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SUMMARY 

The aim of this work is to contribute to the development of nanotechnology in the 

generation of new nanocomposites based on block copolymers and magnetic 

nanoparticles. Several nanocomposites have been prepared, using different block 

copolymers as matrix and maghemite nanoparticles, modified with polymer 

brushes by different grafting methods, as fillers. 

This work has been divided into 8 chapters. In Chapter 1 motivations and main 

objectives have been summarized. In Chapter 2 a bibliographic overview has been 

done in order to briefly introduce the main topics of this thesis: nanotechnology 

and nanomaterials, organic/inorganic nanocomposites, block copolymers, 

magnetic nanoparticles and polymer brushes. 

In Chapter 3 nanocomposites based on PS-b-PCL copolymer and magnetic 

nanoparticles modified with PMMA-b-PCL by grafting to method have been 

synthesized and characterized. 

In Chapter 4 nanocomposites based on PS-b-P4VP copolymer and magnetic 

nanoparticles modified with PS brushes by grafting through method have been 

prepared and characterized. 

With the same grafting method, PMMA-modified magnetic nanoparticles have 

been dispersed in PS-b-PMMA copolymer, generating and characterizing obtained 

nanocomposites, as it is shown in Chapter 5. In this chapter nanocomposites with 

silanized nanoparticles have also been prepared in order to compare the effect of 

polymer brushes on dispersion level and morphology. 

In Chapter 6 nanocomposites based on SBM triblock copolymer and PS- or PMMA-

modified magnetic nanoparticles, obtained by grafting through method have been 

synthesized and characterized. 



Grafting from method has been the method used for modifying magnetic 

nanoparticles with PMMA brushes in Chapter 7. Nanostructures generated by two 

different PI-b-PMMA copolymers with different annealing treatments have been 

analyzed, preparing nanocomposites with the selected one. 

Finally, in Chapter 8 main conclusions extracted from this research have been 

summarized, possible future works related to this research have been 

recommended, and the list of scientific publications and conferences derived from 

this work have been included. 
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1.1. MOTIVATION AND OBJECTIVES 

Nanomaterials have attracted great interest in the last decades due to their 

potential application in many fields, resulting in an exponential increase of the 

research in this area. Among nanomaterials, those with magnetic properties have 

attracted special attention due to their applicability in different fields such as 

magnetic fluids, magnetic resonance imaging and data storage, among others. 

Moreover, organic/inorganic nanocomposites based on block copolymer and 

inorganic nanoparticles are excellent candidates to cover the requirements of 

novel application fields such as nanoelectronics, photonics, energy‐storing, 

catalysis, coatings and others. 

For the synthesis and preparation of those nanocomposites, the precise control of 

the dispersion and localization of inorganic nanoparticles at nanoscale is a key 

point to reach the desired properties at the macroscale. Block copolymers are 

good matrixes to prepare this type of nanocomposites, due to their ability to self‐

assembly into nanometric scale. The possibility to form nanostructures is a helpful 

property to prepare organic/inorganic nanocomposites, as it can help the 

dispersion of the inorganic part. Moreover, for preparing nanocomposites with 

selectively placed inorganic nanoparticles, their functionalization with polymer 

brushes for increasing the compatibility with one of the copolymer domains is one 

of the efficient and used methods. 

The main objectives of the investigation work related to this thesis are the 

following. 

• Functionalization of magnetic nanoparticles with polymer brushes by 

three different methods: grafting to, grafting through and grafting from 
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• Preparation of organic/inorganic nanocomposites based on block 

copolymers and magnetic nanoparticles, obtaining good dispersion and 

selective placement of nanoparticles into desired domains 

• Transference of magnetic properties from nanoparticles to 

nanocomposites 



Chapter 2 

INTRODUCTION 
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2.1. NANOTECHNOLOGY AND NANOMATERIALS 

Nanotechnology has attracted great attention all over the world, exciting the 

imagination of countless scientists. Interest in the subject has increased 

remarkably during the last years because of the potential scientific and 

technological applications, and also commercial interests (Romig et al. 2007). 

Nanotechnology can be seen in our daily lives, car tires, tennis rackets, solar cells, 

fuel cells and many more commercial and consume items. Nanotechnology has the 

potential to become the promising technological advancement of this century, 

offering remarkable potential in terms of applications and economic benefits. It is 

an interdisciplinar subject, a cross-disciplinary research where different science 

disciplines brings together as it can be seen in the Figure 2.1 (Tarafdar et al. 

2013). This promising science encompasses different areas of general interest, 

like nanobiotechnology and allied science sectors; chemistry, environment and 

energy; or industries and engineering. 

 

Figure 2.1. Interdisciplinarity of nanotecnhology 

Trying to find a definition for nanotechnology is a controversial subject. In 

literature different definitions can be found for nanotechnology, being the 
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following an approach to include all the aspects: the design, characterization, 

production, and application of structures, devices, and systems by controlled 

manipulation of size and shape at nanometer scale (atomic, molecular, and 

macromolecular scale) that produces structures, devices, and systems with at 

least one novel/superior characteristic or property (Bawa et al. 2005). 

Nanomaterials are categorized as those having structured components with at 

least one dimension less than 100 nm, and they can be classified depending on 

their geometry (Asmatulu 2013). Materials which have one dimension (1D) in the 

nanometer scale are generally referred as nanolayers, nanosheets, nanoflakes or 

nanoplatelets. The ones with two dimensions (2D) in the nanometer scale and a 

third dimension that could be in micro- or macroscale, form an elongated 

structure and are generally referred as nanotubes, nanorods or whiskers. Finally 

nanomaterials that have three dimensions (3D) in nanometer scale are generally 

referred as nanoparticles (NP), nanogranules or nanocrystals. 

2.2. NANOCOMPOSITES 

Nanocomposites are multiphase solid materials in which one of the phases has 

one, two or three dimensions of less than 100 nm, or structures having nano-scale 

repeating distances between the different phases that make up the material. 

Different types of nanocomposites can be found. Depending on the presence of 

polymers as matrices they can be classified in two main groups: polymer-based 

nanocomposites and non-polymer based nanocomposites. The second group can 

be divided into: ceramic matrix and metal matrix nanocomposites. Ceramic 

nanocomposites have exceptional mechanical strength, toughness at room 

temperature and retention of high strength at elevated temperatures. Si3N4–SiC, 

Al2O3–SiC, Al2O3–Si3N4, Al2O3–TiC, B4C–TiC, B4C–TiB2, MgO–SiC, CNT–ceramic, etc., 

are some of the important classes of ceramic nanocomposites (Maitra 2014). 
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On the other hand, composites with metallic matrix reinforced by nanoparticles 

are also promising materials, suitable for a large number of applications. 

Nanoparticles can improve the base material in terms of wear resistance, damping 

properties and mechanical strength. Different kinds of metals, predominantly Al, 

Mg and Cu, have been employed for the production of composites reinforced by 

ceramic nanoparticles such as carbides, nitrides, oxides as well as carbon 

nanotubes (Casati 2014). 

2.2.1. ORGANIC/INORGANIC NANOCOMPOSITES 

These nanocomposites are hybrid materials based on polymeric matrices 

(homopolymer or copolymer) that constitute the organic part, with nanoparticles 

or nanofillers dispersed on them. The addition of inorganic functional 

nanoparticles endows the nanocomposites with specific advantageous optical, 

conductive, electric, or magnetic properties (Gutierrez et al. 2009a, Xia et al. 2011, 

Etxeberria et al. 2014), for various fields of application such as photonic band gap 

materials, solar cells, sensors, and high-density magnetic storage devices 

(Bockstaller et al. 2005, Darling et al. 2005, Park et al. 2009, Jang et al. 2012). 

Among them, hybrid nanocomposites based on block copolymers can be 

underlayed. 

The ability of block copolymers (BCP) to self-assemble into continuous 

nanostructures such as lamellar, cylindrical or spherical, among others, makes 

them excellent candidates for engineering the self-assembly of inorganic 

nanoparticles within nanodomains, in order to design periodic arrangements for 

materials with enhanced properties at the nanometer scale (Hoheisel et al. 2015). 

In the last years different works have been done related to nanocomposites based 

on block copolymer matrix and inorganic nanoparticles. Vural et al. produced 

stretchable elastic conductive fibers based on polystyrene-block-polyisoprene-

block-polystyrene (SIS) block copolymer and silver nanoparticles (Ag) (Vural et al. 
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2015). Song et al. prepared nanocomposites based on block copolymers and gold 

nanoparticles (Au). They obtain well-ordered functional nanocomposites 

containing high loadings of large NPs with core diameters of over 15 nm (Song et 

al. 2015a), and also large volume of highly ordered arrays (single grains) on the 

order of millimeters in scale can be rapidly created through a unique innate 

guiding mechanism of brush block copolymers (BBCPs,) and long-range order was 

maintained in the presence of high loadings of functional additives such as gold 

NPs (Song et al. 2015b). Xu et al. prepared semiconducting organic/inorganic 

nanocomposites for potential applications in thermoelectric based on amphiphilic 

star-like PAA-b-PEDOT (poly(acrylic acid)-block-poly(3,4-ethylene 

dioxythiophene)) diblock copolymers as template for monodispersing PEDOT-

functionalized telluride (PbTe) nanoparticles (Xu et al. 2015). Davidi and Shenhar 

placed disk-shaped nanoparticles into microphase separated polystyrene-block-

poly(2-vinyl pyridine) (PS-b-P2VP) by confining metal precursors inside 

hierarchically-structured polymeric matrices (Davidi and Shenhar 2015). 

Magnetic inks stable over time, made of L10-ordered FePt nanoparticles, thiol-

ended poly(ethylene glycol) methyl ether (mPEO-SH) compatibilizing 

macromolecules and asymmetric polystyrene-block-poly(ethylene oxide) (PS-b-

PEO) copolymers as a subsequent self-organizing medium, were also prepared 

(Basly et al. 2015). Our group also has published different works on this topic; 

Garcia et al., for example, prepared self-assembled nanomaterials based on iron 

oxide magnetic nanoparticles modified by polystyrene (PS) brushes on 

polystyrene-block-polybutadiene-block-polystyrene (SBS) block copolymer 

(Garcia et al. 2008a), Etxeberria et al. modified CdSe nanoparticles with PS 

brushes to achieve a good placement of nanoparticles into SBS block copolymer 

(Etxeberria et al. 2013a), and Gutierrez et al. prepared nanocomposites based on 

polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) and TiO2 by sol-gel 

process (Gutierrez et al. 2009b). 
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As it can be seen, research about organic/hybrid nanocomposites based on block 

copolymers and nanoparticles is still challenging and matter of many 

investigations. 

2.3. BLOCK COPOLYMERS 

Copolymers are macromolecules that consist on more than one sequence of 

monomer units with different chemical composition that are covalently bonded. 

When synthesizing copolymers different architectures such as random, di- or tri-

block, graft, or star copolymer can be created (Figure 2.2). 

 

Figure 2.2. Different copolymer architectures 

Due to the thermodynamic incompatibility between blocks that form the block 

copolymer, they can self-assemble in a wide variety of nanostructures, covalent 

linkage among blocks preventing the phase separation at macroscopic scale 

(Leibler 1980, Bates and Fredickson 1990, Hadjichristidis et al. 2003). This self-

assembling capability has increased the scientific interest in block copolymers 

during the last years (Luo and Epps 2013, Singh et al. 2015, Yoo et al. 2015). 
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Morphologies of self-assembled block copolymers depend on several parameters 

such as copolymer composition (f), Flory-Huggins interaction parameter among 

blocks (χ) and polymerization degree of the copolymer (N). Most common 

morphologies obtained for diblock copolymers either in bulk or in thin films 

(Figure 2.3) are spheres, cylinders, gyroids and lamellas (Balsara 1999, Castelletto 

and Hamley 2004, Matsen and Bates 1996, Fasolka and Mayes 2001). 

 

Figure 2.3. Diblock copolymer morphologies as a function of volume fraction of each segment 

(Adapted with permission from {Wu et al. 2015}. Copyright {2015} American Chemical Society) 

The control of the long-range order and the orientation of the nanostructures in 

thin films have attracted much attention, as they could be used as templates for 
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nanoparticle deposition, nanolithography or nanopatterned materials (Lazzari 

and López-Quintela 2003, Jeong et al. 2013, Luo and Epps 2013, Sarkar and 

Alexandridis 2015). In order to obtain long-order nanostructured block 

copolymer thin films different techniques like thermal annealing, graphoepitaxy, 

electric field, spin-coating under in situ annealing, direct immersion, control of the 

molecular architecture or solvent vapor annealing (SVA) have been used (Shi et al. 

2015, Jang et al. 2015, Kathrein et al. 2015, Modi et al. 2015, Jung et al. 2015, Wu 

et al. 2015, Baruth et al. 2014, Qian et al. 2014). Shi et al. used thermal annealing 

to obtain long-range ordering of body centered cubic (BCC) spheres with 

poly(dimethylsiloxane)-block-poly{2,5-bis[(4-butoxyphenyl) oxycarbonyl 

styrene]} (PDMS-b-PBPCS) diblock copolymer. Kathrein et al. used combined 

effect of the simultaneously applied graphoepitaxy and electric field on the self-

assembly of cylinder forming polystyrene-block-poly(dimethylsiloxane) block 

copolymer thin film. One of the most investigated block copolymers have been PS-

b-PMMA. Different methods have been studied to obtain the desired ordering of 

this block copolymer. Jung et al. used a procedure based on the spin-coating of a 

block copolymer solution in a low volatile solvent while thermal annealing with an 

halogen lamp in order to obtain well-ordered lamellar patterns; Modi et al. used 

direct immersion annealing, PS-b-PMMA block copolymer films were immersed in 

carefully selected mixtures of good and marginal solvents that can impart 

enhanced polymer mobility, while inhibiting film dissolution, enabling to obtain 

stable morphologies. Jang et al. obtained ordered nanostructures by controlling 

the molecular architecture of the block copolymer, using star-shaped PS-b-PMMA 

block copolymer to obtain vertically oriented lamellar and cylindrical 

nanodomains on various substrates. SVA is another promising method to obtain 

nanostructured block copolymer thin films. Recent year different works have 

demonstrated that SVA is a simple and good method for self-assembling block 

copolymers that overcomes some problems attached to thermal annealing, such as 

thermal degradation or slow dynamics due to high molar masses. For example, 

Baruth et al. used tetrahydrofuran (THF) vapors for annealing cylinder-forming 
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polystyrene-block-polylactide (PS-b-PLA) thin films, Qian et al. combined SVA 

method with soft shear to obtain aligned nanostructures with various BCP thin 

films, and Wu et al. examined the morphological evolution of gyroid-forming 

polystyrene-block-poly(L-lactide) (PS-b-PLLA) copolymer thin film with a solvent 

partially selective for PS. 

For nanostructuring thin films by SVA, solvent election is of crucial importance. 

The solubility of both blocks in the solvent determines generated morphologies 

(Huang et al. 2012, Gotrik et al. 2012). The solubility of a non-polar polymer in a 

solvent is determined by the Flory-Huggins interaction parameter (equation 2.1), 

which can be obtained by the solubility parameter (equation 2.2) of the 

components. A polymer is considered to be soluble in a solvent if χ ≤ 0.5 (Van 

Krevelen 1989). 

 � � 0.34 � �
	
 �� � ���� (2.1) 

 � � ������ � �∆���	
�  (2.2) 

Where R is ideal gas constant, T temperature, δ solubility parameter, Ecoh cohesive 

energy and ΔHV vaporization enthalpy. In the SVA method, BCP thin film can be 

exposed to neutral or selective solvent vapors. A solvent is considered neutral 

when it solves both blocks, while it is selective when it solves one of them. The 

exposure of a block copolymer thin film to solvent vapors has several effects on 

the block copolymer (and consequently on the generated morphologies), 

including an increase in volume and diffusivity, a decrease in the effective χ 

proportional to the amount of solvent, and a change in the effective f that depends 

on the swelling of each block by the solvent (Huang et al. 1998, Hanley et al. 

2000). As it has been compiled in those lines, the effect of selective or neutral 

solvent on generated morphologies has been studied by several authors, 
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concluding that different domain orientations can be obtained depending on the 

solvent. 

2.4. MAGNETIC NANOPARTICLES 

Research related to nanoparticles attracts great interest. A bulk material should 

have constant physical properties regardless of its size, but at nano-scale size-

dependent properties are often observed. Thus, properties of materials change as 

their size approaches the nanoscale and the percentage of atoms at the surface 

becomes significant. 

Due to the size effect, nanoparticles often posses unexpected properties, like 

optical ones, as they are small enough to confine their electrons and produce 

quantum effects: quantum confinement in semiconductor particles (Nirmal and 

Brus 1998, Smith and Nie 2010), surface plasmon resonance in some metallic 

particles (Zhan et al. 2015, Song et al. 2013) and superparamagnetism in magnetic 

materials (Zucolotto et al. 2015, Kralj and Makovec 2015). 

Magnetic nanoparticles (MNP) have attracted great interest for researchers from a 

wide range of disciplines, including magnetic fluids (Munoz-Menendez 2015), 

catalysis (Zhao and Liu 2015), biotechnology (Aseri et al. 2015), magnetic 

resonance imaging (Sun et al. 2008), data storage (Galloway et al. 2015), and 

environmental remediation (Mirshahghassemi and Lead 2015). Below a critical 

diameter value nanoparticles improve their performance; this value depends on 

the material. Below this value each nanoparticle becomes a single magnetic 

domain and shows superparamagnetic behavior when the temperature is above 

the blocking temperature (TB). Individual nanoparticles have large constant 

magnetic moment (M) and behave like a giant paramagnetic atom with a fast 

response to applied magnetic fields with negligible remanence (MR) (residual 
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magnetism) and coercivity (HC) (the field required to bring the magnetization to 

zero). 

The most studied finite-size effects in nanoparticles are the single-domain and 

superparamagnetic limit (Figure 2.4). Large magnetic particles have a 

multidomain structure, where regions of uniform magnetization are separated by 

domain walls. The formation of domain walls is a process driven by the balance 

between the magnetostatic energy (ΔEMS), which increases proportionally to the 

volume of the materials, and the domain-wall energy (Edw), which increases 

proportionally to the interfacial area between domains. If sample size is reduced, 

there is a critical volume below which more energy is needed to create a domain 

wall than for supporting the external magnetostatic energy (stray field) of the 

single-domain state. This critical diameter typically lies in the range of a few tens 

of nanometers and depends on the material. 

 

Figure 2.4. Magnetic regimes of magnetite and maghemite as a function of their size 

(superparamagnetic, single domain, multidomain) (Estelrich et al. 2015) 

The critical diameter of a spherical particle (Dc), below which it exists in a single-

domain state, is reached when ΔEMS=Edw, which implies that �� � 18  !"#$$%&'() , where 

A is the exchange constant, Keff is anisotropy constant, μ0 is the vacuum 

permeability, and Ms is the saturation magnetization. 
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The second phenomenum is the superparamagnetism. In order to understand the 

superparamagnetism, the behavior of a well-isolated singledomain particle should 

be considered. The magnetic anisotropy energy per particle, which is responsible 

for holding the magnetic moments along a certain direction, can be expressed by 

*�+� � ,-../ sin� +, where V is the particle volume, Keff anisotropy constant and θ 

is the angle between the magnetization and the easy axis. 

The relaxation time of the moment of a particle, τ, is given by the Néel-Brown 

expression (equation 2.3), where kB is the Boltzmann’s constant, and 34 � 10�56. 

 3 � 34789 :"#$$�;<
 = (2.3) 

If the particle magnetic moment reverses at shorter times than the experimental 

time scales, the system is in a superparamagnetic state and if not, it is in the 

blocked one. The temperature which separates both regimes is the blocking 

temperature, and can be calculated by considering the time window of the 

measurement. For example, the experimental measuring time with a 

magnetometer (roughly 100 s) results in a >? � "#$$�
@4;< . From this equation it is 

concluded that the blocking temperature depends on the effective anisotropy 

constant, the size of the particles, the applied magnetic field, and the experimental 

measuring time. 

The blocking temperature can be calculated by direct current (DC) magnetometry 

measurements, with zero-field-cooled/field-cooled (ZFC/FC) procedure. The 

sample is first cooled from room temperature without magnetic field, then a small 

magnetic field is applied (about 100 Oe) and the magnetization is recorded on 

warming and in a magnetic field (ZFC). When room temperature is reached, 

maintaining the magnetic field the sample is again cooled, and the magnetization 

is recorded on warming again (FC). As temperature increases, the thermal energy 

disturbs the system and more moments acquire the energy to be aligned with the 
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external field direction. The number of unblocked, aligned moments reaches a 

maximum at TB. Above the blocking temperature the thermal energy is strong 

enough to randomize the magnetic moments leading to a decrease in 

magnetization. 

Another important parameter of magnetic nanoparticles that has to be analyzed is 

the surface effect. As the particles size decreases, a higher percentage of all the 

atoms in a nanoparticle are surface-atoms, which implies that surface and 

interface effects become more important. Owing to this large surface atoms/bulk 

atoms ratio, the surface spins make an important contribution to the 

magnetization. This local breaking of the symmetry might lead to changes in the 

band structure, lattice constant or/and atom coordination. Under these 

conditions, some surface and/or interface related effects occur, such as surface 

anisotropy and, under certain conditions, core-surface exchange anisotropy. 

Various types of MNPs have been synthesized with different compositions and 

phases, including iron oxides (Pang et al. 2015), pure metals such as Fe and Co 

(Yang et al 2015, Abel et al. 2015), spinel-type ferromagnets such as MgFe2O4, 

MnFe2O4, and CoFe2O4 (Wan and Li 2015, Ibrahim et al. 2015), as well as alloys, 

such as CoPt3 and FePt (Bahmanrokh et al. 2014, Jha et al. 2015). In the last 

decade, quite many investigations with different iron oxides as Fe3O4 (magnetite, 

FeIIFeIII2O4), α-Fe2O3 (hematite), γ-Fe2O3 (maghemite), FeO (wüstite,), ε-Fe2O3 or 

β-Fe2O3 (Teixeira et al. 2012), have been carried out in the field of MNPs. Among 

them magnetite and maghemite are the most promising and popular candidates. 

In this work maghemite nanoparticles have been used. 

It is a technological challenge to control size, shape, stability, and dispersability of 

NPs in desired solvents. Magnetic iron oxide nanoparticles have a large surface-to-

volume ratio and therefore possess high surface energies. Consequently, they tend 

to aggregate to minimize the surface energies. Therefore, providing a proper 
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surface coating and developing some effective protection strategies to keep the 

stability of magnetic iron oxide NPs becomes of crucial importance. 

Also when preparing organic/inorganic nanocomposites based on block 

copolymer matrix the dispersion and placement of the nanoparticles into the 

desired nanodomains is crucial. To overcome the problem of the tendency of 

nanoparticles to aggregate and to facilitate their dispersion in a selected domain 

of a block copolymer different routes have been used. One of them is the use of 

surfactants. In that way, Ocando et al. used dodecanothiol as surfactant to get well 

dispersed nanocomposites based on SBS block copolymer and Ag nanoparticles 

(Ocando et al. 2011). The electrophoretic deposition of nanoparticles has been 

other of the used methods. In this way, Zhang et al. placed CdSe nanoparticles in 

diblock copolymer templates (Zhang et al. 2005). Also the so-called in situ 

approach (nanoparticles are directly synthesized within a block copolymer 

domain from metal precursors) has been used for incorporating inorganic 

nanoparticles into block copolymer nanostructures. Boontongkong and Cohen 

prepared nanocomposites based on polystyrene-block-poly(acrylic acid) (PS-b-

PAA) copolymer and metallic nanoparticles of Pd, Cu, Au and Ag following this 

method (Boontongkong and Cohen 2002). 

Another method to disperse and place nanoparticles into the desired nanodomain 

of a block copolymer is the use of polymer brushes on the surface of nanoparticles. 

In that way Kim et al. prepared nanocomposites based on PS-b-P2VP copolymer 

and Au nanoparticles. They investigated the effect of the grafting density of PS 

brushes on the nanoparticle surface in the placement of the nanoparticles on the 

copolymeric matrix. At low grafting densities nanoparticles tended to locate at the 

interfaces, while at higher graft density they were placed at polystyrene domain 

(Kim et al. 2006). Our group also has used polymer brushes to place different 

nanoparticles into desired domains of the BCP (Etxeberria et al. 2013a, Garcia et 

al. 2008a). 
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2.5. POLYMER BRUSHES 

Polymer brushes consist on polymer molecules attached by one or some anchor 

points to a surface, in such a way that the grafting density of the polymers is high 

enough for the surface attached chains becoming crowded and stretched away 

from the surface (Advincula et al. 2004). 

Polymer brushes can be classified regarding different criteria. The first 

classification depends on the substrate; one dimension, two dimension and three 

dimension polymer brushes, correspond to brushes grafted on linear polymer 

chains, planar surfaces or spherical particles, respectively. Another classification 

is based on chemical composition and architectures; homopolymer brushes, 

mixed homopolymer brushes, block copolymer brushes, and branched polymer 

brushes. Figure 2.5 shows different polymer brushes that can be generated onto 

different surfaces. 

 

Figure 2.5. Different architectures of polymer brushes 

Physisorption and chemical bonding are the most common techniques used to 

generate polymer brushes (Zhao and Brittain 2000). Physisorption consists of two 

component polymer chains, in which one part strongly adheres to the interface 
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while the other one extends to generate the polymer layer (Mittal 2012). In order 

to generate polymer brushes by physisorption functionalized polymer chains or 

diblock copolymers have been used (Yang et al. 2013). It is a reversible process 

due to its physical nature. The brushes are rendered thermally and solvolitically 

unstable. 

On the other hand, different methods have been proposed to chemically bond a 

polymer to a surface (Figure 2.6) (Minko et al. 2002). So generated brushes are 

thermally and solvolitically stable. The first method is known as grafting to: 

polymers with suitable end-functional groups react with appropriate surface sites 

on the inorganic nanoparticles (Duwea et al. 2006, Sawal et al. 2004). This 

technique has a limitation on the choice of functional groups available for 

incorporating into the polymer because functional groups on the polymer can 

compete with the anchor moieties for surface sites. This point has important 

relevance if the aim is to immobilize functional polymers containing highly polar 

or charged groups onto polar surface, as the adsorption of functional groups into 

the surface can be strong and competes with chemisorption process (Minko et al. 

2003). Another limitation is the thickness of the film, and accordingly the number 

of functional groups per surface area that can be obtained by using this approach. 

The rate of attachment reaction levels off rather quickly and further polymer is 

linked to the substrate only at an extremely slow rate due to the kinetic hindrance. 

Due to the inability of large polymer chains to diffuse to the reactive surface sites, 

they are sterically hindered by the surrounding bounded chains (Advincula et al. 

2004). 

The second method, grafting through, is a surface copolymerization through a 

covalently linked monomer. In this route the inorganic phase is incorporated 

inside the polymer chains (Rozes et al. 2005, Trabelsi et al. 2005, Etxeberria et al. 

2013b, Henze at al. 2014). For a polymer layer generation through this method, 

the growth of polymer chains is initiated in solution. During propagation, 
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occasionally a surface-bound monomer unit can be integrated into the growing 

chains, which directly results in a permanent anchoring of the polymer chains. 

After that, chain growth can proceed and further free or surface attached units can 

be added to the growing chain. Despite the fact that such processes are widely 

applied, even in industrial applications mostly for adhesion promotion, from a 

scientific point of view grafting through approach has not been extensively 

explored and the details of the mechanism are not well understood. 

In the third method, known as grafting from, polymer chains grow in situ from 

initiator molecules that have been pre-grafted onto the surface of the 

nanoparticles or from a surfactant (Pyun and Matyjaszewski 2001, Radhakrishnan 

et al. 2006, Garcia et al. 2008b, Xu et al. 2006). 

 

Figure 2.6. Different techniques for polymer brush grafting 

To functionalize planar or nanoparticle surfaces following the grafting from 

method different polymerization techniques such as controlled radical 
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polymerization (CRP), ionic living polymerization or ring-opening polymerization 

have been used (Ilgach et al. 2014, Zhang et al. 2012, Li et al. 2014). But some 

issues like, poor control of molecular weight, polydispersity, end functionality, 

chain architecture and composition in the case of the CRP (Matyjaszewski and 

Davis 2002, Matyjaszewski 1996, Hsieh and Quirk 1996) or, stringent conditions 

and the small number of monomers that can be polymerized in ionic living 

polymerization method (Zhou et al. 2001, Sudo et al. 1999), are disadvantages that 

should be overcome. Following the aim of improving the CRP technique, 

controlled living radical polymerization methods have been developed, such as 

atom transfer radical polymerization (ATRP) (Kanhakeaw et al. 2015, Mao et al. 

2015, Qin et al. 2015, Sun et al. 2015), reversible addition-fragmentation chain 

transfer (RAFT) (Ranka et al. 2015, Rossner et al. 2015) or nitroxide-mediated 

polymerization (NMP) (Mazurowski et al. 2013, Robbes et al. 2012, Chen et al. 

2010). 

It should be mentioned that in this work, three of the methods mentioned above 

have been used to functionalize nanoparticle surface, grafting to, grafting from 

and grafting through. For those iron oxide nanoparticles functionalized by grafting 

from method, ATRP has been used. ATRP is based on a multicomponent system, 

that is constituted by the monomer, initiator with a transferable (pseudo)halogen, 

and a catalyst (composed of a transition metal with a suitable ligand). Both 

activating and deactivating components of catalytic system must be 

simultaneously present (Hong et al. 2003). ATRP can be carried out in bulk or in 

solution (Li et al. 2004, Johnson et al. 2000). One of the most important 

advantages of ATRP is the large number of monomers that can be polymerized. 

ATRP has been used for the controlled polymerization of vinyl monomers such as 

styrenes (Xiaowei et al. 2012), acrylates (Cao et al. 2015), methacrylates (Junior et 

al. 2014), and other monomers which contain substituents capable of stabilizing 

propagation radicals.  
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3.1. INTRODUCTION 

Research about nanocomposites based on magnetic nanoparticles and BCP matrix 

have attracted great attention in the last years. Even if there are few works on 

other magnetic nanoparticles like cobalt oxide ones for example, with which 

Ahmed et al. prepared nanocomposites based on BCP analyzing their magnetic 

properties and morphology (Ahmed et al. 2004), most of the works related to 

block copolymer/magnetic nanoparticle nanocomposites are based on iron oxide 

or iron-containing nanoparticles. Following this current, Garcia et al. prepared 

nanocomposites based on poly(2-vinyl pyridine)-block-poly(methyl methacrylate) 

(P2VP-b-PMMA) and magnetite nanoparticles, obtaining nanostructured 

nanocomposites by solvent vapor annealing (Garcia et al. 2008). Xu et al. also used 

magnetite nanoparticles to prepare nanocomposites with PS-b-PMMA matrix. 

They analyzed the effect of the molecular weight of the poly(methyl methacrylate) 

(PMMA) brushes on the dispersion of nanoparticles through the BCP (Xu et al. 

2008). Yao et al. investigated the effect of maghemite nanoparticle concentration 

on the morphology of polystyrene-block-poly(N-isopropylacrylamide) (PS-b-

PNIPAM). In this system the addition of nanoparticles modified the nanostructure 

of the BCP, and when NPs were added in excess they accumulate at film surface 

(Yao et al. 2015). Aissou et al prepared nanocomposites based on PS-b-PEO and 

L10-ordered FePt nanoparticles, where nanoparticles were located at the spherical 

poly(ethylene oxide) PEO domains (Aissou et al 2013). Following this work, 

magnetic stable inks were prepared (Basly et al 2015) based on those systems. 

The size of nanoparticles has been found to have effect on their dispersion (Wu et 

al. 2014); they concluded that the dispersion state strongly depends on the ratio 

of the particle diameter to the lamellar thickness (l) of the polybutadiene (PB) 

domains, which further changes the phase separation of SBS. When �� �~0.5⁄ , 

most of the nanoparticles were located at PB domains; if �� �~1⁄ , NPs aggregate to 

form clusters of 100 to 300 nm in size, but within the clusters nanoparticles were 
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still selectively dispersed in PB domains instead of forming macroscopic phase 

separation. When Dc was larger than l, NPs were macroscopically separated from 

the SBS matrix to form clusters of hundreds of nanometers to several 

micrometers. 

Polystyrene-block-poly(ε-caprolactone) (PS-b-PCL) is a versatile block copolymer 

that have attracted the interest of various authors. Zhang et al. analyzed the 

crystal growth of a symmetric PS-b-PCL (amorphous-crystaline) diblock 

copolymer (Zhang et al 2003). The crystallization of di and triblock copolymers 

based on poly(ε-caprolactone) (PCL) and PS with different configurations were 

investigated by Nakawaga et al. (Nakagawa et al. 2015). Copolymers based on PCL 

and PS are interesting on the formation of nanophases in epoxy thermosets via 

reaction induced microphase separation (RIPS) approach. Yu et al. studied 

different morphologies formed in epoxy thermosets by this copolymer, analyzing 

the effect of copolymer architecture on them (Yu et al. 2012). Xia et al. also studied 

the influence of PS-b-PCL block copolymer on the RIPS of epoxy/polyetherimide 

(PEI) blends (Xia et al. 2014). 

As it was pointed out in Chapter 2, one of the techniques used for modifying 

nanoparticles with polymer brushes is the grafting to. Several works have been 

published on the use of this technique for nanoparticle modification. Wang et al. 

followed this method for grafting P(PEGMA)-co-PNIPAAm (poly(ethylene glycol) 

monomethacrylate (PEGMA)-co-N-isopropylacrylamide monomer) copolymer 

brushes to magnetic nanoparticle surfaces (Wang et al. 2008). Duwez et al. grafted 

presynthesized PS brushes to Au surfaces following this method (Duwez et al. 

2006), while Sawal et al. grafted polyaniline nanofibers onto Au surfaces (Sawal et 

al. 2004). Also Hailu et al. used this technique to functionalize TiO2 nanoparticles 

with PMMA-b-PS copolymer and analyzed their dispersion in PS or PMMA 

homopolymers, and PS-b-PMMA block copolymer. They obtained good dispersion 

in PMMA and PS-b-PMMA films, in contrast to poor dispersion in PS films. They 
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concluded that it could be because of the PMMA outer corona of the functionalized 

nanoparticles (Hailu et al. 2015). 

The main objectives of the work described in this chapter are the following. 

Firstly, the complete characterization of the nanoparticles; then their 

functionalization with PMMA-b-PCL brushes by grafting to technique together 

with their characterization; and last, preparation and characterization of 

nanocomposites based on PS-b-PCL block copolymer and functionalized magnetic 

nanoparticles. Neat nanoparticles were characterized by Mössbauer spectroscopy 

and X-ray diffraction (XRD). Their functionalization was analyzed by Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and 

transmission electron microscopy (TEM). The morphology of obtained 

nanocomposites was studied by atomic force microscopy (AFM). 

3.2. MATERIALS AND METHODS 

3.2.1. MATERIALS 

In this work maghemite (γ-Fe2O3) nanoparticles were used as inorganic filler. 

These nanoparticles have a nominal size of 10 nm and a polydispersity of 1.08. 

They were purchased from Integram Technologies. The silane used to be the link 

between the nanoparticles and the anchored copolymer brushes has been the 3-

aminopropyl tryethoxysilane (APTS) one, purchased from Sigma-Aldrich, with a 

purity of 99 %. Poly(methyl methacrylate)-block-poly(ε-caprolactone) block 

copolymer with terminal chlorine group (Cl-PMMA-b-PCL) was used for grafting 

to the nanoparticles surface. This copolymer was synthesized by ATRP with a 

molecular weight per number (Mn) of 21,500 g/mol (fPMMA= 0.7 and fPCL= 0.3) and a 

polydispersity of 1.35. PS-b-PCL copolymeric matrix (fPS= 0.7 and fPCL= 0.3) was 

purchased from Polymer Source, Inc.. The molecular weights of PS and PCL blocks 

were 27,000 and 10,000 g/mol, respectively, with a polydispersity index of 1.25. 
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Chemical structures of silane, Cl-PMMA-b-PCL and PS-b-PCL can be seen in 

Scheme 3.1. Solvents used were toluene and THF, both purchased from Aldrich. 

 
Scheme 3.1. Chemical structure of A) APTS, B) Cl-PMMA-b-PCL and C) PS-b-PCL copolymer 

3.2.2. METHODS 

3.2.2.1. Nanoparticle functionalization 

Nanoparticle modification was carried out in two steps: first silanization process 

and then PMMA-b-PCL copolymer grafting to the silanized surface. 

3.2.2.1.1. Silanization process 

Fe2O3 magnetic nanoparticles were first modified with APTS. Scheme 3.2 shows 

the reaction of nanoparticles with silane. This reaction implies a nucleophilic 

attack of hydroxyl groups (-OH) at nanoparticle surface to the silicon (Si) atoms of 

APTS. In order to carry out the reaction extradry toluene, APTS and nanoparticles 

were mixed under sonication at inert atmosphere for 3 h at room temperature. 

After this, nanoparticles were subsequently washed six times with THF (assuring 

the complete removal of non-attached silane by FTIR) and then dried in vacuum at 

40 °C for a period of 2 days. In order to obtain the best coverage different 

OH/APTS molar ratios were investigated: 1:1, 1:2, 1:3 and 1:5. As the highest 

silane grafting density was obtained for 1:3 ratio (as it will be shown below with 

TGA measurements), so modified nanoparticles were subsequently used for the 

grafting process. 
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Scheme 3.2. APTS silanization reaction 

3.2.2.1.2. Attachment of PMMA-b-PCL brushes by grafting to method 

To finish with the functionalization of nanoparticle surface PMMA-b-PCL block 

copolymer was anchored to it by grafting to method. Scheme 3.3 shows the 

reaction of silanized nanoparticles with Cl-PMMA-b-PCL. The covalent linking 

among silanized nanoparticles and PMMA-b-PCL block copolymer (with terminal 

Cl- group) was carried out by an alkylation reaction of amine groups present at the 

surface of nanoparticles. Reaction was realized by preparing a solution with 

extradry toluene, silanized nanoparticles and copolymer. The grafting reaction 

was carried out at room temperature for 6 h with reflux. Functionalized 

nanoparticles were then cleaned repeatedly with THF (assuring the complete 

removal of non-grafted copolymer by FTIR) by centrifugation and then dried in 

vacuum at room temperature for 2 days. In order to obtain the highest grafting 

density different copolymer/silane molar ratios of 8, 11, 15 and 22 % were 

investigated. The highest grafting density was obtained for 15 % ratio, as it will be 

shown below with TGA measurements. 

 

Scheme 3.3. PMMA-b-PCL copolymer anchoring by grafting to reaction 
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3.2.2.2. Nanocomposite preparation 

To prepare PMMA-b-PCL-grafted iron oxide nanoparticles (Fe2O3-g-(PMMA-b-

PCL)) and PS-b-PCL block copolymer-based nanocomposites, first the 

nanoparticles were dispersed into toluene. For this propose a mixture of 

nanoparticles and toluene was sonicated for 2 h. Once nanoparticles were 

dispersed, PS-b-PCL block copolymer was added to the solution. Then both neat 

block copolymer and organic/inorganic nanocomposites thin films were prepared 

by spin-coating onto silicon wafers (Si(100), from Si-Mat) at 2000 rpm for 120 s 

using a spin-coater P6700 from Specialty Coating Systems Inc.. Obtained neat 

block copolymer and nanocomposites films, were annealed at different 

temperatures under vacuum. Nanocomposites were prepared with 2 and 5 wt% of 

nanoparticles. 

3.2.2.3. Characterization techniques 

3.2.2.3.1. Mössbauer spectroscopy 

Mössbauer spectroscopy is a versatile technique that can give very precise 

information about the chemical, structural, magnetic and time-dependent 

properties of a material. The key for the success of this technique is the discovery 

of recoilless γ-ray emission and absorption, referred as Mössbauer Effect. When 

the emitting and absorbing nuclei are bound in a solid, a certain fraction of γ-rays 

are emitted and absorbed with negligible energy loss due to recoil. This could be 

understood in the following way: the nucleus can behave as if it was rigidly bound 

to the solid such that the recoil is taken up by the entire solid. When this happens 

in both the source and absorber, the condition for resonant absorption of γ-rays is 

satisfied. The energy of nuclear transition must be large enough to give useful γ-

ray photon, but not enough to cause recoil effect. 
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Nuclei in atoms undergo a variety of energy level transitions, often associated 

with the emission or absorption of a γ-ray. These energy levels are influenced by 

their surrounding environment, both electronic and magnetic, which can change 

or split them. These changes in the energy levels can provide information about 

the atom's local environment within a system and ought to be observed using 

resonance-fluorescence. 

Resonance only occurs when the transition energy of the emitting and absorbing 

nuclei match exactly the effect of specific isotope. The relative number of recoil-

free events (and hence the strength of the signal) is strongly dependent upon the 

γ-ray energy and so the Mössbauer effect is only detected in isotopes with very 

low lying excited states. Similarly the resolution is dependent upon the lifetime of 

the excited state. These two factors limit the number of isotopes that can be used 

successfully for Mössbauer spectroscopy. The most used is 57Fe, which has both 

very low energy γ-ray and long-lived excited state, matching both requirements. 

Mössbauer spectra were obtained in transmission geometry with a standard 

electromechanical spectrometer using a sinusoidal velocity waveform and a 

source of 57Co in rhodium. The measurement was performed at 4.2 K in a liquid He 

bath cryostat, with the source and the absorber kept at the same temperature. 

In this work Mössbauer spectroscopy was used to characterize the iron oxide 

nanoparticles, to determine the iron oxide type, Fe3O4 or Fe2O3. 

3.2.2.3.2. XRD 

XRD measurements were performed to identify the crystalline phases of the iron 

oxide nanoparticles. XRD is a useful technique for the fingerprint characterization 

of crystalline materials and the determination of their structure. Each crystalline 

solid has its unique characteristic X-ray powder pattern which may be used as a 

"fingerprint" for its identification. Once the material has been identified, X-ray 
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crystallography may be used to determine its structure, i.e. how the atoms pack 

together in the crystalline state and what the interatomic distance and angle are. 

XRD was carried out on PANalytical Xpert PRO diffractometer, equipped with a 

copper tube (λCuKαaverage=1,5418 Å, λCuKα1=1,54060 Å y λCuKα2=1,54439 Å), 

vertical goniometer (Bragg-Brentano geometry), programmable divergence slit, 

automatic sample exchanger, secondary graphite monochromer and PixCel 

detector. Source was set to 40 kV and 20 mA and the samples were examined over 

the angular range (2θ) of 5 to 70°. The obtained patterns were compared to the 

diffraction dataset cards from the Joint Committee on Powder Diffraction 

Standards (JCPDS). 

3.2.2.3.3. FTIR 

FTIR was used to verify if the iron oxide nanoparticles had been modified 

properly. Infrared spectra were carried out in a Nicolet Nexus 670 Spectrometer. 

The infrared portion of the electromagnetic spectrum is divided into three 

regions; the near-, mid- and far-infrared, named for their relation to the visible 

spectrum. The far-infrared, (approx. 400-10 cm-1) lying adjacent to the microwave 

region, has low energy and may be used for rotational spectroscopy. The mid-

infrared (approx. 4000-400 cm-1) may be used to study the fundamental 

vibrations and associated rotational-vibration structure, whilst the higher energy 

near-infrared (14000-4000 cm-1) can excite overtone or harmonic vibrations. 

Infrared spectroscopy works because chemical bonds have specific frequencies at 

which they vibrate corresponding to energy levels. The resonant frequencies or 

vibration frequencies are determined by the shape of the molecular potential 

energy surfaces, the masses of the atoms and, eventually by the associated 

vibronic coupling. In order to a vibration mode in a molecule to be infrared active, 

it must be associated with changes in the permanent dipole. Complex molecules 
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may have many bonds, and vibrations can be conjugated, leading to infrared 

absorptions at characteristic frequencies that may be related to chemical groups. 

In order to measure a sample, a beam of infrared light is passed through the 

sample, and the amount of energy absorbed at each wavelength is recorded. This 

may be done by scanning through the spectrum with a monochromatic beam, 

which changes in wavelength over time, or by using a Fourier transform 

instrument to measure all wavelengths at once. From this, a transmittance or 

absorbance spectrum may be plotted, which shows at which wavelengths the 

sample absorbs the infrared radiation, and allows the interpretation of which 

bonds are present. 

In this work the nanoparticles were pressed together with KBr to form pellets that 

were analyzed through the signal averaging 32 scans at a resolution of 2 cm-1 in a 

wavenumber range from 4000 to 400 cm-1. 

3.2.2.3.4. TGA 

TGA was used to determine the hydroxyl density of the nanoparticle surface, the 

amount of the grafted silane and grafted copolymer brushes. TGA analysis results 

were obtained using a TGA/SDTA-851e equipment scanning from 25 to 800 °C at 

a heating rate of 10 °C/min under N2 atmosphere for avoiding the atmospheric 

oxidation. 

3.2.2.3.5. TEM 

TEM measurements were used to analyze the nanoparticles, before and after 

modification. TEM is a microscopy technique in which a beam of electrons is 

transmitted through an ultra-thin specimen, interacting with it as it passes 

through. An image is formed from the interaction of the electrons transmitted 

through the specimen; the image is magnified and focused onto an imaging device. 
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In this work a drop of nanoparticle solution was laid on a copper formvard and 

dried. The used equipment was a Philips Tecnai 20 transmission electron 

microscopy operating at 200 kV with a resolution of 2.5 Å. 

3.2.2.3.6. AFM 

The morphologies of neat block copolymers and PS-b-PCL/Fe2O3-g-(PMMA-b-PCL) 

nanocomposite thin films were studied at room temperature by AFM. It is a 

subdivision of a more general group of scanning force microscopy (SFM) methods 

in which a sample surface is scanned with a probe and interactions between probe 

and sample are monitored (Magonov et al. 1997; Veeco Manual 2005). The probe 

of the AFM is a flexible cantilever (100 to 200 μm long) with a tip (couple of 

microns long) attached to its underside. Additionally, this technique allows 

investigating the properties of materials since Van der Waals, friction, 

electrostatic and magnetic forces interactions can be sensed using AFM. AFM 

measurements can be performed in three different modes: contact mode (CM), 

tapping mode (TM) and noncontact mode. To choose adequate AFM mode the 

surface characteristics and the hardness/stickiness of the investigated materials 

should be taken into account. 

Figure 3.1 illustrates the working concept of an atomic force microscope. A 

cantilever with a sharp tip is positioned above a surface. Depending on this 

separation distance, long range or short range forces dominate the interaction. 

Those forces are measured by the bending of the cantilever by an optical lever 

technique: a laser beam is focused on the back of a cantilever and follows all their 

movements reflecting them into a photodetector. Small forces between the tip and 

sample cause lower deflection than higher forces. The tip scans across the surface 

recording the change in forces as a function of position. Consequently, a map of 

surface topography and other properties can be detected. 
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Figure 3.1. Schematic model AFM 

In this study AFM measurements were performed in tapping mode using a 

Bruker’s Dimension Icon Nanoscope V. This operating method is usually applied 

for analyzing the morphology of soft materials. Additionally, the primary 

advantage of the TM is that the lateral forces between the tip and the sample can 

be eliminated, which greatly improves the image resolution. 

In this mode the tip is scanned over the sample surface maintaining a distance of 

1-10 nm between them. Consequently, the cantilever oscillates close to its 

resonance frequency maintaining constant oscillation amplitude. An electronic 

feedback loop ensures that the oscillation amplitude remains constant; as a result 

constant tip-sample interactions are maintained during scanning. Forces that act 

between the sample and the tip can not only cause a change in the oscillation 

amplitude, but also a change in the resonance frequency and phase of the 

cantilever. The oscillation amplitude is used as a feedback signal and the vertical 

adjustments (changes in coordinate z) of the piezo driver allow taking the 

topographic (height) image. The phase lag of the cantilever oscillation, related 

with the signal sent to the piezo driver of the cantilever allows the simultaneous 

monitoring of the phase images. This phase shift can be correlated with specific 

material properties that affect the tip/sample interaction. Consequently, the phase 
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shift can be used to differentiate areas on a sample with different friction, 

adhesion, or viscoelasticity properties (Veeco Manual 2005). 

In this investigation, etched single beam cantilevers (110-140 μm length) 

composed by silicon nitride probes having a tip with nominal radius of 10 nm 

were used. Scan rates were ranged from 0.7 to 1.2 Hz/s. Measurements were 

performed with 512 scan lines and target amplitude around 0.9 V. Height and 

phase images were recorded simultaneously. Different regions of the specimens 

were scanned to ensure that the morphology of the investigated material was the 

representative one. 

3.3. RESULTS AND DISCUSSION 

3.3.1. NANOPARTICLE CHARACTERIZATION 

In this thesis the first step is the characterization of the nanoparticles that will be 

used during all work. The proper characterization of the nanoparticles is vital for 

the right evolution of the thesis. Nanoparticles were characterized by Mössbauer 

spectroscopy and XRD. 

Mössbauer spectroscopy measurements were carried out to determine the 

structure and type of iron oxide magnetic nanoparticle, whether the nanoparticles 

are Fe2O3 or Fe3O4 type. 

The structure of iron oxides can be described as ABOx. In Fe2O3 both A and B are 

trivalent (Fe3+) iron, but in the case of Fe3O4 A is also Fe3+, but B is a mixture of di 

and trivalent (Fe2+ and Fe3+) iron. By Mössbauer spectroscopy (Figure 3.2) it is 

possible to determine if the analyzed sample has only trivalent iron ion or has a 

mixture of di and trivalent ions; what would determine if nanoparticles are Fe2O3 

or Fe3O4. 
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Figure 3.2. Mössbauer spectroscopy of Fe2O3 nanoparticle 

Mössbauer spectrum exhibits a magnetic sextet, which matches the standard 

feature of γ-Fe2O3, and thereby allows for a distinct identification of the type of 

iron oxide nanoparticle. The measured spectrum (dots) has been fitted by the 

software Mos90 with two Lorentzian distribution lines. The two Lorentzian 

distribution curves indicate two different Fe3+ lattice constructions of octahedral 

and tetrahedral individually, not showing any curve indicating the presence of 

Fe2+. 

In Figure 3.3 the XRD diffraction patterns of the iron oxide nanoparticles are 

represented. These results have been superimposed with the best match patterns 

found in the International Center for Diffraction Data. 

X‐ray diffraction analysis revealed that the iron oxide magnetic nanoparticles are 

γ-Fe2O3 ones, as the diffraction peaks at 2θ=30.29°, 35.72°, 53.90°, 57.45° and 

63.07°, corresponding to the reflection of the (220), (311), (400), (422), (511) and 

(440) planes, respectively, match with the characteristic peaks of the maghemite. 
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Figure 3.3. XRD patter of γ-Fe2O3 nanoparticles 

3.3.2. CHARACTERIZATION OF FUNCTIONALIZED NANOPARTICLES 

The surface functionalization of the iron oxide nanoparticles have been analyzed 

by FTIR, TGA and TEM. 

In Figure 3.4 the FTIR spectra of pristine nanoparticles, silanized and PMMA-b-

PCL copolymer-grafted nanoparticles can be seen. The broad peaks around 3400 

cm-1 can be attributed to O-H bonds of nanoparticle hydroxyl groups (Sabuncu 

and Çulha 2015, George et al. 2015). The other two peaks at 633 and 558 cm-1, 

which can be found in the three spectra, are due to the Fe-O bond (Jing 2006, 

Abboud et al. 1997). As it can be seen, there is a complete absence of any carbon-

related peaks, this showing that nanoparticles are surfactant-free. 

The success of the reaction between the hydroxyl groups and APTS has also been 

confirmed by FTIR. In the infrared spectrum of silanized nanoparticles at Figure 

3.4, the characteristic absorption bands of the aminopropyl groups can be seen, 

bending of -NH2 at 1635 cm-1 (Chen and Yakovlev 2010), the stretching vibration 

of Fe-O (633 and 558 cm-1) and Si-O bonds (1103 and 1024 cm-1) together with 

the bands related to aliphatic C-H bonds (1461 cm-1) (Marutani et al. 2004). These 
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experimental findings strongly suggest that APTS indeed reacted with the surface 

OH groups. However, the presence of the peak related with O-H bonds for 

modified nanoparticles seems to indicate that not all hydroxyl groups have 

reacted, as has been determined by TGA and will be shown below.  

 
Figure 3.4. FTIR spectra of pristine, silanized and PMMA-b-PCL-grafted nanoparticles 

The grafting of the PMMA-b-PCL copolymer to the surface of the nanoparticle 

through the previously anchored silane has also been demonstrated. In the 

infrared spectrum of copolymer-grafted nanoparticles, the presence of the band 

related to the stretching vibrations of carbonyl group at 1727 cm-1 (George et al. 

2015), and that corresponding to C-O-C single bond stretching deformation 

vibration at 1262, 1193 and 1149 cm-1 (Shingo et al. 2012) present in both PMMA 

and PCL blocks can be seen, suggesting that copolymer has been successfully 

grafted to the silanized nanoparticle surface. 

Figure 3.5 shows the weight loss of pristine, silanized and copolymer-grafted 

Fe2O3 nanoparticles as obtained from TGA measurements. The weight loss of the 

unmodified nanoparticles is related to physisorbed water and the hydroxyl groups 



Chapter 3 

50 

present at their surface. The physisorbed water is lost between 25 and 150 °C, 

while the hydroxyl groups are degraded between 150 and 850 °C (Cosio-

Castañeda et al. 2014). For silanized nanoparticles, a significant weight loss starts 

at around 300 °C, related with the decomposition of the aminopropil group of 

silane (Marutani et al. 2004), this weight loss has been used for the determination 

of APTS surface density. When the copolymer is anchored to the nanoparticle, 

different weight loss steps are observed. Besides silane decomposition, thermal 

decomposition of copolymer can be seen: the decomposition of PCL block occurs 

in a single step between 200 and 350 °C (Galeotti et al. 2011), while main thermal 

decomposition for PMMA occurs at around 400 and 600 °C (Rana et al. 2009). 

The quantity of hydroxyl groups on the surface has been determined using TGA 

results, according to the method of Abboud et al. (Abboud et al. 1997). The specific 

surface area of magnetic nanoparticles measured by Brunauer Emmett and Teller 

(BET) method has been estimated to be 102 m2/g. The surface density of hydroxyl 

groups was found to be 5.5 OH/nm2. After modification, the amount of grafted 

silane has been determined by TGA (Bartholome et al. 2003). The surface density 

of the silane is about 1.9 molecules/nm2. A direct comparison of the surface 

density of hydroxyl groups and that of the silane on the surface yield a reaction 

efficiency of 35.8 %. Those data were measured for nanoparticles modified with 

1:3 OH/APTS molar ratio, which has given the highest silane density and 

efficiency. For this reason, 1:3 ratio have been chosen for nanoparticle 

silanization. TGA measurements have been also used to quantify the grafting 

density of PMMA-b-PCL anchored to nanoparticles (Ohno et al. 2002). The highest 

graft density (0.04 chains/nm2) was found for 15 % copolymer/APTS molar ratio, 

while the rest of molar ratios used gave lower densities. So the nanoparticles with 

the highest grafting density of 0.04 chains/nm2 have been used for nanocomposite 

preparation. 
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Figure 3.5. TGA thermograms of pristine, silanized and PMMA-b-PCL-grafted nanoparticles 

TEM measurements have been also used for nanoparticle characterization before 

and after modification reactions. Figure 3.6 shows TEM images of both unmodified 

and copolymer-grafted nanoparticles. It can be seen that during grafting process 

nanoparticles tend to aggregate and the modification does not occur around a 

single nanoparticle but around small aggregates, around which the copolymer can 

be seen. The average size of aggregates is between 20 and 40 nm. 

 
Figure 3.6. TEM micrograph modified and unmodified nanoparticles 
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3.3.3. MORPHOLOGICAL CHARACTERIZATION OF NANOCOMPOSITES 

Neat BCP and nanocomposite thin films have been thermal annealed at 80, 100 

and 120 °C for 72 h. Obtained morphologies have been analyzed in terms of AFM. 

In Figure 3.7 morphologies achieved for those films can be seen. 

 
Figure 3.7. AFM phase images of the PS-b-PCL block copolymer, A) spin coated film, thermal annealed 

at B) 80 °C, C) 100 °C and D) 120 °C 

As it is shown in Figure 3.7 when BCP films have been prepared by spin coating 

without any annealing treatment, although soft microphase separation is 

observed, no ordered microstructure is formed. When these films have been 

annealed at 80 °C for 72 h any remarkable difference is not appreciated, observing 

a very similar soft microphase separation than that of samples without annealing. 

Films annealed at 100 °C show worm-like morphology, in which bright domains 
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correspond to PS block, as it is the hardest phase (Demirel et al. 2004). When 

annealing temperature is 120 °C a lamellar morphology can be clearly seen. It is 

worth to note that PCL crystalline domains are not observed in the images. In fact, 

as it was measured by differential scanning calorimetry (DSC) (not shown here), 

crystallization degree of PCL block (only 30 % of copolymer) was below 5 % in 

both cases. Furthermore, for nanocomposites crystallization degrees are even 

lower than 1 %. 

Figure 3.8 shows AFM images of nanocomposites with 2 and 5 wt% of 

nanoparticles annealed at 100 and 120 °C.  

 
Figure 3.8. AFM phase images of PS-b-PCL/Fe2O3-g-(PMMA-b-PCL) nanocomposites annealed at 

different temperatures and nanoparticle amounts, A) 100 °C and 2 wt%, B) 100 °C and 5 wt%, C) 120 
°C and 2 wt% and D) 120 °C and 5 wt% 
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As it can be seen in Figure 3.8 the addition of Fe2O3 nanoparticles grafted with the 

copolymer does not modify the morphology of block copolymer. Samples 

annealed at 100 °C present a warm-like morphology very similar to that of neat 

copolymer, while those annealed at 120 °C present nanostructured lamellar 

morphology similarly to neat copolymer. Bright points observed in images of 

Figure 3.8 can be attributed to Fe2O3 nanoparticles; the amount of points 

obviously increases with nanoparticle content. Although small nanoparticle 

aggregates have been formed during grafting process, functionalized 

nanoparticles are well dispersed in the copolymer. The grafting of nanoparticles 

with PMMA-b-PCL copolymer seems to increase compatibility with matrix, 

improving their dispersion; they are mainly located at the interface between dark 

PCL and bright PS domains without breaking copolymer nanostructure. This fact 

could be due to the low grafting density (0.04 chain/nm2) of the copolymer on the 

nanoparticle surface; other authors pointed out that when the grafting density is 

low NP tends to locate at the interfaces (Kim et al. 2006). 

For comparison, Figure 3.9 shows AFM image of nanocomposite with 5 wt% of 

unmodified nanoparticles. Bigger aggregates are formed, as nanoparticles tend to 

aggregate due to their low compatibility with the matrix. Formation of aggregates 

is avoided by increasing the compatibility of nanoparticles via grafting process. 

 
Figure 3.9. AFM phase image of PS-b-PCL/Fe2O3 nanocomposites with 5 wt% of nanoparticles, 

annealed at 120 °C for 72 h 
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Size distribution of modified nanoparticles in the nanocomposites has also been 

analyzed by AFM. As an example, size distribution of Fe2O3-g-(PMMA-b-PCL) in 

the nanocomposites annealed at 120 °C is shown in Figure 3.10. Average sizes of 

22 and 38 nm are obtained for 2 and 5 wt% nanoparticle amount, respectively. 

Very similar results are obtained for nanocomposites annealed at 100 °C. It has to 

be noted that the size of those aggregates is very similar to that obtained for 

Fe2O3-g-(PMMA-b-PCL) nanoparticles after modification, suggesting that 

aggregates are formed mainly during modification and not during 

nanocomposites preparation, as it have been seen by TEM characterization 

previously. 

 
Figure 3.10 Fe2O3-g-(PMMA-b-PCL) size distribution in the nanocomposite annealed at 120 °C with: A) 

2 wt% and B) 5 wt% of nanoparticles 

3.4. CONCLUSIONS 

From this chapter different conclusions can be extracted. Mössbauer spectroscopy 

and XRD measurements showed that nanoparticles used in this work are γ-Fe2O3 

ones. These nanoparticles have been successfully functionalized, both by 

silanization and subsequent copolymer grafting, as demonstrated by FTIR and 

TGA. This functionalization seems to increase compatibility with copolymer, 

leading to good nanoparticle dispersion in the nanocomposites, without altering 
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nanostructure generated by BCP self-assembly. Nanoparticles are mainly located 

at the interface between both blocks. During functionalization process, 

nanoparticles tend to create small aggregates surrounded by a copolymeric shell, 

as it was corroborated by TEM. Those small aggregates are very similar in size 

that those found in the nanocomposites, suggesting that aggregates have been 

formed during functionalization and not during nanocomposites preparation. The 

dispersion of modified nanoparticles in the copolymer has been clearly improved 

when comparing to that of unmodified ones. 
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4.1. INTRODUCTION 

Polystyrene-block-poly(4-vinyl piridine) (PS-b-P4VP) has been widely used as 

matrix for preparing nanocomposites with different nanoparticles. Zhang et al. 

used PS-b-P4VP copolymer with quaternized P4VP block (PS-b-QP4VP) to prepare 

nanocomposites with montmorillonite, by cationic exchange reactions of 

quaternary ammonium ions of PS-b-QP4VP with those of montmorillonite, finding 

an enhancement in thermal stability of neat copolymer (Zhang et al. 2006). Sung 

et al. obtained transparent and low-electric-resistance nanocomposites with PS-b-

P4VP and single-walled carbon nanotubes (SWCNT) (Sung et al. 2008). Gowd et al. 

developed a simple and efficient route to generate nanoscopic arrays of ordered 

inorganic nanodots with controlled feature sizes through the copolymer (Gowd et 

al. 2010). Zu et al. nanostructured the BCP by re-assembling with sequential vapor 

treatment using selected solvents, obtaining patterned polymeric or 

inorganic/polymer composite nano-islands and nano-ring arrays (Zu et al. 2011). 

Mendoza et al. modified PS-b-P4VP with a gold precursor to obtain an 

organic/inorganic hybrid in bulk with gold nanoparticles selectively incorporated 

in the P4VP block, and studied the viscoelastic rheology (Mendoza et al. 2011). Ye 

et al. used a fan-shaped small molecule to disperse and selectively place gold 

nanoparticles at PS domains of the copolymer (Ye et al. 2013). Lu and Kuo 

investigated the influence of functional groups present in polyhedral oligomeric 

silsesquioxane (POSS) nanoparticles on the self-assembled structures formed by 

PS-b-P4VP copolymer (Lu and Kuo 2014). Horechyy et al. prepared 

nanocomposites with asymmetric PS-b-P4VP loaded with iron oxide 

nanoparticles, analyzed the effect of nanoparticle addition in the morphology, and 

compared this effect with morphology changes produced in other BCPs (Horechyy 

et al. 2014). Chi et al. fabricated organic field-effect transistors (OFETs) and 

memory devices based on hybrid nanocomposites composed by PS-b-P4VP with 

two different block compositions and hydroxyl-functionalized ferrocene small 
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molecules (Chi et al. 2015). Our group has also used this BCP for the generation of 

nanocomposites. Etxeberria et al. studied the effect of the CdSe nanoparticle 

addition on the nanostructure development of this copolymer (Etxeberria et al. 

2014a). 

Grafting through is a promising method for the functionalization of surfaces. It is 

based on a surface polymerization through a covalently linked monomer. In this 

route the inorganic phase is incorporated inside the polymer chains. Different 

works can be found in the literature showing the success of this technique. Rozes 

et al. followed this method for copolymerizing oxo-alcoxo functional clusters with 

styrene leading to three dimensional networks in which the inorganic nano-fillers 

were covalently linked to the organic polymer (Rozes et al. 2005). Trabelsi et al. 

modified titanium-oxo-clusters via free radical polymerization of dimethacrylate 

oligomers and 2-hydroxyethyl methacrylate, for being incorporated into poly(2-

hydroxyethyl methacrylate) (Trabelsi et al. 2005). Henze et al. investigated the 

influence of reaction parameters on the formation of surface-attached polymer 

monolayers, immobilizing methacrylic moieties on silica surfaces via silane linker 

by grafting through (Henze et al. 2014). Etxeberria et al. functionalized CdSe 

semiconductor nanoparticles by radical polymerization with PS brushes 

(Etxeberria et al. 2012) for being used to generate nanocomposites with SBS 

matrix, concluding that nanoparticles were successfully placed at the PS domains 

(Etxeberria et al. 2013) while nanocomposites maintained the conductive 

properties of CdSe nanoparticles (Etxeberria et al. 2014b). 

The main objectives of the work described in this chapter are the following. 

Firstly, functionalization of the maghemite nanoparticle surface with PS brushes 

by grafting through technique together with their characterization; and then, the 

preparation and characterization of nanocomposites based on PS-b-P4VP block 

copolymer and functionalized magnetic nanoparticles. Functionalization of 

nanoparticles was analyzed by FTIR and TGA. Morphology of nanocomposites was 
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studied by AFM, while the magnetic properties were measured by vibrating 

sample magnetometer (VSM) and superconducting quantum interference device 

(SQUID). 

4.2. MATERIALS AND METHODS 

4.2.1. MATERIALS 

Maghemite nanoparticles with a nominal size of 9 nm and a polydispersity of 1.08 

were used as the inorganic filler. They were purchased from Integram 

Technologies. The silane used to attach the nanoparticle surface with the vinyl 

group required to grow polymer brushes was the 3-methacryloxypropyl 

trimethoxysilane (MPTS) one, with 98 % of purity, purchased from ABCR. The 

initiator for the polymerization reaction was the 2,2’-azobisisobutyronitrile 

(AIBN), used without further purification. Styrene monomer with a purity of 99 %, 

distilled under reduced pressure over CaH2 to purify before use, was purchased 

from Aldrich. PS-b-P4VP was purchased from Polymer Source with Mn of 22,500 

and 29,000 g/mol for PS and P4VP blocks, respectively, and a polydispersity index 

(Mw/Mn) of 1.2 for both blocks. Chemical structures of silane, styrene and PS-b-

P4VP can be seen in Scheme 4.1. Solvents used were toluene, THF, 

dimethylformamide (DMF) and dioxane, purchased from Aldrich 

 

Scheme 4.1. Chemical structure of A) MPTS, B) styrene monomer and C) PS-b-P4VP copolymer 
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4.2.2. METHODS 

4.2.2.1. Nanoparticle functionalization 

Nanoparticle modification was carried out in two steps (Scheme 4.2): first the 

silanization process and then the growth of PS brushes by grafting through 

method. 

 

Scheme 4.2. Nanoparticle modification procedure 

4.2.2.1.1. Silanization process 

Silanization of nanoparticles with MPTS silane implies a nucleophilic attack of 

hydroxyl groups (-OH) at nanoparticle surface to the Si atoms of MPTS. The 

reaction was carried out by adding 0.05 g of nanoparticles and 10 μmol of silane to 

40 mL of toluene under sonication. The reaction was carried out at inert 

atmosphere for 3 h at 60 °C. Nanoparticles were subsequently washed with THF, 

until any silane rest was eliminated (the presence of silane after washing was 

probed by FTIR), and dried in vacuum for 72 h at 40 °C. 

4.2.2.1.2. Growth of PS brushes by grafting through method 

After silanization the surface of nanoparticles was modified with PS brushes 

following the grafting through method. 0.02 g of silanized γ-Fe2O3 nanoparticles 
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and 0.1 g of AIBN were dispersed into 40 mL of toluene, and once they were well 

dispersed 2 mL of monomer were added. The reaction was carried out in inert N2 

atmosphere at 70 °C for 5 h. When reaction was ended, modified nanoparticles 

were subsequently washed with THF, until any monomer rest was eliminated 

(probed by FTIR), and dried in vacuum for 72 h at 40 °C. 

4.2.2.2. Nanocomposite preparation 

Nanocomposites were prepared by mixing PS-b-P4VP block copolymer with 

functionalized γ-Fe2O3 nanoparticles. Nanoparticles were first dispersed in DMF 

for 2 h by sonication, and then PS-b-P4VP block copolymer was added. Thin films 

of both neat block copolymer and organic/inorganic nanocomposites were 

prepared by spin-coating onto silicon wafers at 2000 rpm for 120 s, using a P6700 

spin-coater from Specialty Coating Systems Inc.. For selective solvent annealing 

thin films were exposed to saturated dioxane vapors into a closed vessel for 

different exposure times at room temperature. After exposure samples were 

removed from the vessel and stored at room temperature for some days before 

characterization, for residual solvent removal. Nanocomposites were prepared 

with 1 to 5 wt% of nanoparticles. 

4.2.2.3. Characterization techniques 

Different characterization techniques have been used in order to characterize 

both the functionalization of nanoparticles and generated nanocomposites. 

Surface functionalization of nanoparticles has been confirmed by FTIR and TGA, 

while morphology of nanocomposites was followed by AFM. Magnetic properties 

of nanocomposites have been characterized by SQUID magnetometer and VSM 

measurements, in order to check the transference of magnetic properties from 

nanoparticles to nanocomposites. 



Chapter 4 

68 

4.2.2.3.1. FTIR 

It was used to verify the functionalization of nanoparticles. Infrared spectra were 

carried out in a Nicolet Nexus 670 Spectrometer, as it was described in section 

3.2.2.3.3 of Chapter 3. 

4.2.2.3.2. TGA 

It was used to determine the amount of hydroxyl groups of nanoparticle surface, 

the amount of the grafted silane and the weight loss related to the grafted PS 

brushes, which would probe the success of the polymerization reaction. TGA 

results were obtained using a TGA/SDTA-851e equipment running from 25 to 750 

°C at a heating rate of 10 °C/min under nitrogen atmosphere. 

4.2.2.3.3. AFM 

It was used to study the morphology of neat block copolymers and nanocomposite 

thin film. Measurements were performed in tapping mode using a Dimension Icon 

Nanoscope V (Bruker) as it was described in section 3.2.2.3.6 of Chapter 3. 

4.2.2.3.4. VSM 

This technique allows the determination of the magnetic moment of a sample with 

high precision. It operates on Faraday's Law of Induction, based on the fact that a 

changing magnetic field will produce an electric field. This electric field can be 

measured, extracting information about the changing magnetic field. A VSM is 

used to measure the behavior of magnetic materials. 
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Magnetization was measured in a Quantum Design Physical Properties 

Measurement System (PPMS) with Vibrating Sample Magnetometer option, by 

measuring the hysteresis loops at 2, 200 and 300 K. 

4.2.2.3.5. SQUID 

The basic element of a SQUID magnetometer is a ring of superconducting metal 

containing one or two weak links, known as Josephson junctions. The SQUID 

magnetometer used in this work was radio frecuency (RF)-type SQUID, with only 

one Josephson junction. Variation of the flux in the ring results in a change of 

impedance. This change in impedance results in the retuning of a weakly coupled 

resonator circuit driven by a RF current source. Therefore, if a magnetic flux is 

applied to the ring, an induced current flows around it. In turn, this current 

induces a variation of the RF voltage across the circuit. This variation is detected 

with a lock-in amplifier. A feedback arrangement is used to minimize the current 

flowing in the ring, the size of the feedback current being a measure of applied 

magnetic flux. The operating mode of a SQUID magnetometer (Jiles 1998) can be 

seen in Scheme 4.3. 

 
Scheme 4.3. Operating mode of a SQUID magnetometer 
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In this work SQUID magnetometer was used for ZFC/FC measurements. These 

measurements were carried out at 100 Oe, between 5 and 300 K. The equipment 

used for measurements was a SQUID magnetometer (MPMS-7T, Quantum Design), 

with a 7 T superconducting magnet. 

4.3. RESULTS AND DISCUSSION 

4.3.1. CHARACTERIZATION OF FUNCTIONALIZED NANOPARTICLES 

Before the polymerization of PS brushes nanoparticles have been surface-

modified with MPTS silane. The right attachment of the silane to the nanoparticle 

surface is of vital importance, as the MPTS contains the vinyl group that will be 

used for the polymerization of PS brushes (Kim et al. 2007). The success of 

silanization process has been probed by FTIR and TGA measurements. 

From FTIR spectra of Figure 4.1, the appearance of bands related to the main 

bonds of MPTS can be seen: C=O stretching vibration at 1704 cm-1, C-O-C 

stretching deformation vibration at 1329 and 1300 cm-1, and Si-O-Fe stretching 

vibration at 1176 and 1011 cm-1, indicating the presence of MPTS attached to the 

surface (Rodriguez et al. 1999). After silanization, nanoparticles have been 

modified with PS brushes by grafting through method. The presence of brushes 

into the surface has also been probed by FTIR. In the FTIR spectra of PS-modified 

iron oxide nanoparticles, main bands related to PS such as those corresponding to 

C-H aromatic stretching vibration (3023 cm-1, inner part of the figure), C-C 

stretching frequency of the ring in plane (1600 cm-1), C-C stretching vibration of 

the ring in plane (1494 cm-1) and C-H out of plane bending vibration of the ring 

(700 cm-1), can be seen (Sun et a. 2007, Etxeberria et al. 2013), thus probing the 

presence of PS in the surface of nanoparticles. 
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Figure 4.1 FTIR spectra of silanized and PS-modified nanoparticles 

Figure 4.2 shows TGA thermograms of pristine, silanized and PS-modified 

nanoparticles. TGA measurements, besides for probing the modification of the 

nanoparticles with the organic compound, have been used to determine the 

amount of grafted organic part. The weight loss of unmodified nanoparticles is 

related to physisorbed water (until 120 °C) and surface -OH degradation (above 

120 °C). For silanized nanoparticles, a significant weight loss starts at around 300 

°C, which corresponds to the combustion of the silane molecules adsorbed on the 

surface and also to the elimination of hydroxyl groups (Rodriguez et al. 1999). The 

thermal degradation of the PS starts around 300 °C (Sun et al. 2007). The amount 

of grafted silane has been determined by using equation 4.1 (Bartholome et al. 

2003). The calculated surface density of the silane is of 2.8 molecules/nm2. A 

direct comparison of the surface density of hydroxyl groups (8.1 molecules/nm2) 

and that of the silane on the surface yield a reaction efficiency of 34.5 %. 

Moreover, as the weight loss related to the degradation of PS can be clearly seen, 

the presence of the polymer in the sample has also been probed. 
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Where Δm120-750 is the weight loss of the silane-modified nanoparticle, ΔmOH120-750 

the weight loss of pristine nanoparticles, PMMPTS the molecular weight of the silane 

and SSA the specific surface area of the nanoparticle. 

 

Figure 4.2. TGA thermograms of pristine, silanized and PS-modified nanoparticles 

4.3.2. MORPHOLOGICAL CHARACTERIZATION OF NANOCOMPOSITES 

PS-b-P4VP block copolymer thin films, as well as those of nanocomposites, have 

been exposed to dioxane vapors, which is a selective solvent for PS block (χPS= 

0.35 and χP4VP= 2.61, as calculated from equations 2.1 and 2.2 from Chapter 2), in 

order to promote nanostructuring. In AFM images PS domains appear brighter 

than the P4VP ones (Wang et al 2014). For neat block copolymer films without 

any annealing treatment (Figure 4.3), although soft microphase separation is 

observed, no ordered microstructure is formed. Regarding films exposed to 

dioxane for 24 h (Figure 4.4), neat block copolymer presents a hexagonal 
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morphology, although some stripes can be appreciated, giving a clue about the 

evolution that will have the morphology with longer exposure times; with the 

addition of 1 wt% of functionalized nanoparticles the hexagonal morphology is 

maintained, while for higher nanoparticle amount a defined morphology is not 

obtained, nanoparticles disrupting hexagonal morphology of the copolymer. In 

any case, the absence of nanoparticle agglomerations shows the good dispersion 

of the nanofillers. 

 

Figure 4.3. AFM height (A) and phase (B) images of spin coated PS-b-P4VP thin films 

For longer exposure to dioxane vapors, the morphology of neat block copolymer 

evolves from hexagonal to stripped (Figure 4.5), presenting a totally stripped 

morphology after 48 h of exposure, with a lamellar structure normal to the 

substrate. When 1 wt% of functionalized nanoparticles is added the stripped 

morphology is maintained, despite the presence of some small areas with 

cylinders perpendicular to the surface. For higher nanoparticle amount, a 

morphology change promoted by nanoparticles can be seen. In this way, for 5 

wt% nanocomposites, few lamellas can be seen, the main morphology consisting 

on cylinders perpendicular to the surface. The good dispersion of nanoparticles, 

the absence of remarkable agglomerations should be underlayed again. 



Chapter 4 

74 

 

Figure 4.4. AFM height (1) and phase (2) images of thin films after 24 h of exposure to dioxane: A) 

neat block copolymer, nanocomposite with B) 1 wt% C) 5 wt% of nanoparticles 
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Figure 4.5. AFM height (1) and phase (2) images of nanocomposites after 48 h of exposure to dioxane, 

A) neat block copolymer, nanocomposites with B) 1 wt% and C) 5 wt% of nanoparticles 

The morphological evolution of neat block copolymer with the exposure to 

dioxane vapors could be attributed to the migration of PS domains to the surface 

(Etxeberria et al. 2014), attracted by dioxane molecules. When nanoparticles are 

added to the block copolymer at low concentration there are no remarkable 
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effects, but for higher nanoparticle amounts morphology changed, probably 

because of the placement of nanoparticles at PS domains, which provoked a 

decrease in their mobility (Etxeberria et al. 2014). This fact could cause the 

morphology not to evolve enough to reach the same morphology as the neat block 

copolymer. However, a very good dispersion of nanoparticles has been obtained 

for all nanocomposites, showing the efficiency of nanoparticle modification for 

increasing the compatibility with the matrix. 

4.3.3. DEGRADATION BY IRRADIATION WITH UV LIGHT 

As nanoparticles are not placed at the surface of thin films, it is not possible to 

detect or visualize their location at PS domains by AFM; the removal of the organic 

part has been carried out for trying to observe the inner layers of the film. 

Different methods can be found in the literature with this purpose. Schulze et al. 

removed the organic part of organic/inorganic nanocomposites by exposing them 

to UV/O3 oxidizing inorganic precursors and degrading the polymer scaffold 

(Schulze et al. 2015). Lu and Yi removed the PS-b-P2VP copolymer grafted to gold 

nanoparticles by O2 plasma (Lu and Yi 2006). In this work the BCP removal has 

been carried out by exposing nanocomposites to UV light irradiation (Gutierrez et 

al. 2009). Figure 4.6 shows AFM images of neat block copolymer and 

nanocomposites with 1 wt% of nanoparticles before (A and B) and after (C and D) 

exposure to UV light irradiation for 6 h. While copolymer is removed by UV 

radiation (see Figures 4.6.A and C), by comparing Figures 4.6.B and 4.6.D it can be 

seen that nanoparticles have been mainly located at PS domains of block 

copolymer, detected by AFM as bright points rising from the partially degraded PS 

domains. 
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Figure 4.6. AFM phase (1) and 3D height (2) images of A) neat block copolymer, B) nanocomposite 

with 1 wt% of nanoparticles after 48 h of exposure to dioxane, and C) neat block copolymer and D) 

nanocomposite with 1 wt% of nanoparticles after 6 hours of exposure to UV light irradiation 
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4.3.4. MAGNETIC CHARACTERIZATION 

Figure 4.7 shows the ZFC/FC curves of nanocomposites with 2 and 5 wt% of 

nanoparticles obtained from SQUID measurements. The organic/inorganic 

nanocomposites exhibit a typical superparamagnetic behavior at room 

temperature and a ferromagnetic one at low temperature (Zeng et al. 2006, Bean 

and Livingston 1959). Below the blocking temperature (TB~250 K), the FC and 

ZFC magnetization curves diverge, magnetic moments are singledomain, spinned 

by anisotropy at low temperature. Above the blocking temperature, they are 

thermally disordered. Both samples show the same behavior, as for both 

measurements TB coincides. This parameter is directly related to the size of 

nanoparticles (as it can be concluded from Néel-Brown expression, explained in 

the section 2.4 of Chapter 2), and, in this case, with the size of the aggregates that 

could be formed. The fact that both TB values are equal could mean that probably 

aggregates have been created before thin film preparation during nanoparticle 

modification, and not during their dispersion and positioning on the block 

copolymer matrix. In the grafting through functionalization method, 

polymerization is carried out with silane-modified nanoparticles in the media and, 

distinctly from grafting from method, where the polymer chain grows only from 

the surface of the nanoparticle, the functional group located in the surface of the 

nanoparticle could join a growing PS chain in which there could be more 

nanoparticles previously joined. As the surface of the nanoparticles is 

multifunctional, with several double bonds, several chains could be bonded to 

different nanoparticles (Henze et al. 2014, Rahimidi-Razin et al. 2012). Due to 

these reasons it is supposed that nanoparticles, instead of being located 

individually, are bonded together with several polymer chains, creating a kind of 

network formed by nanoparticles and PS chains, as it is represented in Scheme 

4.3. This fact was previously pointed out by our group (Etxeberria et al. 2013) for 

CdSe nanoparticles modified with PS brushes. 
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Figure 4.7. ZFC/FC curves at 100 Oe for nanocomposites with 2 and 5 wt% of nanoparticles 
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Scheme 4.4. Formation of nanoparticle aggregates by grafting through process 

Apart from FC/ZFC curves the hysteresis loops have also been measured at 

different temperatures of 2, 100 and 300 K (Figure 4.8) for nanocomposites with 5 

wt% of nanoparticles as an example. It should be taken into account that the 

diamagnetic contribution from the block copolymer matrix and sample holder is 

included, being these contributions big enough to produce a negative slope at high 

fields. Below TB hysteresis loops are hysteretic while they are non-hysteretic 

above the TB, with the appreciation of a smooth hysteresis at 100 K. In the M vs B 

magnetization curve at 2 K, the hysteresis is observed with a coercivity of 

approximately 175 Oe and a remanence of 5.6·10-5 emu, whereas above the TB 

both the coercivity and remanence are zero, demonstrating the 

superparamagnetic behavior of the final nanocomposites (Schulz et al. 2010, Xu et 

al. 2009). 
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Figure 4.8. M vs B curves at 2, 100 and 300 K for nanocomposites with 5 wt% of nanoparticles 

4.4. CONCLUSIONS 

In this chapter maghemite nanoparticles were successfully modified by grafting 

through technique, as it was corroborated by FTIR and TGA. This functionalization 

with PS brushes was adequate to disperse the nanoparticles through the PS-b-

P4VP block copolymer. Very good dispersions, without any remarkable 

agglomerates, were obtained. The addition of the nanoparticles affected the 

nanostructuring of the block copolymer. When neat block copolymer was exposed 

to dioxane vapors for 24 h, a hexagonal morphology was obtained, changing to a 

stripped one for a longer exposure time of 48 h. As the addition of nanoparticles 

seemed to reduce the mobility of PS domains, the formation of a totally stripped 

morphology after 48 h of exposure was not obtained. This fact seemed to indicate 

the presence of nanoparticles at PS domains, as it was confirmed after removing 

the organic part of nanocomposites by UV radiation. Moreover, the successful 

transference of magnetic properties to nanocomposites was demonstrated by 

magnetic characterization.  
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5.1. INTRODUCTION 

PS-b-PMMA is one of the most used matrixes for preparing nanocomposites based 

on BCP and inorganic nanoparticles, as it can be seen in many works published in 

the literature. Among them, those based on silica nanoparticles or silicates have 

been the most studied. In this way, Limary et al. analyzed the stability of systems 

based on a symmetric diblock copolymer blended with layered silicates (Limary et 

al. 2000); Nyström et al. prepared organic/inorganic hybrid materials consisting 

of nanosized silica particles with surface-grafted PS or PS-b-PMMA (Nyström et al. 

2005); and Chakkalakal et al. discussed the influence of rheological and 

morphological properties on the foaming behavior of PS-b-PMMA diblock 

copolymers and their composites with PMMA-modified silica nanoparticles 

(Chakkalakal et al. 2013). Apart from those with silica nanoparticles, many works 

on nanocomposites with other nanoparticles can be also found. Lopes and Jaeger 

demonstrated that this BCP could be a good platform for the generation of guided, 

large-scale assembly of laterally nanostructured systems. They prepared 

nanocomposites by thermal evaporation of metal onto copolymer films, allowing 

the diffusion of metal atoms. During the deposition of metal nanoparticles, the 

template morphology of BCP did not change, as long as the molecular mass was 

high enough to reach the order-disorder transition temperature (ODT). They 

studied the behavior of Au, Ag, In, Pb, Sn and Bi nanoparticles, Au and Ag 

nanoparticles were placed at PS domains, while the rest were placed at PMMA 

ones (Lopes and Jaeger 2001). Zhao et al. prepared nanocomposites by adding 

palladium nanoparticles to PS-b-PMMA, and studied how the ODT was altered 

(Zhao et al. 2013). Kim et al. fabricated nanocomposites based on PS-b-PMMA and 

shell-crosslinked, thermally stable gold nanoparticles functionalized with 

different compositions of PS and PMMA brushes for being selective to PS or PMMA 

or neutral, analyzing their effect on the morphology of BCP Pang et al. prepared 

nanocomposites with ferroelectric BaTiO3 capped with PS chains, analyzing their 



Chapter 5 

88 

dielectric properties (Pang et al. 2013). Hailu et al. functionalized TiO2 

nanoparticles with PMMA-b-PS block copolymer and analyzed their dispersion in 

PS and PMMA homopolymers, and in PS-b-PMMA block copolymer. They obtained 

good dispersions for PMMA and PS-b-PMMA-based films, in contrast to the poor 

dispersion for PS-based ones. They explained this behavior on the basis of the 

outer PMMA corona of functionalized nanoparticles (Hailu et al. 2015). 

PS-b-PMMA has also been used as a platform for preparing nanocomposites with 

magnetic nanoparticles. In this way, Xu et al. prepared nanocomposites with 

PMMA-functionalized Fe3O4 nanoparticles. Varying the length of PMMA brushes, 

they found that nanoparticles with short polymer brushes were better dispersed 

than those with long ones, which tend to form aggregates (Xu et al. 2009). Xia et al. 

prepared nanocomposites with γ-Fe2O3 nanoparticles, and analyzed the effect of 

their concentration on film morphology, both at the surface and across it (Xia et al. 

2011). Yang et al. reported the effect of oleic acid-capped magnetic nanoparticles 

on the morphology and phase separation behavior of PS-b-PMMA thin films 

varying experimental parameters such as casting solvent, nanoparticle 

concentration, and annealing time (Yang et al. 2012). Schlage et al. obtained 

nanostructured magnetic antidot arrays by sputter deposition of Fe nanoparticles 

onto a highly ordered, nanostructured copolymer template by using a new kind of 

synchrotron radiation three-dimensional X-ray microscopy (Schlage et al. 2012). 

Yao et al. used this BCP as a platform for controlling the alignment of magnetic 

nanoparticles, obtaining hybrid films with superparamagnetic behavior and 

remarkable shape anisotropy that render them interesting for magnetic 

applications (Yao et al. 2014). 

Hybrid systems based on PS-b-PMMA have also been prepared by our group. 

Gutierrez et al. used this BCP as structure-directing agent for generating TiO2/PS-

b-PMMA nanocomposites via the sol-gel process using a hydrophobic surfactant. 

They obtained arrays of TiO2 nanoparticles on substrate surface. Cano et al. 
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incorporated as-synthesized organic-capped TiO2 nanorods into PS-b-PMMA 

diblock copolymer to achieve TiO2/PS-b-PMMA nanocomposites with enhanced 

optical and conductive properties. 

The main objectives of the work described in this chapter are the following. 

Firstly, functionalization of maghemite nanoparticle surface with MPTS silane, in 

order to improve their compatibility with PS-b-PMMA copolymer. Second, 

functionalization and characterization of nanoparticle surface from previously 

attached silane with PMMA brushes by grafting through technique. Finally, the 

preparation and characterization of nanocomposites based on PS-b-PMMA block 

copolymer and both silanized and PMMA-modified magnetic nanoparticles. 

Functionalization of nanoparticles has been analyzed by FTIR and TGA while the 

morphology of nanocomposites was studied by AFM and TEM. In order to check if 

magnetic properties of nanoparticles have been transferred to the 

nanocomposites, their magnetic characterization has been carried out by VSM. 

5.2. MATERIALS AND METHODS 

5.2.1. MATERIALS 

Maghemite nanoparticles with a nominal size of 9 nm and a polydispersity of 1.08 

were used as inorganic fillers. They were purchased from Integram Technologies. 

In this chapter MPTS, purchased from ABCR with 98 % of purity, was used as the 

linking between nanoparticle surface and polymer brushes. AIBN was used as 

initiator without further purification. The monomer used for the synthesis of 

polymer brushes was the methyl methacrylate (MMA), purchased from Aldrich 

with a purity of 99 %, further purified by distilling under reduced pressure over 

CaH2. PS-b-PMMA copolymer (fPS = fPMMA = 0.5) was purchased from Polymer 

Source, Inc., with a Mn of 80,000 g/mol for both PS and PMMA blocks, and a 

polydispersity index of 1.09. Toluene, THF and acetone, all purchased from 
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Aldrich, were used as solvents for nanocomposite preparation. Chemical 

structures of silane, monomer and copolymer are shown in Scheme 5.1. 

 
Scheme 5.1. Chemical structure of A) MPTS, B) MMA monomer and C) PS-b-PMMA copolymer 

5.2.2. METHODS 

5.2.2.1. Nanoparticle functionalization 

Nanoparticle modification was carried out in two steps, as it is shown in Scheme 

5.2: first the silanization process and then the synthesis of the PMMA polymer 

brushes onto the silanized nanoparticles by grafting through method. 

 

Scheme 5.2. Nanoparticle modification procedure 

5.2.2.1.1. Silanization process 

The silanization process was carried out following the procedure described in 

section 4.2.2.1.1 of Chapter 4. 
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5.2.2.1.2. Growth of PMMA brushes by grafting through method 

After silanization, nanoparticles were modified with PMMA brushes by grafting 

through method. For this purpose, 0.02 g of silanized Fe2O3 nanoparticles and 0.1 

g of AIBN were dispersed into 40 mL of toluene adding 2 mL of MMA monomer 

once nanoparticles were well dispersed. The reaction was carried out in inert N2 

atmosphere at 70 °C for 5 h. When reaction was ended, modified nanoparticles 

were subsequently washed with THF, until any monomer rest was eliminated 

(probed by FTIR), and dried in vacuum for 72 h at 40 °C. 

5.2.2.2. Nanocomposite preparation 

In order to analyze the effect of functionalization on nanoparticle dispersion 

nanocomposites were prepared by mixing PS-b-PMMA block copolymer with 

pristine, silanized and PMMA-modified Fe2O3 nanoparticles. First nanoparticles 

were dispersed in toluene for 2 h by sonication, then adding PS-b-PMMA block 

copolymer. Both neat block copolymer and organic/inorganic nanocomposite thin 

films were prepared by spin-coating onto silicon wafers (Si(100), from Si-Mat) at 

2000 rpm for 120 s, using a P6700 spin-coater from Specialty Coating Systems 

Inc.. The nanostructuring of the copolymer was obtained by solvent vapor 

annealing, carried out by exposing thin films to acetone vapors for 16 h in a closed 

vessel at room temperature. Acetone is a selective solvent for PMMA, as it can be 

seen from its interaction parameters with both blocks: χPMMA = 0.18 and χPS = 1.1 

(Xuan et al. 2004). After exposure samples were removed and stored at room 

temperature before characterization. This exposure time of 16 h was optimized in 

order to obtain a lamellar morphology for the neat copolymer. Nanocomposites 

with 1, 2, and 5 wt% of nanoparticles were prepared. 
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5.2.2.3. Characterization techniques 

5.2.2.3.1. FTIR 

It was used to verify the functionalization of iron oxide nanoparticles. Infrared 

spectra were carried out in a Nicolet Nexus 670 Spectrometer, as it was described 

in section 3.2.2.3.3 of Chapter 3. 

5.2.2.3.2. TGA 

It was used to determine the amount of hydroxyl groups at nanoparticle surface, 

the amount of grafted silane and the weight loss related to the grafted PMMA 

brushes, which would probe the success of the polymerization reaction. TGA 

results were obtained using a TGA/SDTA-851e equipment running from 25 to 750 

°C at a heating rate of 10 °C/min under nitrogen atmosphere, as was shown in 

section 3.2.2.3.4 of Chapter 3. 

5.2.2.3.3. AFM 

It was used to study the surface morphologies of neat block copolymer films, and 

those of nanocomposites with silanized or PMMA-modified nanoparticles. AFM 

measurements were performed in tapping mode using a Dimension Icon 

Nanoscope V (Bruker) as it was described in section 3.2.2.3.6 of Chapter 3. 

5.2.2.3.4. TEM 

It was used to verify the morphology of neat block copolymer films, with a Philips 

Tecnai 20 transmission electron microscope operated at 200 kV with 2.5 Å 

resolution. This technique was described in section 3.2.2.3.5 of Chapter 3. 
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5.2.2.3.5. VSM 

Magnetic characterization was carried out in a Quantum Design Physical 

Properties Measurement System (PPMS) with Vibrating Sample Magnetometer 

option, by measuring hysteresis loops at 2 and 150 K. This technique was 

described in section 4.2.2.3.4 of Chapter 4. 

5.3. RESULTS AND DISCUSSION 

5.3.1. NANOCOMPOSITES WITH SILANIZED NANOPARTICLES 

MPTS presents a methacrylate group in its chemical structure (Scheme 5.1), that 

could increase the compatibility between nanoparticles and PMMA block of the 

BCP, improving their dispersion when compared with that of pristine 

nanoparticles. Moreover, MPTS silane gives the chance to synthesize PMMA 

brushes by grafting through procedure (Scheme 5.2). Both characteristics make it 

an interesting coupling agent to be investigated in this chapter. 

5.3.1.1. Characterization of silanized nanoparticles 

Characterization of MPTS-silanized nanoparticles has been shown in section 4.3.1 

of Chapter 4. The success of silanization process has been probed by FTIR and 

TGA. In FTIR spectrum, the appearance of bands related to the main bonds of 

MPTS compound is observed: C=O stretching vibration, C-O-C stretching 

deformation vibration and Si-O-Fe stretching vibration. By TGA measurements 

surface density of grafted silane has been calculated to be around 2.8 

molecules/nm2. 
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5.3.1.2. Morphology of nanocomposites based on silanized nanoparticles 

Surface morphologies of neat block copolymer and nanocomposite thin films have 

been analyzed by AFM and TEM. Figure 5.1 shows AFM images of neat PS-b-PMMA 

copolymer film. Brighter regions in the phase contrast AFM image correspond to 

PMMA block, as it presents a higher modulus than PS at room temperature (Xuan 

et al. 2004, Peng et al. 2005). For neat copolymer, surface-perpendicular lamellar 

microphase morphology can be seen, with an average interlamellar distance of 77 

nm. This morphology is the typical equilibrium state phase structure in symmetric 

diblock copolymer thin films (Xuan et al. 2004). As it has been pointed out by 

several authors (Xuan et al. 2004, Gutierrez et al. 2009) this ordered microphase 

morphology can be obtained by exposing films to the vapors of a selective solvent 

for PMMA block. Previous works (Xuan et al. 2004, Gutierrez et al. 2009, Green et 

al. 1990, Green et al. 1991, Anastasiadis et al. 1989, Russel et al. 1989) have shown 

that when PS-b-PMMA is cast on a silicon wafer, PMMA segregates to the surface 

while PS segregates to the air interface. So after spin-coating it seems that PMMA 

dominates the substrate interface while PS is placed mainly at the free surface. 

Since acetone is a selective solvent for PMMA when compared with PS, when films 

are exposed to its vapors, there is a strong attraction between PMMA block and 

solvent, while the net interaction between polymer segments is repulsive. 

Polymer chains start to swell when they are in contact with the solvent. The 

diffusion of the solvent to the surface plays an important role in obtained 

morphology. In this way, for PS-b-PMMA, Xuan et al. proposed a mechanism of 

solvent vapor annealing for PMMA-selective solvents. Taking all this into account, 

several microphase-separated morphologies have been observed by different 

authors for PS-b-PMMA depending on exposure time and film thickness: 

hexagonally packed nanocylinders, striped or lamellar morphologies. In our case, 

as the aim was to obtain the typical equilibrium lamellar morphology, an exposure 

time of 16 h was performed in acetone vapors, achieving the desired morphology, 

as shown in the Figure 5.1. 
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Figure 5.1. AFM height (A) and phase (B) images of neat PS-b-PMMA copolymer 

Lamellar morphology of neat block copolymer films has also been confirmed by 

TEM, as it can be seen in Figure 5.2. PS domains are represented as dark areas, 

while PMMA ones correspond to bright areas, due to higher electron density of the 

former. 

 
Figure 5.2. TEM micrograph of neat PS-b-PMMA copolymer  

Figure 5.3 shows AFM images of nanocomposites thin film with 1, 2 and 5 wt% of 

silane-modified nanoparticles. 
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Figure 5.3. AFM height (1) and phase (2) images corresponding to thin films of nanocomposites with: 
A) 1 wt%, B) 2 wt%, and C) 5 wt% of silanized nanoparticles, after annealing with acetone vapors for 

16 h 

When silane-modified nanoparticles have been added lamellar morphology is 

maintained. Although big nanoparticle agglomerates appeared, they do not 

disturb the lamellar morphology of neat BCP. Those agglomerates tended to 
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PMMA domains but as their size is bigger than that of PMMA lamellae, they could 

not be selectively located at PMMA domains, as it was desired. 

5.3.2. NANOCOMPOSITES WITH PMMA-MODIFIED NANOPARTICLES 

5.3.2.1. Characterization of PMMA-modified nanoparticles 

As the results obtained with silane-modified nanoparticle are not as good as 

expected and nanoparticles are not selectively placed at PMMA domains, they 

have been modified with PMMA brushes by grafting through method, in order to 

improve their dispersion through PMMA domains of nanostructured block 

copolymer. The presence of brushes in the surface has been probed by FTIR and 

TGA. In Figure 5.4 the FTIR spectra of pristine, silanized and PMMA-modified 

nanoparticles can be seen. 

 
Figure 5.4. FTIR spectra of pristine, silanized and PMMA-modified nanoparticles. Main bands are 

indicated by arrows. Inner spectrum shows a magnification of the spectra 
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The presence of an intense band corresponding to the stretching vibration of 

carbonyl group of methacrylate at 1723 cm-1 demonstrates the presence of the 

PMMA brushes. Moreover, bands related to the stretching vibration of C-O-C 

bonds at 1263, 1243, 1191 and 1151 cm-1 corroborate the presence of the PMMA 

brushes (Yan et al. 2009). 

TGA thermogram of pristine, silanized and PMMA-modified nanoparticles can be 

seen in Figure 5.5. The weight loss related to the degradation of PMMA brushes 

can be clearly seen, thus probing the presence of the polymer in the sample. 

 
Figure 5.5. TGA thermograms of pristine, silanized and PMMA-modified nanoparticles 

5.3.2.2. Morphology of nanocomposites with PMMA-modified nanoparticles 

Surface morphology of nanocomposite films with PMMA-modified nanoparticles 

has also been analyzed by AFM. Figure 5.6 shows the AFM images of 

nanocomposites with 2 and 5 wt% of PMMA-modified nanoparticles. 
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Figure 5.6. AFM height (1) and phase (2) images corresponding to nanocomposites thin films with: A) 

2 wt% and B) 5 wt% of PMMA-grafted nanoparticles after annealing with acetone vapors for 16 h 

As it can be seen, the lamellar morphology of neat copolymer is maintained for 

nanocomposites with 2 wt%, though lamellae are not as regular and parallel 

among them as has been for the neat block copolymer. In the same way, as the 

width of PMMA lamellae increases, it can be supposed that nanoparticles have 

been placed on them. There are no remarkable agglomerates in the 

nanocomposites, indicating that dispersion has been improved with PMMA 

brushes. Corroborating the reason for lamellae width increase, in height images 

the presence of nanoparticles at PMMA domains can be noticed. Moreover, as 

indicative of the presence of nanoparticles at PMMA domains, for nanocomposites 

with 5 wt% of nanoparticles, the morphology started to change and a mixture of 

lamellae and perpendicular hexagonally packed cylinders (circles in Figure 

5.6.B1) can be seen. This could be due to the presence of nanoparticles, which, 
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located at PMMA domains, alter the volume fraction among blocks, altering the 

equilibrium morphology. As a higher amount of nanoparticles is present at PMMA 

domains when comparing with nanocomposites with 1 and 2 wt% of 

nanoparticles, the volume ratio among blocks is altered, promoting the 

morphology change. This change in morphology promoted by the specific location 

of nanoparticles in one block has also been found by other authors (Gutierrez et al. 

2009, Xu et al. 2008). Gutierrez et al. found that PS-b-PMMA block copolymer thin 

films, annealed with acetone vapors for 48 h, changed their morphology from 

hexagonally packed cylinders to lamellar and striped structures with 5 and 10 w% 

of TiO2 nanoparticles, respectively. Xu et al. dispersed magnetic nanoparticles 

with different molecular weight PMMA in thermally annealed PS-b-PMMA films. 

For around 4 wt% of nanoparticles with the lowest molecular weight brushes 

(2700 g/mol), the morphology changed from perpendicular lamellae to a mixture 

of perpendicular and parallel ones, frustrating the assembly of lamellar structure 

for contents higher than 10 wt%. Upon increasing molecular weight of brushes 

(35,700 g/mol), nanoparticles tended to aggregate, and the copolymer assembling 

into onion-like rings around them. In our case, morphology of nanocomposites 

started to change between 2 and 5 wt% of PMMA-modified nanoparticle 

concentration without remarkable agglomerates that could frustrate the 

assembly. 

In order to clearly show the improvement of dispersion and the selective 

placement of nanoparticles by modifying them with PMMA brushes, Figure 5.7 

shows the AFM images of nanocomposites prepared with 2 wt% of pristine, 

silanized and PMMA-modified nanoparticles. Pristine nanoparticles have 

frustrated the assembly of the copolymer, as it can be seen in Figure 5.7.A. Once 

they have been functionalized with MPTS, the lamellar morphology of the 

copolymer has been maintained but nanoparticles tended to aggregate, as it can 

be seen in Figure 5.7.B. Finally, when they have been surface-modified with PMMA 
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brushes, nanoparticles are well dispersed and selectively placed at PMMA 

domains maintaining lamellar morphology for 1 and 2 wt% nanocomposites.  

 
Figure 5.7. AFM height (1) and phase (2) images corresponding to thin films of nanocomposites with: 

A) 2 wt% of pristine, B) 2 wt% of silanized, and C) 2 wt% of PMMA-grafted nanoparticles, after 
annealing with acetone vapors for 16h 
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In three dimensional AFM images of thin film nanocomposites shown in Figure 5.8 

the effect of nanoparticles on the morphology of BCP can be more clearly seen. As 

it is shown in Figure 5.8.A, corresponding to the neat block copolymer, the height 

of the lamellae is continuous, with no appreciable discontinuity. When silane-

modified nanoparticles are added (Figure 5.8.B) the appearance of hills can be 

seen, located at PMMA domains. Apart from these hills, the height of PMMA 

lamellae can be considered continuous. These hills could represent small 

aggregates of Fe2O3 nanoparticles modified with MPTS silane, present at PMMA 

domains due to their improved affinity. However, a good dispersion has not been 

achieved, as their presence through the rest of the PMMA domains is negligible. 

Figures 5.8.C and D show 3D AFM images for nanocomposites with 2 and 5 wt% of 

PMMA-modified nanoparticles, respectively. The presence of the nanoparticles 

can be seen as small points standing out from PMMA domains. At 2 wt% of PMMA-

modified nanoparticle concentration the surface of lamellae is no more 

continuous, in 3D height AFM images small discontinuities, as small points 

standing out, appear at PMMA domains, indicating that nanoparticles are well 

located through all PMMA domains, confirming the improvement of dispersion, 

respecting to nanocomposites with silane-modified nanoparticles. Also in 3D 

height AFM images of nanocomposites with 5 wt% of PMMA-modified 

nanoparticles, PMMA domains surface is not continuous, and nanoparticles can be 

identified as small points standing out. Comparing the images of nanocomposites 

with 2 and 5 wt%, previously shown morphology change is confirmed. With the 

lowest concentration lamellar morphology is maintained, while for higher 

amounts a mixture of lamellar and cylindrical morphology is obtained, as it has 

been previously pointed out. 
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Figure 5.8. AFM 3D height images corresponding to thin films of: A) neat PS-b-PMMA copolymer, 
nanocomposites with B) 2 wt% of silanized, C) 2 wt% of PMMA-grafted, and D) 5 wt% of PMMA-

grafted nanoparticles, after annealing with acetone vapors for 16 h 

In Figure 5.9 AFM height and profile images of neat block copolymer and 

nanocomposite with 2 wt% of silanized nanoparticles and PMMA-modified 

nanoparticles can be seen. From the profiles, the effect of nanoparticles on PMMA 

domains can be clearly seen. For neat copolymer, PMMA domains are continuous 

while silanized nanoparticle addition creates some hills on the lamellae. The good 

dispersion of PMMA-modified nanoparticles on PMMA domains can be also seen 

from the corresponding profile. 
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Figure 5.9. AFM height and the profile images of: A) neat PS-b-PMMA copolymer, and nanocomposites 

with B) 2 wt% of silanized, C) 2 wt% of PMMA-grafted nanoparticles 

In order to better visualize nanoparticles and have an approximate idea of their 

average size, films of nanocomposites containing PMMA-grafted nanoparticles 

have been thermally degraded removing the organic part. As an example, Figure 

5.10 shows the AFM image of charred nanocomposite film containing 5 wt% of 

nanoparticles. Nanoparticle size varies from around 20 to 45 nm for all the 

nanocomposites studied, smaller than the size of PMMA domains in which they 

are located. It is clear that some nanoparticles appear together since their nominal 

diameter is around 9 nm. Obtained nanoparticle sizes agree with those obtained 

from the profile images of Figure 5.9.C. Those small aggregates probably have 

been formed during functionalization by grafting through and not during 

nanocomposite preparation or during annealing, as it was pointed out in Chapter 

4. 
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Figure 5.10. AFM phase image corresponding to a thin film of the nanocomposite with 5 wt% of 

PMMA-grafted nanoparticles after thermal degradation of the polymeric matrix 

5.3.3. MAGNETIC CHARACTERIZATION 

Figure 5.11 shows the ZFC/FC curves of nanocomposites with 2 and 5 wt% of 

nanoparticles, as obtained with VSM. Usually, organic/inorganic nanocomposites 

exhibit a typical superparamagnetic behavior at room temperature and a 

ferromagnetic one at low temperatures (Zeng et al. 2006, Bean and Livingston 

1959). Below the blocking temperature (TB~175 K) FC and ZFC magnetization 

curves diverge, magnetic moments are singledomain and spinned by anisotropy, 

while they appear thermally disordered above the TB. Both samples show the 

same behavior, as TB coincides for both measurements. This parameter is directly 

related to the size of nanoparticles (as it can be concluded from Néel-Brown 

expression, explained in the section 2.4 of Chapter 2), or to the size of aggregates 

that could be formed. As it was mentioned in Chapter 4, aggregates could be 

formed when nanoparticles were in solution during their modification, before thin 

film preparation. This fact would reinforce the hypothesis about the formation of 

small aggregates of nanoparticles during the polymerization reaction in the 

grafting through process, as it has been pointed out in Chapter 4. 
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Figure 5.11. ZFC/FC curves at 100 Oe for nanocomposites with 2 and 5 wt% of nanoparticles  

In addition, hysteresis loops of nanocomposites have also been measured at 2 and 

150 K. Figure 5.12 shows M vs B curves for nanocomposites with 5 wt% of PMMA-

modified nanoparticles as an example. Below the blocking temperature, at 2 K, M 

vs B curve is hysteretic, with a coercivity of approximately 270 Oe and a 

remanence of 1.8·10-5 emu. The hysteresis disappears at 150 K and both coercivity 
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and remanence become zero, demonstrating the superparamagnetic behavior of 

nanocomposites (Schulz et al. 2010, Xu et al. 2009). 

 
Figure 5.2. M vs B curves at 2 and 150 K for nanocomposites with 5 wt% of nanoparticles 

5.4. CONCLUSIONS 

From this chapter the following conclusions can be extracted about the synthesis 

and characterization of nanocomposite thin films based on PS-b-PMMA copolymer 

and γ-Fe2O3 nanoparticles. Copolymer films were annealed by exposure to acetone 

(selective for PMMA) vapors for 16 h in order to obtain the classical lamellar 

morphology. For nanocomposites with pristine nanoparticles lamellar 

morphology was disrupted due to the low compatibility among matrix and fillers. 

Nanoparticles were then successfully surface-modified with MPTS silane in order 

to increase their compatibility with PMMA domains. Lamellar morphology of films 

was maintained with nanoparticle adding, dispersion was improved, but they 

tended to agglomerate. In order to better disperse and selectively place, 

nanoparticles were surface modified with PMMA brushes by grafting through 
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technique. Once modified, they were well dispersed into PMMA domains of the 

copolymer films maintaining the lamellar morphology for nanocomposites with 1 

and 2 wt% of nanoparticles. For higher nanoparticle amount (5 wt%) morphology 

started to change to a mixture of lamellas and hexagonally packed cylinders. This 

fact seemed to confirm the presence of nanoparticles at PMMA domains, 

increasing their volume and altering the volume fraction of the copolymer and 

consequently, the equilibrium morphology. As the size of nanoparticles in PMMA 

domains has been found to be bigger than that of single nanoparticles, it seems 

that more than one single nanoparticle was present at PMMA domains. This slight 

agglomeration could occur during grafting through process, in which 

nanoparticles, instead of being located individually, could be bonded together 

with several polymer chains, creating a kind of network. In any case, these 

agglomerates were smaller than PMMA domains, not big enough to disrupt 

copolymer morphology. Finally, the superparamagnetic behavior of the 

nanocomposites was demonstrated by magnetic measurements, showing that 

magnetic properties of nanoparticles have been transferred to the 

nanocomposites. 
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6.1. INTRODUCTION 

Due to the ability of ABC-type copolymers for the generation of many different 

nanostructures, many authors have studied their morphological behavior. Löbling 

et al. analyzed the self-assembly of polystyrene-block-polybutadiene-block-

poly(tert-butyl methacrylate) (SBT) copolymer in bulk, obtaining unusually broad 

stability regions. They focused on χ parameter, concluding that a proper 

combination of this parameter can control the phase behavior, implying a minor 

influence of block volume fraction (Löbling et al. 2015). Hückstädt et al. 

investigated the influence of block sequence on the morphological behavior of 

polystyrene-block-polybutadiene-block-poly(2-vinyl pyridine) (SBV) and 

polybutadiene-block-polystyrene-block-poly(2-vinyl pyridine) (BSV) copolymers, 

concluding that block sequence is decisive (Hückstädt et al. 2000). Nagpal et al. 

predicted by simulation different morphologies obtained with linear triblock 

copolymers as a function of composition and interaction strength, and also the 

differences between bulk and thin film morphologies (Nagpal et al. 2011). 

Morphologies generated for ABC-type copolymer thin films have also been 

investigated. Fukunaga et al. analyzed the effect of substrates on the generated 

morphology, using two types of substrates, polyimide and oxide silicon, finding 

significant differences (Fukunaga et al. 2003). Elbs et al. studied the differences in 

the resulting structure depending on the solvent used for vapor annealing of 

polystyrene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) 

(SVT) triblock copolymer (Elbs et al. 2002). 

Regarding to polystyrene-block-polybutadiene-block-poly(methyl methacrylate) 

(SBM) triblock copolymers, similar to that used in the present work, some works 

can also be found in the literature. Kirschich et al. used SBM copolymer to 

compatibilize polymer blends based on poly(2,6-dimethyl-1,4-phenylene ether) 

(PPE) and polystyrene-co-polyacrylonitrile (SAN) (Kirschich et al. 2004). Kabir et 
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al. studied the morphological changes caused by the deformation and orientation 

of different domains, analyzing the influence of polybutadiene (PB) isomers (1,2 

or 1,4). In the case of 1,2 isomer containing SBM copolymer, a co-existing lamellar 

and cylindrical morphology of PB block was observed, while 1,4 isomer 

containing-SBM copolymer, only well segregated lamellar patterns were found 

(Kabir et al. 2012). Higuchi et al. observed the different helical structures formed 

with SBM copolymers self-assembled into a helical structure of PB domains 

around hexagonally packed core of PS cylinders in a PMMA matrix (Higuchi et al. 

2013). Ritzenthaler et al. prepared nanostructured thermosetting systems by 

modifying an epoxy matrix with SBM copolymer (Ritzenthaler et al. 2003), 

showing the ability of ABC-type copolymers for nanostructuring epoxy-based 

systems. 

Although ABC-type triblock copolymers present high versatility due to the higher 

amount of possible nanostructures that can be formed respecting to AB or ABA-

type copolymers, this type of copolymers have barely been used for 

organic/inorganic nanocomposite generation. Choi et al. analyzed the effect of 

ABA or ABC-type triblock copolymers and that of hydroxylation degree on 

organoclay dispersion, concluding that a proper functionalization improves 

considerably their dispersion (Choi et al. 2004). Toombes et al. prepared 

poly(ethylene-alt-propylene-block-ethylene oxide-block-n-hexyl methacrylate) 

(PEP-b-PEO-b-PHMA) triblock copolymer/aluminosilicate hybrid materials with 

aluminosilicates confined at PEO domains, obtaining hexagonally patterned 

lamellar morphology in which lamellae were aligned parallel to the surface 

(Toombes et al. 2008). Stefik et al. used different polyisoprene-block-polystyrene-

block-poly(ethylene oxide) (ISO) copolymers for synthesizing highly ordered 

nanocomposites with alumino silicate and niobia sols, underlaying that copolymer 

removal enabled simple and direct synthesis of mesoporous oxide materials 

(Stefik et al. 2009). 
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The main objectives of the work described in this chapter are the preparation and 

characterization of nanocomposites based on SBM triblock copolymer and 

maghemite nanoparticles functionalized with PS or PMMA brushes. The effect of 

adding pristine, PS- or PMMA-modified nanoparticles has been analyzed. 

Morphology of nanocomposites has been studied by AFM, thermal 

characterization by DSC and the transference of magnetic properties from 

nanoparticles to nanocomposites has been analyzed by magnetic characterization 

in terms of VSM. To the best of our knowledge, this is the first report describing 

the use of ABC triblock copolymers for preparing nanocomposites with metal 

oxide nanoparticles as inorganic nanofillers. 

6.2. MATERIALS AND METHODS 

6.2.1. MATERIALS 

Maghemite nanoparticles purchased from Integram Technologies with a nominal 

size of 9 nm and a polydispersity of 1.08 were used as inorganic fillers. MPTS 

purchased from ABCR with 98 % of purity, was used as link between nanoparticle 

surface and polymer brushes. AIBN was used as initiator without further 

purification. The monomers used for the synthesis of polymer brushes were 

styrene and MMA, both purchased from Aldrich with a purity of 99 % and purified 

by distilling under reduced pressure over CaH2. SBM triblock copolymer, with a 

Mn of 96.142 g/mol was kindly supplied by Repsol, with the following volumetric 

composition: fPS=0.3, fPB=0.4 and fPMMA=0.3. Its chemical structure is shown in 

Scheme 6.1. Toluene and THF, both purchased from Aldrich, were used as solvents 

for nanocomposite preparation. 
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Scheme 6.1. Chemical structure of SBM copolymer 

6.2.2. METHODS 

6.2.2.1. Nanoparticle functionalization 

Nanoparticle functionalization was carried out following the procedures 

described in sections 4.2.2.1 and 5.2.2.1 of Chapters 4 and 5. 

6.2.2.1.1. Silanization process 

It was carried out following the procedure described in section 4.2.2.1.1 of 

Chapter 4. 

6.2.2.1.2. Growth of PS and PMMA brushes by grafting through method 

Modification of nanoparticles with PS brushes was carried out following the 

procedure described in section 4.2.2.1.2 of Chapter 4, while that of PMMA brushes 

was carried out by following the procedure described in section 5.2.2.1.2 of 

Chapter 5. 

6.2.2.2. Nanocomposite preparation 

In order to analyze the effect of functionalization on the dispersion and selective 

placement of nanoparticles into the desired domains, nanocomposites were 
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prepared by mixing SBM copolymer with pristine, PS- and PMMA-modified 

nanoparticles. Nanoparticles were first dispersed in toluene for 2 h by sonication, 

and then SBM block copolymer was added. Thin films of neat block copolymer and 

nanocomposites were then prepared by casting SBM solutions in toluene with a 

concentration of 5 wt% onto Si(100) wafers. Nanocomposites with 1, 2, and 5 

wt% of nanoparticles were prepared. 

6.2.2.3. Characterization techniques 

6.2.2.3.1. FTIR 

It was used to verify the functionalization of iron oxide nanoparticles. Infrared 

spectra were carried out in a Nicolet Nexus 670 Spectrometer, as it was described 

in section 3.2.2.3.3 of Chapter 3. 

6.2.2.3.2. TGA 

It was used to determine the amount of hydroxyl groups at nanoparticle surface, 

the amount of grafted silane and the weight loss related to the grafted PS and 

PMMA brushes, which would probe the success of the polymerization reaction. 

TGA results were obtained using a TGA/SDTA-851e equipment running from 25 

to 750 °C at a heating rate of 10 °C/min under nitrogen atmosphere, as was shown 

in 3.2.2.3.4 section of Chapter 3. 

6.2.2.3.3. AFM 

It was used to analyze surface morphologies of neat BCP films, and those of 

nanocomposites with pristine and PS- or PMMA-modified nanoparticles. AFM 
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measurements were performed in tapping mode using a Dimension Icon 

Nanoscope V (Bruker), as it was described in section 3.2.2.3.6 of Chapter 3. 

6.2.2.3.4. DSC 

By DSC measurements glass transition temperatures (Tg) of PS and PMMA blocks 

of SBM triblock copolymer were analyzed, both for neat BCP and for 

nanocomposites, in order to analyze the effect of nanoparticle addition on them. 

Measurements were performed in a Mettler Toledo DSC-822 differential scanning 

calorimeter equipped with a Sample Robot TSO 801 RO. Measurements were 

performed from 25 to 160 °C at a heating rate of 10 °C/min in sealed aluminum 

pans, with N2 as a purge (10 mL/min). 

6.2.2.3.5. VSM 

Magnetic characterization was carried out in a Quantum Design PPMS with 

Vibrating Sample Magnetometer option, this equipment was used for ZFC/FC 

measurements and also for measuring hysteresis loops at 2, 225 and 300 K. This 

technique was described in section 4.2.2.3.4 of Chapter 4. 

6.3. RESULTS AND DISCUSSION 

6.3.1. CHARACTERIZATION OF FUNCTIONALIZED NANOPARTICLES 

Characterization of MPTS-silanized nanoparticles has been shown in 4.3.1 section 

of Chapter 4. The success of silanization process has been probed by FTIR with the 

appearance of bands related to the main bonds of MPTS compound, and by TGA 

measurements. By TGA measurements also the surface density of grafted silane 

has been calculated (2.8 molecules/nm2), as it has been previously shown. 
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Characterization of PS-modified nanoparticles has been shown in section 4.3.1 of 

Chapter 4, and characterization of PMMA-modified nanoparticles in section 5.3.2.1 

of Chapter 5. By FTIR, the functionalization of nanoparticles with PS or PMMA 

brushes has been corroborated by the appearance of bands related to their main 

bonds. TGA measurements have also corroborated the presence of polymer 

brushes in both cases, showing the corresponding weight loss. 

6.3.2. CHARACTERIZATION OF NANOCOMPOSITES 

The first step has been to characterize surface morphologies obtained for neat 

triblock copolymer films. Figure 6.1 shows AFM images of neat copolymer films, 

showing a lamellar morphology. This lamellar morphology is one of the 

morphologies that can be obtained for ABC-type triblock copolymer thin films 

(Nagpal et al. 2011). Stadler et al. investigated the morphologies formed for SBM 

and their hydrogenated polystyrene-block-poly(ethylene-co-butylene)-block-

poly(methyl methacrylate) (SEBM) analogues. They highlighted the importance of 

interaction parameters in order to determine the morphologies of ABC 

copolymers, respecting to AB diblock or ABA triblock copolymers, for which the 

composition is main factor determining the morphology. However, they indicated 

that interaction parameters made the difference mainly when the amount of the 

middle block was low, of around 6 wt%. For copolymers with block ratios similar 

to those analyzed in this work (30/40/30 in volume) they pointed out that a 

lamellar morphology could be expected (Stadler et al 1995). In AFM images of 

Figure 6.1, PB domains can be clearly identified as the dark ones due to the lower 

modulus. However, PS and PMMA domains cannot be clearly differentiated. 
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Figure 6.1. AFM height (A) and phase (B) images of SBM thin film 

In order to better visualize the morphology and differentiate PS and PMMA 

domains, amplified height and phase AFM images of neat triblock copolymer thin 

film are shown in Figure 6.2. As it can be seen, PS and PMMA domains can be 

better distinguished as PMMA domains appear brighter than PS ones due to its 

higher modulus (Xu et al. 2009). Profiles obtained for height and phase images, 

also shown in Figure 6.2, help in distinguishing between SBM domains. In those 

profile images, four domains stand up from PB ones, placed at the bottom as they 

are the softener; they correspond to PS and PMMA domains, which can be 

separated into two pairs depending on their height, placed alternatively. The 

highest one represents PMMA domains, as it presents the highest modulus. 

From these images it can be concluded that SBM triblock copolymer assembles 

into a lamellar morphology with S-B-M-B sequence and an average interlamellar 

distance of ~71 nm, although some interruptions of the sequence can be 

appreciated (marked with a circle in Figure 6.2), as PS and PMMA domains appear 

joined. Scheme 6.2 shows a representation of this lamellar structure. 
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Figure 6.2. AFM height (A) and phase (B) images of SBM thin film with the corresponding profile 

images 

 

 

Scheme 6.2. Schematic representation of the lamellar nanostructure formed 

Nanocomposites have been prepared by adding magnetic nanoparticles to SBM 

matrix. In Figures 6.3 and 6.4 AFM images for nanocomposites with 1, 2 and 5 

wt% of PS- and PMMA-modified nanoparticles, respectively, can be seen. 
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Figure 6.3. AFM height (1) and phase (2) images of nanocomposites with A) 1, B) 2 and C) 5 wt% of 

PS-modified nanoparticles 
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Figure 6.4. AFM height (1) and phase (2) images of nanocomposites with A) 1, B) 2 and C) 5 wt% of 

PMMA-modified nanoparticles 

As it can be seen, lamellar morphology of neat triblock copolymer is maintained 

with nanoparticle addition, independently of the modification. Moreover, 

nanoparticles are well dispersed through the triblock copolymer matrix, without 
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the presence of remarkable aggregates. For a better visualization of the effect of 

nanoparticles on film morphology, amplified height and phase images of 

nanocomposite thin films with 5 wt% of nanoparticles are shown in Figure 6.5, 

together with the corresponding height profile. 

 

Figure 6.5. AFM height (1), phase (2) and profile (3) images of nanocomposites with 5 wt% of A) PS- 

and B) PMMA-modified nanoparticles 

In both cases, although lamellar morphology is maintained after nanoparticle 

addition, it appears more disrupted. When PS-modified nanoparticles are added, 

PS domains can be better distinguished in AFM images, comparing to the images 

corresponding to nanocomposites with PMMA-modified nanoparticles. When 

PMMA-modified nanoparticles are added, it seems that PS and PMMA domains 

tend to join. If the profile images are compared with those of Figure 6.2, it can be 

clearly seen that PS and PMMA domains tend to swollen with nanoparticle 

addition. All profiles are around 170 nm length. In these profiles, for neat BCP four 

domains can be separated, identified as PMMA (higher ones) and PS (lower ones), 

when nanoparticles are added, only 3 domains can be observed. This fact could 

indicate that nanoparticles are located at PS and PMMA domains, as nanoparticles 
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placement at the PS or PMMA domains would increase the respective domain 

volume (Gutierrez et al. 2009). 

Differences found between neat BCP and nanocomposite thin film nanostructures 

could be due to the effect of nanoparticles on system thermodynamics, as they can 

affect the interaction forces between blocks. Lo et al. concluded that nanoparticle 

addition weakened the phase segregation between blocks, while Lin et al. induced 

the self-assembly of BCP by adding inorganic nanoparticles, due to a 

strengthening of interaction forces between blocks (Lo et al. 2007, Lin et al. 2011). 

Those examples show the complexity of understanding nanostructures based on 

BCP and inorganic nanoparticles. As it has been mentioned before, if PS- or 

PMMA-modified nanoparticles are added, more notoriously with PMMA-modified 

ones, PS and PMMA domains of the triblock tend to join. This could be due to the 

low repulsive forces between PS and PMMA blocks. Standler et al. calculated that 

χPMMA/PS= 0.0044 is much lower than χPS/PB= 0.045 and χPMMA/PB= 0.071 (Stadler et 

al. 1995). Hückstädt et al. analyzed the effect of block sequence on obtained 

nanostructure, analyzing first SBV and BSV copolymer nanostructures in which 

three components are strongly incompatibles, finding that they were affected by 

the block sequence. Then they compared obtained results with those for SBM and 

polybutadiene-block-polystyrene-block-poly(methyl methacrylate) (BSM) 

copolymers, in which the incompatibility between PS and PMMA blocks is low. 

Due to this low incompatibility, PS/PMMA mixtures were obtained (Hückstädt et 

al. 2000). On the other hand, the incompatibility between PMMA and PB blocks, 

higher than that among PS and PB ones, could explain the reason for PS and 

PMMA domains to be better distinguished when PS-modified nanoparticles are 

added than when PMMA-modified ones are added. Larger incompatibilities 

between blocks lead to the generation of larger interfaces (Löbling et al. 2015). 

In order to reinforce the importance of nanoparticle surface functionalization 

when preparing organic/inorganic nanocomposites based on BCP, 
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nanocomposites with pristine nanoparticles have also been prepared. In Figure 

6.6 AFM images of the nanocomposite with 1 and 5 wt% of pristine nanoparticles 

can be seen. In these images big nanoparticle aggregates are detected. Different 

areas of the thin film have been analyzed, and the presence of aggregates is 

repetitive. With pristine nanoparticle addition the lamellar nanostructure of the 

triblock copolymer is maintained, but their dispersion is not as good as for 

modified ones. 

 

Figure 6.6. AFM height (1) and phase (2) images of nanocomposite thin film with A) 1 and B) 5 wt% of 

pristine nanoparticles 

DSC thermograms for neat SBM and nanocomposites with PMMA- and PS-

modified nanoparticles (1, 2 and 5 wt%) are shown in Figure 6.7, in order to check 

the effect of nanoparticle addition on the Tg values of blocks. 



Synthesis and characterization of SBM/Fe2O3 nanocomposites 

127 

 

Figure 6.7. DSC thermograms of neat SBM and nanocomposites 

In the analyzed temperature range two Tg can be distinguished. For the neat 

copolymer, they appear at 102 and 131 °C, corresponding to PS and PMMA blocks, 

respectively. With nanoparticle addition, Tg values of the blocks corresponding to 

the brushes anchored to nanoparticles show a slight increase, reaching up to 105 

°C and 134 °C for 5 wt% of PS- and PMMA-modified nanoparticles, respectively. As 

the Tg of PS increases when PS-modified nanoparticles are added and that of 

PMMA increases with PMMA-modified nanoparticle addition, it seems that PS-
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modified nanoparticles could be mainly located at PS domains and PMMA-

modified ones at PMMA domains, as the presence of the nanoparticles would 

hinder chain mobility, resulting in a higher Tg for the corresponding block (Cano 

et al. 2013). 

6.3.3. MAGNETIC CHARACTERIZATION 

Figures 6.8 and 6.9 show the ZFC/FC curves of nanocomposites with 1 and 5 wt% 

of PS- and PMMA-modified nanoparticles obtained from VSM measurements. As 

other nanocomposites presented at previous chapters, nanocomposites present 

superparamagnetic behavior at room temperature and ferromagnetic at lower 

temperature; magnetic properties of nanoparticles have been transferred to 

nanocomposites successfully, despite surface functionalization. TB do not vary 

with nanoparticle concentration, probably indicating, as it has been mentioned in 

Chapter 4 and 5, that nanoparticle do not aggregate during nanocomposite thin 

film formation but during nanoparticle modification following the grafting 

through method. If results of both nanocomposites are compared it can be seen 

that in both cases behavior of nanocomposites in ZFC/FC measurements is very 

similar, although TB is slightly higher in nanocomposites with PS-modified 

nanoparticles than in those with PMMA-modified ones. This tendency is in 

accordance with the results obtained in Chapter 4 and 5. 

M vs B curves have also been measured for nanocomposites with 5 wt% of PS- and 

PMMA-modified nanoparticles, as it can be seen in Figure 6.10. In both cases 

nanocomposites have a hysteretic loop at 2 K, with a coercivity of approximately 

315 Oe, and remanence between 1.6·10-4 and 2.1·10-4 emu. Near to TB (225 K) 

both nanocomposites become un-hysteretic, and coercivity and remanence 

become zero. At room temperature, both coercivity and remanence also become 

zero, proving the superparamagnetic behavior of the nanocomposites. Again, it 

has been demonstrated that the magnetic properties of the nanoparticles have 
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been successfully transferred to the nanocomposite, despite the modification of 

nanoparticle surface with polymeric brushes. 

 

Figure 6.8. ZFC/FC curves at 100 Oe for nanocomposites with A) 1 and B) 5 wt% of PS-modified 

nanoparticles 
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Figure 6.9. ZFC/FC curves at 100 Oe for nanocomposites with A) 1 and B) 5 wt% of PMMA-modified 

nanoparticles 
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Figure 6.10. M vs B curves at 2, 225 and 300 K for nanocomposites with 5 wt% of A) PS- and B) 

PMMA-modified nanoparticles 

6.4. CONCLUSIONS 

In this chapter nanocomposites based on SBM triblock copolymer and maghemite 

nanoparticles have been prepared. Results seem to indicate that modification of 
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nanoparticles by grafting through method enables their placement at the desired 

domains: at PS domains for PS-modified nanoparticles and at PMMA domains for 

PMMA-modified ones, as it was shown by AFM and DSC measurements. This fact 

would reinforce the conclusions of Chapter 4 and 5, in which it was shown that 

modified nanoparticles were also successfully placed at the desired domains. In 

this chapter the complexity of ABC-type copolymers have been explored too. As 

their self-assembling is affected by more parameters the interpretation of 

nanostructures is more complicated. Their versatility related with the high 

amount of nanostructures that can generate, and their ability to host 

nanoparticles, makes them very interesting materials for nanocomposite 

fabrication, and, as only a few works can be found about them, it constitutes an 

interesting topic for further research. To finish with this chapter, 

superparamagnetic behavior of the nanocomposites was also demonstrated by 

magnetic measurements, magnetic properties of nanoparticles have been 

transferred to the nanocomposites. 
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7.1. INTRODUCTION 

Grafting from is a widely used technique for the functionalization of surfaces with 

polymer brushes. In this method polymer chains grow in situ from initiator 

molecules that have been pre-grafted onto the surface of nanoparticles or from a 

surfactant. As it was mentioned in section 2.5 of Chapter 2, different 

polymerization methods such as RAFT or NMP can be found for the 

functionalization of surfaces by grafting from technique. Among them ATRP was 

chosen for the functionalization of nanoparticles shown in the present chapter. 

Many works can be found in the literature regarding this functionalization by 

ATRP. On one hand, this technique has been used for growing polymer brushes 

onto planar substrates. Liu et al. synthesized PMMA and PEGMA polymer bushes 

by surface-initiated ATRP, onto poly(vinylidene fluoride) films, by previous 

surface hydroxylation and attachment of 2-bromoisobutyrate bromide initiator 

(Liu et al. 2006). Jain et al. combined a highly reactive monomer, 2-

(methacryloyloxy)ethyl succinate, and active catalyst systems for the rapid 

growing of poly(carboxylic acid) (PCA) brushes on Au-coated Si wafers, obtaining 

films with an ellipsometric thickness of 120 nm in less than 15 min (Jain et al. 

2008). Due to the difficulty of preparing binary brushes using normal ATRP, Ye et 

al. introduced a new method to prepare binary polymer brushes using surface-

initiated two-step reverse ATRP, and synthesized poly(n-butyl acrylate) (PnBA) 

and poly(acrylic acid) (PAA) binary polymer brushes onto silicon wafers (Ye et al. 

2010). On the other hand, by this method carbon nanotubes and different 

inorganic nanoparticles have also been functionalized. Sun et al. synthesized 

poly(2-methacryloyloxyethyl phosphorylcholine) from magnetic nanoparticles by 

ATRP. Functionalized nanoparticles showed a good biocompatibility in 

cytotoxicity tests, making these nanoparticles as potential contrast agents for 

magnetic resonance imagining (MRI) (Sun et al. 2012). Qin et al. synthesized 

polymer brushes with SWCNTs as backbones by grafting n-butyl methacrylate on 
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them via ATRP, concluding that functionalization and polymerization converted 

original SWCNT bundles into individual tubes (Qin et al. 2004). Ohno et al. 

modified the surface of silica particles with (2-bromo-2-methyl)propionyloxy 

hexyl triethoxysilane as ATRP initiating site, successfully obtaining PMMA brushes 

(Ohno et al. 2005). Shanmugharaj et al. synthesized well defined PMMA brushes 

by ATRP using 6-(2-bromo-2-methyl) propionyloxy hexyl triethoxysilane as 

initiator attached to the surface of zinc antimonate nanoparticles (Shanmugharaj 

et al.2010). Marutani et al. synthesized PMMA brushes by previous attachment of 

2-(4-chlorosulfonylphenyl) ethyl trichlorosilane (CTCS) onto magnetic 

nanoparticle surface; CTCS was the initiator for MMA polymerization (Marutani et 

al. 2004). Our group also functionalized magnetic nanoparticles following the 

method proposed by Marutani et al., obtaining a good dispersion of nanoparticles 

through P2VP-b-PMMA copolymer (García et al. 2007, García et al. 2008). 

Although polyisoprene-block-poly(methyl methacrylate) (PI-b-PMMA) 

copolymers have not been very used as matrix for organic/inorganic 

nanocomposites generation, some works about them can be found in literature. 

Tcherkasskaya et al. studied the validity of this BCP as non-reactive energy 

transferee (Tcherkasskaya et al. 1997). Schillén et al. prepared PI-b-PMMA 

copolymer-based micelles, with a dense core of insoluble polyisoprene (PI) block 

and a soft solvent-swollen corona of soluble PMMA block (Schillén et al. 1999). 

Lopes et al. studied the interfacial behavior of this BCP at the air-interface 

characterized different PI-b-PMMA copolymers by size exclusion 

chromatography-nuclear magnetic resonance (SEC-NMR) to elucidate their 

average chemical compositions and molar masses, analyzing also the 

microstructure distributions of both blocks (Hehn et al. 2012). PI-b-PMMA has 

also been used in our group for preparing nanostructured thermosetting systems 

by modifying an epoxy matrix with it. Multi-walled carbon nanotubes (MWCNT), 

modified with PI brushes to improve compatibility with the segregated PI block, 

were added as the third phase of nanocomposites (Espósito et al. 2013). 
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The main objectives of the work described in this chapter are the following. 

Firstly, the functionalization of maghemite nanoparticles with PMMA brushes by 

grafting from technique together with their characterization; second, 

morphological characterization of PI-b-PMMA copolymers with different block 

ratios; and third, preparation and characterization of nanocomposites based on 

selected PI-b-PMMA block copolymer and functionalized magnetic nanoparticles. 

Functionalization of nanoparticles was analyzed by FTIR and TGA. Morphological 

characterization of PI-b-PMMA and nanocomposite thin films was carried out by 

AFM, TEM and small-angle X-ray scattering (SAXS). Finally, nanocomposites were 

magnetically characterized by means of VSM and SQUID measurements. To the 

best of our knowledge, it is the first time that PI-b-PMMA copolymer is used for 

preparing nanocomposites with nanoparticles. 

7.2. MATERIALS AND METHODS 

7.2.1. MATERIALS 

Two PI-b-PMMA copolymers with different block weight ratios have been used, 

synthesized in the department of Materials Science and Engineering of the 

University of Ioannina by Avgeropoulos and co-workers. Synthesis was carried 

out by anionic polymerization using high-vacuum techniques in evacuated, n-

butyllithium-washed glass vessels (Litina et al. 2006). Isoprene (Fluka), MMA 

(Merck), benzene and THF (Merk) were first purified to the standards required for 

anionic polymerization. Additions were made through break seals while removals 

were accomplished through heat sealing of constrictions. The initiator was sec-

butyllithium (sec-BuLi), prepared in vacuum from sec-butylchloride and lithium 

dispersion. Initially, isoprene reacted with sec-BuLi in benzene at room 

temperature in order to give the first living chain and subsequent polymerization 

of PI block. Then a small amount of 1,1-diphenylethylene was added in order to 



Chapter 7 

140 

end-cap living PI ends, together with THF (THF/Benzene = 3/1). Finally, MMA 

monomer was added for the polymerization of PMMA block in THF. The mixture 

was stirred for 1 h at -78 °C and then terminated by adding methanol. Small 

amounts of PI homopolymer were successfully removed by fractionation using 

THF and methanol as solvent and non-solvent, respectively. Main characteristics 

of PI-b-PMMA copolymers used in this work are summarized in Table 7.1. 

Table 7.1. Characteristics of PI-b-PMMA copolymers 

 MnPI MnPMMA Mntot Mw fPI I 

52/48 41,800 48,000 89,800 97,000 0.52 1.08 

22/78 17,000 60,500 77,500 93,000 0.22 1.2 

Maghemite nanoparticles with a nominal size of 9 nm were purchased from 

Integram Technologies, Inc. MMA monomer used for the functionalization of 

nanoparticles with PMMA brushes was purchased from Aldrich, with a purity of 

99 %, and was distilled under reduced pressure over CaH2 before use. CTCS was 

purchased from ABCR and used in 50 wt% solution in dichloromethane (DCM), 

containing 30 wt% of free sulfonic acid and small amounts of silylsulfonic acid, 

without any further purification. Catalysts used were copper (I) bromide (CuBr; 

98.0 %), copper (II) bromide (CuBr2; 99.9 %), and bipyridine (Bip; 99.0 %), all of 

them purchased from Aldrich and used as received. Hydrofluoric acid (48-51 %), 

used for brush cleavage, was purchased from Probus. Extra-dry toluene, THF and 

DCM from Aldrich were used as solvents without any further purification. 

Chemical structures of the silane containing initiator for the polymerization, MMA 

monomer and PI-b-PMMA block copolymer can be seen in Scheme 7.1. 
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Scheme 7.1. Chemical structure of A) CTCS, B) MMA monomer and C) PI-b-PMMA copolymer 

7.2.2. METHODS 

7.2.2.1. Nanoparticle functionalization 

Nanoparticle modification was carried out in two steps. First the silanization 

process and then the synthesis of PMMA brushes from the surface of silanized 

nanoparticles by grafting from method, as it is described in Scheme 7.2. 

 
Scheme 7.2. Nanoparticle modification procedure 

7.2.2.1.1. Silanization process 

CTCS initiator was immobilized on nanoparticle surface following the method 

proposed by Marutani et al. (Marutani et al. 2004). 0.1 g of iron oxide 

nanoparticles, 1 μL of CTCS and extra-dry toluene were mixed in an ultrasonic 

bath at room temperature for 3 h at inert N2 atmosphere. Nanoparticles were 

subsequently washed with THF, until any silane rest was eliminated (the presence 
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of silane after washing was probed by FTIR) and then were dried in vacuum at 40 

°C for a period of 2 days. 

7.2.2.1.2. Growth of PMMA brushes by grafting from method 

Polymerization of MMA was performed with CuBr/bip as catalyst (Wang et al. 

1995, García et al. 2007) and CTCS on the surface of nanoparticles as initiator. 

First, CuBr (16.06 mg), CuBr2 (2.35 mg), bip (78.55 mg), and 0.25 g of CTCS-

modified nanoparticles were placed in a flask under N2 atmosphere and 

deoxygenated MMA (30 mL) was added. The flask was then sealed under N2 

atmosphere, leaving the mixture to react under stirring at 70 °C for 3 h. 

Nanoparticles were subsequently washed with THF, until any monomer rest was 

eliminated (probed by FTIR), and then were vacuum dried at 40 °C for a period of 

2 days. Polymerization conditions were optimized in order to obtain polymer 

brushes with the desired molar mass, big enough for compatibilizing and low 

enough for the placement of nanoparticles at PMMA domains (if brush chains are 

smaller than those of PMMA block, their wetting is expected to be better) (Xu et al. 

2009). 

7.2.2.1.3. Cleavage of PMMA brushes from nanoparticle surface 

In order to characterize the molar mass of PMMA brushes, they were cleavaged 

from the nanoparticle surface with the following procedure. In a polyethylene 

flask, 0.1 g of nanoparticles were inserted together with 3.5 mL of toluene and 3.5 

mL of aqueous hydrogen fluoride (HF) (5 %), and were left to react for 2 h. Then 

organic and aqueous phases were separated, repeating the process at least twice 

(Lan et al. 2007). Molar mass of separated brushes was measured by gel 

permeation chromatography (GPC). 
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7.2.2.2. Neat BCP and nanocomposite thin film preparation 

In order to choose the most adequate BCP for preparing nanocomposite thin films, 

thin films of both 52/48 and 22/78 neat BCP were prepared. Solutions with 1 

wt% of BCP in DCM were prepared, as this solvent is adequate for both blocks BCP 

(χPI= 0.35 and χPMMA= 0.49, as calculated from equations 2.1 and 2.2 shown in 

Chapter 2). Thin films were prepared by solvent casting onto precleaned silicon 

wafers. In order to get nanostructured BCP, both thermal and solvent vapor 

annealing were carried out. 

Once the most adequate copolymer was selected nanocomposites were prepared. 

First, nanoparticles were dissolved in DCM by sonication, and then PI-b-PMMA 

was added. Solution droplets were placed on silicon wafers and maintained at 

room temperature until complete solvent removal. Nanocomposites with 

nanoparticle amounts from 0.1 to 5 wt% were prepared. 

7.2.2.3. Characterization techniques 

7.2.2.3.1. FTIR 

It was used to verify the functionalization of iron oxide nanoparticles. Infrared 

spectra were carried out in a Nicolet Nexus 670 Spectrometer, as it was described 

in section 3.2.2.3.3 of Chapter 3. 

7.2.2.3.2. TGA 

It was used to determine the amount of hydroxyl groups at nanoparticle surface, 

the amount of grafted initiator and the amount of grafted PMMA brushes. TGA 

results were obtained using a TGA/SDTA-851e equipment running from 25 to 750 
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°C at a heating rate of 10 °C/min under N2 atmosphere, as it was shown in section 

3.2.2.3.4 of Chapter 3. 

7.2.2.3.3. AFM 

It was used to study the surface morphologies of neat block copolymer and 

nanocomposite films. AFM measurements were performed in tapping mode using 

a Dimension Icon Nanoscope V (Bruker), as it was described in section 3.2.2.3.6 of 

Chapter 3. 

7.2.2.3.4. TEM 

It was used to verify the morphology of neat block copolymer films, with a Philips 

Tecnai 20 transmission electron microscope operated at 200 kV with a resolution 

of 2.5 Å. This technique was described in section 3.2.2.3.5 of Chapter 3. 

7.2.2.3.5. SAXS 

SAXS is a non-destructive and highly versatile standard method to study the 

nanoscale structure of any type of material ranging from new composite 

nanosystems to biological macromolecules. Parameters as averaged particle sizes, 

shapes and distributions, porosity and degree of crystallinity, as well as electron 

density maps with nanometer precision can be obtained. Materials can be solid, 

liquid or even exhibit gaseous-like properties. In this work SAXS measurements 

were carried out to analyze the nanostructure of block copolymer thin film. SAXS 

measurements of a self-assembled block copolymer allow distinguishing between 

different nanostructures formed, like lamellar or hexagonally packed cylinders 

among others (Li et al. 2013, Porto et al. 2011). 
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SAXS measurements were performed on a Ganesha 300XL SAXS-WAXS system 

(SAXSLAB ApS, Copenhagen/ Denmark) equipped with a GENIX 3D microfocus X-

ray source and optic, a three-(scatterless)-slit collimation system, a fully 

evacuated sample chamber and beam path, and a movable two-dimensional 

Pilatus 300 K detector. Samples on mica were measured at room temperature. 

7.2.2.3.6. SQUID 

SQUID magnetometer was used for ZFC/FC measurements. These measurements 

were carried out at 100 Oe, between 5 and 300 K. The equipment used for the 

measurements was a SQUID magnetometer (MPMS-7T, Quantum Design), with a 7 

T superconducting magnet. This technique was described in section 4.2.2.3.5 of 

Chapter 4. 

7.2.2.3.7. VSM 

Magnetization was measured in a Quantum Design Physical Properties 

Measurement System (PPMS) with Vibrating Sample Magnetometer option. This 

equipment was used to measure the hysteresis loops at 2, 50 and 150 K, as it was 

described in section 4.2.2.3.4 of Chapter 4. 

7.3. RESULTS AND DISCUSSION 

7.3.1. CHARACTERIZATION OF FUNCTIONALIZED NANOPARTICLES 

The first step of this work has been the functionalization of nanoparticle surfaces 

with CTCS silane, since its sulfonyl chloride groups will allow the growth of PMMA 

chains from the surface following the grafting from technique (García et al. 2007). 

Due to this fact, the proper attachment of the silane to the surface is of vital 
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importance. The success of silanization process and the subsequent 

functionalization of nanoparticle surface by PMMA brushes have been studied by 

FTIR and TGA measurements. 

Figure 7.1 shows the FTIR spectra of silanized and PMMA-modified nanoparticles, 

demonstrating the success of both steps. In CTCS-modified nanoparticle FTIR 

spectrum characteristic bands related to CTCS such as those corresponding to the 

stretching vibration of sulfonyl group at 1406 and 1174 cm-1 and the stretching 

vibration of Fe-O-Si bond at 1121 cm-1 can be seen, proving the grafting of CTCS to 

nanoparticle surface from the –OH groups present on it. FTIR spectrum of PMMA-

modified nanoparticles suggests that polymerization of PMMA brushes has been 

carried out successfully, as the presence of bands related to the methacrylate 

group (C=O stretching vibration at 1703 cm-1 and C-O-C stretching deformation 

vibration at 1237 cm-1) are detected. 

 
Figure 7.1. FTIR spectra of silanized and PMMA-modified nanoparticles 

TGA thermograms in Figure 7.2 also show the presence of CTCS silane and PMMA 

brushes at the surface.  
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Figure 7.2. TGA thermograms of pristine, silanized and PMMA-modified nanoparticles 

The amount of grafted silane has been calculated using Equation 4.1 shown in 

section 4.3.1 of Chapter 4 (Bartholome et al. 2003). A surface density of 1.1 

molecules/nm2 has been calculated for the initiator. As the hydroxyl group density 

has been calculated to be 8.1 OH/nm2 as it has been shown in previous chapters, 

the yield of silanization process has been calculated to be equal to 13 %. Following 

the same method, the grafting density of polymer brushes has also been calculated 

directly from the weight loss of TGA thermogram, obtaining a value of 0.8 

chains/nm2. This grafting density value is in the order of those calculated by other 

authors (Ohno et al. 2005) following the same method. Moreover, if this grafting 

density value is compared to that obtained in Chapter 3 by the grafting to method 

(0.04 chains/nm2), the increase of density is notorious; this may be attributed to 

the ATRP method adopted for the polymer brush synthesis. When polymer 

brushes are attached to nanoparticle surface by grafting to method, steric 

hindrance is expected, large polymer chains struggle between them to reach 

active sites onto nanoparticle surface, what can cause that polymer chains impede 

the pass to each other, resulting in a lower grafting density. On the contrary, in the 
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grafting from method, active sites should be reached by small monomer 

molecules, so much lower steric hindrance can be expected. (Advincula et al. 

2004). According to Ferreira et al., as �√� � 1, being N the number of monomers 

in the chains and σ the grafting density, it can be said that nanoparticles are 

functionalized by dense brushes (Ferreira et al. 1998). Brushes of approximately 

1000 g/mol have been obtained, as measured by GPC after cleavage. As it has been 

mentioned above, the polymerization process has previously been optimized in 

order to obtain short brushes which lead to a better dispersion within the PMMA 

domains of the copolymer (Xu et al. 2008). 

7.3.2. BCP MORPHOLOGY ANALYSIS 

The next step of this work has been the analysis of morphologies obtained for 

52/48 and 22/78 block copolymer thin films, in order to select one of them for 

preparing nanocomposites films with magnetic nanoparticles. To select one of the 

PI-b-PMMA copolymer for preparing organic/inorganic nanocomposites both BCP 

have been subjected to different annealing treatments, thermal and solvent vapor 

annealing, and also the as cast morphologies have been analyzed. Thin film 

morphologies of both BCP have been analyzed by AFM, and the chosen BCP have 

also been analyzed by TEM and SAXS, in order to better characterize it. Figure 7.3 

shows AFM images obtained for copolymer thin films prepared by solvent casting, 

without any further treatment. Both copolymers phase separate, but while 22/78 

copolymer does not show any ordered nanostructure, 52/48 one self-assembles 

into a lamellar morphology, as it was expected due to its composition (Schalz and 

Lecommandoux 2010). It should be mentioned that PMMA nanodomains appear 

brighter than PI ones, due to their higher modulus (Iatrou and Hadjichristidis 

1992). 
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Figure 7.3. AFM phase images of as cast (A) 52/48 and (B) 22/78 copolymer thin films 

Next, morphologies obtained for thermal annealed copolymer films have been 

analyzed. Figure 7.4 shows AFM images obtained for 52/48 copolymer thin film 

annealed at 120 °C for 1 h. This annealing temperature is above Tg of PI and 

PMMA (-60 °C and 118 °C, respectively). As it can be seen, the lamellar 

nanostructuring has been maintained after thermal annealing, creating a long 

range ordered lamellar structure, with an average interlamellar distance of 

around 62.6 nm. Very similar morphologies have been obtained for longer 

annealing times at 120 °C and also for annealing treatments at higher 

temperatures. 

 
Figure 7.4. AFM phase images with different magnifications for 52/48 copolymer thin film annealed at 

120 °C for 1 h 
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Figure 7.5 shows AFM images obtained for 22/78 copolymer thin film after 

thermal annealing at 130 °C for 4 h. This annealing temperature is also higher 

than the Tg of PI and PMMA (-64 °C for PI and 125 °C, respectively). As it can be 

seen in this AFM phase image, 22/78 copolymer, separates into a worm-like 

nanostructure, without any ordered orientation. Similar morphologies have been 

obtained for longer periods at 130 °C and also for thermal annealing treatments 

carried out at higher temperatures. 

 
Figure 7.5. AFM phase image of 22/78 copolymer thin film after thermal annealing at 130 °C for 4 h 

Nanostructuring of both copolymers has also been carried out by SVA, with 

acetone as solvent. In Figure 7.6 evolution of 52/48 copolymer morphology with 

exposure time to acetone vapors can be seen. Acetone is a selective solvent for 

PMMA block, being χPI= 0.92 and χPMMA= 0.5, as calculated from equations 2.1 and 

2.2 shown in Chapter 2. When 52/48 copolymer is exposed to acetone vapors, a 

morphology change from surface-perpendicular lamellar ordering to hexagonally 

packed cylinders perpendicular to the substrate occurs. Without any treatment, 

52/48 copolymer showed lamellar morphology, which changes with exposition to 

acetone. As it can be seen in Figure 7.6, after 16 h of exposure the lamellar 

morphology is broken and BCP thin film starts its transformation from lamellar to 

hexagonally packed cylinder morphology. PMMA lamellae of the as cast copolymer 
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start to join and PI cylinders start to form. The morphological transformation is 

completed after 96 h of exposure, without changing for longer exposure times. 

 
Figure 7.6. AFM phase images at different magnifications for 52/48 copolymer thin films exposed to 

acetone vapors for A) 16 h and B) 96 h 

22/78 copolymer has also been exposed to acetone vapors. Figure 7.7 shows the 

AFM images obtained for 22/78 copolymer thin films after SVA for 4 h. It can be 

seen that after 4 h, this copolymer self-assembles into a cylindrical morphology 

perpendicularly oriented to the substrate, with hexagonally packed cylinders. This 

could be due to the plasticizing effect of acetone that increases the mobility of 

PMMA block, favoring the assembly into a nanoordered structure (Park et al. 

2009, Marting and Young 2003). The hexagonally packed cylinder morphology is 

maintained after longer exposure times. 
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Figure 7.7. AFM phase images at different magnifications for 22/78 copolymer thin films exposed to 

acetone vapors for 4 h 

If the hexagonally packed structure obtained for 22/78 copolymer is compared to 

that obtained for 52/48 one, the difference is the higher average diameter of PI 

cylinders for 52/48 copolymer (49.4 nm) when compared with those of 22/78 

copolymer (32.5 nm), as expected from its higher PI content. According to its 

composition (52 % of PI), the stable morphology for 52/48 copolymer should be 

the lamellar one (Schalz and Lecommandoux 2010), as it has been obtained 

without any treatment or by thermal annealing. Due to the fact that acetone is a 

selective solvent for PMMA block, this block could swell with solvent, thus 

modifying the volume fraction and consequently the stable nanostructure (Park et 

al. 2009, Huang et al. 2012). According to the results obtained after different 

treatments for 52/48 and 22/78 BCPs, 52/48 one has been chosen to prepare the 

nanocomposites, due to its higher versatility to form different nanostructures. 

From this point forward, when PI-b-PMMA is mentioned, it would be in reference 

to 52/48 copolymer. This BCP has been further characterized by TEM and SAXS 

measurements. In Figure 7.8 TEM micrograph of the copolymer can be seen. PI 

domains are represented as dark areas, while PMMA ones correspond to bright 

ones, due to the higher electron density of the former. From this image, the 

lamellar nanostructure is confirmed for the neat copolymer. 
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Figure 7.8. TEM micrograph of neat PI-b-PMMA copolymer 

In Figure 7.9 SAXS patterns of as cast and solvent-annealed PI-b-PMMA copolymer 

thin film can be seen. The presence of the first order peak at q1= 0.0121 nm-1 and 

the third order peak at q3= 3·q1 = 0.0363 nm-1 in the as cast BCP pattern are 

indicative of lamellar nanostructure (Porto et al. 2011). Furthermore, the lack of 

the second order peak is attributed to the almost symmetric volume fractions (f) 

leading to zero intensity when n = 2, according to the Equation 7.1 from which the 

intensity of each permitted reflection is calculated, for alternating lamellae 

morphology in a SAXS pattern: 

 ��~	
��
����
� �

�
 (7.1) 

On the other hand, solvent-annealed neat diblock copolymer first order peak is at 

q1= 0.0072 nm-1, second order peak at q2= √3·q1= 0.0108 nm-1 and fourth order 

peak at q4= √7·q1= 0.0252 nm-1, which is consistent with the permitted reflections 

ratio for a hexagonally packed cylindrical nanostructure (Li et al. 2013). The 

results obtained from the SAXS and TEM measurements agree with the ones 

obtained with AFM, indicating that the morphology of the surface is the same to 

the inner nanostructure. 
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Figure 7.9. SAXS patterns of neat block copolymer and solvent-annealed samples 

7.3.3. MORPHOLOGICAL CHARACTERIZATION OF NANOCOMPOSITES 

In Figure 7.10 AFM phase images of as cast nanocomposite films with different 

nanoparticle amounts can be seen. If AFM images of Figure 7.10 are compared 

with those corresponding to neat block copolymer in Figure 7.3, it can be seen 

that nanoparticle addition change the orientation of lamellae, resulting in a 

mixture of perpendicular and parallel ones (Deshmukh et al. 2007). This could be 

due to nanoparticle addition that could modify the interaction between block 

copolymer domains and the substrate, evolving an orientation change of the 

lamellar nanostructure (Xu et al. 2009, Yoo et al. 2011). For the highest 

nanoparticle concentration some cylinder-forming structures appear between 

PMMA lamellae, probably due to the selective placement of the PMMA-

functionalized nanoparticles within PMMA domains that could lead to an increase 

of the volume fraction of PMMA domains, the system undergoing a transition from 

lamellar to cylindrical morphology (Lo et al. 2007). 
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Figure 7.10. AFM phase images of as cast nanocomposite films with A) 0.1, B) 1, C) 2 and D) 5 wt% of 

nanoparticles 

As it has been done for neat BCP, nanocomposite films have also been annealed in 

acetone vapors. When a BCP thin film is exposed to a solvent, nanostructure could 

be enhanced, and a long-range orientation order achieved (Park et al. 2009). 

Figure 7.11 shows the AFM images of solvent-annealed nanocomposites thin films. 

As it can be seen in these AFM images, the cylindrical morphology obtained for 

neat copolymer films after solvent annealing (Figure 7.6) is maintained for 

nanocomposites with 0.1, 1, and 2 wt% nanoparticles, even if some small defects 

are evident in the nanostructure, probably due to the presence of nanoparticles. 

For the nanocomposite with the highest nanoparticle content (5 wt%), the 

cylindrical nanostructure is disrupted and disordered morphology is obtained. It 

is known that for a block copolymer, the addition of fillers, together with the 
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solvent treatment, can modify its ODT temperature (Zhao et al. 2009, Hanley et al. 

2000). This could be the reason of reaching disordered state with 5 wt% of 

nanoparticles after exposure to acetone, the combined effect of nanoparticles and 

solvent exposure that could facilitate the system to reach to a disordered state 

more easily. 

 
Figure 7.11. AFM phase images of nanocomposite films with A) 0.1, B) 1, C) 2 and D) 5 wt% of 

nanoparticles, annealed under acetone vapors for 96 h 
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7.3.4. DEGRADATION BY IRRADIATION WITH UV LIGHT 

In order to better visualize the positioning of nanoparticles in PI-b-PMMA 

copolymer, the organic part of as cast film was removed by exposure to UV light 

irradiation (Peng et al. 2008, Gutierrez et al. 2009). The evolution of block 

copolymer film morphology with exposure time can be seen at AFM images of 

Figure 7.12. As it can be appreciated, PMMA block domains are degraded first. 

After 6 h of exposure lamellar nanostructure of copolymer film is maintained, 

even if height profile is smoother. This could indicate that PMMA block has been 

more degraded than PI one. By exposing the copolymer for 48 h, nanostructure 

totally disappears and both blocks are degraded. Once the degradation of the 

copolymer film has been reached and exposure time optimized, degradation of 

nanocomposites film is carried out. When UV light irradiation is applied to the 

nanocomposites, the organic part is removed, leaving the iron oxide nanoparticles 

on the silicon surface. Figure 7.13 shows the AFM phase images for the 

nanocomposites with 1 wt% of nanoparticles as an example, after 48 h of 

exposure to UV light. As it can be seen, nanoparticles with quite homogeneous size 

are well dispersed in the nanocomposite. By comparing AFM phase image of 

nanocomposites with 1 wt% of nanoparticles with that of iron oxide nanoparticles 

after removing the organic part by UV light irradiation (superposition of images 

shown in Figure 7.14), it can be seen that the position of the nanoparticles 

coincides with that of PMMA domains, suggesting that most of them are located 

within PMMA domains of the nanostructure, due to their increased compatibility 

given by the functionalization with PMMA brushes. As it was previously pointed 

out, the lower molar mass of brushes when compared with that of PMMA block, 

seem to allow the proper wettability of nanoparticles with PMMA domains, 

reaching to their selective positioning. Very similar results have been obtained 

after removing the organic part in the rest of nanocomposite films, showing the 

selective positioning of PMMA-modified nanoparticles in all of them. 
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Figure 7.12. AFM phase, 3D height and profile images of A) neat block copolymer film before 

exposure, and after B) 6 h and C) 48 h of exposure to UV light irradiation 
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Figure 7.13. AFM (A) phase and (B) 3D height images of nanocomposite with 1 wt% of nanoparticles 

exposed to UV light irradiation for 48 h 

 
Figure 7.14. AFM phase image of A) as cast nanocomposite film with 1 wt% of nanoparticles, B) 

nanocomposite film with 1 wt% of nanoparticles exposed to UV light irradiation for 48 h. C) 
superposition of images A and B 
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7.3.5. MAGNETIC CHARACTERIZATION 

In order to check if magnetic properties of nanoparticles have been transferred to 

nanocomposites, magnetic characterization has been carried out in terms of both 

ZFC/FC curves and M vs B measurements, performed by SQUID magnetometer 

and VSM, respectively. Figure 7.15 shows the ZFC/FC curves of as cast 

nanocomposite films with 2 and 5 wt% of nanoparticles. In a similar way to that 

shown in previous chapter for other nanocomposite film, both samples exhibit a 

typical superparamagnetic behavior at room temperature, while at low 

temperatures it becomes ferromagnetic (Zeng et al. 2006, Bean and Livingston 

1959). Below the TB, FC and ZFC magnetization curves diverge, magnetic moments 

are singledomain and pinned by anisotropy, while they appear thermally 

disordered above the TB. If results obtained from the nanocomposites with 2 and 5 

wt% of nanoparticles are compared, it can be seen that the TB increases with 

nanoparticle content. As the TB is related to the size of nanoparticles or formed 

aggregates (as it can be concluded from Néel-Brown expression, explained in the 

section 2.4 of Chapter 2), it seems that for higher nanoparticle concentration 

bigger aggregates are formed. Nevertheless, as it has been seen by degrading the 

organic part of nanocomposites by irradiating with UV light, nanoparticles are 

well dispersed through the copolymer, and selectively placed at PMMA domains. 

Hysteresis loops have also been measured with VSM at different temperatures of 

2, 50 and 150 K, as it is shown in Figure 7.16 for the nanocomposite with 5 wt% of 

nanoparticles. Below TB, M vs B curves are hysteretic while become non-hysteretic 

above it. At 2 K the hysteresis is observed with a coercivity of approximately 300 

Oe and a remanence of 1.5·10-5 emu, whereas above the TB both coercivity and 

remanence become null, demonstrating the superparamagnetic behavior of the 

nanocomposite (Schulz et al. 2010, Xu et al. 2009). This superparamagnetic 

behavior was detected for all nanocomposite films, showing the good transference 
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of magnetic properties from nanoparticles even after their modification with 

polymer brushes. 

 
Figure 7.15. ZFC/FC curves at 100 Oe for as cast nanocomposites with 2 and 5 wt% of nanoparticles 
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Figure 7.16. M vs B curves at 2, 50 and 150 K for the as cast nanocomposite films with 5 wt% of 

nanoparticles 

7.4. CONCLUSIONS 

In this chapter it has been demonstrated that grafting from technique is an 

adequate method to modify nanoparticles increasing their compatibility with one 

of the blocks of a copolymer, selectively dispersing them within desired domains 

(PMMA ones in this case), obtaining nanostructured hybrid organic/inorganic 

nanocomposites. Successful grafting of PMMA brushes from the nanoparticle 

surface with a grafting density of 0.8 chain/nm2 has been achieved. After 

analyzing PI-b-PMMA copolymer films with different block ratios, subjected to 

different annealing treatments, the copolymer with fPI= 0.52 and fPMMA= 0.48 has 

been chosen for preparing nanocomposites films. Functionalization of 

nanoparticle surfaces by grafting from enables a good dispersion of nanoparticles 

in the polymeric matrix, selectively placing them within PMMA domains. 

Morphological changes promoted by solvent treatment and nanoparticle addition 

have also been analyzed. For as cast films nanoparticle addition provokes a 
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change in the orientation of lamellae at low content, with the formation of some 

cylinders for the highest content. For solvent-annealed nanocomposites, the 

nanostructure of neat copolymer is maintained up to 2 wt% of nanoparticles, 

obtaining disordered morphology for the nanocomposite with the highest 

nanoparticle content. The selective location of well dispersed nanoparticles within 

PMMA domains was corroborated removing the organic part of nanocomposites 

by exposure to UV light irradiation. Moreover, through magnetic measurements 

the relevant magnetic properties of the nanocomposites were verified, concluding 

that they were transferred to the nanocomposites from the nanoparticles. 
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8.1. GENERAL CONCLUSIONS 

The main conclusions that can be extracted from the investigation work carried 

out in this thesis are summarized below. 

Maghemite nanoparticles have been successfully functionalized with different 

polymer brushes by different grafting methods. First, PMMA-b-PCL copolymer 

brushes have been anchored to nanoparticle surface by grafting to method; then 

nanoparticle surface have been modified with PS and PMMA brushes by grafting 

through method; and finally, nanoparticles have been functionalized with PMMA 

brushes by grafting from method. Three methods have demonstrated their 

validity for nanoparticle functionalization, but some differences among them have 

been found. 

By grafting to method low grafting density values have been obtained. Due to this 

low grafting density, nanoparticles have been mainly placed at the interfaces 

between different nanodomains of the copolymer nanostructure. In addition, 

nanoparticles tended to form small aggregates during modification. However, a 

good dispersion of nanoparticles has been obtained. 

One of the inconveniences of grafting through method is the impossibility to 

calculate the grafting density because the cleavage of brushes is not possible. 

However, it has demonstrated to be an effective method to functionalize 

nanoparticles with both PS and PMMA brushes. Even if small aggregates of 

nanoparticles have been formed during dispersion into block copolymer 

nanostructures, good dispersions have been obtained. Moreover, nanoparticles 

have been selectively placed into the desired block copolymer domains. 

By grafting from method nanoparticles have been successfully modified with 

PMMA brushes. This method enables to calculate the grafting density, as single 
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polymer chains, grown from nanoparticle surface, can be cleavaged. Considerably 

higher grafting density values have been obtained when compared with grafting 

to method. Polymerization conditions have been selected for obtaining short 

polymer chains, facilitating their selective placement at PMMA domains. 

Different copolymer matrixes have been used along this work. This fact has given 

the opportunity to analyze different methods for their nanostructuring, with the 

obtainment of different nanostructures that can be customized by varying 

conditions and/or solvents. In this way, for copolymers with high incompatibility 

among blocks (i.e. PI-b-PMMA), as cast method has been enough to obtain lamellar 

morphology, without further treatments. On the other hand, both thermal and 

solvent vapor annealing have been successfully used to obtain nanostructured 

block copolymers. In this way, lamellar morphology was obtained by thermal 

annealing of PS-b-PCL block copolymer. SVA treatment was used to nanostructure 

PS-b-P4VP copolymer, obtaining hexagonally packed morphology with exposure 

to dioxane vapors (selective for PS block) that evolved to stripped morphology 

with longer exposure. PS-b-PMMA copolymer was also nanostructured by 

exposing to acetone vapor (selective for PMMA block) obtaining a lamellar 

morphology. The same PMMA-selective solvent was used to evolve PI-b-PMMA 

copolymer from lamellar to hexagonally packed nanostructure. In the case of ABC-

type SBM triblock copolymer lamellar morphology was obtained by casting, 

without further treatment.  

When nanoparticles were added to BCP for nanocomposite generation, it has been 

observed that they can provoke morphological changes, especially if they are 

selectively placed in one of the domains. Nanoparticle placement in a copolymer 

domain provokes its swollen; causing a change in volume ratio among blocks that 

constitute the BCP, which can lead to a morphological change. Nanoparticle 

addition can also affect the interaction among blocks, and that between BCP and 
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substrate, promoting morphology changes or even changes in the nanostructure 

orientation. 

Finally, it has been probed that magnetic properties of nanoparticles have been 

successfully transferred to nanocomposites even after nanoparticle modification 

with polymer brushes. Nanocomposites have shown the superparamagnetic 

behavior of nanoparticles, appearing as suitable for the aforementioned potential 

applications. 

8.2. FUTURE WORK 

To continue with this research work, the following future research lines can be 

proposed: 

• Preparation and characterization of nanocomposites in the same way 

with other kind of nanoparticles that will confer other properties such as 

electric conductivity to the nanocomposites 

• The use of magnetic fields to orient block copolymer domains in which 

nanoparticles are placed, by using the magnetic properties of 

nanoparticles. 

• Preparation of nanostructured thermosetting systems with magnetic 

properties by modifying an epoxy matrix with BCP and dispersing 

functionalized magnetic nanoparticles. 

8.3. PUBLICATIONS AND CONFERENCES 
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exposure to dioxane, A) neat block copolymer, nanocomposites with B) 1 

wt% and C) 5 wt% of nanoparticles 

Figure 4.6 AFM phase (1) and 3D height (2) images of A) neat block copolymer, B) 

nanocomposite with 1 wt% of nanoparticles after 48 h of exposure to 

dioxane, and C) neat block copolymer and D) nanocomposite with 1 wt% of 

nanoparticles after 6 hours of exposure to UV light irradiation 

Figure 4.7 ZFC/FC curves at 100 Oe for nanocomposites with 2 and 5 wt% of 

nanoparticles 

Figure 4.8 M vs B curves at 2, 100 and 300 K for nanocomposites with 5 wt% of 

nanoparticles 

Figure 5.1 AFM height (A) and phase (B) images of neat PS-b-PMMA copolymer 

Figure 5.2 TEM micrograph of neat PS-b-PMMA copolymer 

Figure 5.3 AFM height (1) and phase (2) images corresponding to thin films of 

nanocomposites with: A) 1 wt%, B) 2 wt%, and C) 5 wt% of silanized 

nanoparticles, after annealing with acetone vapors for 16 h 

Figure 5.4 FTIR spectra of neat, silanized and PMMA-grafted Fe2O3 nanoparticles. 

Main bands are indicated by arrows. Inner spectrum shows a magnification 

of the spectra 

Figure 5.5 TGA thermograms of pristine, silanized and PMMA-modified nanoparticles 

Figure 5.6 AFM height (1) and phase (2) images corresponding to nanocomposites 

thin films with: A) 2 wt% and B) 5 wt% of PMMA-grafted nanoparticles 



after annealing with acetone vapors for 16 h 

Figure 5.7 AFM height (1) and phase (2) images corresponding to thin films of 

nanocomposites with: A) 2 wt% of pristine, B) 2 wt% of silanized, and C) 2 

wt% of PMMA-grafted nanoparticles, after annealing with acetone vapors 

for 16h 

Figure 5.8 AFM 3D height images corresponding to thin films of: A) neat PS-b-PMMA 

copolymer, nanocomposites with B) 2 wt% of silanized, C) 2 wt% of 

PMMA-grafted, and D) 5 wt% of PMMA-grafted nanoparticles, after 

annealing with acetone vapors for 16 h 

Figure 5.9 AFM height and the profile images of: A) neat PS-b-PMMA copolymer, and 

nanocomposites with B) 2 wt% of silanized, C) 2 wt% of PMMA-grafted 

nanoparticles 

Figure 5.10 AFM phase image corresponding to a thin film of the nanocomposite with 5 

wt% of PMMA-grafted nanoparticles after thermal degradation of the 

polymeric matrix 

Figure 5.11 ZFC/FC curves at 100 Oe for nanocomposites with 2 and 5 wt% of 

nanoparticles  

Figure 5.12 M vs B curves at 2 and 150 K for nanocomposites with 5 wt% of 

nanoparticles 

Figure 6.1 AFM height (A) and phase (B) images of SBM thin film 

Figure 6.2 AFM height (A) and phase (B) images of SBM thin film with the 

corresponding profile images 

Figure 6.3 AFM height (1) and phase (2) images of nanocomposites with A) 1, B) 2 

and C) 5 wt% of PS-modified nanoparticles 

Figure 6.4 AFM height (1) and phase (2) images of nanocomposites with A) 1, B) 2 

and C) 5 wt% of PMMA-modified nanoparticles 

Figure 6.5 AFM height (1), phase (2) and profile (3) images of nanocomposites with 5 

wt% of A) PS- and B) PMMA-modified nanoparticles 

Figure 6.6 AFM height (A) and phase (B) images of nanocomposite thin film with 5 

wt% of pristine nanoparticles 

Figure 6.7 DSC thermograms of neat SBM and nanocomposites 



Figure 6.8 ZFC/FC curves at 100 Oe for nanocomposites with A) 1 and B) 5 wt% of PS-

modified nanoparticles 

Figure 6.9 ZFC/FC curves at 100 Oe for nanocomposites with A) 1 and B) 5 wt% of 

PMMA-modified nanoparticles 

Figure 6.10 M vs B curves at 2, 225 and 300 K for nanocomposites with 5 wt% of A) PS- 

and B) PMMA-modified nanoparticles 

Figure 7.1 FTIR spectra of silanized and PMMA-modified nanoparticles 

Figure 7.2 TGA thermograms of pristine, silanized and PMMA-modified nanoparticles 

Figure 7.3 AFM phase images of as cast (A) 52/48 and (B) 22/78 copolymer thin films 

Figure 7.4 AFM phase images with different magnifications for 52/48 copolymer thin 

film annealed at 120 °C for 1 h 

Figure 7.5 AFM phase image of 22/78 copolymer thin film after thermal annealing at 

130 °C for 4 h 

Figure 7.6 AFM phase images at different magnifications for 52/48 copolymer thin 

films exposed to acetone vapors for A) 16 h and B) 96 h 

Figure 7.7 AFM phase images at different magnifications for 22/78 copolymer thin 

films exposed to acetone vapors for 4 h 

Figure 7.8 TEM micrograph of neat PI-b-PMMA copolymer 

Figure 7.9 SAXS patterns of neat block copolymer and solvent-annealed samples 

Figure 7.10 AFM phase images of as cast nanocomposite films with A) 0.1, B) 1, C) 2 

and D) 5 wt% of nanoparticles 

Figure 7.11 AFM phase images of nanocomposite films with A) 0.1, B) 1, C) 2 and D) 5 

wt% of nanoparticles, annealed under acetone vapors for 96 h 

Figure 7.12 AFM phase, 3D height and profile images of A) neat block copolymer film 

before exposure, and after B) 6 h and C) 48 h of exposure to UV light 

irradiation 

Figure 7.13 AFM (A) phase and (B) 3D height images of nanocomposite with 1 wt% of 

nanoparticles exposed to UV light irradiation for 48 h 



Figure 7.14 AFM phase image of A) as cast nanocomposite film with 1 wt% of 

nanoparticles, B) nanocomposite film with 1 wt% of nanoparticles exposed 

to UV light irradiation for 48 h. C) superposition of images A and B 

Figure 7.15 ZFC/FC curves at 100 Oe for as cast nanocomposites with 2 and 5 wt% of 

nanoparticles 

Figure 7.16 M vs B curves at 2, 5 and 150 K for the as cast nanocomposite films with 5 

wt% of nanoparticles 

 

  



4. LIST OF EQUATIONS 
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5. LIST OF ABBREVIATIONS 

57Fe Iron 57 isotope 

AB Linear diblock copolymer composed with A and B blocks 

ABA Linear triblock copolymer composed with A and B blocks 

ABC Linear triblock copolymer composed with A, B and C blocks 

AFM Atomic force microscopy 

Ag Silver 

AIBN 2,2’-azobisisobutyronitrile 

APTS 3-aminopropyl tryethoxysilane 

ATRP Atom transfer radical polymerization 

Au Gold 

B Applied magnetic field 

BaTiO3 Barium titanate 

BBCP Brush block copolymer 

BCC Body centered cubic 

BCP Block copolymer 

Bi Bismuth 

Bip Bipyridine 

BSM Polybutadiene-block-polystyrene-block-poly(methyl 

methacrylate) 

BSV Polybutadiene-block-polystyrene-block-poly(2-vinylpyridine) 

CaH2 Calcium hydride 

CdSe Cadmium selenide 



Cl-PMMA-b-PCL Poly(methyl methacrylate)-block-poly(ε-caprolactone) with 

terminal chlorine group 

CM Contact mode 

Co Cobalt 

CoPt3 Cobalt platinum 

CRP Controlled radical polymerization 

CTCS 2-(4-chlorosulfonylphenyl) ethyl trichlorosilane 

CuBr Copper (I) bromide 

CuBr2 Copper (II) bromide 

DC Direct current 

DCM Dichloromethane 

DMF Dimethylformamide 

DSC Differential scanning calorimetry 

FC Field-cooled 

Fe Iron 

Fe2+ Divalent iron 

Fe3+ Trivalent iron 

FeO Wüstite 

FePt Iron platinum 

FTIR Fourier transform infrared spectroscopy 

GPC Gel permeation chromatography 

HF Hydrogen fluoride 

In Indium 



JCPDS Joint Committee on Powder Diffraction Standards 

MNP Magnetic nanoparticles 

mPEO-SH Thiol-ended poly(ethylene glycol) methyl ether 

MPTS 3-methacryloxypropyl trimethoxysilane 

MRI Magnetic resonance imagining 

MWCNT Multi-walled carbon nanotube 

N2 Nitrogen 

n-BuLi n-butyllithium 

NMP Nitroxide-mediated polymerization 

NP Nanoparticles 

ODT Order disorder transition 

OFETs Organic field-effect transistors 

-OH Hydroxyl group 

P(PEGMA)-co-PNIPAAm Poly(ethylene glycol) monomethacrylate and N-

isopropylacrylamide monomer 

P2VP-b-PMMA Poly(2-vinyl pyridine)-block-poly(methyl methacrylate) 

P4VP Poly(4-vinyl pyridine) 

PAA Poly(acrylic acid) 

PAA-b-PEDOT Poly(acrylic acid)-block-poly(3,4-ethylenedioxythiophene) 

Pb Lead 

PbTe Lead telluride 

PCA Poly(carboxylic acid) 

PCL Poly(ε-caprolactone) 



PEDOT Poly(3,4-ethylenedioxythiophene) 

PEGMA Poly(ethylene glycol) monomethacrylate 

PEO Poly(ethylene oxide) 

PEP-b-PEO-b-PHMA Poly(ethylene-alt-propylene-block-ethylene oxide-block-n-

hexyl methacrylate)  

PI Polyisoprene 

PI-b-PMMA Polyisoprene-block-poly(methyl methacrylate) 

PMMA Poly(methyl methacrylate) 

PMMA-b-PS Poly(methyl methacrylate)-block-polystyrene 

PnBA Poly(n-butyl acrylate) 

POSS Polyhedral oligomeric silsesquioxane 

PPE Poly(2,6-dimethyl-1,4-phenylene ether) 

PPMS Physical properties measurement system 

PS Polystyrene 

PS-b-P2VP Polystyrene-block-poly(2-vinyl pyridine) 

PS-b-P4VP Polystyrene-block-poly(4-vinyl pyridine) 

PS-b-PAA Polystyrene-block-poly(acrylic acid) 

PS-b-PCL Polystyrene-block-poly(ε-caprolactone) 

PS-b-PEO Polystyrene-block-poly(ethylene oxide) 

PS-b-PLLA Polystyrene-block-poly(L-lactide) 

PS-b-PMMA Polystyrene-block-poly(methyl methacrylate) 

PS-b-PNIPAM Polystyrene-block-poly(N-isopropylacrylamide) 

PS-b-QP4VP PS-block-quaternized P4VP 



RAFT Reversible addition-fragmentation chain transfer 

RF Radio frecuency 

RIPS Reaction induced phase separation 

SAN Polystyrene-co-polyacrylonitrile 

SAXS Small angle X-ray scattering 

SBM Polystyrene-block-polybutadiene-block-poly(methyl 

methacrylate) 

SBS Polystyrene-block-polybutadiene-block-polystyrene 

SBT Polystyrene-block-polybutadiene-block-poly(tert-butyl 

methacrylate) 

SBV Polystyrene-block-polybutadiene-block-poly(2-vinyl pyridine) 

SEBM Polystyrene-block-poly(ethylene-co-butylene)-block-

poly(methyl methacrylate) 

sec-BuLi sec-butyl lithium 

SEC-NMR Size exclusion chromatography-nuclear magnetic resonance 

SFM Scaning force microscopy 

Si Silicon 

SIS Polystyrene-block-polyisoprene-block-polystyrene 

Sn Tin 

SQUID Superconducting quantum interference device 

SSA Specific surface area 

SVA Solvent vapor annealing 

SWCNT Single-walled carbon nanotube 

TEM Transmission electron microscopy 



TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

TiO2 Titanium dioxide 

TM Tapping mode 

UV Ultra violet 

VSM Vibrating sample magnetometer 

XRD X-ray diffraction 

ZFC Zero-field-cooled 

ISO Polyisoprene-block-polystyrene-block-poly(ethylene oxide) 

He Helium 

Fe2O3-g-(PMMA-b-PCL) PMMA-b-PCL grafted iron oxide nanoparticles 

α-Fe2O3 Hematite 

β-Fe2O3 β-phase iron oxide 

γ-Fe2O3 Maghemite 

ε-Fe2O3 ε-phase iron oxide 

CoFe2O4 Cobalt ferrite 

MgFe2O4 Magnesium ferrite 

MnFe2O4 Manganese ferrite 

Fe3O4 Magnetite 

1D One dimension 

2D Two dimensions 

3D Three dimensions 

  



6. LIST OF SYMBOLS 

A Exchange constant 

Dc Diameter of spherical particle 

E Magnetic anisotropy energy per particle 

Ecoh Cohesive energy 

Edw Domain-wall energy 

f Copolymer composition 

fPCL Poly(ε-caprolactone) fraction 

fPMMA Poly(methyl methacrylate) fraction 

fPS Polystyrene fraction 

HC Coercivity 

kB Boltzmann’s constant 

Keff Anisotropy constant 

l Thickness of lamellar domains 

M Magnetic moment 

Mn Number average molecular weight 

MR Remanence 

Ms Saturation magnetization 

Mw Weight average molecular weight 

N Polymerization degree 

PMMPTS Molecular weight of MPTS 

T Temperature 



TB Blocking temperature 

Tg Glass transition temperature 

V Volume 

δ Solubility parameter 

ΔEMS Magnetostatic energy 

ΔHv Vaporization enthalpy 

Δm120-750 Weight loss between 120 and 750 °C 

ΔmOH120-750 Weight loss between 120 and 750 °C of the pristine nanoparticles 

θ Angle between axis 

μ0 Vacuum permeability 

τ Relaxation time 

χ Flory Huggins interaction parameter 

χP4VP Flory Huggins interaction parameter of P4VP 

χPI Flory-Huggins interaction parameter of PI 

χPMMA Flory Huggins interaction parameter of PMMA 

χPMMA/PB Flory Huggins interaction parameter between PMMA and PB 

χPMMA/PS Flory Huggins interaction parameter between PMMA and PS 

χPS Flory Huggins interaction parameter of PS 

χPS/PB Flory Huggins interaction parameter between PS and PB 
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