordered nanophases in concentrated block copolymer solutions.24

Wiesner et al. has synthesized block copolymer - ceramic hybrid materials with

γ-Fe2O3 particles.25,26 They have used diblock copolymers as structure directing

agents. Aluminasilicate sol was mixed with a polymer solution and iron oxide par-

ticles in the sol-gel aluminasilicate synthesis. Phase behavior of these systems is

similar to that of the systems where the resultant copolymer morphologies can be

tailored by mixing diblock copolymers and metal containing homopolymers.

Thermal decomposition of organometallic cobalt or iron within a diblock copoly-

mer was reported by Abes et al. The growth of cobalt particles by thermal de-

composing organometallic cobalt within P2VP (poly-2-vinyl pyridine) domains of

poly(styrene-b-2-vinyl pyridine) was reported.27

The magnetic properties of metal nanoparticles depend on the size distribution

of the particles, on finite-size effects and on the interparticle interactions which are

controlled by the metal concentration and type of polymer template.1 Most current

research is focused on determining the smallest size of magnetic particles that can be

successfully used for magnetic recording.28–30 Surface and core magnetic properties

and interface effects such as spin disorder and spin transport control the information

storage capability of the particle and affect the performance of thin-film devices e.g.

spin valves, spin transistors and spin-dependent tunneling devices.31 The magnetic

properties of fine particles are being intensively studied to understand their size de-

pendent behavior. Below a critical size, magnetic particles become a single domain

4



in contrast with the usual multidomain structure for bulk magnetic materials32 and

such small particles may exhibit unique phenomena such as superparamagnetism.

In previous work of Sohn et al.,3 superparamagnetic iron oxide nanoparticles have

been characterized in a diblock copolymer. Metal oxide particles produced within

polymer matrices were smaller than 10 nm. It is known that there is no control on

the particle size when the copolymer-metal salt solution doping mechanism is used

unless the system is a diblock copolymer micelle. Polymeric micelles of poly(styrene)-

block-poly(2-vinylpyridine) were used as nanocompartments that were loaded with

metal cursors by Spatz et al.33 The metal ions were reduced in such a way that in

each micelle particles were of equal size. The method of Spatz et al. is a simple

procedure for the preparation of nanodots in a regular pattern. The versatility

of their method allows the control on particle size varying between 1 and 15nm.

The effect of different block lengths of polystyrene-block-poly(2-vinylpyridine) was

observed on the size of Au nanoparticles, dispersed in a polypyrrole matrix by Selvan

et al.34 Gold nanoparticles ranging from 7 to 13nm in size were produced in the

polymers by changing the block length.

Arrangement of the magnetic nanoparticles within one of the domains of a block

copolymer can lead to collective magnetic behavior of the nanoparticles. Particle

size, dispersion within the polymer matrix and particle interactions are important

factors for the resultant magnetic properties and on the performance of the magnetic

devices.

The focus of this research is the synthesis of novel norbornene based diblock
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copolymers and characterization of these microphase separated polymers. The over-

all aim of the research presented in this thesis is to investigate the mechanism of dis-

persion of metal oxide nanoparticles within different morphologies of well character-

ized diblock copolymers. Two different diblock copolymer systems were synthesized

by ring-opening metathesis polymerization: (norbornene-deuterated norbornene di-

carboxylic acid) and (norbornene methanol-norbornene dicarboxylic acid). The dis-

tribution of iron oxide nanoparticles within various diblock copolymer morphologies

was studied using several characterization techniques such as transmission electron

microscopy and small-angle neutron and x-ray scattering. The effect of polymer

compositions on iron oxide particle formation and their effect on polymer morphol-

ogy and magnetic properties were studied for the series of two different diblock

copolymer systems.

1.1 Project Goals

The objectives of this research were:

1. To synthesize self-assembled norbornene based functionalized diblock copoly-

mers with varying volume fractions and morphologies.

2. To examine the pure diblock copolymer morphologies to be used as nanotem-

plates for the synthesis of magnetic nanoparticles.

3. To investigate the distribution of iron oxide nanoparticles within different mor-

phologies of copolymers and to understand the influence of doping mechanisms on

particle dispersion for the effective templating process within the block copolymers.

4. To study the magnetic properties of polymeric inorganic nanocomposites

6



and understand their structural-magnetic properties. To relate the arrangement

of particles and particle size within diblock copolymer templates to the magnetic

properties.

5. To understand the influence of particle concentration on the microphase sep-

aration of block copolymers. To study the ionic coordination of Fe to the block

copolymer in solution and explain the resultant changes in morphologies by ionic

interactions in solution and by the formation of ionic aggregates.

The methods used to reach our objectives can be outlined as follows:

1. The deuterated monomer, which was used in both copolymer systems, was

synthesized by a Diels-Alder reaction. All the monomers synthesized were character-

ized by Nuclear Magnetic Resonance Spectroscopy (NMR). Diblock copolymers of

(norbornene-deuterated norbornene dicarboxylic acid) and (norbornene methanol-

norbornene dicarboxylic acid) with different block ratios were synthesized by ring-

opening metathesis polymerization (ROMP). The diblock copolymers were then

characterized by Gel Permeation Chromatography (GPC)/Light Scattering (LS) to

determine the actual block ratios and molecular weights of the synthesized polymers.

Microphase separated structures were examined in Small-Angle Neutron Scattering

(SANS) and the variation of domain spacing with block composition was determined.

The morphologies of pure diblock copolymers were examined in TEM by staining

one of the blocks.

2. Metal oxide nanoparticles were incorporated into these polymer systems using

a solution doping technique and their structural and magnetic properties were in-

vestigated by Transmission Electron Microscope (TEM), X-ray Photoelectron Spec-

7



troscopy (XPS), Superconducting Quantum Interference Device (SQUID) magne-

tometry, Small Angle Neutron Scattering (SANS) and Small Angle X-ray Scattering

(SAXS).

3. The effect of different polymer morphologies on metal oxide ordering was

examined by SANS, SAXS and TEM. Particle arrangement and particle interac-

tions within diblock copolymer matrices were investigated in conjunction with the

examination of their magnetic properties.

4. An alternative doping method consisting of submerging thin films in a metal

salt solution was used and its influence on templating iron oxide nanoparticles was

explored by comparing to the undoped copolymer morphology. The successful in-

vestigation of the undoped copolymer morphologies revealed the effect of different

doping mechanisms and the role of self-assembled diblock copolymer matrices in

templating nanoparticles.

5. The magnetic properties of metal doped samples were studied through Super-

conducting Quantum Interference Device (SQUID) magnetometry measurements.

The blocking temperatures, saturation magnetization and magnetic behavior of the

systems as a function of temperature were determined from magnetization versus

field (M-H) and magnetization versus temperature (M-T) experiments. These mag-

netic characteristics were indicative of the particle size and arrangement within

various copolymer structures.
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Chapter 2

Block Copolymers and Magnetism

2.1 Diblock Copolymers and Phase Behavior

Equilibrium polymer-polymer phase behavior depends on molecular architecture,

choice of monomers, composition and degree of polymerization. Molecular archi-

tectures influence polymer mobility and determine the phase morphology. Some

possible architectures of polymers are homopolymer mixtures, star block copoly-

mers, graft block copolymers, multiblock copolymers, dendrimers, hyperbranched

comb polymers etc. Block copolymers are formed by combining two or more poly-

mers by covalent bonds. The block composition is the overall volume fraction of a

component and the degree of polymerization is the number of monomers that makes

up the polymer chain. The choice of monomers defines the sign and magnitude of

the energy of mixing of the monomers. The interaction parameter, χ, is defined as,

χ =
1

kBT

[
εAB −

1

2
(εAA + εBB)

]
(2.1)

where εij represents the energy of forming i and j segments interactions and kB is
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the Boltzmann constant. A negative value of χ results from a favorable energy of

mixing when A-B segment-segment contacts produce a lower energy than A-A and

B-B contacts. When the net system energy increases upon forming A-B contacts,

the χ value is positive. A phase state is governed by a balance between enthalpic

and entropic factors that together constitute the system free energy,

∆G = ∆H − T∆S (2.2)

Flory and Huggins estimated the change in free energy per segment ∆G associated

with mixing random walk polymer chains on an incompressible lattice as,35

∆G

kBT
=

φA

NA

ln φA +
1− φA

NB

ln(1− φA) + φA(1− φA)χ (2.3)

The first two terms represent the combinatorial entropy of mixing ∆S. The third

term represents the enthalpy of mixing ∆H and it can either decrease or increase

the ∆G depending on the sign of χ. The polymer phase diagram depends on the

temperature, composition and molecular weight dependence of χ.

2.2 Diblock Copolymers and The Order/Disorder

Transition

When χ is positive, a decrease in A-B contacts reduces the system enthalpy H. This

process can occur locally segregating A and B blocks. The product χN controls the

state of segregation.36,37
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For χN � 10, entropic factors dominate and diblock copolymers exist in a spatially

homogeneous state. When χN = 10, a balance exists between entropic and energetic

effects. Increasing χN induces a first-order transition to an ordered state.36 This

phase transition is called order-disorder transition (ODT). In the limit χN � 10,

energetic factors dominate and the ordered microstructures are characterized by nar-

row interfaces.

The covalent bond between homopolymer blocks prevents phase separation in a

macroscopic scale, thus forcing them to microphase separate, depending on the

constituent block volume fraction to form spherical, cylindrical and lamellar mor-

phologies (Figure 2.1). As an example, the ordered microstructures for polystyrene-

polyisoprene (PS-PI) diblock copolymers are presented on the phase diagram shown

in Figure 2.2.

Figure 2.1: Effect of varying volume fractions of the constituent block on the mor-

phologies of polystyrene-polyisoprene diblock copolymer.36
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Figure 2.2: Phase diagram for polystyrene-polyisoprene diblock copolymers.

2.3 Ring-Opening Metathesis Polymerization

Ring Opening Metathesis Polymerization (ROMP) is a way of polymerizing strained

cyclic olefins using transition metal catalysts. Olefin metathesis consists of the re-

action between a transition metal-carbon double bond (M = CHR) and an olefin

to give a metallocyclobutane ring. ROMP has similarities to chain-growth (free-

radical) polymerization where the polymer chain is initiated by a reactive species

(such as a free radical), and addition of monomer causes reaction to occur at the

reactive end of a growing polymer chain. Living polymerization is a special case of

chain growth in which the chain transfer and chain termination steps are very slow

compared to the initiation and propagation steps. In living polymerizations, the

rate of polymer chain initiation occurs faster than the rate of propagation and all

chains grow having the same length. This results in polymers with molecular masses

close to the target molecular masses and narrow molecular mass distributions.

ROMP has been used to synthesize functionalized block copolymers with well-
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defined architectures and narrow molecular mass distributions. The synthesis of

block copolymers with very narrow polydispersity (PDI values lower than 1.1) has

been achieved with the introduction of Ru and Mo based catalysts developed by

Grubbs and Schrock.38,39 These initiators can tolerate various functional groups

on the monomers such as carboxylic acids, secondary amines, imidazoles, triazoles,

triethoxysilyl groups, methyl esters, nitriles in contrast to other polymerization tech-

niques. The metal ligands can be incorporated to these functional groups. Various

combinations of monomers of higly-strained cycloolefins like norbornene, norborna-

diene, dicyclopentadiene can be polymerized and converted into diblock copolymers

by ROMP.40,41 Molybdenum-based metathesis catalysts can polymerize strained

cyclic olefins having polar functional groups; however, their sensitivity to air and

water make them difficult for practical use.42 On the other hand, less strained cy-

cloolefins can be polymerized using a more active catalyst.43 Addition of a phosphine

and a diazo group to ruthenium based catalyst yields highly active catalytic species.

The high functional group tolerance of the catalyst system allows the polymeriza-

tion of several cyclooctene derivatives having acetal, ether, ester, bromine and acid

functionalities. A less active catalyst will be more tolerant toward norbornene func-

tionalities.

Stereochemistry determines the rates of initiation and propagation. In our

study, functionalized norbornene was added to the polynorbornene catalyzed by

Grubbs’ catalyst using a method described in Section 3.1.3. The rate of initiation

of norbornene-trimethylsilane may be hindered due to steric and electronic effects
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with the Grubbs’ catalyst during binding of norbornene-trimethylsilane monomer

with its bulkier groups. For this reason, the monomers with bulkier groups were

added after the simpler monomer was initiated first. The initiation of the less bulky

group, norbornene, is faster than the initiation of the norbornene-trimethylsilane

monomer. Therefore, we expect to have a narrower polydispersity by initiating

the norbornene monomer first. Polymer stereoregularity requires isomeric purity of

monomers. The synthesis and characterization of the monomers and polymers are

described in Sections 3.1.2 and 3.1.3.

Ring-opening polymerizations are thermodynamically favored for -3, -4, -8 and

larger membered ring compounds. When there is a bridging carbon, (∆G) of the

polymerization for the opening of a particular ring will be more negative as the result

of an increased strain energy in the monomer.44 The ROMP of strained cyclic olefins

initiated by metal carbene complexes shows the characteristics features of a living

polymerization. Therefore block copolymers can be made by sequential addition of

different monomers containing bridge carbons such as norbornene.39

2.4 Definitions in Magnetism

The spins of a magnetic material align under a sufficiently large magnetic field. The

maximum value of the magnetization is achieved when all the spins are aligned and

this state is called saturation magnetization (Ms). As the applied magnetic field

decreases, spin alignment stops and a decrease in magnetization curve is observed.

In ferromagnets, at zero field a residual magnetization is observed which is called

remanent magnetization, Mr. The field to bring the magnetization of a ferromagnet
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back to zero is called the coercive field, Hc. The shape of the hysteresis curve

is important for magnetic recording applications which requires a large remanent

magnetization and coercivity45 (Figure 2.3).

Figure 2.3: The saturation magnetization, Ms, remanent magnetization, Mr and

coercivity, Hc are obtained from a magnetic loop.

2.5 Finite-size Effects and Magnetic Properties

Finite-size effects control the magnetic properties of nanoparticles as the particle

size decreases. Nanoparticles have a high surface/volume ratio and hence surface

effects and particle-polymer interactions play an important role in their magnetic

behavior.46 In bulk magnetic materials, multidomain structures are separated by

domain walls which have a characteristic width and energy associated with their

formation. The size and shape of the domain walls depend on the exchange, magne-

tostatic and anisotropic energies. As the volume of the magnetic particles decreases,
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the size of the domains, the width of the walls and the magnetostatic energies are re-

duced. Below a certain critical size, the energy to produce a domain wall is greater

than the reduced magnetostatic energy. Consequently, the system does not form

smaller domain walls and maintains the magnetic structure of a single domain. As

the particle size decreases below the single domain value, the spins move by ther-

mal fluctuations and the system becomes superparamagnetic below a critical size.

This critical size depends on the saturation magnetization, anisotropy energy and

exchange interactions between the spins. For a single domain particle, the magne-

tization of a particle points in a direction that minimize its total anisotropy energy.

The anisotropy energy keeps the particles magnetized in a particular direction and

is proportional to the particle volume.45 It can be expressed as

E(θ) = KV sin2(θ) (2.4)

where θ is the angle between the anisotropy and magnetization axis, K is the effec-

tive uniaxial anisotropy energy per unit volume, V is the particle volume and KV is

the anisotropy energy barrier. Superparamagnetism is a result of finite-size effects

since the particle anisotropy is proportional to its volume. As temperature decreases

the thermal energy kBT becomes comparable to the energy barrier, KV. Above a

certain temperature thermal excitations cause spin fluctuations to overcome the

single-energy barrier. This temperature is called the blocking temperature, Tb. Be-

low the blocking temperature, the thermal energy is not adequate to flip the moment

of the domain within the experimental measuring time and thus spin reversals are

blocked and particles exhibit ferrimagnetic behavior. Hysteresis in the M-H (mag-

16



netization versus field) data should be observed below Tb. The relaxation time (τ)

of the magnetic moments due to thermal fluctuations is given by an Arrhenius-like

expression as

τ = τ0exp(
KV

kBT
) (2.5)

where τ0 is the characteristic measuring time of the instrument, kB is the Boltz-

mann constant and T is the temperature. Superparamagnetism is observed above

Tb where spin relaxation is rapid compared to the instrument measuring time. The

blocking temperature, Tb, depends on the particle size. As particle size decreases,

the spins are blocked at a lower temperature resulting in a lower Tb. Equations 2.4

and 2.5 are valid for non-interacting particles.

Superparamagnetism is the limit to information storage. Information is coded

through the direction of the particle’s magnetization in its blocked state because

it is possible to switch the magnetic moment by applying a magnetic field opposite

to it. This is the principle of magnetic recording.

2.6 Interparticle interactions

Magnetic interactions between superparamagnetic particles influence the relaxation

time of the particles. Magnetic interactions exist as dipole-dipole interactions and

exchange interactions between the surface and the core in the nanoparticles. The

interactions modify the anisotropic energy barrier contributions of each particle. For

non-interacting particles the exchange interaction is ignored, only magnetic dipole in-
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teraction exists.47 The calculation of superparamagnetic relaxation times in systems

of interacting particles is a complex problem even for weakly interacting particles.

The relaxation times depend on the geometrical arrangement of the particles and

on the orientation of the easy directions of magnetization.48 In the limit of strong

interactions, the magnetic energy barriers of individual particles are negligible and

only the magnetization of the assembly occurs. The effect of weak interactions is

introduced to the Arrhenius expression by the model of Shtrikmann and Wohlfarth49

in the Vogel-Fulcher law as follows,

τ = τ0exp
KV

kB(Tb − To)
(2.6)

where To is the effective temperature which accounts for the interaction effects.

As the magnetic particle concentration increases or particle distance decreases, the

relaxation time increases and results in higher blocking temperatures.46,47

In a different theory, Morup defined the magnetic interactions for weak and high

regimes.47 He proposed that at high temperatures and/or for weak interactions, Tb

decreases as interactions increase. It was found that dipole fields from the close

particles may decrease the energy barrier separating the two energy minima result-

ing in a faster relaxation. On the other hand, for strong interactions and/or at

high temperatures, Tb increases with increasing interactions and a transition from a

superparamagnetic to a glassy state occurs.50,51
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2.7 Surface Effects

Surface effects influence the magnetization of nanoparticles because the particles

have a higher ratio of surface to core spins. Surface effects result from the spin

disorder due to lower coordination of the surface cations and the existence of the

exchange bonds with the impurity atoms. Since the broken bonds destabilize the

magnetic order, the nanoparticles can arrange themselves as having a core with

regular spin arrangement and a surface layer where the spins are not oriented ran-

domly but are inclined at some angle to their magnetization direction. This is called

”non-collinear spin arrangement” or ”surface spin disorder”.52 As a result, the mag-

netization of the surface layer is lower than that of the core spins. The surface

and core magnetization influence the magnetic properties of the system. This is

another demonstration of a finite-size effect that determines the magnetization of

nanoparticles.

The exchange interaction occurs in ferrimagnetic systems through the oxygen

ion.53 Spin disorder has been verified in different nanoparticle assemblies of ferri-

magnetic oxides (γ-Fe2O3, NiFe2O4, CoFe2O4, CuFe2O4) by Mossbauer spectroscopy

and neutron scattering experiments.46,54–57

2.8 Magnetic Characterization by Small-Angle Neu-

tron Scattering

Neutrons have a magnetic moment which can interact with the magnetic moment

of the atom. Elements of first transition series (Fe, Co, Ni) have incomplete 3-d
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shells. Their unpaired electrons give rise to a magnetic moment which interacts

with the magnetic moment of the neutron by the dipole moment associated with an

electron’s spin or by the orbital motion of the electron. The location of magnetic

atoms and spatial distribution of magnetic electrons can be found using neutron

scattering. In addition, the temperature and field dependence of magnetic moments

can be determined. Orbital and spin moments of unpaired electrons contribute to

the magnetization density. The Fourier transform of the spin density is defined as the

magnetic form factor which contributes to the form factor of structural scattering.

Magnetic scattering can be distinguished from structural scattering. Above the

magnetic ordering temperature, there is no contribution of magnetic scattering to the

total observed scattering. Below the ordering temperature, the intensity change can

be attributed to the contribution of magnetic scattering to the structural scattering.

One method used to subtract the magnetic scattering from the total scattering is

alignment of the spins parallel or perpendicular to the scattering vector by applying

a magnetic field in these directions. Spins aligned parallel to the neutron beam do

not have any magnetic scattering contribution, however when the magnetic moment

directions are perpendicular to the beam, magnetic and structural scattering con-

tributions are additive. Magnetic scattering peaks observed in small-angle neutron

scattering spectra can contribute to structural peaks or they can be separate peaks.

Magnetic scattering contributes to the total scattered intensity I(q) as follows,

I(q) ∝
∣∣∣∑ bre

iq·r
∣∣∣2 +

∣∣∣∑ pre
iq·r

∣∣∣2 (2.7)

where br is the scattering amplitude of the atom at position r. The magnetic scat-
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tering amplitude pr is defined as pr = σrfr(q) |S⊥r| where fr(q) is the magnetic

form factor and S⊥r is the geometrical factor that represents the component of the

moment perpendicular to the scattering vector direction.58

Neutron scattering measures the Fourier transform of the pair-correlation func-

tion in space and time. Magnetic correlation lengths describe the spin pair correla-

tions which depend on dipolar and exchange forces within the particle and can be

analyzed as a function of temperature to observe the effect of spin alignment at the

surface.59 Using Lorentzian fits, correlation lengths can be found using the relation

I(q)−1 =
q2ξ2 + 1

I(0)
(2.8)

where ξ is the magnetic correlation length and I(0) is the intensity at q = 0.
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Chapter 3

Structural and Magnetic Characterization of

Norbornene-Deuterated Norbornene Dicarboxylic

acid Diblock Copolymers Doped with Iron Oxide

Nanoparticles

Block copolymers which microphase separate into ordered morphologies such as

lamellar, cylindrical and spherical microdomains provide a self-assembled template

for the synthesis of nanocomposites. These microdomains serve as nanoreactors

within which a variety of nanoparticle clusters can be synthesized. In earlier studies,

non-magnetic nanoparticles (Au, Ag, Pd, Pt, Cu)9,16,60–62 and semiconductor nan-

oclusters (PbS, CdS, ZnS)10,21,22 were synthesized in norbornene diblock copolymers.

The synthesis and characterization of magnetic Fe2O3 nanoparticles within a single

block copolymer composition, NORCOOH30MTD300, (NORCOOH: 2-norbornene-

5, 6 dicarboxylic acid; MTD: methyltetracyclododecene) were reported by Sohn et

al.3,19 Synthesis of CoFe2O4 nanoparticles within NOR400NORCOOH150 (NOR: nor-

bornene) polymer was also reported for one diblock copolymer morphology.63 Both
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studies discuss the synthesis and the morphology of the magnetic oxide nanoparti-

cles formed from templating a single block copolymer composition. We report the

effect of constituent block composition variations on the templating, morphology,

and magnetic properties of resultant magnetic nanoparticles formed within diblock

copolymer matrices. The major investigative tool, small-angle neutron scattering re-

quires that one of the constituent blocks of the block copolymer be deuterated. The

objective of this study is to analyze the effect of various copolymer morphologies

on nanoparticle dispersion and magnetic properties by characterizations of metal

oxide doped polymers through Transmission Electron Microscopy (TEM), Small-

Angle Neutron Scattering (SANS) and Superconducting Quantum Interference De-

vice (SQUID) magnetometry.

3.1 Experimental

3.1.1 Materials

Norbornene (99%) was purchased from Fischer Scientific and distilled over sodium

under argon and degassed before use. Ethyl vinyl ether, dichloromethane (CH2Cl2),

deuterated fumaric-2,3-D2 acid (98 atom % D) and anhydrous ethanol were pur-

chased from Aldrich. CH2Cl2 was distilled over calcium hydride under argon. Bis(tricyclohexyl

phosphine) benzylidine ruthenium(IV) dichloride (Grubbs’ catalyst) was purchased

from Strem Chemicals. All solvents, monomers and catalysts required for polymer

synthesis were stored inside an MBraun LabMaster100 glovebox. A stock solu-

tion of Grubbs’ catalyst was prepared by dissolving 1 g of the catalyst in 20 mL
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dichloromethane (CH2Cl2) and stored at -20 ◦C inside the glovebox.

3.1.2 Monomer Synthesis

Deuterated 2-norbornene-5,6 dicarboxylic acid (NORCOOH) was synthesized through

a Diels-Alder reaction. Cyclopentadiene was obtained from dicyclopentadiene crack-

ing at 180 ◦C. Deuterated fumaric acid (5g, 0.043 mole) was first dissolved in 250

ml ethanol. When the solution became clear, freshly cracked cyclopentadiene (2

molar eq.) was added to this solution. The reaction was complete in 12 hours. The

reaction scheme is shown in Figure 3.1. Ethanol was stripped off, then the white

precipitated solid was dissolved in pentane and ether respectively to remove the un-

reacted components. The white solid was dried at 50 ◦C oven for 3 days. The yield

of deuterated norbornene-dicarboxylic acid was 84%. A 1H NMR of the compound

is shown in Figure 3.2. The chemical shifts of the NMR spectrum are presented in

Table 3.1.

Figure 3.1: Synthesis of deuterated-norbornene dicarboylic acid.

Deuterated 2-norbornene-5,6 dicarboxylic acid (13.45g, 0.073 mole) was dissolved

in 500 ml anhydrous ether. The reaction flask was purged with argon and anhydrous
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Figure 3.2: 1H NMR of deuterated NORCOOH in d-THF.
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Positions Type of bonds Shifts (ppm)

1,4 CH, multiplet 2.98-3.29

2,3 Olefinic, =CH, multiplet 6.01-6.26

5 Bridge head, CH, broad singlet 1.28-1.30

6,7 COOH 12.22

Table 3.1: 1H-Chemical shifts of the NMR of deuterated NORCOOH.

pyridine (11.45g, 0.146 mole) was added to the reactor in one shot. Chlorotrimethyl-

silane (15.86 g, 0.146 mole) was added to the flask and was stirred for 3 hours

under an argon atmosphere. A white precipitate of pyridine hydrochloride salts

was formed immediately after the chloro-trimethylsilane injection.64 The reaction

scheme is shown in Figure 3.3. After 3 hours, the solution was passed through celite

to remove pyridine hydrochloride salts. This solution was stripped off ether and the

white crystals obtained were dissolved in pentane and passed through celite for a

second time. These filtrations were done in a glove bag under argon. After stripping

the solvent, purification of the norbornene-dicarboxylic acid-bis trimethylsilylester

was carried out via 4 crystallization steps. Two crystallizations in pentane and two

crystallizations in ether were done at -20 ◦C in the glove box to obtain white crystals.

A 1H NMR of the compound is shown in Figure 3.4. The chemical shifts are

presented in Table 3.2.

3.1.3 Polymerization

Ring-opening metathesis polymerization (ROMP) has been used to synthesize func-

tionalized block copolymers with well-defined architectures and narrow molecular
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Figure 3.3: Synthesis of deuterated-norbornene dicarboylic acid trimethylsilylester

Positions Type of bonds Shifts (ppm)

1,4 CH, multiplet 2.82-2.93

2,3 Olefinic, =CH, multiplet 5.80-6.02

5 Bridge head, CH, broad singlet 1.13-1.34

6,7 TMS 0

Table 3.2: 1H-Chemical shifts of the NMR of deuterated NORCOOTMS.

weight distributions. In our study, deuterated diblock copolymers were synthe-

sized by sequential polymerization of norbornene (NOR) followed by deuterated

norbornene dicarboxylic acid (NORCOOH). The first generation Grubbs’ catalyst

was used in the polymerization of the norbornene homopolymer. Polymer synthe-

sis was conducted according to literature procedures.18 All polymerizations were

performed in the glove box under nitrogen at room temperature. In a typical poly-

merization, a 0.2 mmol/mL solution of norbornene was prepared in CH2Cl2 and an

equivalent amount of catalyst was added. Norbornene-TMS solution was added to

the norbornene homopolymer solution after 1 hour. The amount of monomers and
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Figure 3.4: 1H NMR of deuterated NORCOOTMS in CDCl3.
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catalyst used in the synthesis of the series of diblock copolymers are shown in Ta-

ble 3.3. Target compositions presented in Table 3.3 are the stoichiometric monomer

amounts added to the reaction mixture, they do not represent the actual composition

of the diblock copolymers. The diblock copolymer consists of NORx/deuterated-

NORCOOHy where x and y are the repeating units. The polymerization scheme is

shown in Figure 3.5. x and y values were determined by measurement of the refrac-

tive index change by concentration (dn/dc) and gel permeation chromatography-

light scattering analysis. The yields of the deuterated diblock copolymers were

determined to be 96% for NOR360/NORCOOH120; 83% for NOR320/NORCOOH190

and 91% for NOR290/NORCOOH260.

Target Composition NOR(mole) NOR-TMS(mole) Catalyst(mole)

400/100 0.0106 0.00265 2.65 ∗ 10−5

400/150 0.0106 0.0039 2.65 ∗ 10−5

400/200 0.0106 0.0053 2.65 ∗ 10−5

Table 3.3: Stoichiometric monomer and catalyst amounts for polymerizations of

norbornene-(deuterated) norbornene dicarboxylic acid block polymer.

The polymerization times for various diblock norbornene polymers were de-

termined by Gel Permeation Chromatography (GPC) measurements of polymer

aliquots at different times. The polymerization times for the series of copolymers

of target composition (400/100, 400/150 and 400/200) were 22 hours, 24 hours and

48 hours, respectively. Polymerizations were terminated by addition of ethyl vinyl

ether. The polymer solution was stirred for an hour to make sure that termination

was completed and then precipitated in a pentane, acetic acid and deionized water
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Figure 3.5: Ring-opening metathesis polymerization of [NOR]x[NORCOOH]y.

30



mixture to hydrolyze the trimethyl silane groups. The precipitated polymer was

dried under vacuum for 24 hours.

3.1.4 Incorporation of Iron Oxide Nanoparticles into Di-

block Copolymers

The carboxylic acid groups of norbornene-deuterated norbornene dicarboxylic acid

diblock copolymer solution in tetrahydrouran (THF) (3 wt%) were associated with

the required amount of iron salts in THF (ion exchange reaction between FeCl3 and

NORCOOH requires a 1:1 Fe+3:COO−1 molar ratio) at room temperature overnight.

Polymers containing the iron salts were static solution cast on teflon covered alu-

minum cups. The solvent was slowly evaporated and the films were dried for 6

days. The films were soaked in 2 M NaOH solutions to produce Fe2O3 particles and

then washed with water. Elemental analysis of Fe-doped polymers after the washing

step indicated that the iron amount in the samples had decreased after the washing

step (Table 3.4), which indicated that some Fe ions were not associated with the

carboxylic acid groups during iron doping.

Sample wt% Fe before washing wt% Fe after washing

360/120 7.4 6

320/190 9.4 7

290/260 11.7 10

Table 3.4: Fe amounts in wt% before and after washing iron oxide doped diblock

copolymer films.
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3.2 Characterization Techniques

Molecular weight distributions and absolute molecular weights were measured by Gel

Permeation Chromatography/Light Scattering (GPC/LS) using a Wyatt Technology

Mini-DAWN light scattering detector, a Waters 2410 RI detector and a Waters 515

pump and a Rheodyne 7125i injector with a 200µL loop. The mobile phase was

tetrahydofuran (THF) with 1 ml/min flow rate. Waters styragel 104Å 105Å and

106Å columns were used for these measurements.

The morphologies of the metal oxide doped polymers and metal oxide particle

sizes were examined by TEM (Hitachi H-600, operated at 100keV). TEM samples

were prepared by ultramicrotoming using a diamond knife.

Magnetic characterization was performed by superconducting quantum interfer-

ence (SQUID) measurements. The temperature dependence of the magnetization

was determined by zero field-cooled (ZFC) and field-cooled (FC) measurements. The

ZFC curve was obtained by cooling down to 5K at zero field and then measuring the

magnetization under a 200 Oe applied magnetic field. The magnetization was mea-

sured during heating from 5K to room temperature at 5K intervals. The FC curve

was similarly obtained except that this time the sample was cooled while applying

a 200 Oe magnetic field.

Small angle neutron scattering experiments were carried out at the Center for

Neutron Research at the National Institute of Standards and Technology (NCNR)

on the 8-meter NG165 instrument. 10Å wavelength neutrons were used. The sample

to detector distance was set to 3.84 cm and the detector angle was 3.5◦.

X-ray photoelectron spectroscopic measurements were performed using a Kratos
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Axis 165 spectrometer at a vacuum of 4x10−10 Torr with nonmonochromatic Mg Kα

radiation. All measurements were done in electrostatic mode, with a step size of 0.1

eV and sweep time of 60 s. All individual region spectra are recorded in the Fixed

Analyzer Transmission analyzer mode with pass energy of 20 eV.

3.3 Results and Discussion

The microstructure of iron oxide particles was determined by X-ray Photoelectron

Spectroscopy (XPS). After subtraction of a linear background, all spectra were fitted

using 60% Gaussian/40% Lorentzian peaks, taking the minimum number of peaks

consistent with the best fit. The important parameters in the fitting process are

peak position, full width at half maximum, intensity and the Gaussian fraction.

The high resolution Fe 2p spectrum of the sample is shown in Figure 3.6. The main

Fe(2p 3/2) structure is a broad peak with a full width at half maximum of about

3.8 eV. Since the asymmetric structure is clear in this peak envelope, it has been

resolved to various components as described by Zetaruk et al.66 The peak envelope

is fit by a series of peaks of decreasing intensity constrained to similar width and

shape. Analysis of the two main peaks in the Fe (2p 3/2) envelope has shown that

spin orbit splitting is 1.0 eV, which matches exactly the value reported for γ-Fe2O3

in the literature.66 Earlier calculations and studies have shown that both α-Fe2 O3

and γ-Fe2O3 yield similar intensity distributions for the Fe(2p 3/2) peak envelope.

The spin orbit splitting is 1.2eV for α-Fe2O3 where as γ-Fe2O3 has a splitting of

0.2eV less than α-Fe2O3. We therefore conclude from the XPS data that the iron

oxide is present as γ-Fe2O3. A small contribution of Fe3O4 was seen in the Fe(2p
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3/2) envelope at 708 eV.

Figure 3.6: XPS spectra of γ-Fe2O3 nanoparticles in NOR360NORCOOH120.
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3.3.1 Molecular Weight Determination

The molecular weights of the first and second blocks are analyzed using GPC/LS.

The measurement of the molecular weights of both blocks, allows the number of

monomer repeating units in each constituent blocks to be computed.

The differential refractive index, dn/dc, of a polymer/solvent pair is an important

parameter for the absolute molecular weight determination where a refractometer

is used to determine sample concentrations. dn/dc values for each composition of

copolymers in THF were measured using a differential refractometer. Polymer sam-

ples of varying concentrations (1-10mg/ml) were run through the refractometer and

the raw data (voltage) was read from the detector. The change in the refractive

index is expressed as ∆n = ∆V d(∆n)/d(∆V ) where d(∆n)/d(∆V ) is the calibra-

tion constant. The calibration constant was measured from a polystyrene standard

with a known dn/dc. dn/dc values were calculated from the slope of ∆n versus

concentration change (∆c). In an earlier study, it was reported that refractive index

increases as the humidity increases and it is very sensitive to the hygroscopic content

of the samples.67 In our experiments, depending on the amount of water in THF

and polymers, the dn/dc values varied as shown in Table 3.5. The elemental analysis

of the polymers gave us the approximate block ratios which were calculated from

the weight percentages of each element. This time dn/dc values were predicted from

the block ratios found from the elemental analysis using the software to analyze the

GPC data. Poly-dispersity index (PDI) values of diblock copolymers and dn/dc val-

ues from the elemental analysis results are presented in Table 3.6. Actual molecular

weights, block ratios, polymer compositions and molecular weight distributions were
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determined from the analysis of GPC/LS data as shown in Table 3.7.

Stoichiometric Block copolymer composition dn/dc

400/100 0.066

400/150 0.042

400/200 0.040

Table 3.5: dn/dc values of a series of norbornene diblock copolymers measured using

a refractometer.

Stoichiometric Block copolymer composition dn/dc PDI

400/100 0.040 1.67

400/150 0.044 1.24

400/200 0.021 1.36

Table 3.6: dn/dc values of a series of norbornene diblock copolymers (calculated

from the elemental analysis results.)

Total Polymer MW NOR/NORCOOH PDI φNOR/NORCOOH

(g/mole) Polymer composition
(
Mw/Mn

)
55941 360/120 1.67 0.64/0.36

65074 320/190 1.24 0.50/0.50

75146 290/260 1.36 0.40/0.60

Table 3.7: Measured molecular weights, compositions, PDI and volume fractions (φ)

of a series of norbornene diblock copolymers.
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3.3.2 Characterization of Diblock Copolymers Using SANS

Structure analysis is based on the diffraction of X-rays, electrons and neutrons.

Diffraction is produced by the interference of waves scattered by an object. When

neutrons scatter from the nuclei, changes in wave vector and energy of the neu-

trons provide structural information about the sample. Neutron scattering can be

explained with a classical Bragg diffraction experiment where neutrons scatter by

the lattice planes in a crystalline sample as shown in Figure 3.7. The neutron beam

is sent to the sample, and the scattered wave from each nucleus spreads out in all

directions and the detector collects the scattered beam of neutrons. Neutrons travel

an extra distance of 2d sin(θ/2) between two planes. θ is the scattering angle and d

is the distance between the planes. If the scattered waves are in phase, constructive

interference of the radiation from the planes occurs when the path difference is an

integer of the incident beam wavelengths (nλ).68

Figure 3.7: Diffraction from crystalline planes.

nλ = 2d sin(θ/2) (3.1)

The incidence and final wavevectors have magnitude of 2π/λ and are expressed as ki

and kf , respectively. The direction change between the incidence and final vectors is
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called the scattering vector and written as q = kf − ki. A schematic of wavevectors

and momentum transfer (q) is presented in Figure 3.8.

Figure 3.8: Relationship between wavevectors and momentum transfer for elastic

scattering.

The scattering vector can be expressed as

q = 2ki sin(θ/2) = (4π/λ) sin(θ/2) (3.2)

Substituting the wavelength expression in terms of θ (Eqn.3.1) into the scattering

vector expression (Eqn.3.2), the relationship between the scattering vector and the

crystal lattice spacing

q = n2π/d (3.3)

is obtained.

Variations in neutron scattering length provide contrast for neutron scattering and

isotopic labelling can be used to provide this contrast. Since the scattering lengths

of hydrogen (−3.74x10−13cm−1) and deuterium (6.67x10−13cm−1) are very different,

diblock copolymers with one block labelled with deuterium can be synthesized to
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provide the contrast for a neutron experiment. By labelling one of the blocks of

the copolymer, one can learn information about structural arrangements within

the diblock. The neutron scattering contrast between the two monomers of the

synthesized block copolymer and iron oxide are presented in Table 3.8.

Neutron Contrast (kN)

NOR/d-NORCOOH 8.52E-5

NOR/Fe2O3 7.14E-3

d-NORCOOH/Fe2O3 5.67E-3

Table 3.8: Neutron scattering length density contrasts between monomer-monomer

and monomer-iron oxide.

In this study, the NORCOOH block was deuterated to provide contrast between

the two blocks for SANS. The neutron scattering data for each sample plotted as

Intensity (I) versus scattering vector (Q) is shown in Figure 3.9. Peak positions

observed in the SANS data shifted to higher Q values with increasing NOR content,

which indicated increasing separation of block copolymer domains and potential

changes in morphology. The domain spacing, which is the average center-to-center

distance of the microphase separated diblock copolymer domains, was calculated

from the peak positions maxima (d=2*π/Q).
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Figure 3.9: SANS profiles of the series of norbornene/deuterated norbornene dicar-

boxylic acid block copolymers.

SANS experiments with metal oxide doped polymers were performed using the

same experimental configurations as for the undoped polymer samples. A change in

the shape of the scattering profiles of metal oxide doped polymers (Figure 3.10) was
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observed when compared to that of the undoped polymers. These profiles represent

the combined scattering from both the polymer domains and magnetic particles at

room temperature. Spin dependent magnetic scattering cannot be observed above

the ordering temperature, which is around 10K for these systems. Magnetic and nu-

clear scattering contributions can in general be separated by conducting scattering

experiments below the ordering temperature69 or by performing experiments with

polarized neutrons.70 In our study, only the nuclear scattering from Fe2O3 nanopar-

ticles contributed to the scattering from the polymer domains. The correlation of

the nuclear scattering from magnetic and polymer parts gives the overall scattering

profile.

41



Figure 3.10: SANS profiles of the series of norbornene/deuterated norbornene di-

carboxylic acid block copolymers with iron oxide nanoparticles.

The domain spacing obtained by the Qmax values of the SANS curves of the

metal oxide doped polymers refers to scattering contributions of the underlying mi-

crophase separated polymer domains, combined with any scattering from the metal
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oxide nanoparticles. The domain spacings calculated from the peak positions of

undoped and metal oxide doped samples are shown in Table 3.9 for comparison.

Figure 3.11, Figure 3.12 and Figure 3.13 display the scattering profiles of undoped

and doped samples at increasing Fe concentrations. The samples with 6 and 7wt%

Fe present peaks at doped and undoped states. In these samples, particles were

relatively ordered within polymer structure keeping the microphase separated struc-

tures. On the other hand, in the sample containing 10 wt% Fe, particles were not

well ordered in the polymer matrix and polymer did not retain its original structure.

The absence of a peak in the observed scattering from the metal oxide doped sample

indicated the disordered structures of iron oxide particles at this concentration. The

arrangement of the particles was not controlled with the polymer template at high

Fe concentrations. The disordered morphology of the particles was also confirmed

in the electron micrographs. The higher the concentration of the Fe particles, the

more interconnected structures have been observed.

φNOR/NORCOOH dundoped = 2 ∗ π/Q , Å ddoped , Å

0.64/0.36 730 530

0.50/0.50 670 375

0.40/0.60 530 439

Table 3.9: D-spacings for series of undoped and doped diblock copolymers with

Fe2O3.
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Figure 3.11: SANS profiles of the undoped and doped norbornene/deuterated nor-

bornene dicarboxylic acid block copolymer with volume fraction of 0.64/0/36. The

doped sample contains 6 wt% Fe.

44



Figure 3.12: SANS profiles of the undoped and doped norbornene/deuterated nor-

bornene dicarboxylic acid block copolymer with block ratios of 0.5/0.5. The doped

sample contains 7 wt% Fe.
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Figure 3.13: SANS profiles of the undoped and doped norbornene/deuterated nor-

bornene dicarboxylic acid block copolymer with block ratios of 0.4/0.6. The doped

sample contains 10 wt% Fe.

Transmission electron microscopy indicated that the diblock copolymers with

Fe2O3 exhibited spherical and interconnected morphologies. The sample synthesized
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with constituent block volume fraction ratio φNOR/NORCOOH = 0.64/0.36 had a

disordered spherical morphology with an average particle size of 10.4nm as shown

in Figure 3.14. The spacing between the magnetic nanoparticles of this sample was

determined by 2-dimensional Fourier transform (FFT) analysis of the TEM image.

The spacing of the metal oxide particles, 62nm, was found to be close to the domain

spacing of 53nm obtained by SANS. The comparison of I versus Q plots is presented

in Figure 3.15.

Figure 3.14: TEM image of 0.64/0.36 polymer doped with Fe2O3 nanoparticles.
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Figure 3.15: Comparison of d-spacings of metal oxide doped polymer 0.64/0.36 from

SANS and TEM. The d-spacing between metal oxide nanoparticles and metal oxide

doped polymer domains are found to be 62nm and 53nm, respectively.

The metal oxide doped polymer samples with 0.50/0.50 and 0.40/0.60 volume

fraction ratios exhibited interconnected morphologies, as shown in Figures 3.16, 3.17.
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The average particle size was found to be 10.7 and 16 nm for the sample with volume

fractions of 0.50/0.50 and 0.40/0.60. The metal doped samples exhibit morpholo-

gies which were different than the expected morphologies from the original undoped

copolymer compositions. The reason for the disordered morphologies can be the

possible non-equilibrium conditions occurring during the solvent casting and the in-

terparticle interactions affecting the microphase separation and desired morphology.

For example, an interconnected morphology was observed from the diblock copoly-

mer with 50/50 volume fraction ratio instead of the expected lamellar morphology.

FFT of the TEM images did not give a peak for these samples because TEM images

do not present enough order in the particular areas.

Figure 3.16: TEM image of 0.50/0.50 polymer doped with Fe2O3 nanoparticles.
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Figure 3.17: TEM image of 0.40/0.60 polymer doped with Fe2O3 nanoparticles.

3.3.3 Magnetic Characterization of Polymer-Metal Systems

All the ZFC curves shown in Figure 3.18 represent broad distributions of particle

size and blocking temperatures. The blocking temperatures were calculated from

the maxima of the ZFC curves.

The change in blocking temperature is related to the particle size and relax-

ation time distributions of the particles. The temperature Ts where the ZFC and

FC curves meet, corresponds to the blocking of the largest particles. Ts − Tb is

a measure of the width of the energy barrier and thus relates to the particle size
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distribution. Both temperatures, Tb and Ts are given in Table 3.10. In our study, it

was found that the blocking temperature increased with decreasing polymer domain

spacing. This behavior is probably related to interparticle interactions. Magnetic

interactions between superparamagnetic particles may influence the relaxation time

and anisotropy energy. The effect of particle interactions on the dynamic and static

properties of γ-Fe2O3 nanoparticles dispersed in poly-vinyl alcohol homopolymer

has been studied by ac susceptibility and Mossbauer spectroscopy measurements in

an earlier study.71 Thermal variation of the relaxation time has been observed for

samples with different particle spacings. It was reported that as the ratio of center-

to-center distance between particles (d) to average particle diameter (2R), d/2R,

varied from 3.9 to 1.6, the energy barrier due to interactions (EB(0)) increased from

38 to 275 and resulted in higher blocking temperatures.51,72 Dormann et al. showed

that the sample with the smallest particle spacing had the highest Tb within a series

of samples with the same particle size. They found that the sample with d/2R∼4.7

(which had the largest spacing) was consistent with noninteracting particles. The

effect of relaxation of the particle moment on interparticle interaction energy was ac-

counted for using a statistical calculation of the energy barrier. For our samples, the

corresponding d/2R ratios were determined to be 5.09, 3.50 and 2.29 for 0.64/0.36,

0.50/0.50, 0.40/0.60 samples, respectively. d values for the metal oxide doped poly-

mers were determined from the SANS data and R was determined by TEM. These

(d)SANS/(2R)TEM ratios were similar in magnitude to the values found by Dormann

et al. Therefore, the observed increase in Tb from 70K to 115K is probably due to

the decreasing ratio d/2R and the concomitant increase in interparticle interactions.
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Figure 3.18: ZFC-FC magnetization curves as a function of temperature with 200

Oe applied magnetic field for sample 0.64/0.36(4), 0.50/0.50(�) and 0.40/0.60(◦).

Filled and unfilled symbols represent FC and ZFC curves, respectively.
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Polymer volume fractions Tb, (K) Ts, (K) d/2R

0.64/0.36 70 200 5.09

0.50/0.50 85 250 3.50

0.40/0.60 115 290 2.29

Table 3.10: Blocking temperature variation with the block copolymer composition,

obtained from ZFC measurements with SQUID.

The magnetizations at an applied field of 50 kOe per gram of polymer and per

gram of Fe2O3 at different temperatures are presented in Table 3.11. Magnetization

values increased with increasing amount of Fe2O3 in the diblock copolymers. The

thermal dependence of magnetization was observed at 10, 50 and 300K between -0.5

kOe and 0.5 kOe. Magnetic measurements revealed that the samples were super-

paramagnetic at room temperature. Below their blocking temperatures, hysteresis

loops were observed for all samples. Figure 3.19 presents the magnetization profiles

as a function of field for sample with volume fraction of 0.40/0.60 at 10K, 50K and

300K. Samples 0.64/0.36, 0.50/0.50 and 0.40/0.60 became ferrimagnetic at 10K.

Magnetization profiles for all samples between -50 kOe and +50 kOe at 10K are

presented in Figure 3.20. The magnetization of sample 0.40/0.60 with the highest

metal oxide content remained unsaturated at the highest field 50 kOe, at 10K.
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emu/g polymer emu/g γ − Fe2O3

Polymer volume fractions 10K 300K 10K 300K

0.64/0.36 7 5 81 58

0.50/0.50 8 7 80 70

0.40/0.60 14 11 97 76

Table 3.11: Magnetization values at 50 kOe for varying block copolymer composi-

tions at 10K and 300K.
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Figure 3.19: Magnetization versus applied magnetic field for the block copolymer

with volume fraction of 0.40/0.60 containing Fe2O3 nanoparticles at 10K, 50K and

300K.
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Figure 3.20: Magnetization versus applied magnetic field for all samples at 10K.

It was observed that the magnetization changed with block copolymer compo-

sition and increased with decreasing temperature for all the samples. Remanence

values per gram of polymer at 10K are given for samples 360/120, 320/190 and
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290/260 in Table 3.12. The remanence increased with decreasing temperature from

50K to 10K. With increasing Fe amount, the remanence and magnetization values

increased.

Block copolymer composition Remanence (emu/g)

360/120 1.29

320/190 1.48

290/260 2.06

Table 3.12: Remanence values per gram of polymer at 10K.

3.4 Conclusions

Spherical and interconnected morphologies of γ-Fe2O3 nanoparticles were synthe-

sized within different copolymer structures and characterized in TEM. FFT analysis

of the TEM image from the 0.64/0.36 sample showed that the spacing between the

metal oxide particles in TEM image (62nm) was consistent with the polymer spacing

of 53 nm measured by SANS. Similar spacings between polymer domains and metal

oxide particles indicate the control on the dispersion of metal oxide particles within

the diblock copolymer template.

The SANS profiles display significant changes in the shape and peak positions

after metal doping. Nuclear scattering from magnetic particles can change the ob-

served profiles if the iron particles are not distributed uniformly within the polymer

nanodomains. Therefore, this change is due to non-uniform distribution of magnetic

particles or their effect of strong dipolar interactions on the microphase separation

of polymer domains. The effect of particle disordering and any change in polymer
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structures is observed at high (10 wt%) Fe concentration.

High concentration of the nanoparticles may suppress the microphase separation

of the copolymers due to the increasing effect of interparticle interactions of the

aggregated particles. The relevant effect will be discussed in the following chapter.

The amount of nanoparticles and their dispersion influence the interparticle interac-

tions. Therefore the resultant magnetic behavior and properties of the metal oxide

doped diblock copolymers may change.

An increase in blocking temperatures indicates particle interactions that change

with particle size and domain distance. Sample (0.40/0.60) with the highest blocking

temperature of 115K exhibited an interconnected morphology. All metal oxide doped

samples exhibited superparamagnetic behavior at 300K and became ferrimagnetic

at 10K.

The room temperature neutron scattering data does not contain spin-dependent

magnetic scattering from Fe2O3 particles because all spins are disordered at this

temperature. In order to distinguish the magnetic scattering, SANS experiments

were performed at 10K. There was no change in the scattering profile at 10K when

magnetic field of 5 Tesla was applied. The insignificant change in the scattering

pattern under the applied fields was probably due to the spin disordering at the

surface of the nanoparticles. Disordered spins present lower magnetization than

that of the core spins and result in small magnetization at 10K. The unsaturation

of magnetic spins at high fields was also indicative of the non-collinear behavior in

all three samples. The magnetic property of the resultant spin structure was not

sufficient to observe the magnetic ordering from the spins. Having disordered spin
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structure on the shell can be difficult to align the spins at 5 Tesla and therefore

any significant intensity increase in the scattering peaks and additional peaks could

not be observed. Coey reported that even 5 Tesla was not sufficient to align all

the spins of 6 nm γ-Fe2O3 particles.52 Spin structure of the particles was suggested

to be noncollinear due to competing antiferromagnetic exchange interactions at the

surfaces of the particles. For small γ-Fe2O3 particles, spin-glass magnetic ordering

(magnetically disordered surface layer) occurred near the surface of the particles.46
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Chapter 4

Morphological Analysis of Undoped and Doped

Poly(Norbornene)-block-Poly(Deuterated

Norbornene Dicarboxylic Acid) Diblock

Copolymers by TEM and SAXS

4.1 Introduction

The arrangement of inorganic nanoparticles within self-assembled diblock copoly-

mers is the focus of many research investigations. Their extensive applications in

electronics, magnetic and biotechnology have aroused the interest in understanding

the arrangement of nanoparticles within organic or biological templates that aims to

improve the performance of the molecular scale devices. As for templates, organic-

organometallic block copolymers,5 functionalized copolymers which have specific

interactions with the nanoparticles73 and micelles33 have been utilized for the for-

mation of ordered inorganic nanoparticle arrays.

We have been using norbornene based diblock copolymers as templates for the
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synthesis of Fe2O3 nanoparticles. The Fe2O3 particles were selectively incorporated

into the block containing carboxylic acid units which have strong interactions with

the Fe+3 ions using a solution doping method,74 and the spatial distribution of Fe2O3

nanoparticles and its influence on the magnetic properties of the nanocomposites

were reported in previous chapter.

In this chapter, spherical, cylindrical and lamellar nanodomains of poly(norbornene)-

b-poly(deuterated norbornene dicarboxylic acid) block copolymer were presented.

Solution cast diblock copolymer bulk films were also investigated by means of Small-

Angle X-ray Scattering (SAXS). The x-ray scattering profiles of the polymer samples

displayed multiple high intensity peaks than those observed in neutron scattering

measurements. The morphologies of norbornene based copolymers were examined

by Transmission Electron Microscopy (TEM) through developing a new staining

method. These self-assembled polymeric nanodomains were used as the templates

for the synthesis of iron oxide nanoparticles. The doped copolymers were stud-

ied by SAXS. Analysis of the distribution of iron oxide nanoparticles within block

copolymer templates and the undoped polymer morphologies revealed how well the

nanoparticles were templated within the copolymer structures. The effect of Fe con-

centration on templating ordered particles was observed clearly. SAXS results also

confirmed that by increasing the iron oxide doping concentrations, particles were

arranged in a disordered manner. The influence of inorganic nanoparticles on the

phase behavior of diblock copolymers has been studied theoretically by Balazs et

al.78 Their simulation results showed that depending on the particle volume fraction,

the self-assembled structures can be changed. The disordered and connected iron
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oxide structures that have been observed in norbornene based copolymers may also

indicate the influence of high concentration of iron nanoparticles on the self-assembly

and microphase separation of the block copolymers.

4.2 Characterization Techniques

Diblock copolymer morphologies were examined by TEM (Hitachi H-600, operated

at 100keV). TEM samples were prepared by ultramicrotoming the solution cast

undoped films using a Leica EM UC6 microtome with a diamond knife at room

temperature. Undoped samples with longer NORCOOH blocks (samples with block

ratios of 360/120 and 320/190 being the second block NORCOOH domain) were

dry cut. The sample 375/60 was embedded in epoxy resin and thin sections (ap-

proximately 40nm) were microtomed. The undoped block copolymer morphology

was observed after staining the microtomed sections with iodine vapor in a closed

desiccator at room temperature for 6 hours.

Small angle x-ray scattering measurements before and after doping were car-

ried out at beamline 12-ID-C (BESSRC) Argonne Research Laboratory, Advanced

Photon Source (APS) at room temperature to observe the morphological differences

between copolymers with different volume fractions.

4.3 Results and Discussion

NOR/d-NORCOOH copolymers with 0.2, 0.36, 0.50 and 0.62 volume fractions of

d-NORCOOH were synthesized by ring-opening metathesis polymerization as dis-
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cussed in Chapter 3. The block compositions, morphologies and the stoichiometric

Fe amounts in the doped samples were shown in Table 4.1. Poly dispersity indeces

for the correspondent samples were found to be 1.46, 1.67, 1.24 and 1.23, respectively

from GPC/LS measurements. The multiple peaks observed in SAXS data indicate

microphase separated and ordered structures of block copolymers at different com-

positions.

Volume Fraction (φNORCOOH) Morphology Fe (wt%)

0.2 Spherical 4

0.36 Cylindrical 6

0.5 Cylindrical-lamellar 7

0.62 - 11

Table 4.1: Block ratios, volume fraction (φNORCOOH), observed morphologies and

the Fe amounts used in doped polymers.

The SAXS data of the doped samples correspond to the scattering from the metal

particles due to the high electron density difference of the metal particles relative

to the polymer matrix. The influence of the polymer template on nanoparticle

arrangement is confirmed by comparing the SAXS plots of undoped and doped

samples. Figure 4.1 shows the scattering curves of an undoped and metal oxide

doped copolymer with a NORCOOH volume fraction of 0.2. The scattering peak

at 0.00918Å−1 indicates the microphase separation of the nanodomains with a d-

spacing of 684Å. From elemental analysis, the iron amount was found to be 4 wt%.

The major peak at 0.010577Å−1 in the profile of polymer-metal sample indicates the

spacing between iron oxide nanoparticles is 593Å. TEM image shows the spherical
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microstructure of the undoped NOR/d-NORCOOH copolymer Figure 4.2. It was

observed that norbornene domains were selectively stained by the absorbed iodine

vapor, therefore the white dots represent the NORCOOH domains of the copolymer.

Figure 4.1: SAXS profiles of NOR/d-NORCOOH pure diblock copolymer and Fe2O3

doped polymer. The volume fraction of the NORCOOH block in the copolymer is

0.2. Metal oxide doped sample contains 4 wt% Fe.
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Figure 4.2: Electron micrograph of NOR/d-NORCOOH diblock copolymer with

spherical morphology stained with iodine vapor. The volume fraction of the NOR-

COOH block in the copolymer is 0.2.

The SAXS profile of the sample with NORCOOH volume fraction of 0.36 was

measured at room temperature and the first order scattering maxima appeared at

0.010275Å−1 while higher order scattering maxima of
√

3 and
√

9 were observed as

shown in Figure 4.3. The relative positions of scattering maxima indicate a cylin-

drical domain structure. Electron microscopy of the undoped copolymer confirmed

the cylindrical morphology after staining the microtomed sample ( 40nm thick film)

with iodine vapor (see Figure 4.4). It was observed that most of the cylindrical

microdomains in the solution cast film were oriented with the long axis parallel to
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the film surface. The average center-to-center distance between cylindrical domains

was calculated from the q value of the first peak as 61nm. The scattering profile of

the doped copolymer indicates a disordered arrangement of the iron oxide particles

within the cylindrical nanodomains when the particles were introduced by solution

doping.

Figure 4.3: SAXS profiles of pure NOR/d-NORCOOH diblock and doped diblock

copolymers. Volume fraction of the NORCOOH domain is 0.36. The Fe amount

was found to be 6 wt% from elemental analysis.
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Figure 4.4: Electron micrograph of pure NOR/d-NORCOOH diblock copolymer

with cylindrical morphology, stained with iodine vapor. Volume fraction of NOR-

COOH block is 0.36.

Figure 4.5 shows the cylindrical to lamellar morphology of the sample with the

block ratio of 320/190 in which the volume fraction of the NORCOOH domain is

0.5. Hexagonal arrays of microdomains were oriented normal to the film surface

at some parts of the film. Analysis of different parts of the film showed lamellar

domains as depicted in Figure 4.6. NORCOOH volume fraction of 0.5 resulted in

the cylindrical morphology mostly everywhere but also presenting lamellar domains

which was expected for this composition. These morphologies present the non-
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equilibrium structures. Samples were not annealed before analyzing in TEM. The

Fe2O3 nanoparticle arrangement within this copolymer resulted in weakly ordered

nanoparticles (Figure 4.7).
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Figure 4.5: Electron micrograph of NOR/d-NORCOOH diblock copolymer with

cylindrical morphology, stained with iodine vapor. Volume fraction of NORCOOH

is 0.50.
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Figure 4.6: Electron micrograph of NOR/d-NORCOOH diblock copolymer with

cylindrical to lamellar morphology, stained with iodine vapor. Volume fraction of

NORCOOH is 0.50.
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Figure 4.7: SAXS profile of Fe2O3 doped NOR/d-NORCOOH diblock copolymer.

Volume fraction of the NORCOOH domain is 0.50. The iron amount was found to

be 7 wt%.

The particles were disordered within the polymer with NORCOOH volume frac-

tion of 0.62 even though the pure copolymer template was ordered which was indi-

cated by the multiple scattering peaks (Figure 4.8).
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Figure 4.8: SAXS profiles of pure NOR/d-NORCOOH and Fe2O3 doped diblock

copolymers. Volume fraction of the NORCOOH domain is 0.62. The iron amount

was found to be 11 wt%.

By increasing the amount of Fe from 4 to 11 wt%, nanoparticles do not form

ordered structures any more. The distribution of iron oxide particles was not uniform

and disordered particles were observed when the iron concentration was increased

to 11 wt% for the sample with block ratio of 304/297.

SAXS and TEM analysis of all undoped block copolymers verify that these poly-

mers are microphase separated in spherical and cylindrical microstructures. It has

been shown that the iron oxide distribution was not influenced by underlying copoly-

mer morphology at increasing concentrations of Fe.

This result may indicate the potential influence on the microphase separation

of copolymer when high concentration of Fe is added to the system. Hashimoto et
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al. showed a similar result in PS-b-P2VP system containing palladium nanoparti-

cles. Pd particles were produced by reduction of palladium acetylacetonate in dilute

P2VP-b-PI solution. As the Pd particle concentration increased, free P2VP-b-PI

blocks, which are responsible for formation of the well-defined microdomain struc-

tures, decreased in concentration.75 In addition, free space between the Pd particles

tend to decrease at high Pd concentration. Due to the interparticle interactions,

the particles coordinated and stabilized by the polymer chains tend to form aggre-

gates in which the P2VP may be segregated around the particles. As a result, high

Pd particle content suppresses the microphase separated morphology and leads to

interconnected aggregates.

It has been shown in earlier theoretical studies and simulations that the strength

of interaction between the nanoparticles and the polymer domains affects the mor-

phology of the copolymer mixture in melts. By tailoring the interaction energy

between the particles and the one of the blocks, the structure and size of the do-

mains has been controlled according to simulation results of Balazs et al.76,77 In

addition, the influence of inorganic particle size and concentration on the phase

behaviour of diblock copolymers has been studied.78

4.4 Conclusions

Spherical, cylindrical and lamellar morphologies of poly(norbornene)-b-poly(deuterated

norbornene dicarboxylic acid) block copolymers were visualized by TEM and the self-

assembled nanostructures were examined in SAXS measurements. The morphologi-

cal analysis of the influence of iron oxide nanoparticles embedded in poly(norbornene)-
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b-poly(deuterated norbornene dicarboxylic acid) diblock copolymer was reported by

SAXS and TEM of the doped samples. Exploring the morphologies of the undoped

copolymers allowed us to determine the effect of templating mechanism which de-

pends on the iron oxide particle amount. In conclusion, the distribution of Fe2O3

nanoparticles were controlled within NOR-b-NORCOOH copolymers when they

were doped with low amounts of Fe (4 wt%), forming isolated spherical particles in

the polymer template. High iron oxide particle concentrations (at 6 wt% and higher)

were not templated within the microdomains of the copolymers. Thereby, at high

concentrations of Fe, metal-metal particle interactions exceed the polymer-metal

interactions resulting in the formation of disordered inorganic particles and disturb-

ing the self-assembly of the diblock copolymer templates. At deformed copolymer

morphologies due to high amounts of Fe, iron oxide particles aggregated forming

interconnected nanoparticles. Theoretical studies of Balazs et al. also confirmed

our results on the influence of high particle concentration on the evolution of a

microphase separation.
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Chapter 5

An Investigation of the Templating Fe2O3

Nanoparticles within Norbornene

Methanol-Norbornene Dicarboxylic Acid Diblock

Copolymers

5.1 Introduction

A novel diblock copolymer, poly(norbornene methanol)-b-poly(norbornene dicar-

boxylic acid), was synthesized at varying compositions and well dispersed iron

oxide nanoparticles were synthesized within these polymer matrices. Norbornene

methanol and norbornene dicarboxylic acid monomers have good solubilities in

dichloromethane (CH2Cl2) in which the polymerization takes place. The synthesized

sample with volume fraction of 0.5 for the norbornene methanol block displayed a

lamellar morphology. Alternative doping on microphase separated thin films were

employed. It was shown that the nanoparticles were aligned within the lamellar

domains of the block copolymer when the thin film doping was applied. This re-
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sult shows that diblock copolymers can be good templates for nanoparticle arrays

when thin films were submerged in dilute iron salt solutions. On the other hand,

transmission electron microscopy images of solution doped sample showed good dis-

persion of isolated and spherical iron oxide nanoparticles in diblock copolymers for

the corresponding composition. The magnetic characteristics of these nanoparticles

embedded in the copolymer matrix after solution doping results in ferrimagnetic

behavior at 5K and high saturation magnetization per gram of polymer. The value

is comparable to the bulk magnetization of Fe2O3 at low temperature.

In summary, the resulting nanoparticle morphologies from the two doping meth-

ods were examined with Transmission Electron Microscopy (TEM) and compared

to the undoped copolymer morphology. Our results address the effect of polymer

template and of the doping method on producing ordered metal oxide nanoparticles

in thin and bulk films.

5.2 Materials

5-Norbornene-2-methanol (mixture of endo and exo) and 2-norbornene-5, 6, endo,

exo-dicarboxylic acid, ethyl vinyl ether, dichloromethane (CH2Cl2), deuterated fumaric-

2,3-D2 acid (98 atom % D), bis(tricyclohexyl phosphine) benzylidine ruthenium(IV)

dichloride (1st generation Grubbs’ catalyst) and aqueous iodine solution (0.1M) (I2)

were purchased from Aldrich. CH2Cl2 was distilled over calcium hydride under ar-

gon. All solvents, monomers and catalyst required for polymer synthesis were stored

inside an MBraun LabMaster100 glovebox.
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5.3 Experimental

Methanol and carboxylic acid groups were protected by capping them with trimethyl-

silane. 5-trimethylsiloxylmethyl norbornene was synthesized as follows: 5-norbornene-

2-methanol (8.25g, 0.0664 mole) and pyridine (5.25g, 0.0664mole) were stirred in

150ml ether under argon. Trimethylsilylchloride (7.21g, 0.064mole) was added slowly

to the stirring solution. The solution was stirred under argon for 24 hour and fil-

tered through celite. A second filtration was done through celite by washing with

pentane. The liquid product was obtained after stripping the solvent and vacuum

distilling it under 11.5 psi at 180◦C. The distilled product was a clear, slightly vis-

cous liquid and was kept in the glove box. The 1H NMR spectrum of norbornene

methanol (NORMeOH) is shown in Figure 5.1. As seen in Figure 5.2, two doublets

of methylene protons which were identified at 3.24 and 3.38 ppm disappeared after

methanol groups were capped with trimethylsilane. The chemical shifts of the NMR

spectra are presented in Table 5.1.
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Figure 5.1: 1H NMR spectrum of NORMeOH.
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Positions 1H Chemical Shifts (ppm)

H1 2.93 (endo), 2.75 (exo)

H2 2.29 (endo), 1.61(exo)

H3x 1.80(endo), 1.09 (exo)

H3n 0.49 (endo), 1.23 (exo)

H4 2.79 (endo), 2.81 (exo)

H5 6.12 (endo), 6.06(exo)

H6 5.95 (endo), 6.09 (exo)

H7s 1.43 (endo), 1.31 (exo)

H7a 1.25 (endo), 1.28 (exo)

CH2OH 3.24, 3.38 (endo), 3.43, 3.60 (exo)

Table 5.1: 1H Chemical shifts of the NMR of 2,5 endo-/exo-norbornene methanol.

79



Figure 5.2: 1H NMR spectrums of NORMeOH and NORMeOH-TMS.

80



2-norbornene-5,6 dicarboxylic acid bis(trimethylsilyl) ester was synthesized as

reported in literature.79 The norbornene methanol (NORMEOH)-norbornene dicar-

boxylic acid (NORCOOH) diblock was synthesized using Grubbs’ catalyst in CH2Cl2

by first initiating the norbornene methanol trimethylsilane monomer. Polymeriza-

tion of 5-trimethylsiloxylmethyl norbornene took 24 hours and 2-norbornene-5,6 di-

carboxylic acid bis(trimethylsilyl) ester was added and stirred for another 24 hours.

The reaction was terminated with ethyl vinyl ether and the diluted polymer solution

was stirred with alumina to remove the catalyst. The polymerization mechanism is

shown in Figure 5.3.
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Figure 5.3: Polymerization schematic of NORMEOH-NORCOOH diblock copoly-

mer.

5.4 Results and Discussion

The PDIs of the synthesized block copolymers were determined by Gel Permeation

Chromatography - Light Scattering (GPC-LS). Target block ratios of NORMEOH-

NORCOOH diblock copolymer and their PDI values are shown in Table 5.2. The

actual molecular weights of the copolymers could not be determined due to unknown

values of the exact sample concentrations and their
dn

dc
values. The methanol and

carboxylic acid groups were hydrolyzed by adding 0.5ml acetic acid to remove the

trimethylsilyl protecting groups through rigorous stirring in air and then films of

diblock copolymers were slowly static cast for 5 days under a CH2Cl2 saturated

atmosphere in a dessicator.
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Sample block ratio (NORMEOH/NORCOOH) PDI

50/50 1.12

60/40 1.25

10/90 1.12

Table 5.2: Polydispersity indices of NORMEOH/NORCOOH diblock copolymer of

actual block ratios as determined by UV spectroscopy.

The polymer compositions were determined using Perkin Elmer Lambda 25

UV-VIS spectroscopy. A calibration curve was obtained by measuring the ab-

sorbance as a function of the volume fraction of NORMEOH homopolymer in a

series of NORMEOH and NORCOOH homopolymer blends. A sweep run was

performed between wavelengths 210-310 Å. As norbornene methanol fraction in-

creased in the mixture, the intensity of the peak between 225-250 Å increased.

The pure norbornene methanol homopolymer showed a peak maximum at 239 Å.

The absorbance values at 239 Å were monitored for samples with varying nor-

bornene methanol amount. A calibration curve was formed by plotting the ab-

sorbance values at 239 Å as a function of norbornene methanol volume fraction

(Figure 5.4). NORMEOH/NORCOOH diblock copolymer with 0.4 volume fraction

of NORMEOH was microtomed and immersed in 4% aqueous OsO4 solution for 12

hours at room temperature and then rinsed with water. The undoped morphology

of the copolymer was seen in Figure 5.5.
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Figure 5.4: Calibration curve showing the absorbance change as a function of volume

fraction of NORMEOH homopolymer in NORMEOH/NORCOOH mixtures.
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Figure 5.5: Electron micrograph of NORMEOH/NORCOOH diblock copolymer

with 0.4 volume fraction of NORMEOH block, stained with OsO4.

The iron particles of 3-5 nm in diameter were templated within this sample

of NORMEOH/NORCOOH diblock copolymer after solution doping as shown in

Figure 5.6.
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Figure 5.6: Electron micrograph of NORMEOH/NORCOOH diblock copolymer

with 0.4 volume fraction of NORMEOH block, doped with Fe2O3.

Well dispersed iron oxide nanoparticles within norbornene methanol-norbornene

dicarboxylic acid diblock copolymers were synthesized. These nanoparticles were

superparamagnetic at room temperature. At 5K, the sample was ferrimagnetic and

magnetic moments of 11 emu/g polymer was observed at 5 Tesla as shown in Fig-

ure 5.7. This copolymer contains 15.4 wt% Fe2O3 and its magnetization corresponds

to 73emu/γ-Fe2O3 which is very close to the saturation magnetization of bulk γ-

Fe2O3 (Ms=82emu/g at 5K). The hysteresis loop corresponded to a coercivity of

200 Oe and remanence of 0.68emu/g polymer at 5K. We believe that the better

ordering and size uniformity of iron oxide nanoparticles resulted in a high magnetic

moment and coercivity within this polymer matrix.

86



Figure 5.7: Magnetization versus applied field measured at 5K. The inside picture

presents M-H profile between -4000/4000 Oe.

Figure 5.8 shows the distribution of spherical iron oxide nanoparticles in another

sample which has the volume fraction of the NORMEOH block as 0.1.
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Figure 5.8: Electron micrograph of NORMEOH/NORCOOH diblock copolymer

(φNORCOOH=0.1), doped with Fe2O3.

Electron microscopy images of the doped samples showed that by loading the

polymers with the stoichiometric amount of FeCl3 in solution, the resultant nanopar-

ticle arrangement was not controlled with the polymer template. For the sample con-

taining 0.5 volume fraction of NORMEOH block, we employed an alternative doping

method and compared the obtained microstructures with the undoped copolymer

morphology. In the following sections, the staining, doping methods and TEM im-

ages are discussed.

5.4.1 Staining Diblock Copolymer:

Samples for TEM analysis were prepared by ultramicrotoming the solution cast

undoped and metal oxide doped films. Films were embedded in epoxy resin and

thin sections (approximately 40nm) were obtained by microtoming using a Leica

EM UC6 microtome at room temperature with a diamond knife. The microtomed
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sections were put on microscope slides and placed in a dessicator containing aqueous

iodine solution. The samples were stained by exposure to iodine vapor for 6 hours.

Iodine staining was achieved by the differential physical sorption of iodine into one

of the blocks.

5.4.2 Metal Loading Methods:

Two metal loading methods (thin film versus solution) were employed to examine the

effect of the doping process on the particle dispersion. In thin film doping, iron oxide

particles were associated to the carboxylic groups of a thin film (approximately 40nm

thick) that was prepared by microtoming. The microtomed sections were soaked in

0.007M NaOH solution for 16 hours, rinsed with water and then immersed in 5mM

aqueous FeCl3 solution for 5 minutes.61 In this method, Fe+3 ions exchange directly

with the Na+1 ions associated to the COOH group leading to a faster iron ion uptake

within the thin film.

The solution doping procedure was followed as stated in literature.3,18 The block

copolymer solution (5 wt%) was mixed with a FeCl3 solution in tetrahydofuran

under argon for 12 hours. The polymer-metal solution was cast in solvent saturated

atmosphere to form bulk films. The films were soaked in 2M NaOH solutions to

produce Fe2O3 particles for 24 hours. A final water wash removes any unbound

metal and sodium salts. It is known that the solution doping mechanism followed

by oxidation produces well dispersed but disordered γ-Fe2O3 nanoparticles within

the block copolymer matrix.74 These iron oxide doped films were embedded in

epoxy resin and then microtomed into 40 nm thick sections. The morphologies
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of the undoped and doped copolymers were examined using TEM (Hitachi H-600,

operated at 100 keV).

In previous studies, the morphology of norbornene based diblock copolymers

has been reported in two systems: A norbornene dicarboxylic acid-b-acetylene di-

block copolymer, stained with diethyl zinc vapor79 and norbornene methanol-b-

carbazole functionalized norbornene stained with dimethyl cadmium (Cd(CH3)2)

vapor.80 After vapor staining, these block copolymers were microtomed into thin

sections for TEM characterization. The solution and thin film metal oxide dop-

ing methods have been applied to many block copolymer/nanoparticle systems by

Cohen et al.3,15,16,18,61 However, the morphologies obtained using different doping

methods have not been compared to the undoped copolymer in the same polymer

system.

The TEM of the undoped norbornene methanol/norbornene dicarboxylic acid di-

block copolymer which was ultramicrotomed and then stained with iodine displayed

a lamellar morphology as shown in Figure 5.9. Lines with different thicknesses prob-

ably formed from the segregated silane groups which were used for protecting the

functional groups on both blocks. From this figure a domain spacing of 50nm (mea-

sured between the two dark lines) was calculated. The fast fourier transform (FFT)

image of the corresponding electron micrograph shows the diffraction pattern of the

lamellar domains as displayed in the insert of Figure 5.9.
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Figure 5.9: Electron micrograph of NORMEOH/NORCOOH diblock copolymer,

stained with iodine vapor. The inside picture shows the FFT image.

The thin film metal oxide doping method was employed to microtomed sections

of the block copolymer sample. The ordering of the iron oxide nanoparticles followed

the lamellar morphology of the pure copolymer as indicated by the TEM micrograph

of Figure 5.10. The γ−Fe2O3 nanoparticles were lined up along one of the individual

lamellar domains and the distance calculated between two adjacent nanoparticle

arrays was between 70 to 90 nm. However, the diblock copolymer doped using the

solution method resulted in interconnected aggregates of iron oxide nanoparticles

(Figure 5.11) which were not templated by the underlying block copolymer structure.
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Figure 5.10: Electron micrograph of the iron oxide doped NORMEOH/NORCOOH

diblock copolymer. Sample was prepared by submerging a thin film in FeCl3 solution

(thin film doping).
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Figure 5.11: Electron micrograph of the iron oxide doped NORMEOH/NORCOOH

copolymer prepared by solution doping.

The main difference between the two metal oxide doping methods is that in the

thin-film doping case, the block copolymer microphase separation has occurred prior

to metal doping. The pre-existing lamellar microstructure guides the preferential

binding and confinement of γ−Fe2O3 within the carboxylic acid containing polymer

block.

5.5 Conclusions

We have synthesized norbornene methanol/norbornene dicarboxylic acid diblock

copolymers with low polydispersity indices. Polymers doped with iron ions in so-

lution did not form ordered iron oxide nanoparticles after the film formation and
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oxidation steps. There may be several fundamental problems that affect the poly-

mer particle interactions in solution phase and causing these disordered aggregates

of nanoparticles. These problems can be aroused from the competing interactions

between solvent, polymer chains and metal particles. Another reason can involve

polymer conformational entropy when the particles are adhered to the chains.81 The

conformation of the polymer chains adhered to the particles influences the controlled

alignment of the particles. For example, Hashimoto et al. showed that depending

on the molecular weight of the P2VP-b-PI copolymer the Pd nanoparticles can be

aligned in the middle of P2VP lamellae, near the middle and also along the interfaces

with the PI lamellae.75,81,82 The molecular weight and composition of P2VP-b-PI

block copolymers affect configurations of the copolymer chains adsorbed on the par-

ticle.

On the other hand, thin film doping does not involve these problems because

doping occurs on the microphase separated structure. We observed the lamellar

structure of an undoped poly(norbornene methanol)-b-poly(norbornene dicarboxylic

acid) diblock copolymer by TEM and examined the dispersion of Fe2O3 nanoparticles

within this polymer matrix when solution phase and thin film doping techniques were

used. The comparison of the copolymer morphology before and after doping reveals

the influence of the copolymer structure on the resulting nanoparticle dispersion

within the polymer matrix. It was shown that the block copolymer guided the

confinement of iron oxide nanoparticles within one of the microphase separated

lamellae when the thin film doping technique was employed.
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Chapter 6

Conclusions

The synthesis of novel poly(norbornene)-b-poly(deuterated norbornene dicarboxylic

acid) diblock copolymers by ring-opening metathesis polymerization has been re-

ported in this dissertation. The microstructures obtained by changing the volume

fraction of one of the blocks was investigated by transmission electron microscopy

and spherical, cylindrical and lamellar morphologies were observed. The microphase

separated structures with different domain spacings were studied using small-angle

neutron and X-ray scattering. These morphologies were used as templates for the

synthesis of iron oxide nanoparticles. The distribution of Fe2O3 nanoparticles was

controlled within NOR-b-NORCOOH copolymers when these polymer systems were

doped with low amounts of iron (4 wt%), forming isolated spherical particles in the

polymer template. Undoped copolymers with cylindrical and lamellar morphologies

were doped with the stoichiometric amount of iron salts through a solution doping

method. It was observed that at high iron concentrations (at 6 wt% and higher), iron

oxide particles were not templated within the microdomains of the copolymers and

formed interconnected structures. Small-angle X-ray and neutron scattering mea-
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surements of iron oxide doped copolymers confirmed the non-uniform distribution

of nanoparticles and indicated the influence of particles in the polymer microphase

separation for samples with high Fe concentrations. The amount of nanoparticles

and their dispersion influenced the interparticle interactions and the resultant mag-

netic behavior. As the Fe concentration increased in these samples, a change in the

blocking temperatures was observed which indicated increased particle interactions

for the samples displaying an interconnected morphology. All iron oxide doped sam-

ples exhibited superparamagnetic behavior at 300K and became ferrimagnetic at

10K.

It was found that solution doping was effective in templating iron oxide nanopar-

ticles at low Fe concentration. The influence of high iron amounts (when added in

solution) on the resultant polymer microphase separation has been confirmed by

another experimental study of Hashimoto et al. using transmission electron mi-

croscopy. High inorganic particle content can suppress the microphase separated

morphology and leads to interconnected aggregates. In future studies, phase dia-

grams of diblock copolymer with inorganic particles can be simulated and studied

theoretically in order to understand the effect of particle size and volume fraction

on the block copolymer morphologies. Polymer-solvent, polymer-particle and metal

ion-solvent interactions should be considered in the theoretical calculations.

In the second part of the thesis, the synthesis of poly(norbornene methanol)-b-

poly(norbornene dicarboxylic acid) diblock copolymers was reported. The lamellar

structure of an undoped poly(norbornene methanol)-b-poly(norbornene dicarboxylic

acid) diblock copolymer was observed by TEM and the dispersion of Fe2O3 nanopar-
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ticles within this polymer matrix was investigated when solution phase and thin film

doping techniques were used. It was shown that the block copolymer guided the con-

finement of iron oxide nanoparticles within one of the microphase separated lamellae

when the thin film doping technique was employed. Iron oxide nanoparticles formed

after solution doping were superparamagnetic. This nanocomposite presented a

magnetization value of 73emu/γ-Fe2O3 at 5K which is very close to the saturation

magnetization of bulk γ-Fe2O3 (Ms=82emu/g at 5K).

The synthesized iron oxide doped norbornene block copolymers can be used as

magnetic refrigerants due to their high magnetization values at low temperatures.

The current magnetization of the superparamagnetic nanoparticles can be also used

for the drug delivery systems and magnetic resonance imaging.

Norbornene based diblock copolymers that were characterized in this study

present ordered microstructures and they are potentially good candidates for sta-

bilizing inorganic nanoparticles when thin film doping method was used. In future

studies, the copolymer thin films can be formed by spin casting and they can be

thermally annealed to achieve equilibrium structures. These preformed thin films

and microphase separated equilibrium structures can be loaded with the particles by

submersion into metal salt solutions. Using this metal loading method, templating

of nanoparticles within all microstuctures of undoped copolymer can be studied in

future experiments.

The copolymer of lamellar morphology that is doped with Fe2O3 particles using

the above mentioned thin film doping can be studied in neutron reflectometry mea-

surements. From the neutron reflectometry experiments, the period of the lamellar
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structure and the position of the nanoparticles in the NORCOOH layers can be de-

termined. The arrangement of the particles either in the interfaces of the two blocks

or in the middle of the NORCOOH domain gives us information on the coordination

of the iron oxide particles in the copolymer matrix.

In addition, the copolymer can be loaded with very low iron salt concentration

in solution phase (0.005 M). In this case, attractive interactions between Fe ions will

be neglected and the microphase separation probably will not be influenced by the

presence of the nanoparticles. The interaction between carboxylic acid groups and

the Fe ions will be dominant and the particles can be templated at low metal salt

concentrations. Templated nanoparticles within ordered microstructures can lead

to non-interacting behavior of the particles. This behavior may result in aligned

magnetic anisotropy and higher magnetization values at room temperatures which

can be practically used for high-density data storage media and electromagnetic

systems. The particle size can be increased by overdoping the copolymers but the

preformed structures will be destroyed. The self-assembled ordered copolymer struc-

tures should be maintained after particle incorporation and the effect of the ordered

particles on the resultant properties can be studied in future experiments.
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