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Abstract

The present thesis aims at investigating the preparation of anisotropic materials via self-assembly of mag-

netic nanoparticles induced by the application of an external magnetic field. A common ingredient for

the work is the preparation of magnetic nanocrystals and of polymer-magnetite composites nanoparticles.

Magnetic nanocrystals have been synthesized by coprecipitation from iron chloride solutions under alka-

line conditions. Different coatings have been employed to render them either hydrophilic or hydrophobic.

Polymer-magnetite composites nanoparticles have been prepared through a miniemulsification process,

where hydrophobic magnetite nanocrystals, have been dispersed in either a monomeric phase, or a pre-

formed polymeric phase dispersed in an organic solvent, and emulsified in water via ultrasonication in

presence of an emulsifier. After either polymerization or solvent removal, magnetic nanocolloids are

obtained, which by the application of an external magnetic field are assembling into chain-like structures.

Three different strategies have been investigated for the synthesis of anisotropic materials. The first

strategy, named magnetic gelation, consists in inducing gelation of electrostatically stabilized magnetic

nanocolloids by slowly increasing of the electrolyte concentration in the solution. During the destabiliza-

tion process an external magnetic field is applied, which results in the alignment of the nanoparticles in

the same direction of the applied magnetic field. In order to impart mechanical properties of the obtained

materials the nanocolloids have been swollen with additional monomer before gelation and after gelation

postpolymerization reaction was used to covalently bound the particles together. It has been shown that

the anisotropy of the materials can be tuned either by changing the applied magnetic field or by changing

the particle magnetization.

The second strategy, named magnetically-templated sol-gel process, consists in using the magnetic

nanocolloids as sacrificial templates in the synthesis of silica monoliths via sol-gel process. Sterically sta-

bilized magnetic nanocolloids have been dispersed in a silica precursor solution in the presence of uniform

magnetic field. The particles align themselves instantaneously in the same direction of the magnetic field

forming a structured template. The silica then starts nucleating and depositing on the nanocolloids coat-

ing them. After calcination the template is removed leading to an anisotropic silica monolith. Different

parameters affecting the final structure, mechanical properties and pore size distribution of the materials

have been identified. It was found that under appropriate conditions materials can be prepared that show

a two orders of magnitude ratio between the elastic modulus values measured in directions parallel and
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perpendicular to that of the magnetic field.

The last strategy consists in a new process for the production of ceramic monolith with anisotropic

structures, that was named magnetically-assisted gelcasting method. Traditional gelcasting consists in

using colloidal dispersions of ceramic particles that are frozen in a given shape by adding a monomer and

a crosslinker to the dispersion, so that upon polymerization a hydrogel network is created that locks the

particles in a given configuration. In the case of magnetically-assisted gelcasting, silica particles used as a

model ceramic material are dispersed in an aqueous ferrofluid. Upon application of an external magnetic

field, silica particles acquire a negative magnetic moment proportional to the amount of displaced fer-

rofluid, which drives their alignment into chain-like structures. The obtained structures have been locked

by the formation of a hydrogel network as in traditional gelcasting. The obtained gel has been then cal-

cined in order to remove the polymer and sinter the particles together. The influence of the amount of

ferrofluid in the anisotropic mechanical properties has been studied.
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Sommario

Nella presente tesi è stata studiata la preparazione di materiali anisotropi tramite il self-assembly di

nanoparticelle magnetiche indotto dall’applicazione di un campo magnetico esterno. Gli ingredienti base

usati nei diversi lavori svolti sono dei nanocristalli magnetici e delle nanoparticelle composite, preparate

incapsulando i nanocristalli magnetici in una matrice polimerica. I nanocristalli magnetici sono stati sin-

tetizzati usando la coprecipitazione di cloruri di ferro in ambiente alcalino. Diversi leganti sono stati imp-

iegati per rendere i nanocristalli idrofili o idrofobi. Le particelle composite di polimero-magnetite sono

state preparate attraverso un processo di miniemulsificazione, dove i nanocristalli di magnetite, idrofobi,

sono stati dispersi in una fase monomerica o in una fase formata da un polimero disperso in un solvente

organico ed emulsionata in acqua tramite l’uso di ultrasonicazione in presenza di un emulsionante. Dopo

la polimerizzazione o la rimozione del solvente si ottiene una dispersione di nanoparticelle composte da

magnetite incapsulata in una matrice polimerica. Le particelle vengono poi usate per l’assemblaggio di

strutture simili a catene con l’uso di un campo magnetico esterno. Nel presente lavoro sono state analiz-

zate tre differenti stategie per la sintesi di materiali anisotropi. La prima strategia studiata, la "Magnetic

Gelation", consiste nella destabilizzazione delle particelle polimero-magnetiche, le quali sono stabilizzate

elettrostaticamente tramite l’aumento, in modo controllato, della concentrazione di elettroliti in soluzione.

Durante il processo di destabilizzazione un campo magnetico esterno viene applicato in modo da indurre

le particelle ad allinearsi nella medesima direzione. Il risultato della gelazione colloidale è un gel soffice

che spesso è molto difficile da maneggiare, quindi per ovviare a questo problema le particelle polimero-

magnetiche sono state rigonfiate con del monomero addizionale. Una volta che il gel si è formato, la

temperatura viene aumentata in modo tale che il monomero polimerizzando leghi covalentemente le par-

ticelle, dando origine a un materiale più resistente. È stato dimostrato che l’anisotropia del materiale può

essere controllata variando l’intensità del campo magnetico o la magnetizzazione delle particelle. La sec-

onda strategia proposta nel presente lavoro, la "Magnetically-templated sol-gel process", si basa sull’uso

delle particelle polimero-magnetiche come matrice che viene rimossa alla fine della sintesi di monoliti

di silice tramite il metodo del sol-gel. In questa strategia, particelle magnetiche stabilizzate stericamente

sono state disperse in una soluzione acquosa composta da acido acetico e da un precursore di silice, e

allineate in un campo magnetico. Le particelle allineate formano una matrice su cui si deposita la silice,

ricoprendola interamente. Una volta che il gel di silice si è formato la matrice composta dalle particelle
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viene rimossa tramite calcinazione, lasciando un monolita di silice anisotropo. La struttura del monolita,

le sue proprietà meccaniche, la grandezza e la distribuzione dei pori possono essere variati cambiando

differenti parametri di sintesi. Si è constatato che usando condizioni appropriate, possono essere preparati

dei materiali che mostrano un rapporto di due ordini di grandezza tra i valori di modulo elastico misurato

in direzione parallela e perpendicolare a quella del campo magnetico. L’ultima strategia sviluppata nella

presente tesi consiste in un nuovo processo per la preparazione di ceramiche, con strutture anisotrope,

il "Magnetically-assisted gelcasting". Questo processo implementa il tradizionale metodo del gelcasting

che consiste nell’utilizzare dispersioni colloidali di particelle ceramiche. Queste particelle vengono bloc-

cate in una specifica forma grazie all’aggiunta di un monomero e di un reticolante alla dispersione, in

modo tale che, dopo la polimerizzazione, si crea una matrice polimerica, bloccando le particelle in una

data configurazione. Nella variante del processo qui proposta dei nanocristalli idrofili di magnetite ven-

gono dispersi in una soluzione colloidale di particelle di silice, prese come materiale modello, creando

un ferrofluido. Applicando un campo magnetico alla dispersione, le particelle di silice assumono un mo-

mento magnetico negativo proporzionale alla quantità di ferrofluido spostato da ogni particella. Grazie al

momento magnetico acquisito le particelle si allineano in strutture simili a catene nella stessa direzione

del campo magnetico. Le strutture sono poi bloccate dalla polimerizzazione del monomero disperso nel

ferrofluido. Per ottenere un materiale ceramico il gel ottenuto è stato calcinato per rimuovere il polimero e

sinterizzare parzialmente le particelle di silice. È stato dimostrato che la quantità di particelle magnetiche

nel ferrofluido influenza le proprietà meccaniche anisotrope.
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Chapter 1

Introduction

The use of nano-building blocks for the preparation of novel composite materials has become a topic

of great scientific interest in recent years.1 The nanoscopic size of particles, tubes, rods, stars, clusters,

etc. imparts them unique features, which can be used to build materials with new and extraordinary

properties. Natural materials, such as nacre, opals, adhesives, self-cleaning surfaces, spider silk, are often

a source of inspiration for scientists, who try to develop new techniques that reproduce and improve what

nature has developed over millions of years.1 One of the secrets of natural materials, which are very

often nanostructured materials, lies in the control of the organization and interactions among the different

building-blocks.1,2 Achieving this degree of control is one of the biggest challenges that needs to be

overcome to fully exploit the benefits offered by nanotechnology for the preparation of new materials, but

represents also an opportunity to combine basic scientific research with the perspective of applying the

results to highly advanced applications.

Self-assembly is one of the many approaches that has been proposed to create new materials with an

accurate control of their properties and their structure at the nanoscale.2–13 Self-assembly is a bottom-up

approach where the building blocks are spontaneously arranged into desired structures through accurate

engineering of their interactions.14 So far the most investigated building blocks for self-assembly are

spherical particles, and especially nanoparticles, because they can be easily prepared from many different

materials with a good control over their size, surface properties and functionality.15 The major limitation

encountered when working with most nanoparticles is that their interactions are isotropic, thus severely

limiting the variety of accessible structures accessible via self-assembly.14 In order to make a leap forward,

1
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scientists have been working on engineering producing nanoparticles capable of experiencing anisotropic

interactions. Magnetic nanocrystals are the most common examples of nanoparticles that naturally exhibit

anisotropic interactions, because of their capability to develop strong dipolar interactions in the presence

(and sometimes even in the absence) of an applied magnetic field.16

There is an immense literature on magnetic nanocrystals, motivated by their broad range of applica-

tions in many fields, such as magnetic recording media,17 magnetic resonance imaging and therapy,16,18,19

catalysts,20 bioseparations and purifications,21,22 drug delivery and hyperthermia,23–25 and electronics.26

It is the nanoscopic size of magnetic particles that allows the manifestation of superparamagnetism. In

fact, when their size drops below a material dependent threshold, nanocrystals develop a dipolar moment

collinear with an external applied magnetic field only in the presence of the field itself,16 while in the

absence of a field they behave as isotropic particles. Superparamagnetism allows one to switch on and off

dipolar interactions among nanoparticles, which is beneficial for the control of self-assembly.

Due to their small size and typically modest dipolar interactions, superparamagnetic nanoparticles

are rarely used as isolated entities, but are instead often encapsulated as clusters into larger particles or

into bulk matrices, often polymeric, in order to create composite materials. The encapsulation into larger

particles is a fruitful strategy to maintain the superparamagnetism of the individual nanocrystals, but at

the same time to generate stronger dipolar interactions when exposed to a magnetic field.27

The second unique property of magnetic nanocrystals is the possibility of being heated when subject

of an alternating magnetic field at high frequency.16 This feature has been investigated primarily for

biomedical applications as a new strategy to kill tumor cells through hyperthermia.16 However, it has also

been exploited in the fabrication of smart responsive composite materials, once more primarily polymeric.

Nanoparticles with many magnetite nanocrystals encapsulated inside them can develop a strong dipole

moment parallel to the applied magnetic field.27,28 The assembly of such magnetic nanoparticles has been

investigated by many research groups. One dimensional chains can be spontaneously formed if the parti-

cles are subjected to an external magnetic field.29 Different works have been recently reported, in which

either the particles forming the chains are linked together by a chemical reaction between groups on their

surface or by depositing ceramic compounds (e.g. silica or titania) on the surface of the chains.29–32 Even

non magnetic nanoparticles can be aligned into chains if they are dispersed in a magnetic fluid. These par-

ticles act as magnetic holes, meaning that they experience a magnetic moment in the opposite direction to

that of the magnetic fluid.33 The self-assembly of this particles can be used also to produce structures with
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higher complexity.28 In a recent work the Yellen group obtained colloidal superstructures by combining

non magnetic colloids with superparamagnetic and paramagnetic colloids dispersed in a ferrofluid.34 Us-

ing a combination of a static magnetic field combined with a rotating magnetic field Osterman et al. were

able to obtain self healing membrane composed of polymer magnetic colloids.35 Despite these examples,

there are not many examples of the use of magnetic fields to control the structure of three dimensional

bulk materials.

1.1 Thesis Outline

The aim of the proposed work is to develop new materials via bottom up approach using self-assembly of

magnetically responsive nanoparticles, so that the final material properties can be controlled by means of

an external magnetic field.

In the second chapter an overview of the state of the art is given, focusing first on the production of

magnetic nanocrystals and on polymer-magnetite nanocomposites, followed by a review on the use of this

particles for the preparation of materials via self-assembly.

In the third chapter the methods used for the production of magnetite nanocrystals and of composite

nanocolloids used in the subsequent chapters are reviewed. In the fourth chapter, instead, a new method

is presented for the production of biocompatible magnetite-polymer nanocomposites using supercritical

fluid extraction of emulsion, which was developed in collaboration with Dr. Johannes Kluge and Prof.

Marco Mazzotti at ETH.

In the fifth, sixth and seventh chapters of this thesis three different methods for the production of

anisotropic porous structures will be presented. These methods allow one to produce anisotropic materials,

either polymeric or ceramic, under external magnetic field control. In the three chapters the different

parameters that can be used to influence the final structures and properties will be discussed.

Finally, chapter eight discusses the conclusions of this work and provides an outlook over future

research.



Chapter 2

State of the Art

2.1 Introduction

Because of the importance of composite nanomaterials made of magnetic nanoparticles and polymers,

in this chapter we will devote our attention to their preparation and unique features. The wide variety

of properties that polymers offer, combined with magnetic nanoparticles responsive behavior, give rise

to composite nanomaterials with unique structure and responsive abilities.28,36,37 Due to the broadness

of the field, only two different types of magnetic polymer nanomaterials will be considered in details.

First, magnetic nanocrystals embedded inside a bulk polymer matrix with the objective of enhancing its

characteristics, both mechanical and stimuli responsive will be reviewed.37–40 Subsequently, materials

and superstructures obtained through direct self-assembly of polymer-magnetic composite nanoparticles

will be treated in details.28,32,41–43

We will begin with reviewing the most important methods to prepare magnetic nanocrystals, as well

as magnetic polymer nanocomposite particles, focusing on those processes that made possible many of

the studies presented in the subsequent sections of this chapter. Then, the use of magnetic nanoparticles

embedded into a polymer matrix as fillers39,44 will be covered. The focus will be to highlight how the

presence of magnetic nanoparticles leads to mechanical properties of the materials that change upon the

application of a magnetic field.44 Additionally, the possibility to align nanoparticles during the curing

of the polymer matrix allows one to create intrinsically anisotropic structures having different physical

properties in different directions.38 It will also be shown how some of these materials can be elongated

and contracted using a magnetic field gradients, thus mimicking artificial muscles.37 Finally, examples

4
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will be given of composite materials with polymer matrices made of a temperature sensitive materials that

can be elongated and contracted as a result of the application of an alternating magnetic field.45,46

The second part of the chapter will cover the unique self-assembly possibilities that magnetic nanopar-

ticles offer. The dipolar interactions of magnetic nanoparticles in the presence of a field allow their align-

ment in a given direction.32 This offers the chance to create rods, chains and wires with a good control

over their properties.32,41–43 These suprastructures allow scientists to investigate in detail the fundamental

aspects of colloidal interactions, and can be applied in microfluidics, in the biomedical world, and used

as buildings blocks for the preparation of composites materials.43 The research in this field has led to

the discovery of more advanced forms of assembly, leading to porous anisotropic monoliths,28 clusters

with controlled chirality,47 clusters with exotic shapes and morphologies,33,34 and colloidal crystals with

magnetic responsive properties for advanced applications in photonics,48 to mention but a few.

2.2 Preparation of Superparamagnetic Colloids

2.2.1 Synthesis of Magnetic Nanoparticles

Over the past thirty years many synthesis methods have been developed for the production of magnetic

nanocrystals. Thanks to this proliferation of recipes, magnetic nanocrystals with well controlled size,

size distribution and desired surface functionality can nowadays be easily prepared. While a complete

review of the different synthetic strategies is well beyond the scope of this chapter, we will here focus

our attention to those methodologies that are important for the applications outlined in the subsequent

sections.

There are three main strategies commonly employed to prepare magnetic nanoparticles, which differ

in terms of accessible magnetic materials that can be prepared and in terms of the control of properties

of the nanocrystals, and in particular of their size and size distribution: the coprecipitation49 method, the

thermal decomposition50 and the flame spray pyrolysis.51 All of these methods allow for the preparation

of nanoparticles, which for sufficiently small size, can be superparamagnetic.

The coprecipitation of salts in alkali media was developed by Massart,49 and allows one to pro-

duce various ferrites, but most notably magnetite (Fe3O4) nanocrystals from solutions of iron(III) and

iron(II)chlorides (FeCl3 and FeCl2) mixed in a stoichiometric ratio of 2:1 with respect to the iron ions in

the presence of ammonia. According to the original recipe, after treatment with tetramethylammonium
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hydroxide or perchloric acid, either an alkaline or an acidic sol could be obtained.49 By further oxidiz-

ing the magnetite nanocrystals with ferric nitrate (Fe(NO3)3) at 90 ◦C maghemite (γ-Fe2O3) nanocrystals

could be prepared.52 The method has been extended by mixing cobalt or manganese ions to iron ions to

permit the preparation of other ferrites, such as MnFe2O4 or CoFe2O4.53,54 The tremendous advantages

of this technique are the mild reaction conditions, the cheap reagents required and the flexibility in func-

tionalizing the nanoparticles surface. In fact, the surface of nanoparticles obtained by coprecipitation can

be functionalized by means of small molecules or polymer chains, especially if containing carboxylic acid

groups. Examples of agents leading to water soluble nanocrystals include citric acid,43,52,55,56 double lay-

ers of C6-C18 carboxylic acids,57,58 polymers such as polyacrylic acid59 and polyvinyl alcohol (PVA).60

Magnetite nanocrystals soluble in non polar solvents such as toluene, dichloromethane, hexane etc. can

be obtained by adding a monolayer of fatty acids, e.g. oleic acid,57,61,62 ricinoleic acid,28 sarkosyl-"O",57

N-oleylsarcosine63 or mixtures of fatty acids such as oleic acid and undecylenic acid,64 either during or

after the coprecipitation.

While coprecipitation methods are fast and inexpensive, relatively poor control of the nanocrystals size

and size distribution can be achieved. This pushed scientist to explore alternative routes. A significant im-

provement in the preparation of magnetic nanoparticles is the thermal decomposition synthesis in organic

solvents, which allows for the production of nanoparticles with well-defined and tunable size, and made

of materials ranging from pure metals to oxides, such as nanoparticles made of cobalt,65,66 γ-Fe2O3
67,68

nanocrystals, Fe3O4
50,69 or MFe2O4 (with M = Co or Mn).70 The high temperature and well controlled

nucleation step allow the particles size to be tuned from ∼ 1 to 15 nm in diameter with low standard devi-

ation (<5%).66 Cobalt nanoparticles have been obtained from the decomposition of different precursors,

such as CoCl2,65 Co(CH3COO)2
66 or Co(CO)8.66,71–73 A typical synthesis consists in adding the precur-

sor (e.g. Co(CO)8) to a solution containing stabilizers (e.g. oleic acid and tributylphosphine) in a high

boiling point solvent such as diphenyl ether at high temperature (e.g. 200 ◦C.66) The reaction can also be

carried out in different solvents such as toluene71,73 or dichlorobenzene31,72 and with different stabiliz-

ers, including trioctylphosphine oxide (TOPO)/oleic acid mixtures,72 bis(2-ethylhexyl)sulfoccinate/oleic

acid mixtures73 or even amine and phosphine-terminated polystyrene chains.74 A good example of the

size control that thermal decomposition methods permit is given by the process developed by Hyeon et

al.67 They synthesized γ-Fe2O3 nanoparticles via decomposition of iron pentacarbonyl (Fe(CO)5), car-

ried out at 120-130 ◦C in a solution of oleic acid in octyl ether in the presence of trimethylamine oxide
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((CH3)3NO), which can be either added right at the beginning of the reaction or later on during the pro-

cess. The size of the nanoparticles can be varied from 4 to 16 nm by controlling the synthesis conditions.

By adding (CH3)3NO at the beginning of the reaction at a temperature of 130 ◦C, nanoparticles with a

size of 13 nm are obtained.67 When the addition of (CH3)3NO is done at a later stage and at a temperature

of 120 ◦C, smaller particles are formed, with a size that depends upon the molar ratio of Fe(CO)5 to oleic

acid, and increases as the ratio decreases.

A pioneering work by Sun and Zend led to the development of highly monodisperse magnetite

nanoparticles.50 The authors used iron(III) acetylacetonate (Fe(acac)3) mixed with a mixture of alcohols

(e.g. 1,2-hexadecanediol, stearyl alcohol), oleic acid and oleylamine in phenyl ether at 265 ◦C to obtain

4 nm monodisperse Fe3O4 nanocrystals. In order to obtain larger particles the authors used a seeded me-

diated growth method, which allows one to increase the size of the nanocrystals by two nanometers at a

time. By adjusting the quantity of seed nanoparticles, the size can be increased up to 16 nm.50 In the same

way, when Co(acac)2 or Mn(acac)2 are mixed with the Fe(acac)3 CoFe2O4 or MnFe2O4 nanocrystals are

obtained.70 Highly crystalline Fe3O4 can also be produced by the decomposition of Fe(acac)3 in benzyl

alcohol in autoclave by 175 ◦C and 200 ◦C75 or by irradiation of microwaves for 30 second to 3 minutes.76

The major drawback of the aforementioned synthesis methods is that they lead only to sub-gram quanti-

ties.69 In order to overcome this limitation, Park et al.69 developed a large scale synthesis of Fe3O4 using

inexpensive reactants. In a first step, an iron-oleate complex was obtained by mixing iron(III)chloride

with sodium oleate in a mixture of ethanol, water and hexane. The obtained iron-oleate complex was then

mixed with oleic acid and 1-octadecene and the solution heated at a constant rate of 3.3 ◦C per minute up

to 320 ◦C and then reacted at constant temperature for 30 minutes. In this way up to 40 gram of 12 nm

Fe3O4 have been produced. Additionally, by replacing iron with cobalt, manganese or zinc CoO, MnO or

ZnO have also been obtained.

The synthesis of magnetic nanoparticles can also be made in gas phase via spray pyrolysis77 or flame

pyrolysis.51,78,79 Both methods allow for easy scale up of the production, and permit the preparation of

large amounts of materials, at the cost of a non optimal control of size and size distribution. Flame py-

rolysis utilizes a precursor solution that is fed at a constant rate through a nozzle into a flame, which

can be generated by igniting a mixture of oxygen/hydrogen78 or oxygen/methane.51,79 Various iron pre-

cursors can be utilized, such as iron pentacarbonyl and iron(III) acetylacetonate in toluene,78 iron(II)-

naphthenate in tetrahydrofuran,51 carbonyl iron and 2-ethylhexanoic acid in tetrahydrofuran80 or cobalt
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2-ethylhexanoate in tetrahydrofuran.79 The particles are then collected from the off gas using a filter. By

controlling the atmosphere conditions during the synthesis particles with many different compositions

can be obtained, including materials not easily accessible with coprecipitation methods.80 For example

by using carbonyl iron and 2-ethylhexanoic acid in tetrahydrofuran as precursor and changing the oxygen

content of the flame, different iron oxide nanoparticles such FeO, Fe2O3 and Fe3O4 or mixture thereof

have been obtained. A major step forward was done by the Stark group,79–81 who used flames prepared

under reducing conditions, thus permitting the preparation of pure metal nanoparticles, made for example

of iron or cobalt. These materials can then be passivated in order to be protected from oxidation. Fur-

thermore, when acetylene is added to the flame under reducing conditions, iron carbide nanoparticles are

obtained. Upon increasing the amount of acetylene, a uniform carbon coating is deposited on the sur-

face of the particles, which can protect the particles80 from oxidation and allows a rich functionalization

chemistry. With the same method carbon-coated cobalt nanoparticles have been obtained.79,81

2.2.2 Synthesis of Polymer-Magnetic Nanocomposites Particles

It is often convenient to incorporate multiple nanocrystals inside larger polymer particles, both to impart

magnetic responsive behavior to polymer colloids, and to take advantage of the rich chemical and physical

properties of polymers. In other cases, it might be of importance to functionalize the surface of single

magnetic nanocrystals with polymer chains, for example to impart them better colloidal stability. We

will now consider some relevant examples of both strategies to prepare polymer-magnetic composite

nanoparticles.

The functionalization of individual nanoparticles can be achieved via "grafting to" or a "grafting from"

approaches.82 In the "grafting to" method, pre-formed polymer chains are attached to the surface of the

nanoparticles either during21,73,83 or after the synthesis,84,85 using the affinity of certain chemical groups

(e.g. silane86 or carboxyl groups85) towards the nanoparticles surface.82 Using this approach, polymers

with a well defined composition can be attached on the surface of the nanoparticles. Typically, the attach-

ment is done by dispersing the nanoparticles in a common solvent together with an excess of the func-

tionalized polymer to be grafted on them.85–87 It has also been demonstrated that magnetic nanoparticles

could be coated with alternating layers of anionic and cationic polymers via a layer-by-layer deposition

approach.88 In the "grafting from" approach, instead, a polymer shell is grown from the surface of the

nanoparticles. Functional molecules able to initiate a polymerization need first to be anchored on the
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surface of the nanoparticles, either by absorption on a bare surface89–91 or via ligand exchange method.82

In this last case, nanoparticles with either bare surface of with some functional group already attached to

their surface are dispersed in a solvent with an excess of the ligand to be anchored, which will bind to the

surface, displacing if necessary most of previously adsorbed molecules, similarly to what happens during

the "grafting from" procedure. Once the functional ligand is attached, particles and monomers are mixed

together in order to grow a polymer shell. Shell with a well defined compositions and good control of the

molecular weight distribution can be obtained using living polymerization approaches, such as atom trans-

fer radical polymerization (ATRP),89,91 nitroxyl-mediated radical polymerization90 or ring opening poly-

merization.82 Examples of polymer layers grown by these approaches include polystyrene (PS),89,92,93

several polyacrylates,91,93–96 poly(N-isopropyl acrylamide) (PNIPAAm)97 as well as biodegradable poly-

mers like polylactic acid82,98 and poly-ε-caprolactone.99–101

There are different methods to prepare polymer particles containing nanocrystalline magnetic materi-

als. These include the coprecipitation of iron oxides in preformed porous polymer particles,105 emulsion

polymerization routes,103,106 miniemulsion polymerization104,107 and layer by layer deposition meth-

ods.108 Ugelstad et al.105 first obtained magnetic polymer microparticles by infiltrating iron salt inside

porous micrometer size particles obtained with the activated swelling process, followed by precipitation

of iron oxides. First porous polymer particles were prepared from a fine water dispersion of a highly

water-insoluble low molecular weight compound, followed by the addition of a vinyl monomer. The

droplet absorbed large amounts of monomer, in the order of 100-1000 times their own volume. Eventu-

ally, the emulsion was polymerized via a radical initiation. The porous particles were then functionalized

with oxidative groups like -NO2 and -ONO2, transferred to an aqueous solution of Fe2+, where the Fe2+

were oxidized into iron oxyhydroxy compounds inside the particles by the -NO2 and -ONO2 groups,

leading to the formation of Fe3O4 and/or γ-Fe2O3 nanocrystals, upon a temperature increase. With this

method Ugelstad obtained particles of size from 1 to 30 µm with magnetite load of 30 wt%, which have

been later commercialized under the trade name of Dynabeadsr.105

The coprecipitation of iron salts has been also carried out in hollow polymeric particles.102 The pro-

cess started from silica particles functionalized with a polymerizable vinyl group on their surface, so that

a polymeric shell could be anchored via radical polymerization. Once the polymer shell was formed, the

silica core was etched out using a hydrofluoric acid solution. The hollow particles were swollen with a

solution of Co2+ and Fe3+ salts, separated and then redispersed in toluene and dimethylamine, which then
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(a) (b)

(c) (d)

(e) (f)

Figure 2.1: TEM pictures of magnetic latexes obtained from different recipes. (a) Magnetic colloids obtained by the
coprecipitation of salts inside hollow PS particles.102 Reproduced with permission from ACS. (b) PMMA-magnetite
particles obtained by soap free emulsion polymerization in the presence of a second magnetite-stabilized emul-
sion.103 Reproduced with permission from ACS. (c) PS-magnetite particles obtained via a three steps miniemulsion
process proposed by Ramirez et al.104 Reproduced with permission from Wiley-VCH. (d) PS-magnetite particles
obtained from miniemulsion polymerization in the presence of a low boiling point solvent.28 Reproduced with per-
mission from RSC. (e) PS-magnetite particles obtained by the improved miniemulsion proposed by Zhu et al.64

Reproduced with permission from Wiley-VCH. (f) Magnetite-polyacrylic acid particles obtained via high tempera-
ture synthesis.48 Scale bar: 100 nm. Reproduced with permission from Wiley-VCH.

http://dx.doi.org/10.1039/c0sm00553c
http://dx.doi.org/10.1039/c0sm00553c


11

diffused inside the particle and precipitate the salts to form CoFe2O4.

Magnetic colloids have also been produced via surfactant-free emulsion polymerization. Yanase et

al.106 mixed an aqueous ferrofluid stabilized by a bilayer of oleic acid and sodium dodecylbenzenesul-

fonate (SDBS) with styrene and water and initiated the reaction with potassium persulfate at 70 ◦C. Com-

plete encapsulation of the ferrofluid was achieved only for ratio values between ferrofluid and styrene

close to 0.8. The authors noticed that the particle size decreased as the ratio between ferrofluid and

styrene increased. In a more recent work, Sacanna et al.103 obtained magnetic latex nanoparticles with

narrow size distribution via a soap free emulsion polymerization of methyl methacrylate in presence of a

previously-formed emulsion of 3-(methacryloxypropyl)-trimethoxysilane droplets stabilized by magnetite

nanocrystals. The magnetite nanocrystals self-assembled at the oil-water interface of the TPM emulsion

droplet leading to magnetite polymer particles with controlled size.

Miniemulsion polymerization is probably one of the most used techniques for the encapsulation of

various inorganic materials inside polymer particles, including magnetic nanocrystals.109 The method

relies on first dispersing hydrophobic magnetic nanocrystals in an oil monomeric phase, and miniemul-

sifying it in water in the presence of a suitable emulsifier by high shear or ultrasonication, followed by a

polymerization step. Landfester et al.104 improved the encapsulation of magnetite using a three steps pro-

cess. In the first step an octane ferrofluid was miniemulsified, followed by evaporation of octane, leading

to a water based ferrofluid composed of magnetite clusters. In the second step, a styrene miniemulsion

was formed which was then mixed with the water base ferrofluid and co-sonicated. The reaction was then

started by the addition of potassium persulfate. With this method up to 40% of magnetite can be encap-

sulated.104 Other strategies to increase the amount of magnetic nanocrystals encapsulated in the polymer

particles include the use of a highly concentrated ferrofluid mixed to the monomer phase,107 as well as

the use of a low boiling point solvent mixed with the monomer, which has also been shown to increase

the encapsulation of magnetite up to 50 wt%.28

Xu et al.110 developed an innovative strategy to produce highly monodisperse magnetic polymer

nanocomposite particles. They started by preparing a ferrofluid miniemulsion via sonication, followed

by solvent removal. Upon mixing the miniemulsion with a styrene emulsion made of 3.7 µm droplets ob-

tained by using a microporous membrane, polymerization is initiated. Key points are to avoid secondary

nucleation and to keep the number of magnetite droplets in the first miniemulsion a few orders of mag-

nitude larger than that of the styrene droplets fed with the second emulsion.110 In a recent work, Zhu et
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al.64 obtained high monodisperse particles by dispersing dried magnetite coated with a mixture of oleic

acid and undecylenic acid in a styrene miniemulsion followed by a very long ultrasonication step, and

eventually by polymerization.

Polymer magnetite nanocomposites can be also obtained by the miniemulsification of a solvent con-

taining preformed polymer and magnetite followed by solvent removal. This step can be achieved in two

ways: by evaporation of the solvent, a procedure applicable only to low boiling point solvents,111 or by

extraction of the solvent via supercritical CO2 extraction of emulsion.85 This last method allows the re-

moval of the solvent in a very rapid and efficient way, allowing even high boiling point solvents to be

utilized for the emulsification process.

Highly monodisperse magnetic-polymer particles have been obtained via layer-by-layer process where

oppositely charge layers are sequentially absorbed in a stepwise process. Caruso et al.108 prepared mag-

netic latex via stepwise absorption on a polystyrene core of 640 nm of layers of negatively charged

magnetite nanocrystals alternated with layers of polycationic poly(diallyldimethylammonium chloride)

(PDADMAC) or poly(allylamine hydrochloride) (PAH). The negatively charged polystyrene particles

were first coated with a layer of the polycation, then separated from the solution and dispersed in the

anionic ferrofluid. By repeating the process, multiple layers could be added and the overall layer thick-

ness could be tuned.108

Finally, Ge et al.112 developed a high temperature magnetite synthesis that allows the preparation of

very monodisperse clusters of magnetite encapsulated in a polyacrylic acid (PAA) matrix. The process

combines a high temperature synthesis of magnetic materials with the clustering induced by the poly-

acrylic acid. This one pot reaction involves the mixing of FeCl3 and polyacrylic acid in diethylene glycol

at 220 ◦C, followed by the injection of a solution of NaOH in diethylene glycol. The amount of the NaOH

in diethylene glycol solution determines the final cluster size, which can be varied from 30 to 180 nm.

Figure 2.1 shows a few TEM pictures exemplifying the typical magnetic polymer particle obtained

with some of the methods discussed before.

2.3 Magnetic Gels

Magnetic gels, i.e., polymer matrices (often crosslinked) incorporating magnetic particles, represent his-

torically the first example of materials taking advantage of the properties of magnetic nanocrystal respon-



13

sive behavior, which impart them unique properties. Two types of magnetic gels have been investigated:

those that exploit the dipolar interactions among the nanoparticles, and those that make use of the local

heating induced by an alternating magnetic field.

We will start first with describing magnetic gels that take direct advantage of the dipolar interactions

among magnetic particles. One of the first examples of rubbers using magnetic particles as reinforcement

has been given by Rigbi and Jilken.44 They dispersed soft ferrite particles inside silicone rubbers and

studied their mechanical behavior for different applied elastic stresses and magnetic field intensities. A

couple of years later, the same group38 published the first successful example of preparation of a material

with anisotropic mechanical properties induced by magnetic particles. In this case, soft iron particles

were aligned with a permanent magnet during the curing of the rubber material.38 It was found that the

stress-strain curves measured for rubber strips cut parallel to the direction of the applied magnetic field

possess an elongation modulus significantly larger than that measured for strips cut perpendicularly to

the field direction. In a subsequent investigation,113 it was found that both the resistance to swelling and

the elongation modulus increased with increasing the amount of magnetic particles incorporated and with

the intensity of the applied magnetic field. Additionally, both quantities were significantly larger in the

direction of the applied magnetic field, indicating anisotropy of the composite material induced by the

magnetic particles aligned in the direction of the magnetic field. Incorporation of the magnetic material

could also be obtained after the preparation of a butyl rubber,114 by swelling it with a solution containing

an iron precursor, followed by in-situ hydrolysis of the precursor in the presence of a magnetic field. It

was found that the so-obtained magnetic rubber was well reinforced by the nanoparticles and showed

anisotropic elastic properties, with higher elastic modulus in the direction of the applied field.114

After the aforementioned pioneering works, several studies on the behavior of magnetic polymeric

gels have been performed by a few groups, with a significant number of contributions coming from

the Zrìny’s group, who introduced the name of ferrogels.39 The major difference between these ferro-

gels and the previously investigated materials is the incorporation of magnetic nanoparticles instead of

microparticles in a polymer matrix. The composition of these systems consists of a magnetic material

such as Fe3O4,39,115–117 or iron carbonyl,36,118 or in one case BaFe12O19,119 embedded in a polymeric

matrix, usually consisting of polyvinyl alcohol (PVA),39,40,115,120 polydimethylsiloxane (PDMS),40,118

acrylamide,121 copolymers of acrylamide and an allyl ester of a polysaccharide,116 or gelatine.117

Jolly et al.118 prepared PDMS-(iron carbonyl) ferrogels by applying a magnetic field during polymer
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curing, so that the magnetic nanoparticles aligned themselves in the direction of the applied field. They

studied the change in mechanical shear modulus as a function of applied magnetic field intensity applied

during the curing, and found that an increment of 30-40% can be achieved with a load of 20 to 30% (V/V)

of particles.118 Additionally, they elaborated a mathematical model capable of quantitative interpreting

the experimental data.

Zrìnyi et al.120 prepared Fe3O4-PVA ferrogels crosslinked with glutaraldehyde and showed that the

gels could be elongated, bent and contracted by applying a magnetic field gradient. It was found39,115,120

that the elastic modulus of ferrogels depends on the crosslinking degree of the material and on the square

of the applied magnetic field intensity, as well as on the amount of encapsulated magnetic material.

A different approach was followed by Breulmann et al.,122 who created a magnetic-polymeric hybrid

material by using a biomineralization process applied to a mesoporous sponge-like gel, prepared by the

copolymerization of polystyrene and polyacrylic acid via a bicontinuous microemulsion. The porous

material formed in this way was then impregnated with iron salts, which were then coprecipitated in situ

to form magnetite nanocrystals through the addition of a base. The developed material somehow mimics

the structure of biomineralized protein polysaccharide matrices deposited in the teeth of certain mollusks,

called chitons.

Several theoretical studies on ferrogels have been published: some on magnetodeformation

effects,123,124 others on elastic and viscous properties125,126 and the anisotropic mechanical behavior117,119

of the ferrogels, as well as scattering studies on the structures of gels cured with and without the presence

of a magnetic field.116 The group of Zrìnyi studied the reinforcement obtained by the application of a

magnetic field during the ferrogels curing of PDMS rubbers filled with carbonyl nanoparticles.36,40,127,128

They found that the ferrogels show very strong anisotropy both in their mechanical properties and in their

swelling behavior, as Figure 2.2(a) shows. In fact, the elastic modulus is significantly higher if the applied

stress is parallel to the direction of the applied field, as quantitatively shown in Figure 2.2(b), while the

degree of swelling is smaller in the same direction. This is due to the chain-like structures formed during

the curing of the rubber.36,40,127 The behavior of the elastic modulus of the anisotropic ferrogels was also

investigated as a function of an external magnetic field applied during the measurements of the modulus.

When the applied magnetic field direction was perpendicular to that of the nanoparticles chains only a

weak effect on the elastic modulus was observed. On the other hand, when the applied magnetic field

direction was parallel to that of the nanoparticles chains the elastic modulus increased significantly after
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a field intensity of about 30 mT and reached a maximum at around 200 mT.127,128

Due to these properties, ferrogels have been also investigated for advanced application, such as to

mimic the behavior of artificial muscles, where contraction is induced by the application of a magnetic

field gradient,37,129 as actuators,130–132 as dampers,133,134 and as EMI shielding devices.135 In a recent

work, Fuhrer et al.37 prepared ferrogels by incorporating carbon coated cobalt nanoparticles inside a

hydrogel matrix obtained by the polymerization of 2-hydroxy-ethyl-methacrylate (HEMA) and ethylene

glycol dimethacrylate (EGDMA), with the objective of obtaining a device functioning as an artificial

muscle. The carbon coated nanoparticles were first functionalized with 4-vinyl-biphenyl so that the par-

ticles can be covalently linked to the polymer matrix during the polymerization step. The functionalized

nanoparticles were then mixed with the monomers and polymerized. The authors prepared also hydrogels

with non-functionalized nanoparticles for the purpose of establishing the importance of covalently link-

ing the nanoparticles to the polymer matrix. They found that hydrogels obtained with non functionalized

nanoparticles were mechanical unstable, since when such gels were repeatedly elongated and contracted

in a water bath about 20 wt% of the nanoparticles were washed out of the gel. On the other hand, for

the gels with covalently linked particles less than 0.1 wt% of the nanoparticles were lost. The gels with

covalently linked nanoparticles were then elongated by the applications of an external electromagnetic

field gradient, showing that a gel containing 60 wt% of nanoparticles could be stretched up to 123% of

its initial length. This works clearly illustrates the importance of having a good compatibilization of the

fillers with the polymer matrix in order to obtain superior mechanical and responsive properties.

A very interesting applications of magnetic gels was proposed by Baglioni’s group.136 They pre-

pared CoFe2O4 nanoparticles via coprecipitation, and trapped them into crosslinked hydrogels based on

carboxyl-functionalized poly ethylene glycol and acrylamide, obtained via free radical polymerization.

The carboxyl groups bind to the nanoparticles surface, thus keeping them in the matrix. The gels, called

a magnetic sponges, were applied to the restoration of frescos and other delicate wall paintings. The

sponges were swollen with an oil-in-water emulsion formulated for cleaning and then applied to the sur-

face to be cleaned, from where it could be removed by means of a magnet without touching the delicate

surface.

More recently, the interest in magnetic gels has moved towards thin films and membranes. As an

example, Pirmoradi et al.130 created deflecting membranes with a diameter of 4-7 mm and a width of

35 µm, which can be used as actuators in micropumps. The membranes were prepared by incorporation
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(a)
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Figure 2.2: (a) Anisotropic mechanical behavior of a ferrogel. The arrows indicate the direction of the magnetic
field during the preparation.36 (b) Influence of the iron content and the particle arrangement on the elastic modulus.
Fx shows the direction of deformation.36 Reproduced with the permission from Elsevier.
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of oleic acid coated Fe3O4 nanoparticles in PDMS. The composites possessed a lower Young’s modulus

compared to the pure PDMS membrane, which is of advantage because lower magnetic fields can be used

for the deflection. The deflection of these membrane could also be easily tuned by varying the applied

magnetic field. The authors found that a membrane with a diameter of 7 mm can be deflected from 120 µm

to 625 µm by varying the applied magnetic field from 0.15 T to 0.417 T.

In a recent work, Olsson et al.131 produced cellulose membranes and magnetic nanopaper with em-

bedded iron-cobalt oxides nanoparticles, which can also be used as actuators for electronic devices. The

membrane preparation requires first the production of a cellulose aerogel, followed by the in-situ copre-

cipitation of iron-cobalt oxides nanocrystals. After drying and compacting, a highly flexible membrane

with high loading of nanoparticles (∼ 95 wt%) was obtained. This membrane can also absorb an amount

of water up to 15 times its own weight.

Paterno et al.137 obtained nanocomposites polymer films with conducting polymers and magnetic

nanocrystals via a layer by layer deposition technique. They mixed stable maghemite nanocrystals, ob-

tained via coprecipitation method and subsequent oxidation with HNO3, with poly(o-ethoxyaniline) at a

pH equal to 3, where both nanoparticles and polymer chains were positively charged, so that they do not

form aggregates. The layer by layer deposition was then conducted by first immersing the substrate in

a polyanion solution composed of polystyrene sulfonate at pH 3, followed by a washing step and sub-

sequent immersion in the polycationic/nanoparticles solution. By repeating the two steps several times,

films with more than 30 layers were obtained. The magnetic film exhibited a similar conductivity as a

film without maghemite nanocrystals. This technique allows for the preparation of conducting materials

with the added capability of electromagnetic interference (EMI) shielding provided by the nanoparticles.

Polymeric films with aligned maghemite chains were produced by Fragouli et al.,138 by drying a solu-

tion of poly(ethyl-methacrylate-co-methyl acrylate) and maghemite nanocrystals dispersed in chloroform

in the presence of a uniform magnetic field. The obtained films reinforced with magnetic wires, formed as

a result of the nanoparticles alignment, had a thickness of around 15 µm, and displayed strong anisotropic

behavior.

Recently, Bian and McCarthy139 prepared a highly concentrated ferrofluids (up to 70 wt%) by dispers-

ing oleic acid-coated magnetite nanoparticles, prepared via coprecipitation method, in 1,5-cyclooctadiene

or dicyclopentadiene. The surface of these ferrofluids droplets could be deformed by the application

of magnet, as commonly observed for concentrated ferrofluids.140 However, the choice of the organic
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solvents allowed for the polymerization of the ferrofluids by means of ring-opening metathesis polymer-

ization, thus freezing the morphology of the deformed droplets surfaces.

Two recent works are finally worth mentioning, where magnetic nanoparticles have been used as a

means of controlling block-copolymer self-assembly. Xu et al.141 have investigated the self-assembly of

poly(methyl methacrylate) (PMMA) functionalized magnetic nanocrystals together with lamellar-forming

PS-PMMA block copolymers into magnetic films. The authors investigated the effect on the film mor-

phology of both the nanoparticles concentration and the molecular weight of the PMMA chains grafted on

the surface the nanoparticles. It was found that for low molecular weight of the grafted PMMA chains the

block copolymer self-assembled into a mixed morphology of perpendicular and parallel lamellae, where

the perpendicular lamellae were stabilized by individual nanoparticles or small aggregates thereof. High

amounts of nanoparticles induced the formation of clusters that inhibited the formation of lamellae. As

the molecular weight of the grafted PMMA chains was increased, more clusters were formed that acted

as obstacles for the lamellae growth, forcing the block copolymer to self-assemble around the clusters.

Hammond et al.,142 instead, proposed to exploit the alignment of magnetic nanoparticles inside a

block copolymer matrix to induce an alignment of the domains of the block copolymer itself. Polystyrene-

block-poly(2-vinylpyridine) (PS-P2VP) copolymer, which phase separates into cylindrical P2VP domains

in a PS matrix, was cast in films together with spindle-shaped hematite nanoparticles in the presence of

a magnetic field. The magnetic field induced an orientation of the hematite particle with their long axis

perpendicular to the field direction. The orientation of the nanoparticles induced the cylindrical P2VP

domains to pack into hexagonal structures and to align themselves in the same direction as the particles.

Scattering measurements indicated that films cast in the absence of a field had an isotropic structure, while

a clear anisotropy was observed in films cast in the presence of an applied field.

The second property that magnetic nanoparticles can impart to gels is the induced heating generated

by the application of a high frequency magnetic field. Elongation or contraction of special types of

ferrogels can by achieved in this manner if the polymer matrix undergoes a volume change in response to

a temperature change. The first works on the design of such ferrogels was made by Jackson et al.45,143

and by Takahashi et al.144,145 Jackson et al.45,143 used PNIPAAm as a polymer matrix, since PNIPAAm

has a lower critical solubility temperature (LCST) in water equal to 32 ◦C. In their studies, Jackson et

al.146 produced PNIPAAm ferrogels with embedded either magnetic powder and iron flakes or ferrofluids.

Upon application of an oscillating magnetic field, the temperature of the ferrogel was increased beyond the
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LCST of PNIPAAm, leading the ferrogel to contract and reduce its size. With this method it is possible

to remotely control the phase transition of the gel, thus making these ferrogels of interest for robotics

applications.146

Takahashi et al.144,147 copolymerized N-isopropyl acrylamide with acrylamide in the presence of

γ-Fe2O3 in the presence of a uniform magnetic field. They also encapsulated inside the gel matrix an

enzyme and achieved a control of an enzymatic reaction rate due to the deswelling of the gel induced by

an oscillating magnetic field.

Kaiser et al.63 designed a ferrogel composed of Fe3O4 embedded in a polymeric matrix composed

of poly[hydrogen methyl siloxane], 4-(3-butylenoxy)benzoic acid methyl ester and 1,4-bis(undecyl-10-

enyloxy) benzene. The polymer matrix was a liquid crystalline elastomer that undergoes a nematic-

isotropic transition as the temperature is increased upon the application of an oscillating magnetic field.

The transition manifested itself with a decrease in specimen length, which depends on the Fe3O4 load and

could be as high as 27%. The response was very fast and 90 percent of the contraction or relaxation was

accomplished in less then 1 minute.

Magnetically responsive ferrogels that undergo volume phase transition have been used for biomed-

ical applications148 such drug delivery149,150 and actuators.151 An interesting example of a biomedical

application is provided by the work of Hoare et al.,149 who prepared ethyl cellulose membranes contain-

ing magnetite nanoparticles and PNIPAAm-based nanogels via co-evaporation from a common solvent.

The nanogels encapsulated in the membrane acted as switching entities, that could be triggered by an

increase in temperature induced by an alternating magnetic field. When the temperature of the membrane

was raised above the LCST of the nanogels, the nanogels contracted and pores in the membrane were

opened, thus allowing the release of a drug in a controlled fashion. The on-off behavior of the release

profile controlled by the application of alternating magnetic fields was demonstrated both in vitro and in

vivo.

A final example of the properties that magnetic nanoparticles embedded in a polymer matrix can pro-

vide is given by the work of Corten and Urban.46 They produced self-healing ferrogels made ofγ-Fe2O3

dispersed in a matrix composed of p-methyl methacrylate, n-butyl acrylate and heptadecafluorodecyl

methacrylate. When the ferrogels were cut in two pieces and the two cut edges were put back in physical

contact, the application of an oscillating magnetic field induced an increase in temperature that triggered

a self-healing response of the material, as the schematic in Figure 2.3 illustrates. After reparation, the gel
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had the same mechanical properties as before the cut. The specimens could undergo up to six cut and

repair cycles, without a change in their mechanical resistance.

2.4 Self-Assembly of Magnetic Polymer Nanocomposites

The understanding of the self-assembly behavior of magnetic nanoparticles and magnetic nanocomposites

in the presence and in the absence of a magnetic field is of paramount importance for the preparation of

one-dimensional and multi-dimensional structures. Once the assembly mechanism can be controlled and

tuned it will be possible to create organized anisotropic structures with different properties in different

directions. In this chapter, the most important assembly strategies for the preparation of magnetic polymer

composite supra-structures, ranging from chains to more complex assemblies with higher dimensionality

will be reviewed.

2.4.1 Assembly in 1D Structures

Magnetic particles align themselves into chains-like structures oriented in the direction of an applied mag-

netic field. The assembly is fully reversible in the case of superparamagnetic nanoparticles, so that when

the field is removed the chains will disrupt primarily under the action of brownian motion. This behavior is

well documented, and the first investigations date back many decades, when the interest in magnetic par-

ticles was driven by the magneto-rheological properties of ferrofluids for clutches and brakes.140 Starting

from the seventies, with the first systematic theoretical investigation of the mechanism of chain forma-

tion published by De Gennes and Pincus,152 the interest in the one-dimensional assembly of magnetic

nanoparticles increased substantially.

In most cases, chains of magnetic nanoparticles are of interest for applications only when they can

be recovered and their structure is retained after the removal of the field. This implies that some kind of

crosslinking between the nanoparticles in the chain is required. However, a notable exception is worth

mentioning. Doyle et al.153 used transient columns of magnetic polystyrene beads prepared inside a micro

cell for the electrophoretic separation of DNA fragments, where the chains act as obstacles on which long

DNA fragments remain entangled. The length and distance of the columns could be tuned by varying the

cell size and the particles concentration.

Furst et al.41 produced chemically linked chains by aligning amino-functionalized magnetic polystyre-

ne beads between a glass slide and a membrane separated by spacer in the presence of an external magnetic
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Figure 2.3: Schematic representation of the self-healing process of a magnetic gel composed of p-methyl methacry-
late, n-butyl acrylate and heptadecafluorodecyl methacrylate in the presence of an oscillating magnetic field.46 Re-
produced with permission from Wiley-VCH.
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field. By subsequently flowing across the membrane a glutaraldehyde solution, which reacts with the NH2

groups on the beads surface, an effective crosslinking was achieved. In a similar manner, the same authors

were also able to physically link paramagnetic emulsion droplets by flowing across the membrane a solu-

tion of 0.1 M NaCl, which screens the electrostatic potential among the droplets and induces coagulation.

Flexible chains composed of superparamagnetic colloids have been obtained by aligning superparam-

agnetic polymer particles in a magnetic field and linking them by absorption of polyacrylic acid chains.42

Polyacrylic acid chains adsorb on the surface of the colloids and, if no magnetic field is applied, stabilize

the individual particles, while in the presence of a sufficiently strong magnetic field they absorbs on adja-

cent particles and bridge them. Particles have been also linked via multifunctional linkers that reacts with

molecules grafted on the particles surface. Examples of such systems are provided by the antibody/antigen

systems IgG-vWF-IgG,42 or by the streptavidin-biotin system.154 This last technique has been exploited

by Biswal and Gast,154 who used macromolecular complexes made of two biotin molecules attached on

both ends of a poly(ethylene glycol) chain. The two biotin moieties can strongly bind to streptavidin

molecules covalently attached on the surface of two adjacent particles. By varying the poly ethylene

glycol molecular weight, different degrees of chain flexibility could be obtained.154 In two subsequent

studies, the same authors investigated the rotational and bending dynamics of these chains,155 as well as

their use as micromixers under the action of a rotating magnetic field.156

Singh et al.32 obtained rigid chains using a sol-gel deposition of titanium(IV)-isopropoxide on the

surface of aligned magnetic polystyrene beads. In a first step, they produced monodisperse magnetic

polystyrene particles via layer by layer deposition of poly(diallyldimethyl) ammonium chloride, polystyre-

ne sulfonate and negatively charged γ-Fe2O3 nanoparticles. The particles were then dispersed in ethanol

in the presence of polyvinylpyrrolidone and titanium(IV)-isopropoxide and aligned in microchannels by

means of an external magnetic field. Once the titanium(IV)-isopropoxide reacted, the chains were re-

moved and calcined at 500 ◦C in order to remove the polymers. An optical image of the chains is shown

in Figure 2.4(a). As can be seen from Figure 2.4(b), when a magnetic field is applied the chains align

themselves in the field direction. This method can be scaled up and lead to monodisperse chains, the

length and diameter of which can easily tuned by varying the microchannels height and the diameter of

the beads.

Dreyfus et al.157 obtained flexible chains by linking 1 µm magnetically aligned superparamagnetic

colloids, functionalized with streptavidin, by means of double stranded DNA chains bearing biotin groups
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(a) (b)

Figure 2.4: Optical microscopy images of chains synthesized in the microchannels (a) and the same chains aligned
in the presence of a magnetic field (B) (b).32 Reproduced with permission from ACS.

at both ends. Then, they linked a red blood cell at one end of the chain, so that the object so obtained,

referred to as an "artificial swimmer", has a structure reminding that of a sperm cell, with the chain of

magnetic beads acting as a flagella. By applying an oscillating magnetic field in a direction perpendicular

to that of the chain the "artificial swimmers" could be moved in a specific direction because of the motion

induced by the magnetic flagella.

One dimensional structures such as wires, rings and rods can also be obtained from the assembly of

single magnetic nanocrystals. An et al.61 used a dewetting procedure to produce 2D magnetic rings of

magnetite nanocrystals modified with polystyrene brushes. A gold surface was initially patterned so as

to have regions with hydrophilic and others with hydrophobic alkanethiolates via microcontact printing

technique. The surface was then first patterned with tiny water droplets nucleating on the hydrophilic do-

mains, and then dipped in a suspension of magnetite in chloroform. After evaporation of both chloroform

and water, rings with a diameter of 10 µm and a width of 450 nm were obtained.

One very useful method to produce nanowires is to aligning charged magnetic nanocrystals in a mag-

netic field, followed by crosslinking via absorption of polyelectrolytes. Sheparovych et al.43 utilized this

approach by aligning citric acid stabilized magnetite nanocrystals in a cell in the presence of a magnetic

field of 1 T, and then letting diffuse a solution containing positively charged polycationic chains through

a membrane into the nanoparticles suspension. The polycationic chains stabilize the aligned magnetite
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nanocrystals through the formation of polyelectrolyte complexes. The so obtained nanowires proved to be

stable and could be further used for the creation of more complex structures. In order to prove their sta-

bility, the authors first aligned one layer of the nanowires on a surface, followed by the superposition of a

second layer aligned in a perpendicular direction with respect to the first one, thus obtaining T-shaped and

X-shaped supra-structures. The major limitation of the method is that it needs an excess of polyelectrolyte

to crosslink the nanowires, thus limiting the application to affordable polyelectrolytes. Additionally, low

amounts of nanowires can be prepared. Therefore, Fresnais et al.59 developed a method in which the poly-

electrolyte were mixed together with the magnetic nanoparticles from the beginning, but the formation of

particles-electrolyte complexes started in a second stage. First of all, they produced positively charged

magnetite nanocrystals via Massart method, followed by an oxidation step to obtain positively charged

γ-Fe2O3. In order to increase their stability, the γ-Fe2O3 nanoparticles were coated with poly-acrylic acid.

A cationic-neutral diblock copolymer was synthesized via controlled radical polymerization. Both the

nanoparticles and the polyelectrolyte were dissolved in a 1 M NH4Cl solution and the two solution were

then mixed together. Under the very high ionic strength conditions, the anionic particles and the cationic

electrolyte remained dispersed. The solution was then dialyzed against pure water in the presence of a

magnetic field, until the ionic strength dropped to a value of 10−2 M. Under these conditions, nanorods

composed of a multitude of 7 nm nanoparticles held together by the polyelectrolyte were formed.59,158 As

can be seen from Figure 2.5(a), the formation of rods depends on the final ionic strength and on the initial

concentration of nanoparticles. The authors identified three regimes. In the first regime only disperse clus-

ters and particles are present. In the second regime wire-like filaments are obtained, which are probably

the building blocks of the rigid wires formed in the third regime.159 The authors also proposed a growth

mechanism that is schematically depicted in Figure 2.5(b). At the beginning spherical clusters are formed

due to electrostatic complexation between the oppositely charged components, then these clusters are

aligned in the direction of the magnetic field forming the rods.159 This method can also be applied to the

formation of rods composed of different components, as exemplified by the results reported in,160 where

the authors mixed anionic organic fluorescent nanospheres with magnetic nanoparticles. After dialysis

magnetic fluorescent nanorods were obtained.

Benkoski et al.74 introduced a process called Fossilized Liquid Assembly (FLA), which allows to

study the self-assembly of ferromagnetic nanoparticles coated with polymer at the oil/water interface.

Weak ferromagnetic 19 nm cobalt nanoparticles with a polystyrene coating were produced via thermolysis
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(a) (b)

(c) (d)

Figure 2.5: (a) Morphology diagram for dialysis desalting protocol. (b) Proposed schematic growth mechanism
for the rods. Optical microscopy images of the synthesized rods without (c) and with (d) a magnetic field (B) of 10
mT.159 Reproduced with permission from RSC.

of Co2(CO)8 in the presence of amine or phosphine oxide end terminated polystyrene chains, which allow

the redispersion of the obtained nanoparticles in apolar organic media. The particles were first dispersed

in 1,12-dodecandiol dimethacrylate in the presence of a photoinitiator, followed by casting of the solution

on a pretreated glass surface to enhance adhesion. Then, a buffered water solution containing 0.1 M NaCl

to prevent emulsification was added on top. The nanoparticles organized themselves on the water oil

interface forming chains. The structures were then frozen by starting the polymerization of the acrylic oil

via a UV irradiation. The obtained structures could in this manner be studied via atomic force microscopy.

The authors also found that, depending on the nanoparticles concentration, on the temperature and on the

assembly time different structures could be obtained, ranging from chains to full monolayers.74

Chains made from assembly of individual nanocrystals, coated with mixtures of dislike molecules,

http://dx.doi.org/10.1039/b919992f
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have been prepared by linking them with a bifunctional crosslinker that exploits the intrinsic defects

generated by the presence of a mixture of two ligands, and localized at two poles of the nanocrystals

surface.68 Colloidal polymerization of polymer coated nanocrystals was introduced by Keng et al.31 to

produce micrometer long cobalt nanowires coated by polystyrene. The novelty of this approach is the use

of oxigen at relatively high temperatures to induce the crosslinking of the polystyrene shells protecting

the nanoparticles, the alignment of which occurs spontaneously in the absence of any applied magnetic

field due to the presence of dipolar interactions among the paramagnetic nanocrystals. Further oxidative

treatment was used to transform the cobalt into cobalt oxides. Benkoski et al.161 were able to align

polystyrene coated cobalt nanocrystals into cilia-like structures on top of a permanent magnet. The cilia

could be moved when a magnetic field was applied perpendicularly their axis.

Zerrouki et al.47 managed to create chiral colloidal crystals by cleverly designing magnetic colloids

that, depending on both their shape and induced magnetization, self-assembled with controlled helicity.

They first prepared asymmetric magnetic colloids using emulsion confinement, in which an oil-based

ferroluid and hydrophobic silica particles are trapped together inside a droplet. Upon solvent evaporation,

and by tuning the relative amounts of silica and ferrofluid, either silica particles with one magnetic cap of

dry magnetic nanoparticles are formed, or dumbbells of silica with a magnetic ring located around their

contact point. In the presence of a magnetic field these silica particles tend to assemble into chain-like

structures, but due to the competition between steric interaction and magnetic interactions the particles

assume a staggered configuration leading to a well defined helicity and chirality.

The intrinsic anisotropy of magnetic polymer composite particles was also used in the work by Dyab

et al.162 to create chains containing particles with a staggered configuration. The authors created first an

oil-in-water emulsion, with magnetic nanocrystals dispersed in a polymerizable oil. The emulsion was

then trapped through gelation of the water phase using agarose, followed by polymerization of the oil in

the presence of a magnetic field gradient. In this manner, the droplets could be transformed into Janus

polymer particles with anisotropic structure due to the magnetic nanocrystals accumulation on one side

of the droplet. The trapping of droplets in the gel phase removed the risk of droplet coalescence upon

application of the field gradient. After disruption of the agarose gel, the particles have been assembled in

the presence of a magnetic field, showing the formation of staggered chains.

Nunes et al.163 have used an imprint lithography approach to produce polymer magnetite nanocom-

posites with different shapes and sizes. With this top down approach uniform oval, worm-like, boomerang
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and block micrometer size composites have been obtained. During the preparation of the particles a mag-

netic field was applied, aligning the nanocrystals in a specific direction inside the nanoparticle. Magnetic

field-driven self-assembly of these particles showed that particles produced in the absence of a magnetic

field formed disordered chains, whereas particles produced in the presence of a magnetic field formed

ordered chains aligned in the same direction as that of the nanocrystals inside them. The authors also

produced particles bearing two different functionalities on two sides, and coated one side with platinum.

Then, they used platinum ability to catalyze the decomposition of H2O2 into O2 and H2O to turn the par-

ticles into nanomotors. Their direction of motion could in this manner be controlled by the application of

an external magnetic field.163

In a recent study Ozdemir et al.164 embedded superparamagnetic polystyrene nanoparticles inside

the grooves of a compact disk, which was then placed above a permanent magnet in order to study the

confined self-assembly of magnetite nanocrystals during the evaporation of the ferrofluid. The grooves of

a commercial CD were filled with superparamagnetic polystyrene beads, then covered with a 1 mm thick

layer of polydimethylsiloxane. Finally, one drop of oil-based magnetite ferrofluid was deposited on top

and the solvent evaporated both in the presence and in the absence of an external magnetic field created by

permanent magnet positioned below the CD. It was observed that random magnetite clusters were formed

in the absence of a magnetic field, whereas in the presence of a field the formation of micrometer long

solid and hollow cylindrical structures in close vicinity was observed. The formation of these structures

was found to be a results of the particular configuration of the magnetic field lines due to the presence

of the superparamagnetic polystyrene beads. The authors also found out that the evaporation rate of the

solvent plays an important role in the process. Indeed for slow solvent evaporation rate, as in the case of

the high boiling point decane, better defined structures were obtained.

2.4.2 Assembly in Higher Dimensional Structures

While most self-assembly studies involving magnetic particles created prevalently one-dimensional struc-

tures using dipolar interactions, some recent investigations aimed at the preparation of more complex

structures with higher dimensionality. It is important to note that while the most recent applications make

use of nanoparticles, some older works have been carried out with microparticles. We decided to include

them anyway because of the very interesting strategy outlined.

A broad and pioneering study on the self-assembly behavior of magnetic particles with the application
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of multiple magnetic field was conducted by Martin et al.165–168 In their studies they explored the effect of

different magnetic field configurations, such as uniaxial, biaxial and triaxial fields, on the structured ob-

tained from soft magnetic particles (e.g. iron and nickel) embedded in an epoxy resin. The results showed

that, as expected, in a uniaxial magnetic field magnetic particles experience positive dipolar interactions

that induce the formation of chains of particles. In the case of a biaxial magnetic field, which is a rotating

magnetic field in a horizontal plane, particles experience an average interaction to a first order comparable

to a negative dipolar interaction, causing the formation of sheets of particles in the rotating field plane.

In the presence of a triaxial magnetic field, which is the combination of a vertical uniaxial magnetic field

and a horizontal biaxial magnetic field, where the amplitude of both components are balanced, the first or-

dered dipolar interactions are canceled, but weaker isotropic second order dipolar interactions remain.166

Depending on the relative amplitudes and frequencies of the magnetic fields a wide range of structures

could be produced, such as those shown in Figure 2.6.

The authors168 also studied the heat transfer of these structures embedded inside a thermal conductive

resin. 4-7 µm nickel particles were dispersed in a thermal conductive resin together with a hardening

compound, and then a magnetic field was applied. A structured composite was obtained after resin curing.

The authors found out that field structuring significantly increased the thermal transport in the composites.

For example, a sample produced in a triaxial magnetic field showed a six fold increase in conductivity as

compared to a random composite.

An interesting approach to produce multi-dimensional structures has been used by Yellen et al.169

They assembled non-magnetic particles suspended in a ferrofluid on patterned surfaces by combining

a rotating external magnetic field together with the use of magnetic patterns. Very regular assemblies

of colloidal particles could be obtained, with conformations that depend upon the relative size of the

magnetic patterns with respect to the size of the colloids.

Mangeney et al.170 used commercial maghemite- polystyrene composite nanoparticles, modified with

polypyrrole and carboxyl-substituted polypyrrole, to study their self-assembly on an hydrophilic glass

substrate with a permanent magnet positioned below the substrate during the evaporation of water. With-

out a permanent magnet, the beads form a typical colloidal crystal film with a close-packed structure,

but when a magnet is placed bellow the glass substrates the nanoparticles arrange themselves in fern-like

structures composed of particles chains organized in hedgehog-like architectures, as Figure 2.7 shows.

The authors suggest that the formation of these fern-like structures can be due to a progressive collapse
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(a) uniaxial magnetic field (b) biaxial magnetic field

(c) Triaxial magnetic field

Figure 2.6: Structures obtained with Ni particles applying uniaxial, biaxial and triaxial magnetic field.168 Repro-
duced with permission from the American Institute of Physics.



30

of part of the columnar aggregates that normally form in the presence of a magnetic field, collapse caused

by waves due to capillary forces during the evaporation process.170

(a) (b)

Figure 2.7: SEM photographs of magnetic polymer nanoparticles assemblies on hydrophilic glass plates, formed in
the presence of a magnetic field created by a permanent magnet positioned below the glass plates.170 Reproduced
with permission from ACS.

Osterman et al.35 created a one-particle thick self-healing membrane formed by self-assembly of

micrometer size superparamagnetic spheres in the presence of a magic angle processing magnetic field. A

magic angle processing field is triaxial magnetic field that precesses with an angle of (= 54.7◦) with respect

to the direction of the fixed field component. Under these circumstances, the aggregation is governed by

many body interactions among the particles, because dipolar interactions vanish, leading to isotropic,

attractive interactions that scale like van der Waals interactions. In the presence of a magic angle field,

the authors observed that a dilute colloidal suspension aggregated in a non specific pathway leading to a

robust one-particle thick membrane. When the obtained membranes were perforated, they spontaneously

self-healed.

Some authors also assembled living cells with the help of an external magnetic field in order to achieve

special three-dimensional organizations, which can be interesting for applications in tissue engineering

and cell cultures. One approach, proposed by Ino and coworkers,171–173 is based on the encapsulation of

magnetite nanocrystals inside liposomes, which can then be uptaken by the cells via endocytosis. Ino et

al.172 used an iron pin-holder device positioned above on a neodymium magnet in order to pattern cells

previously exposed to magnetic liposomes. Akiyama et al.173 used cells with encapsulated liposomes

to pattern monolayer of cells onto a mice skin tissue to create 3D cell structures by stepwise deposition
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of different monolayers aligned in different directions. Krebs et al.,174 instead, created ordered linear

arrangements of cells by negative magnetophoresis using inert, cytocompatible protein-passivated iron

oxide nanoparticles. In this manner, magnetic nanoparticles dictate the cellular assembly without relying

on cell binding or uptake, and can easily removed after the assembly.

In a recent work, the Yellen’s group34 proposed a new method to obtain colloidal superstructures using

a combination of non-magnetic colloids and superparamagnetic or paramagnetic colloids dispersed in a

ferrofluid. The size ratio between the different colloidal particles, as well as the ferrofluid concentration

are parameter of paramount importance to adjust the formation of specific structures. In particular, saturn-

like clusters, flower-like clusters and poles could be obtained. The assembly is dictated by the dipolar

interactions, which can be controlled by the application of a magnetic field, as well as by the susceptibility

of the particles. For example, a mixture of small non-magnetic and large magnetic colloids in a ferrofluid

leads to the assembly of the non-magnetic colloids, which in the ferrofluid acquire a negative dipolar

moment, into ring-like structures in the equatorial plane of the large magnetic colloids. The process is

also self-limiting in dilute conditions, since the strong repulsive interactions between the large magnetic

colloids, together with the faster assembly of the small colloids, hamper the formation of larger clusters.

In a recent publication by the same group,175 large non magnetic colloids and small superparamagnetic

beads have been assembled together in a ferrofluid, leading to the formation of ring structures, where the

number of particles per rings can be tuned by the ferrofluid concentration. Each ring was composed of a

number of colloids that increases with the ferrofluid concentration.

Rungsawang et al.176 also used a combination of a ferrofluid and a non-ferrofluid to prepare ordered

structures (e.g. labyrinthine, hexagonal or dispersed columnar) with controlled dimension by inducing

phase separation with an external magnetic field. They used a ferrofluid made of magnetite nanocrystals

dispersed in dodecane at a volume fraction of 15% and a non-ferrofluid made of hydride terminated

polydimethylsiloxane. While dodecane is miscible with polydimethylsiloxanes, magnetite nanocrystals

are not. The patterns were formed by positioning one drop of ferrofluid within two glass slides, followed

by the addition of a drop of non-ferrofluid. The non-ferrofluid preferentially wets the glass surface, thus

displacing the ferrofluid. When a magnet was portioned below one of the slides, different patterns were

created, with the tendency to generate progressively smaller droplet sizes as the intensity of the magnetic

field was increased. The submicron and micron scale pattern formation could be potentially used for

different applications, such deposition of magnetite nanoparticles with special functionality in a periodic
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array. More ordered structures could also be obtained by applying two or more static magnetic fields or

even by using a rotating field.

2.5 Magnetic Colloidal Crystals

It is well known that a concentrated colloidal suspension of monodisperse and highly charged particles

can, under low ionic strengths conditions, self-assemble into a crystalline ordered phase.177–179 The in-

terest of colloidal crystals is primarily related to their applications as photonic band-gaps. Photonic band-

gaps are to photons what semiconductors are to electrons: they are able to block electromagnetic radiations

within certain intervals in wavelengths due to their highly ordered arrays of particles.180 Of high interest is

to have the capacity to tune the band gap so that different wavelengths can be stopped on command. This

can be achieved using dispersions of monodisperse magnetic colloids displaying superparamagnetism,

where a magnetic field can be used to control the photonic crystals assembly and orientation.

Surprisingly, one of the first examples of ordered assemble of particles mediated by magnetic inter-

actions was given by a series of pioneering works by Skjeltorp,33,181,182 who prepared layers of colloidal

crystals of polystyrene microspheres dispersed in a magnetic ferrofluid by applying a magnetic field nor-

mal to the particles layer. This was achieved by making use of large and highly monodisperse colloidal

microspheres dispersed in kerosene-based ferrofluid. The approach is conceptually analogous to the use of

monodisperse magnetic particles immersed in a non-magnetic fluid, except that this configuration was at

the time of Skjeltorp’s work more difficult to achieve. A similar method has been more recently utilized by

other authors. For example, the Yin’s group183 managed to assemble non magnetic polystyrene nanopar-

ticles dispersed in a water-based highly stable ferrofluid into photonic crystals using an external magnetic

field. Different photonic structures, ranging from one-dimensional chains to three dimensional colloidal

crystals could be obtained by simply tuning the magnitude of the applied magnetic field. Additionally, in

the presence of strong fields, 3D structures with high quality, could be obtained within minutes, making

it a fast method to produce high quality colloidal crystals when compared to the conventional preparation

methods.

One of the first works on the preparation of colloidal magnetic crystals was reported by Sun and Mur-

ray,65 who assembled cobalt nanoparticles, demonstrating the narrow size distribution of the nanoparti-

cles. Hilgendorff et al.71 went one step further, since they deposited nanocrystalline sterically stabilized
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cobalt nanoparticles creating 2D and 3D crystals. By applying magnetic field of different intensities during

the deposition parallel or perpendicular to the substrate on which the nanoparticles were deposited dif-

ferent structures were observed.71 For very high magnetic field three dimensional crystals were obtained,

while the at lower field intensity only two dimensional crystals were formed. Crystalline anisotropic su-

perstructures such as rods and wires have also been obtained by crystallization in the presence of a high

field strength by Park et al. using oleic acid-coated cobalt nanoparticles.73

Only after a few years from the first experiments by Skjeltorp the recipes for the preparation of mag-

netic polymer composite nanoparticles reached a sufficiently good control of the particle size distribution

to allow the formation of magnetic colloidal crystals. In fact, it is of paramount importance to have parti-

cles with high load of superparamagnetic nanocrystals and narrow size polydispersity. A first successful

example has been given by the Asher’s group, who fabricated polystyrene particles54,184 with embed-

ded CoFe2O4 nanocrystals via emulsion polymerization. Magnetic polymer particles with narrow size

distribution were produced as explained in section 2.2.2 This method led to very monodisperse particles

but only ∼ 3.5% of the particles contained magnetic nanocrystals. After spontaneous formation of the

colloidal crystals, the authors also added a monomer mixture to the aqueous phase in order to perform a

photo-polymerization and lock the structure in a hydrogel matrix.184 When a magnetic field was applied to

the polymerized colloidal crystals the lattice constant increased in the direction of the field and decreased

in the perpendicular direction, leading to a blue shift in the colloidal crystal spectrum.185 The authors

also showed that the application of an external magnetic field led to the formation of colloidal crystals in

media such as NaCl solution, polar solvents such as dimethyl sulfoxide, acetonitrile and methanol, i.e.,

in conditions that normally do not permit ordered arrangement of colloidal nanoparticles.184 It was also

recognized the importance to achieve a high magnetic material load in the particles to increase the mag-

netic forces acting on them, in order to expand the range of crystal lattice shift and have faster responses.

The original method used by the Asher’s group leads to a low polydispersity latex with loading of about

15 wt%185 and a non homogenous distribution of the magnetic material inside the particles. In order to

improve their method, Xu et al.102 used hollow particles with magnetic material precipitated inside the

cavity, as explained in section 2.2.2 In this way monodisperse polymer nanoparticles with a nanocrystals

loading of about 27 wt% have been obtained, and used to prepare highly responsive magnetic colloidal

crystals.

Magnetic colloidal crystals have also been prepared by Sacanna and Philipse103 using poly(methyl
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methacrylate) monodisperse magnetic colloids prepared as described in section 2.2.2.

Another method to obtain highly magnetic nanoparticles with tunable size was developed by the Yin’s

group.48 They produced highly magnetic nanoparticle stabilized by polyacrylic acid through high temper-

ature hydrolysis of FeCl3 in diethylene glycol. By varying the reaction parameters monodisperse colloids

from 30 to 180 nm could be obtained. These colloids self-assembled into colloidal crystals in deionized

water upon the application of a magnetic field. The authors studied the diffraction of the obtained crystals

as a function of the colloid size and the applied magnetic field intensity. They found that large colloids

(160 to 180 nm) diffracted red light if weak magnetic fields were applied, whereas no colloidal crystal

were formed in high magnetic field. If instead small particles (60 to 100 nm) were used, stable crystals

that diffracted blue light could only be obtained in high magnetic fields. The use of particles in the middle

size range (∼ 120 nm) led to stable colloidal crystals at both low and high magnetic fields, with a diffract-

ing pattern that could be rapidly tuned from 730 to 450 nm and with an interplanary space decreasing from

274 to 169 nm as the strength of the magnetic field increased, as Figure 2.8 shows.

The three dimensional order of the formed colloidal crystal is the result of the balance between in-

terparticle electrostatic repulsive and attractive magnetic dipolar interactions. These structures are three

dimensional, but long-range order can be obtained only in the direction of the magnetic field.186 After

the magnetic nanoparticles had been further functionalized with a silica shell, self-assembly of photonic

crystals in alcohols,186 ethylene glycol,186 glycerol187 and non polar solvent188 were achieved. The

diffraction spectra shifted to longer wavelengths by increasing the silica shell thickness, keeping constant

the core size. The magnetic field required to assemble colloidal crystal increased with increasing the

shell thickness, but leveled off once the shell reached a size of 30 nm.187 The same authors also prepared

PDMS films containing droplets of ethylene glycol based magnetic colloidal dispersions, which change

color if an external magnetic field is applied,187 and can be more easily utilized than liquid colloidal crys-

tals. Films of polymeric microparticles with embedded photonic crystals have also been easily obtained

by trapping the colloidal crystals in a polymeric matrix.189,190 As an example, Ge et al.190 obtained a

fast on/off switch depending on the direction of the applied magnetic fields using microparticles with em-

bedded photonic crystals. These particles might be used for applications such as magnetically controlled

color displays.

In a very recent work Zhu et al.64 produced colloidal crystals films by deposition of high loaded

polystyrene magnetite nanocomposites on a modified agarose substrate. They showed that the application
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Figure 2.8: Dependence of the reflection spectra at normal incidence of colloidal crystals on the distance of the
sample from the magnet. Diffraction peaks blue-shift (from right to left) as the distance decreases from 3.7 to 2.0
cm with step size of 0.1 cm. The average diameter of the nanoparticles in this sample is 120 nm.48 Reproduced with
permission from Wiley-VCH.
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of a magnet field to the crystal films induced a tuning of the diffracted light spanning the entire visible

spectrum. Applying different magnetic field intensities to the crystals film allowed modulation of both

color and pattern.

2.6 Concluding Remarks

We have hereby briefly reviewed the preparation of nanocomposite materials resulting from the incorpora-

tion of magnetic nanoparticles into a polymer matrix. The objective was to show how magnetic nanopar-

ticles, thanks to their dipolar interactions, can impart unique properties to bulk polymeric materials, the

so called magnetic gels, and to polymer nanoparticles, strongly affecting their self-assembly.

Magnetic nanocrystals incorporated as fillers inside a crosslinked polymer matrix can enhance its

mechanical properties through the application of magnetic field both before and after its preparation,

allowing the creation of fast responding artificial muscles and actuators. The alignment of particles with

a magnetic field allows one to impart anisotropicity to the polymer matrix, while their controlled heating

in response to an oscillating magnetic field can be used to trigger phase transitions and promote heat-

activated reactions.

Magnetic nanocrystals provide conventional colloidal particles with dipolar interactions, which allows

them to be easily assembled into one dimensional suprastructures such as rods, chains, strings and wired.

By embedding them into particles with non-spherical shapes, more esoteric self-assembled structured have

been obtained. The excellent progresses made in the last years on the preparation of very monodisperse

particles has led to the successful creation of magnetically responsive colloidal crystals. Magnetically-

controlled self-assembly has also been used to the preparation of porous anisotropic monoliths, and recent

investigations indicate that by using more complex magnetic field patterns highly elaborated structures

are accessible.

The investigations of the dipolar interactions in magnetic particles dispersions date back many decades.

Nevertheless, the research on magnetically responsive systems is still very active within the field of nan-

otechnology, thanks to the contributions coming from various disciplines. The emerging trend in the

scientific literature is to take advantage of the constantly improving recipes for the preparation of mag-

netic composite nanoparticles with different sizes, and with complex shape, composition and structure.

These progresses, combined with advances in creating well controlled magnetic field patterns, will greatly
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expand the range of accessible structures via self-assembly in the near future.



Chapter 3

Experimental

3.1 Materials

Divinylbenzene technical grade (DVB), 2,2′-azobisisobutyronitrile purum ≥ 98% (AIBN), Diethyl ether

puriss, polyvinyl alcohol 4-88, hydrochloric acid (37 % fuming), toluene, n-dodecanol > 99.5%, Polyethy-

lene glycol (PEG) 10 kDa, bis-acrylamide and urease from jack beans 30.0 U/mg were obtained from

Fluka. castor oil (refined, puris.) and oleic acid (OA) extra pure were obtained from Riedel-de Haën.

Poly(lactic-co-glycolic) acid (PLGA) (Resomer RG 503) was obtained from Boehringer Ingelheim. Urea

pro analisis was obtained from Merck. Iron(II) chloride ReagentPlus 99% (FeCl2), ricinoleic acid techni-

cal grade > 80% (RA), 2-ethylhexanoic acid tin(II) salt (95 %), tetrahydrofuran, Poly(acrylic acid) (PAA)

Mw 1800 Da Acrylamide and acetone spectrophotometric ≥ 99.5% were obtained from Sigma-Aldrich.

Iron(III) chloride extra pure 99+%, dichloromethane, Tetraethyl orthosilicate (TEOS), 2,2′-Azobis(2-

methylpropionamidine) dihydrochloride and n-hexadecane 99% (HD) were obtained from Acros Organ-

ics. Styrene general purpose grade (St) and methanol (HPLC grade) were obtained from Fisher Scientific.

Potassium persulfate 99.0% min and magnesium sulfate anhydrous (99.5 % min) were obtained from

Alfa Aesar. Lactide was obtained from PURAC. Maleic anhydride puriss was obtained from Brunschwig

Ag. Hexane 96% multisolvent and absolute ethanol were obtained from Scharlau Chemie S.A. Sodium

hydroxide was obtained from Brenntag Schweizerhall AG. Potassium hydroxide was obtained from Syn-

opharm. Crystalline lactic acid and Tetramethoxysilane 98% (TMOS) were obtained from ABCR. Ethyl

acetate was obtained from J.T. Baker. Acetic acid glacial was obtained from Carlo Erba reagents. Pluronic

F-68 was obtained from BioChemica. Carbon dioxide 99.9% was obtained from PanGas. If not specified

38



39

the chemicals were used as obtained.

3.2 Preparation of Magnetite Nanocrystals

3.2.1 Synthesis of Ricinoleic Acid

The synthesis of pure ricinoleic acid from castor oil is a slight modification of a recipe described in

the literature.191 In a typical experiment 10 g KOH and 50 g of castor oil were dissolved in 100 ml of

Ethanol and refluxed for 1 hr in order to carry out the reaction at a temperature close to the boiling point

of ethanol. Subsequently ethanol was evaporated under reduced pressure. The obtained dry product was

washed three times with 100 ml of ether and then dissolved in 300 ml of deionized water. Once the product

was fully dissolved the solution was acidified with HCl until pH 1 was reached. The product was extracted

with 300 ml ethyl acetate. Ethyl acetate was evaporated under reduced pressure and ricinoleic acid was

obtained as yellowish oil. The obtained pure ricinoleic acid was used without any further purification step

as a ligand for the preparation of magnetite nanocrystals.

3.2.2 Synthesis of Oil Soluble Magnetite Nanocrystals

The synthesis of Fe3O4 follows the coprecipitation method developed by Massart,49 and modified by oth-

ers.57,58,62 Magnetic nanocrystals were prepared by dissolving 3.9 g FeCl2 and 10.71 g FeCl3 (which gives

a 1:2 molar ratio) in 180 ml water. Then 8.44 g ricinoleic acid (RA), 8.10 g oleic acid (OA) or a mixture

of both were dissolved in 4.74 g acetone and added to the aqueous salt solution while stirring vigorously.

After heating to 80 ◦C, 27 ml of 25% aqueous ammonia solution were added and the mixture was stirred

for 30 min at 80 ◦C. For the recovery of the nanocrystals, 2 ml RA were dissolved in 400 ml acetone to

produce an Ac-ligand solution. The magnetite was then washed twice with 100 ml pure acetone. Then, it

was washed once with 20 ml water and 80 ml Ac-ligand. It was then washed three times with 50 ml water

and 100 ml Ac-ligand. Finally, it was washed twice with 100 ml pure acetone. The washing was done by

adding the specified amount of liquid to the magnetite, mixing for a few seconds using an ultrasound bath

and then collecting the magnetite at the bottom of a beaker by holding a strong magnet directly beneath it.

When the solution became clear, the liquid was removed by decantation. After the washing, the magnetite

was left to dry at air for 12 hours. It was then dissolved in 100 ml of diethyl ether and magnetically filtered

through a length of 15 cm ethyl ether-cleaned steel wool in a magnetic field, using a standard procedure.22

The steel wool was flushed with an excess of ethyl ether afterwards. The solvent was then evaporated us-
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ing a Rotavapor.

3.2.3 Synthesis of Water Soluble Magnetite Nanocrystals

The synthesis of water soluble Fe3O4 follows the same methods as the oil soluble one reported above.

Magnetic nanocrystals were prepared by dissolving 3.9 g FeCl2, 10.71 g FeCl3 (which gives a 1:2 molar

ratio) and 3.0 g of PAA in 180 ml water. After heating to 80 ◦C, 30.1 ml of 25% aqueous ammonia solution

were added and the mixture was stirred for 30 min at 80 ◦C. For the recovery of the nanocrystals 400 ml of

acetone was added to the solution and the nanocrystals were recovered by means of a permanent magnet.

The nanocrystals were then redispersed in 100 ml H2O and again precipitated with 400 ml acetone by

means of a permanent magnet so that the unreacted salt and PAA can be removed. The nanocrystals

were then dispersed in 100 ml water and filtrated magnetically. The nanocrystals were then dried using a

rotavapor.

3.2.4 Synthesis of PLA Ligands

The preparation of the PLA follows the recipe from Yu et al.192 The carboxyl terminated PLA with a

molar mass of 3 kDa was synthesized via bulk polymerization at 130 ◦C. The reaction was carried out in

a glove box to avoid water contamination. Before the reaction the L,L-Lactide (LA) was recrystallized in

toluene and dried overnight at 30 ◦C under vacuum. In a typical experiment, 20 g of lactide were melted

at temperature below 100 ◦C in a stirred flask, followed by addition of 0.056 g Sn(Oct)2 and 0.072 g of

crystalline lactic acid previously dissolved in toluene (10 wt%). The reaction mixture was then heated to

130 ◦C and allowed to react for 1 hr.

3.2.5 Preparation of PLA Capped Fe3O4

The preparation of PLA capped Fe3O4 follows a typical ligand exchange method,82 were ligands are PLA

chains with a terminal carboxylic end-group prepared as described in the section on the synthesis of PLA

ligands. In a typical experiment 1 g of Fe3O4 stabilized with ricinoleic acid were mixed with 4 g of PLA

in 60 ml of THF and heated at 60 ◦C for 24 hr. The product is then precipitated in a 50:50 v:v methanol

water mixture, then redispersed in dichloromethane, treated with MgSO4 in order to remove water, and

finally filtered. The solution was then concentrated for further use.



41

3.2.6 Remarks

The reaction to produce magnetite nanocrystals is very simple and highly reproducible. The magnetite

nanocrystals have a size between 10 and 25 nm as can be seen from Figure 3.1.

Figure 3.1: TEM picture of ricinoleic acid coated magnetite nanocrystals.

Nevertheless, it was found that the washing procedure is a crucial step in the production of oil soluble

magnetite. When washing the crystals with pure acetone, recovery of the nanocrystals via magnetic sepa-

ration requires a long time and results in unwanted aggregation of the crystals probably due to desorption

of the ligand from the magnetite’s surface, resulting in a broader particle size distribution. In order to
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avoid or reduce desorption of the ligand and thus aggregation of the nanocrystals, a small quantity of

ligand was added to the acetone washing solution. It was observed that the average particle size measured

by DLS decreases using the ligand in the acetone washing solution as can be seen in Figure 3.2 in the case

of oleic acid as ligand. As acetone can solubilize oleic acid, there is an equilibrium between the oleic

acid in the liquid phase and the oleic acid adsorbed on the magnetite. By adding oleic acid to the washing

solution it is possible to shift this equilibrium towards the adsorbed ligand and thus aggregation of the

magnetic crystals is reduced or even avoided. Furthermore, it was observed that adding oleic acid to the

acetone washing solution facilitates the phase separation between the oleic acid coated magnetite and the

washing solution over the magnet.
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Figure 3.2: Comparison of different washing procedures for oleic acid coated magnetite. The blue curve shows the
number particle size distribution of magnetite washed with pure acetone and the red curve shows the number particle
size distribution of magnetite washed with the acetone washing solution containing oleic acid. Both measurements
were done in hexane.
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The ligand desorption was also observed in the experiments with ricinoleic acid coated magnetite,

where the same aggregation problem was observed. Adding ricinoleic acid to the acetone washing solution

leads to the same result as for oleic acid coated magnetite: the particle size distribution of the product

measured by DLS was significantly smaller as can be seen in Figure 3.3.
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Figure 3.3: Comparison of different washing procedures for ricinoleic acid coated magnetite. The blue curve shows
the number particle size distribution of magnetite washed with pure acetone and the red curve shows the number
particle size distribution of magnetite washed with the acetone washing solution containing ricinoleic acid. Both
measurements were done in dichloromethane.

The size reduction of the oleic acid coated magnetite nanocrystals is in the range of 5 to 10 nm, because

the crystals washed with pure acetone already had small average particle size (the size was reduced from

about 25 nm to about 15 nm). The improvement provided by utilizing the washing solution containing

fatty acid can be best seen from the example of ricinoleic acid coated magnetite, as Figure 3.3 shows,

where the average particle size decreases from around 90 nm for the washing procedure with pure acetone

to around 20 nm for the improved washing procedure.
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Following the results of these experiments, the washing of the magnetic crystals with acetone contain-

ing ligand became a routine procedure. In order to avoid the formation of a bilayer of fatty acid on the

crystal’s surface, which can deteriorate the dispersion of magnetic material in an oil phase, it was however

decided to carry out only the last washing step with pure acetone, which removes free ligand molecules.

Even if a significant improvement has been achieved by perfecting the washing procedure, formation

of clusters of magnetite could not be completely avoided. As large clusters of magnetite can lead to

a broader polymer particle size distribution in emulsion polymerization experiments, it is important to

remove them. For this purpose, magnetic filtration of magnetite suspensions was applied. In this method,

the magnetic suspension is flowed through a column packed with steel wool, kept between the poles of a

permanent magnet. Large clusters are retained by the magnetized steel wool due to their stronger magnetic

dipole moments, whereas smaller crystals flow through the column, because their magnetic moments are

too weak to be retained. The magnetic filtration method was proved to be a very reliable procedure to

prepare solutions of nanocrystals without the presence of large clusters. A typical example of a particle

size distribution of a magnetite dispersion before and after magnetic filtration, as measured by DLS, can

be seen in Figure 3.4. As it can be seen, the filtered solution contains only particles smaller than 40 nm

(most of them are smaller than 25 nm) whereas the non-filtered solution contains clusters with sizes up to

100 nm.

The fatty acid ligand used for the coating of the magnetite nanocrystals has an important impact on

the solubility of the crystals in different organic solvents. Table 3.1 shows the differences in solubility

between crystals coated with oleic acid, ricinoleic acid and a 1:1 mixture of both ligands. The analysis

of the solubility allows one to decide which solvent is the best one to carry on magnetic filtration or a

reaction, and which ligand is the best choice for encapsulation in miniemulsion polymerization.

The results showed in table 3.1 led to the decision to use hexane for oleic acid coated magnetite, di-

ethylether for ricinoleic acid coated magnetite and dichloromethane for magnetite coated by a 1:1 mixture

of both fatty acids as solvents for the magnetic filtration, respectively. The choice to use ricinoleic acid

coated crystals in the polymerization of styrene was arbitrary, since the solubility of the crystals in styrene

is insensitive to the ligand used. Figure 3.5 shows that, for each coating, the particle size distribution

is similar and thus any coating could have been chosen for the polymerization experiments with styrene.

However, Figure 3.6 shows that the same conclusion cannot be reached in the case of methyl methacrylate.

A clear trend can be observed for the ligand used to stabilize the magnetite nanocrystals and their solu-
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Figure 3.4: Number particle size distribution of magnetite nanocrystals before and after magnetic filtration.

bility in methyl methacrylate. Oleic acid coated magnetite was found to be sparingly soluble in methyl

methacrylate. Adding ricinoleic acid on the magnetite’s surface increases the solubility of the crystals

and full coverage of the crystals with ricinoleic acid leads to a narrow particle size distribution. The good

solubility of ricinoleic acid coated nanocrystals in methyl methacrylate may be explained by the presence

of the polar OH group on the long chain of ricinoleic acid, which can presumably form hydrogen bonds

with the ester groups of methyl methacrylate.

For the experiments in which oil soluble magnetite is needed we decided to use only ricinoleic acid

coated magnetite. For the encapsulation of magnetite nanocrystals in PLGA we synthesized ricinoleic

acid starting from castor oil whereas for all the other experiments ricinoleic acid technical grade supplied

by Sigma-Aldrich was used.
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Table 3.1: Solubility of magnetite with different coatings in different solvents

OA coating OA:RA 1:1 coating RA coating

Hexane Yes Yes No

Dichloromethane Yes Yes Yes

Diethylether No To little extent Yes

Toluene Yes Yes Yes

Styrene Yes Yes Yes

Methyl methacrylate No To little extent Yes

OA stands for oleic acid, RA for ricinoleic acid

3.3 Preparation of Polymer-Magnetite Nanocomposites

3.3.1 Production of the Sodium Monolaurylmaleate Surfactant

The synthesis of monolaurylmaleate follows the method developed by Kozuka et al.193 In a first step,

monolaurylmaleate was produced by dissolving 98.10 g maleic anhydride in 186.11 g n-lauryl alcohol

and stirring for two hours at 80 ◦C. The solution was allowed to cool and 255.5 g were recrystallized from

hexane, which corresponds to a yield of 89.9%. Secondly, sodium monolaurylmaleate was produced. 63 g

monolaurylmaleate was dissolved in 46.38 g of acetone at 40 ◦C. 18 g of 50% aqueous sodium hydroxide

solution were added dropwise with agitation at 60 ◦C. After keeping stirring for further thirty minutes at

60 ◦C, the solution was cooled to 0 ◦C and filtered. The obtained white, crystalline powder was washed

with ice-cold acetone.

3.3.2 Synthesis of Electrostatically-Stabilized Magnetic Colloids

Three different latexes were prepared via miniemulsion polymerization. Below one can find the different

recipes used. For all the experiments the sonication was carried out in the same way, with a sonication

amplitude of 70% of the allowed maximum at a 0.5 cycle for 15 minutes effectively while stirring the

solution at 250 rpm using a magnetic stirrer.

Preparation of Latex 1

The polymerization was prepared by dissolving 0.5 g sodium monolaurylmaleate surfactant in 48 ml of

water and by mixing 11.40 g styrene, 0.6 g divinylbenzene, 0.25 g hexadecane, 3 g magnetite and 0.12 g
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Figure 3.5: Comparison of differently coated magnetite nanocrystals with regard to their solubility in styrene. The
different coating came from different ratios between oleic acid (OA) and ricinoleic acid (RA).

AIBN. 2 ml of the surfactant solution were removed and stored for later use. The two solutions were

then mixed using a magnetic stirrer and ultrasonified in an ice bath to obtain a miniemulsion. The 2 ml

removed earlier were added to the emulsion directly after sonication. The reaction was then conducted at

70 ◦C for four hours. After that, the reaction mixture was cooled down to room temperature and filtered

through a filter paper. The final dry fraction of the latex was 23.57%.

Preparation of Latex 2

The polymerization was prepared by dissolving 0.5 g sodium monolaurylmaleate surfactant in 48 ml of

water and by mixing 7.98 g styrene, 2.9 g diethyl ether 0.42 g divinylbenzene, 0.25 g hexadecane and 8.4 g

magnetite. The two solutions were then mixed using a magnetic stirrer and ultrasonified in an ice bath to

obtain a miniemulsion. Then, 0.12 g KPS in 2 ml water were added before conducting the polymerization
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Figure 3.6: Comparison of differently coated magnetite nanocrystals with regard to their solubility in methyl
methacrylate. The different coating came from different ratios between oleic acid (OA) and ricinoleic acid (RA).

at 70 ◦C for four hours. After that, the reaction mixture was cooled down to room temperature and filtered

through a filter paper. The final dry fraction of the latex was 19.02%.

Preparation of Latex 3

The polymerization was prepared by dissolving 0.29 g sodium monolaurylmaleate surfactant in 36 ml of

water and 21.2 g styrene, 2.35 g divinylbenzene, 0.49 g hexadecane and 6 g magnetite were mixed. These

two solutions were mixed using a magnetic stirrer and ultrasonified in an ice bath to obtain a miniemulsion.

Directly after sonification, the emulsion was diluted so that the organic content decreased from 40% to

20% by adding a proper amount of a solution containing 0.023 g sodium monolaurylmaleate surfactant in

60 ml of water. Then, 0.12 g KPS in 2 ml water were added before conducting the polymerization at 70 ◦C

for four hours. After that, the reaction mixture was cooled down to room temperature and filtered through
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a filter paper. The final dry fraction of the latex was 24.02%.

3.3.3 Synthesis of Steric Stabilized Magnetic Colloids

3 g of the ricinoleic stabilized magnetite nanocrystals were dispersed in 5.4 g of styrene, 0.6 g divinyl

benzene, 0.125 g hexadecane and 0.06 g AIBN. The obtained oil phase was then mixed with a solution

composed of 48 g water and 0.60 g Pluronics F68. The obtained mixture was sonicated for 15 min at

70 % amplitude with a duty cycle of 0.5 seconds. The miniemulsion was then transferred to a three neck

bottle, flushed with N2 for 5 minutes and then heated up to 70 ◦C for 5 hours, at which point almost

complete conversion of the monomer was reached. After that, the reaction mixture was cooled down to

room temperature and filtered through a filter paper. The final dry fraction of the latex was 14.44%. For

the experiment without magnetite the same recipe was used.

Stability of Magnetic Miniemulsions

The reason to use miniemulsion polymerization in this work is the necessity to incorporate large quantity

of magnetite into the particles, which is a possibility offered in one step only by miniemulsion. Recently

a method has been published that allows one to produce magnetic colloids by impregnation of a iron

oxide precursor into pre-formed polymer particles, followed by precipitation of magnetite directly in the

polymer matrix. This procedure seems to be very effective in preparing very narrow particle size distri-

butions, but involves more steps.102,105 In miniemulsion polymerization the monomer-soluble magnetite

is dispersed in the monomer phase due to the choice of the hydrophobic ligand used and is confined

there during the polymerization. This leads to polymer beads that contain magnetite, making the particles

superparamagnetic. This would not be possible in an emulsion polymerization system where magnetite

nanocrystals would be located in large oil droplets originally containing the monomer, without being able

to diffuse to the micelles as the monomer does.

The miniemulsion droplets are created by applying high shear forces to a two-phase system, consisting

of an organic phase and of water. As a normal impeller does not produce sufficiently high shear stresses,

usually either rotor/stators or ultrasonication devices are used to disperse the oil phase as small droplets

in the aqueous phase. The formed droplets contain monomer and an osmotic pressure agent preventing

Oswald-ripening and are stabilized by a surfactant.

The surfactant, which is a molecule with a lipophilic tail on one side and a hydrophilic head on the
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other side, arranges itself along the oil-water interface, where it decreases interfacial tension and provides

colloidal stability to the droplets. This is achieved by either electrostatic or steric stabilization, provided

by ionic or steric surfactants, respectively. The surfactant-to-monomer ratio plays an important role in

determining the particle size. In fact, by increasing the emulsifier amount a larger interfacial area can

be covered, leading to the formation of smaller particles.15 It is important to stress that the surfactant

determines the lowest possible droplet size: by an excess of shear force, the particles reach the minimum

size that is stable when all surfactant present is utilized. Therefore, very low amount of surfactant is

present in the water phase after sonication.

Miniemulsion leads to typical particle sizes of 50–200 nm, but there are ways to increase the diameter.

An obvious approach is to reduce the amount of surfactant, as mentioned above. During and after soni-

cation, particles will coalesce and reduce the total surface area until there is enough surfactant per area to

stabilize the particles, making surfactant-to-monomer ratio an important screw to turn in order to change

particle size. A second possibility to increase particle size, which was used in this work is to increase the

organic content during the sonication which lead to bigger particles by maintaining the same surfactant to

monomer ratio as also described by Antonietti et al.15

The obtained nanodroplets are not thermodynamically, but only kinetically stable.15 When magnetite

nanocrystals are added to the system, the colloidal stability of the nanodroplets is significantly reduced,

sometimes leading to aggregation and coalescence of the nanoparticles during polymerization. Figure 3.7

shows light scattering measurements of particles obtained via miniemulsion polymerization carried with

the same recipes as Latex 1, but using SDS as a surfactant, and in one case without any magnetite, while in

the other case with only 10 wt% of magnetite in the organic phase. The solid line refers to the particle size

obtained for the experiment without magnetite, while the dashed and dotted lines show the results after

1 hour and 4 hours of reaction, respectively, for the reaction with magnetite. For the latter case it was not

possible to carry out measurements after 4 hours of reaction because the dispersion coagulated completely.

It is also possible to observe the broadening of the size distribution as the reaction time increases from

1 hour to 4 hours, which indicates that the particles are aggregating.

Since the stability of nanoparticles play a crucial role in all our work, we introduced two different

methods to improve it. The first method consists in taking a small amount of the water surfactant solution

before the addition of the oil phase and adding it after the sonication step before starting the polymer-

ization. The additional small amount of surfactant is sufficient to better stabilize the nanodroplets, so
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Figure 3.7: Light scattering measurements of particles obtained from miniemulsion polymerization reactions. The
solid line refers to the final particle size distribution obtained in the absence of magnetite, while the dashed and
dotted lines refer to samples taken from the same reaction carried out in the presence of magnetite, after 1 hour and
4 hours respectively.

as to prevent aggregation from occuring during the polymerization. A second method to post-stabilize

the nanoparticles and to avoid aggregation consists in adding a low boiling point solvent to the organic

phase. The solvent evaporates at the temperature reached during polymerization, leading to a decrease of

the droplet size and an increase of the available surfactant for the stabilization of the nanoparticles. By

carefully choosing the low boiling point solvent an additional benefit can be obtained, i.e., the increase of

the amount of magnetite incorporated in each nanoparticles. In this work we have chosen diethyl ether as

low boiling point solvent. On one side diethyl ether is compatible with styrene but not with polystyrene

so that it is expelled from the droplet when the polymerization starts. Diethyl ether has also a very low

boiling point, 34.6 ◦C, and it easily evaporates at the reaction temperature of 70 ◦C. A second advantage

of using diethyl ether is that it is a very good solvent for ricinoleic acid-coated magnetite nanocrystals

used in this work, so that the dispersibility of the magnetite in styrene-diethyl ether mixture is increased.
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Using this method particles with a weight fraction of magnetite up to 50% can be easily obtained with

good stability and low polydispersity, as can be seen from Figure 3.8(c). Additionally, aggregation of

the nanoparticles during the reaction is prevented. When the steric stabilizer Pluronic F68 is used, no

need for further addition of surfactant after the sonication, because the droplets are more stable and do

not aggregate during the reaction. In order to remove any trace coagulum from the magnetic latexes, all

suspensions were filtered by means of a filter paper.

Vibrating Sample Magnetometry Measurements

Vibrating sample magnetometry (VSM) measurements is an excellent method to determine the magneti-

zation of our magnetic colloids, and to assess their superparamagnetic behavior.

From the VSM curve shown in Figure 3.8 it is possible to calculate the maximum magnetisation per

particle for each magnetic latex. The results are: 7.6 ·10−16, 58.1 ·10−16 and 36.1 ·10−16 for Latexes 1, 2

and 3 respectively. In this manner all different latex particles can be compared in terms of their magnetic

dipoles, which determine the driving force aligning them into-chain-like structures, because the dipole

moment of a particle is proportional to its magnetization. Therefore the magnetization of the particles

produced with the recipe Latex 2, having a diameter of 105 nm and 50 wt% of magnetite, is very close to

the magnetization of particles produced with recipe Latex 3, having a diameter of 143 nm and 20 wt% of

magnetite, making the two nanoparticles comparable in terms of their magnetic moment. These value are

as expected bigger than the value obtained for particles prepared with recipe Latex 1, having a diameter

of 87 nm and containing 20 wt% of magnetite. In Figure 3.8 it is possible to see TEM pictures of the

three latexes produced with recipes Latex 1, 2 and 3, respectively. As can be seen from the pictures,

magnetite nanocrystals are quite well distributed among the particles, but inside a single particle they tend

to either agglomerate on one side on the particle surface, or if there is a sufficient amount of nanocrystals

they tend to cover the entire nanoparticle surface, as in the case of Latex 2. This behavior is due to two

effects. The first one is the low compatibility of ricinoleic acid with the polystyrene matrix, leading to

the agglomeration of the nanocrystals, so that the interface area between nanocrystals and polystyrene

is minimized. The second effect is the so called Pickering effect, i.e., the tendency of nanocrystals to

position themselves at the styrene-water interface in order to reduce the interfacial tension between the two

liquids. This effect can be also used to stabilize oil in water miniemulsion with small nanoparticles.103,194

In our case the magnetite nanocrystals are not designed to fully stabilize the nanodroplets. The same
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Figure 3.8: TEM pictures and VSM measurements of latexes 1, 2, and 3.
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phenomenon has been observed in the case of sterically stabilized particles.

3.4 Gelation

The gelation process follows the method developed by Gauckler et al.195 A stock swelling solution was

prepared by mixing 9 g styrene, 1 g divinylbenzene and 0.1 g AIBN. The swelling of the latex was carried

out as follows: an amount of the above solution equal to the 20% or 40% in weight of the dry fraction of the

latex was added dropwise and mixed for 4 hours. Afterwards, 1 ml of the swollen latex was put inside the

magnetic field and it was mixed with 0.5 ml urea solution (4 M) and 0.5 ml urease solution (960 units/ml),

while the gel samples for magnetic torque measurements were prepared by mixing 0.5 ml swollen latex,

0.25 ml urea solution (4 M) and 0.25 ml urease solution (960 units/ml). The final solid weight percentage

of the gels were 11.7% for the gel obtained from Latex 1, 9.5% for the gel obtained from Latex 2 and

12% for the gel obtained from latex 3, corresponding to a particle volume fraction of 9.5%, 7% and 9.5%

respectively . After the gelation the temperature was risen to 70 ◦C and the postpolymerization was carried

out for 24 hours in the presence of the magnetic field by means of a heating jacket.

3.5 Synthesis of Silica Monoliths via the Magnetic Assisted Self-Assembly

The synthesis of the silica monoliths is based on a modification of a recipe described elsewhere.196 In a

typical procedure, 0.34 g of PEG 10kDa were dissolved in 5.465 ml of 0.01 M acetic acid, the obtained

solution was cooled down to 0 ◦C and then 1 ml of TMOS was added. The obtained mixture was stirred

for 30 minutes at 0 ◦C, then 0.235 ml of the above synthesized latex were added. The solution was stirred

for two minutes more before been poured in two molds, one of which was put in an oven at 40 ◦C, while

the second one was put in an heat jacket inside a magnetic field of 1 T at 40 ◦C. Both samples were cured

for 12 hours. The obtained monoliths were first immersed in a solution of water-ethanol 1:1 by volume

for 24 hours and then in pure ethanol for additional 48 hours. In order to remove all the water, the ethanol

was replaced with fresh one every 24 hours. The monoliths were then dried in an oven at 50 ◦C for 3 days

and finally calcined at 600 ◦C for 3 hours.
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3.6 Synthesis of Silica Nanoparticles

Silica nanoparticles were produced using the recipe proposed by Stober et al.197 and extended by Bogush

et al.198 In order to produced particles with a specific size we use the correlation developed by Bogush

et al.198 and corrected by Razink and Schlotter.199 Briefly the required amounts of H2O, and NH3 were

mixed with absolute ethanol to give a 450 ml solution. The required amount of TEOS was dispersed

in absolute ethanol to give a 50 ml solution and was then added to the previous solution, which was

left at room temperature for 12 hours. After reaction the nanoparticles were collected by centrifugation,

redispersed in water and centrifuged twice, and finally redispersed in water in order to give a suspension

containing 10 wt% of particles. This suspension is then treated with ion exchange resins, used in equal

amount with respect to the particles, for 12 hours. The solution is then filtered in order to remove the

resins and then centrifuged and redispersed in water to give a 50 wt% dispersion. To better disperse the

particles the solution is finally sonicated for 15 second at an amplitude of 50% and a cycle of 0.5.

3.7 Synthesis of Silica Monolith via Magnetically Templated Gel Casting

In a typical experiment 1.5 g of dried water soluble Fe3O4 were dispersed in 2.04 g of water. Then

0.6 g acrylamide and 0.03 g bis-acrylamide were added and then 1.8 g of the silica solution (50 wt%) was

added. The final solution was then sonicated for 15 seconds at 50% amplitude and cycle of 0.5 in order

to obtain an homogeneous solution. After the sonication 0.1 ml of a solution of 0.3 g of 2,2′Azobis(2-

methylpropionamidine) dihydrochloride in 1 ml water was added and the solution was poured into two

molds, one of which was placed in an oven for 15 minutes at 25 ◦C and then 3 hours at 60 ◦C, while the

second one was placed in a heat jacket between the poles of permanent magnet, with a magnetic field

of 1 T at 25 ◦C and then 3 hours at 60 ◦C. The sample were then calcined at 1100 ◦C for 5 hours with a

heating ramp of 2 ◦C/min.

3.8 Instrumentation & Samples Characterization

In this work, the following instrumentation was used. The magnet used for decanting during magnetite

production was a neodymium-iron-boron alloy (NdFeB) magnet from Webcraft GmbH, 40×40×20 mm

with a magnetic field strength of 0.20 T at the magnet’s surface and 0.05 T at 3 cm distance from the

surface. Magnetite nanocrystals were filtered using a separator consisting of two parallel plates, each
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containing three Neodymium-iron-boron alloy (NdFeB) magnets from Webcraft GmbH, measuring 40×

20× 10 mm. The two facing plates had opposite polarization and the distance between them could be

varied using a screw mechanism. A glass tube filled with a length of 15 cm steel wool was fixed between

them. Inside the tube, the magnetic field strength was 0.17 T. Ultrasonification was performed using a

Digital Sonifier S-450D from Branson. Mixing or dissolving was done using a Elma Transsonic 460/H

sonication bath. Evaporation of solvents was achieved using a Büchi Rotavapor R-200 in conjunction with

a Büchi B-490 heating bath and Büchi V-800 vacuum controller. Thermogravimetric measurements were

done using a Mettler Toledo HG53 Halogen Moisture Analyzer. Magnetic field measurements were done

using a 5180 Gauss Tesla Meter from F.W. Bell. Dynamic light scattering measurements were performed

with a Zeta Nano ZN (Malvern Instruments, UK). The mean hydrodynamic diameter was obtained by

fitting the autocorrelation function with the cumulant method, which also yields the polydispersity index

(PDI), a measure of the width of the particle size distribution, defined as:200

PDI =
R4 R6

(R5)2 −1 (3.1)

where Ri is the ith moment of the particle size distribution. The closer the values of PDI are to zero, the

narrower is the corresponding particle size distribution.

TEM pictures were recorded by a FEI Morgagni 268, SEM pictures were recorded by a Zeiss Gemini

1530 FEG additional for the analisys of the magnetite-PLGA nanocomposites the dried samples were

sputter-coated with 5 nm platinum. The monoliths were cut into small pieces before SEM pictures, in order

to facilitate the visualization of their internal structure. Electric conductivity of the solution was measured

by a Mettler Toledo SevenMulti conductometer. The mechanical test were conducted with an Instron 4411

testing machine. Centrifugation were performed with a Multifuge 3 s–r from Heraeus. The electromagnet

used for the magnetic gel preparation was a GMV Magnet Systems Model 5403 powered by a Sorensen

DLM40-75E amplifier. Vibrating Sample Magnetometry (VSM) measurements were performed using a

Princeton Measurements Corporation MicroMag 3900 Vibrating Sample Magnetometer.

3.9 Magnetic Torque Measurements

Magnetic torque measurements were carried out using a custom-built device capable of applying magnetic

fields up to 1.5 T.201 In order to carry out the measurements, cubic monoliths with a volume of 1 cm3 were

prepared. Each monolith was then put in a cylindrical sample holder and the magnetic torque experienced
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by the monolith was measured as the sample was rotated by 360◦. The measurement was repeated by

changing the axis of rotation of the sample, so that three measurements could be carried along three

perpendicular directions of the sample. For samples prepared in the presence of an external magnetic

field, one of the directions was always chosen to be the one along which the field was applied during

preparation. In order to account for the torque experienced by the sample holder, a blank measurement

with an empty cell was performed and the measured torque was subtracted from the torque measured in

the presence of the sample. Additionally, the torque experienced by the sample at zero applied magnetic

field was also subtracted.



Chapter 4

Preparation of Magnetite-PLGA
Nanocomposites*

4.1 Introduction

Biocompatible polymer nanoparticles composed of biodegradable polymers such as polylactic acid (PLA),

poly(lactic-co-glycolic)acid (PLGA) and poly(ε-caprolactone) (PCL) are drawing a considerable interest

in the scientific community because they can be used in medicine as biodegradable support materials and

drug delivery vehicles.202–205 The advantage of these particles is their capability of encapsulating drug

molecules inside them, so that they can be released in the body203,205–208 as the polymer matrix progres-

sively degrades. By tuning the composition and molecular weight of the biocompatible polymer matrix, it

is possible to control the rate of drug release inside the body.205 The effectiveness of such particles can be

further enhanced by encapsulating inside them another material, which imparts an additional functionality.

One particularly interesting material is magnetite, especially in the form of magnetite nanocrystals, which

are already used in diagnostic applications as contrast agent in magnetic resonance imaging (MRI).16,209

Not only can magnetic nanocrystals be accumulated in a specific region of a body through the application

of an external magnetic field, but they can also be used to locally increase the temperature of the tissue

where they are accumulated, so as to attack cancer cells by hyperthermia, for example. By combining

the biodegradability of the aforementioned polyester particles with the superparamagnetic properties of

*This chapter has been published as article: Marco Furlan, Johannes Kluge, Marco Mazzotti and Marco Lattuada, "Prepa-
ration of biocompatible magnetite-PLGA composite nanoparticles using supercritical fluid extraction of emulsions", Journal of
Supercritical Fluids, Volume 54, Pages 348-356. Reproduced with the permission from Elsevier.
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magnetite nanocrystals one can prepare a magnetically responsive drug delivery system23,24,209–213 which

can be simultaneously used for diagnostic applications. The superparamagnetic properties conferred by

magnetic nanocrystals encapsulated into biodegradable particles allow them to be accumulated in a spe-

cific part of the body by applying an external magnetic field and release there a previously loaded active

pharmaceutical ingredient.16,23,24,210,213

In order to have a better control of the release of the hydrophobic drug and of the magnetic properties

of the polymer-magnetite composite nanoparticles, it is very important to prepare them with uniform size,

controlled size distribution and high magnetite nanocrystals content.214 In order to have homogeneous

degradation between the nanoparticles all the polymer chains should have ideally the same properties, i.e.

molecular weight and, in the case of a copolymer, composition. This situation is very difficult to achieve

when the polymer is formed after the encapsulation, as it happens for example for polymers prepared via

miniemulsion free radical polymerization. Since biodegradable polymers are mainly polyesters, which

cannot be easily prepared by emulsion polymerization, one needs to use a preformed polymer. The ad-

vantage of preformed polymers, such as commercially available PLGA, is that their properties can be well

controlled during their preparation.

For many drug-delivery applications it is essential to prepare nanoparticles with controlled size and

morphology. This can be achieved using different methods, such as solvent extraction, solvent diffusion

and nanoprecipitation.202 Not surprisingly, the first two aforementioned processes are based on the prepa-

ration of emulsions. Since single particles are directly formed out of the emulsifier-stabilized droplets,

their size may be well controlled during the emulsification step. Therefore, particles produced from

emulsions are typically very uniform in size. Furthermore, they are characterized by a low degree of

agglomeration, since the emulsifier stabilizes the droplets throughout the process.

However, solvent removal, especially in the case of solvent extraction method, is a challenging task.

There are different methods for extracting the solvent, such as dialysis, evaporation, and supercritical CO2

solvent extraction. Supercritical fluid extraction offers a high potential in the field of particle formation,

since it leads to pure and solvent-free products while operating at mild temperatures. These advantages are

especially promising for the manufacturing of polymeric particles.215 Due to their disordered amorphous

structure, polymeric particles are prone to retain embedded solvent residuals that are otherwise difficult to

remove, especially if manufacturing is constrained to mild temperatures, and could be potentially toxic.

Furthermore, supercritical fluid processes offer certain degrees of freedom with respect to setup and oper-
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ating conditions. Overall, it has been thoroughly demonstrated how different operating conditions may be

exploited to tune size and shape of the product particles.216,217 In this context, processes employing super-

critical CO2 as antisolvent have been used to manufacture micro-particles of PLGA and of poly-L-lactic

acid, PLLA,217–222 and also magnetite-PLGA composites.223,224

The supercritical fluid extraction method, when combined with the preparation of particles via an

emulsion process, is called supercritical fluid extraction of emulsions (SFEE). This process has in fact

been investigated mainly for producing PLGA particles and drug - PLGA composites.225,226 A more

systematic evaluation of this process, both with respect to alternative manufacturing techniques and to

possible ways of achieving drug encapsulation, has been presented previously.227,228

In this work we have applied the SFEE process to prepare well controlled magnetite-PLGA com-

posite nanoparticles. Magnetite nanocrystals stabilized by ricinoleic acid have been first prepared using

Massart’s coprecipitations method, and then dispersed with pre-formed PLGA in dichloromethane. After

emulsification by sonication of the oil phase in an aqueous solution containing polyvinyl alcohol (PVA)

as stabilizer, a stable emulsion of droplets containing magnetite, PLGA and dichloromethane was ob-

tained. The solvent extraction was performed via SFEE leading to a stable and solvent-free suspension of

polymer-magnetite nanoparticles. Since controlling the particle size and size distribution is of paramount

importance for the design of drug delivery systems, we have focused our study on the influence of some

important parameters that affect these crucial product properties. In particular, the effects of sonication

time, surfactant amount and magnetite amount have been investigated with respect to their impact on the

particle morphology.

4.2 Experimental

4.2.1 Preparation of Polymer Composites

Preparation of Fe3O4@PLGA Miniemulsion

For the preparation of the miniemulsions, two solution were first prepared. In the first solution, the wa-

ter phase, PVA was dissolved in deionized water in a weight fraction between 1 and 5%. In the second

solution, the oil phase, 2 g of PLGA was dissolved together with 0, 0.4 or 0.8 g of Fe3O4 produced as pre-

viously described in 24 g of dichloromethane. The oil phase was then mixed with 80 g of the water phase

and sonicated under magnetic stirring at 250 rpm using a Branson Sonifier 450D (BRANSON Ultrasonics
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Corporation, USA). The sonication amplitude was set to 70% and a cycle of 0.5 sec was chosen. To avoid

heat accumulation the solution was cooled in an ice bath. A detailed description of all steps of the process

can be found in the chapter 3.

Supercritical Fluid Extraction of Emulsions

A scheme of the experimental setup used for SFEE experiments is shown in Figure 4.1. CO2 is drawn from

a dip tube cylinder and precooled in a pressure module (PM101, NWA GmbH, Lörrach, Germany) before

being delivered to the reactor by a piston pump (PP200, Thar Design Inc., Pittsburgh PA, USA). Pump

heads are cooled to 5 ◦C by a cryostat (minichiller, Huber, Offenburg, Germany). The stream then passes

a back pressure regulator (Thar Design Inc., Pittsburgh PA, USA) set to 10 bar above the desired reactor

pressure, in order to reduce stream fluctuations generated by the piston pump. The emulsion is delivered

by an HPLC pump (PU2080 plus, Jasco). Before entering the reactor, both the CO2 and the miniemulsion

feed stream, prepared as described before, are brought to the operating temperature (CC230, Huber).

Both streams are mixed at the inlet of the reactor by a two substance nozzle (Schlick, Untersiemau, Ger-

Figure 4.1: SFEE setup used for the extraction of the solvent.

many). The reactor (Premex, Lengnau, Switzerland) has a volume of 900 ml and is kept at the operating

temperature by another thermostat (CC240, Huber). The particles are formed by solvent extraction from

the organic emulsion droplets, and remain suspended in the continuous water phase throughout the whole
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process. The product suspension accumulates at the bottom of the reactor and may be withdrawn continu-

ously or at the end of the process through an outlet at the bottom of the reactor. The off-gas stream leaves

the reactor through an outlet at the top. The pressure inside the reactor is controlled by a backpressure

regulator located downstream, through which the off-gas stream expands to atmospheric pressure to be

vented. Due to the Joule-Thomson effect, this expansion leads to strong cooling; therefore the CO2 stream

is heated up in a thermostated waterbath prior to expansion, and the temperature in the backpressure reg-

ulator is controlled using heating elements.

A typical SFEE experiment is divided into five stages. First, the reactor is filled with CO2. Then, feed of

all streams is started and back pressure regulators are adjusted. At this stage, water is fed to the reactor

until steady state is reached with respect to operating temperature, pressure and flow rates. During the

third stage, the emulsion is fed to the reactor for solvent extraction. In step four, the emulsion feed line is

again purged with water. Finally, the CO2 feed stream is stopped and the product suspension is withdrawn

from the reactor before the experiment is terminated by the depressurization of the reactor.

Dialysis

The extraction of the solvent via dialysis was done as follows: one droplet of the previously prepared

miniemulsion was diluted in 20 ml of water so that all the solvent can diffuse out of the droplets. The

obtained suspension was then used for the light scattering measurements.

4.3 Results and Discussion

4.3.1 Process Design

In this work, we investigate the preparation of novel biodegradable and magnetically responsive com-

posite nanoparticles. The emulsification method was chosen due to its great versatility, broad range of

applications, and the possibility to fine tune parameters such as the particle size and size distribution

(PSD). Previous investigations suggest that the PSD of the produced particles is directly related to the size

and size distribution of the emulsion droplets.225–227

With reference to biomedical applications, FDA approved ingredients have been selected in order to

create particles suitable for drug delivery applications. PLGA is one of the most studied biodegradable
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polymers and its chemical composition, crystallinity, and hydrophobicity can be tuned by varying the

ratio between lactic and glycolic acid units. Since our goal is the preparation of composite nanopar-

ticles containing many magnetic nanocrystals, a high uniformity in the size distribution of magnetite

nanocrystals was not required. Therefore the Massart’s coprecipitation method49 was chosen to prepare

magnetite nanocrystals. Ricinoleic acid was used as biocompatible ligand for the production of hydropho-

bic nanocrystals in most of the experiments, because it guarantees good dispersibility in apolar and mildly

polar organic solvents, such as dichloromethane. Since the type of ligand may affect the distribution

of magnetite nanocrystals inside the polymer matrix, we have also performed one experiment with poly

lactic acid (PLA) as stabilizer of the nanocrystals.

The removal of the solvent used to disperse and mix the polymer and the magnetic nanocrystals is of

paramount importance for the preparation of particles for biomedical applications. It is well recognized

that the solvent elimination process has only a limited influence on the final size of the produced micro-

spheres. For instance, it has been shown that slow solvent removal such as in conventional evaporation

under vacuum favors slightly larger particles due to an increased tendency of droplets to aggregate over

time.226 In order to assure complete solvent removal under mild conditions, we have used the sc-CO2

extraction process, which is largely preferable with respect to the much slower solvent evaporation. The

SFEE process not only limits the extent of aggregation of particles during solvent removal by drastically

reducing the time for the solvent extraction, but also allows one to easily set up a continuous process,

which is suitable for scale-up. In addition, it extends the range of solvents that can be used during the

emulsification process to high boiling point solvents that cannot be easily removed by evaporation.

In order to assess that the extraction method does not affect the particle size distribution, we have

measured the size of particles prepared by using the same recipe until the emulsification step, but two

different procedures to extract the solvent, i.e. dialysis and sc-CO2 extraction. The results shown in

Figure 4.2 confirm that, within experimental error, the size is indeed independent of the method of solvent

removal. Further, since the particle size distribution obtained from light scattering is in all cases consistent

with the scenario of a suspension of monodisperse spheres, we conclude that the SFEE process produces

largely non-agglomerated particles. The fact that product particles seem to be physically interconnected in

some of the SEM images shown in the following is most likely an artifact of the drying procedure required

to prepare samples for SEM. In the remaining sections we will focus on how to control the particle size,

the size distribution, and the morphology of the nanoparticles, and in particular on understanding the
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Figure 4.2: Comparison between the average hydrodynamic diameters of particle obtained from the extraction of
the solvent using the SFEE method (�) and those obtained from dialysis (�). The error bars indicate the width of
the particle size distribution based on the PDI.

effect of magnetite nanocrystals on the particle preparation.

4.3.2 Effect of Operating Parameters on Size and Morphology

There are many different parameters affecting the final PSD during the preparation of composite nanopar-

ticles via miniemulsification method, such as polymer amount, surfactant type and concentration, amount

of solvent, sonication time, amount and properties of magnetite, and others. The effect of some of these

parameters, such as surfactant type and concentration, oil-to-water phase ratio, polymer molecular weight,

polymer concentration and stirring rate have already been studied.202,227 However, most of these studies

have not been carried out on composite nanoparticles. Therefore, in order to better characterize and un-

derstand the peculiar behavior of our system, we have focused on the influence of four parameters, namely

the sonication time, the surfactant amount, the ratio between the amount of magnetite and that of polymer

in the oil phase, and the type of ligand stabilizing the magnetite.
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Choice of The Sonication Time

The sonication time is of paramount importance, because if sonication is not applied for sufficiently long

time, the resulting particle size distribution will be broad.15 The ultrasonication is characterized by a

complex dynamics of collisions, coalescence, and breakage of droplets, which reaches a dynamic equi-

librium only after a sufficient time that increases as the emulsifier concentration decreases.15 Afterwards,

the droplet size distribution stabilizes, being usually characterized by a low polydispersity in the final

miniemulsion. In order to assess the influence of magnetite on the sonication process, we have focused

on three specific systems (see Table 4.1), where three different PVA concentrations (1 wt%, 2 wt% and

4 wt%) were studied, whereas the oil phase contained 15 wt% of magnetite (final solid fraction). For these

Table 4.1: List of operating conditions for the experiments performed to study the influence of sonication time on
the production of magnetic colloids.

Experi-
PVA [%]

after 10 min after 20 min after 30 min

ment D [nm] PDI [ ] D [nm] PDI [ ] D [nm] PDI [ ]

A 1 228 0.147 222 0.108 221 0.097

B 2 203 0.068 198 0.061 192 0.089

C 4 174 0.051 167 0.058 162 0.046

experiments we have performed size measurements using dynamic light scattering on samples taken at

different times during the sonication process. Since we have previously shown that the extraction method

does not influence the final particle size and particle size distribution, samples were taken and diluted in

an excess of water, thus allowing the solvent to diffuse out of the droplets. As shown in Table 4.1 and

Figure 4.3, the sonication time is only slightly influencing the average particle size, but has a stronger

influence on the particle size distribution. The final average size is reached in a few minutes and does not

change when longer sonication times are used, while a narrow and stable PSD is reached at much longer

times as already reported in the literature.15 As Figure 4.3 shows, the time needed to reach a stable particle

size distribution was maximal for a PVA concentration of 1 wt%. For higher PVA fractions, a stable value

for the polydispersity index was already reached after 10 minutes. Therefore, for all our experiments the

solution was sonicated for 30 minutes so that a stable value for the polydispersity index could be reached

for all the PVA concentrations investigated.
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Figure 4.3: Polydispersity Index as a function of the sonication time, for the experiments listed in Table 4.1 with
1 wt% PVA (�), 2 wt% PVA (�) and 4 wt% PVA (H). The error bars indicate the standard deviation of the PDI.

Effect of Surfactant Concentration

The amount of emulsifier is probably the parameter that most strongly determines the theoretical final

particle size. It is well known that an increasing amount of emulsifier leads to a decrease of particle size,

until a minimum value is reached.229 While this behavior is general, the type of emulsifier is playing a role,

since it is also known that ionic emulsifiers are more effective in stabilizing small particles as compared to

steric emulsifiers.202,229 However, most of the FDA approved emulsifiers are steric, and we have focused

on PVA because it is one of the most commonly used emulsifiers in the pharmaceutical industry. In

order to demonstrate the effect of the emulsifier on the particle size and size distribution in our system,

its concentration was varied in experiments 3 - 8 (see Table 4.2) at constant magnetite content. Results

are shown in Table 4.2 and Figure 4.4. As the concentration of PVA is increased, the final particle size

decreases first and then reaches a stable value of 150 - 140 nm for PVA concentrations in water from 3 wt%

up to 5 wt%, as expected. However, increasing the amount of emulsifier in water continuously decreases

the polydispersity index values of the final product in the entire range of concentrations investigated. This

can also be observed in Figure 4.5(a) that shows a SEM picture of particles obtained in an experiment

with 1 wt% PVA, and in Figure 4.5(b) that shows a SEM picture of the particle obtained in an experiment
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Table 4.2: List of operating conditions for the experiments performed to study the influence of PVA and magnetite
amount on the production of magnetic colloids. Note that the magnetite nanocrystals used in experiment 12* were
stabilized by PLA.

Exp. #
Emulsion properties

Product properties
Aq. phase Organic phase

PVA [%] PLGA [g] Fe3O4 [%] DCM [g] D [nm] PDI [] Morphology

1 1.5 2 0 24 202 0.006 N.A.

2 3 2 0 24 176 0.047 N.A.

3 1 2 15 24 248 0.164 Janus

4 1.5 2 15 24 215 0.195 Janus

5 2 2 15 24 193 0.068 Janus

6 3 2 15 24 162 0.066 Janus

7 4 2 15 24 158 0.089 Janus

8 5 2 15 24 144 0.061 Janus

9 1.5 2 30 24 207 0.177 Janus

10 3 2 30 24 179 0.100 Janus

11 3 2 50 24 187 0.121 Janus

12* 3 2 15 24 184 0.137 Homogeneous

with 5 wt% PVA. For low amounts of emulsifiers (Figure 4.5(a)), the particle size distribution is broad,

exhibiting many particles with a size substantially smaller or larger than the average. For an experiment

with a high amount of emulsifier (Figure 4.5(b)), one can observe that the particle size distribution is much

narrower.

Effect of Magnetite Amount and Particle Morphology

The magnetite amount is another factor that can influence the final size and size distribution, but little

information is available about its effect on the size and morphology of composite nanoparticles. In order

to explain how magnetite can affect the miniemulsification process, it is instructive to look at the morphol-

ogy of the particles shown in Figure 4.6. One can clearly see that the magnetite nanocrystals are accumu-

lated in clusters at the surface of the particles between the polymer matrix and the emulsifier layer. This

phenomena occurs because magnetite and polymer are probably incompatible, and are both trying to min-

imize the overall contact surface between each other. Additionally, nanoparticles are accumulating on the
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Figure 4.4: Average particle hydrodynamic diameter as a function of the PVA amount, for the experiments 3, 4, 5,
6, 7 and 8 reported in Table 4.2. The error bars indicate the width of the particle size distribution based on the PDI.

surface of the droplets, helping to decrease the interfacial energy between the two phases, a phenomenon

called Pickering emulsion.194 The energy gained by keeping nanoparticles at the interface between two

phases, even if they are not entirely compatible with either of the two phases, can be enormous.230 Picker-

ing emulsions are used nowadays to prepare composite nanoparticles where the disperse phase, which is

often the oil phase, is stabilized solely by nanoparticles. The fact that the nanocrystals are accumulating in

clusters at the surface is due to the interfacial tension, which is lower for nanocrystals in close contact with

each other than for nanocrystals in contact with the polymer matrix. This effect was also shown by other

groups,231–233 where it was observed that magnetic nanocrystals covered by oleic acid were accumulat-

ing on a hemisphere of particles during the seed polymerization of ferrofluid with styrene,231 and in the

case of composite particles made of pre-formed polystyrene232 or PLGA.233 The resulting morphology

of the composite nanoparticles is of Janus type, as both SEM (see Figure 4.7) and TEM (see Figure 4.6)

pictures indicate. Magnetite nanocrystals tend to accumulate on one side of the particle, thus creating an

asymmetric Janus object. This morphology is observed in all the experiments, as Figure 4.6 confirms for

Fe3O4 amounts of 15 wt% and 30 wt%. When the amount of Fe3O4 is increased up to 50 wt% a complete

coverage of the particle surface is reached, as shown in Figure 4.8. For the systems with a low amount
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(a) PVA 1 wt% (b) PVA 5 wt%

Figure 4.5: SEM pictures of the particles obtained with a PVA amount of 1 wt%, corresponding to experiment 3
in Table 4.2 (left) and with a PVA amount of 5 wt%, corresponding to experiment 8 in Table 4.2 (right). In both
experiments the magnetite content was 15 wt%. The pictures clearly show a decreasing broadness of the particle
size distribution with increasing PVA amount.

of emulsifier this phenomenon leads to a high polydispersity of the nanoparticles size distribution. The

tendency to form pickering emulsions creates a competition between magnetite nanocrystals and PVA in

stabilizing the droplets. This competition explains why the experiments with low amount of surfactant

show a broad polydispersity, as shown in Figure 4.9. The small droplets formed during the ultrasonica-

tion process can also be partially stabilized by the magnetic nanocrystals, and are therefore more stable

than the droplets stabilized only with PVA. This can be clearly seen in Figure 4.10, where many small

particles can be observed that contain a relatively large amount of magnetic nanocrystals covering most

of their surface, thus leading to a stabilizing effect. On the other hand, the large particles in Figure 4.10

have magnetic nanocrystals concentrated in a large cluster on a hemisphere, i.e. only part of the surface is

stabilized. For the experiments with high amount of PVA this tendency is weaker, because also particles

containing less amount of magnetite nanocrystals can be stabilized very quickly by the large amount of

PVA available. However, the behavior is not entirely absent, as it can be seen in Figure 4.9, which shows

that the polydispersity of PLGA particles prepared without magnetite is significantly smaller than that of

particles with magnetite, even at high surfactant concentrations. Surprisingly enough, the average size of

the composite nanoparticles is almost unaffected by the presence of magnetite. The data in Figure 4.9,

in fact, demonstrate that the average size is independent of magnetite concentration up to weight frac-

tions of magnetite of 30 wt%. In order to obtain an additional proof of this trend, we have carried out

an experiment with 50 wt% of magnetite and a PVA content of 3 wt% (see experiment 11 in Table 4.2).

The final average size is almost the same of the experiments with 30 wt% of magnetite but as expected
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(a) (b)

(c) (d)

Figure 4.6: TEM picture of typical particles produced in experiments reported in Table 4.2. (a) experiment 3 (1 wt%
PVA, 15 wt% Fe3O4); (b) experiment 5 (2 wt% PVA, 15 wt% Fe3O4); (c) experiment 10 (3 wt% PVA, 30 wt%
Fe3O4); (d) experiment 7 (4 wt% PVA, 15 wt% Fe3O4). For all experiments the ricinoleic acid-capped magnetic
nanocrystals are accumulated in one large cluster on one hemisphere of the particles leading to a Janus-type mor-
phology.

the polydispersity of the particles with 50 wt% magnetite is larger than that of all experiments with lower

magnetite content (a PDI equal to 0.121 for the experiment with 50 wt% as compared to a value of 0.100

for the experiment with 30 wt%).

4.3.3 Non Janus Type Morphology

The ligand used for the stabilization of magnetite plays an important role, first of all because it allows for

its dispersion in the oil phase. If the dispersion capability is low it is impossible to achieve high magnetite

loading inside the final nanoparticles. In all the experiments discussed so far, ricinoleic acid was chosen as
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Figure 4.7: SEM picture of a particles produced in experiment 6 as reported in Table 4.2 (3 wt% PVA, 15 wt%
Fe3O4. The partially roughness on the surface is due to the presence of magnetite

ligand. However, regarding the particle morphology observed in Figure 4.6 and Figure 4.10, it is apparent

that ricinoleic acid-capped magnetite nanocrystals phase separate from the polymer matrix, leading to

large clusters accumulating on one hemisphere of the particles which results in a Janus-type morphology.

In order to achieve a more homogeneous distribution of the nanocrystals inside the polymer matrix or

at least on the particle surface, we have prepared magnetite nanocrystals capped with PLA through the

ligand exchange method.82 In the case of PLA we cannot apply the direct synthesis method as for the case

of ricinoleic acid, because PLA would rapidly degrade in the strong alkaline conditions and at the high

temperature required for magnetite precipitation,234 and therefore it cannot be attached to the particle

surface during the formation of particles. Even though it is possible to grow PLA from the surface of

ricinoleic acid-capped magnetite nanocrystals via ring opening polymerization (ROP),82 the production

of PLA before capping allows easier control of PLA molecular weight. Even though PLA-capped and

ricinoleic acid-capped magnetite nanocrystals seem equally well dispersible in dichloromethane-PLGA

mixture, there are strong differences in the morphology of the final polymer particles. By comparing a

TEM picture of a typical PLGA particle with PLA-capped nanocrystals, shown in Figure 4.11, with TEM

pictures of typical PLGA particles with ricinoleic acid-capped nanocrystals, shown in Figure 4.6, it is

clear that magnetite nanocrystals capped with PLA are better distributed within the PLGA matrix than the
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Figure 4.8: TEM picture of a typical particle produced in experiment 11, as reported in Table 4.2, with 3 wt% PVA
and 50 wt% magnetite. The particles are fully covered with magnetic nanocrystals.

magnetite nanocrystals coated with ricinoleic acid, which instead tend to cluster on one hemisphere of the

composite particles.

4.4 Conclusions

In this work, we propose a novel strategy for the preparation of PLGA-magnetite composite nanoparticles

with controlled size and particles size distribution, suitable for biomedical applications such as targeted

drug delivery or theranostic applications. The composite nanoparticles have been prepared by dispersing

magnetite and PLGA in a common organic solvent, and then by miniemulsifying them through ultrasoni-

cation in the presence of a biocompatible emulsifier (PVA). The solvent has been finally removed through

supercritical fluid extraction of the emulsion (SFEE). By changing the concentration of the emulsifier,

the size of the magnetic composite nanoparticles can be tuned between 230 nm (1 wt% PVA) and 140 nm

(4 wt% PVA). Surprisingly, the incorporation of magnetite nanocrystals is not affecting the overall particle

size, but is instead affecting the particle size distribution by making it broader. This is due to the competi-

tion between magnetic nanocrystals and emulsifier during the sonication process. The morphology of the

composite nanoparticles tends to be of Janus type, with magnetite accumulated at the surface and usually

in one large cluster located on one hemisphere of the particles. More homogenous dispersion of magnetite
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Figure 4.9: Polydispersity Index as a function of Magnetite content. (�) experiments carried out with 1.5 wt% PVA
(experiments 1, 4 and 9 in Table 4.2); (�) experiments carried out with 3 wt% PVA (experiments 2, 6 and 10 in
Table 4.2). The error bars indicate the standard deviation of the PDI.

inside the polymer matrix has been achieved by preparing PLA-capped magnetite nanocrystals.

The advantage of the proposed approach for the preparation of biocompatible magnetic composite

nanoparticles is the combination of the emulsification method, which permits a good control of the parti-

cles size and morphology, with the use of the supercritical fluid extraction of emulsion technique, a very

fast, clean, and efficient process, allowing even high boiling point solvents to be utilized for the emul-

sification. Since SFEE is a continuous process, the proposed method is particularly promising for the

preparation of large quantities of high quality particles for biomedical applications.
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Figure 4.10: TEM picture of particles produced in experiment 3 as reported in Table 4.2, with 1 wt% PVA and
15 wt% magnetite. It can be observed that small particles have a larger amount of surface covered with magnetic
nanocrystals than larger particles.

Figure 4.11: TEM picture of a typical particle produced in experiment 12 as reported in Table 4.2, i.e. using
PLA-capped magnetite. The magnetic nanocrystals are well dispersed inside the particle.



Chapter 5

The Magnetic Gelation*

5.1 Introduction

The assembly of magnetic nano and micro-particles into one-dimensional or more exotic structures has

been investigated by many research groups.29–31,34,161,235–243 The spontaneous formation of chains and

necklaces of nanoparticles has been typically observed for strongly magnetic materials, such as cobalt

or iron nanoparticles.29,31,161,235–237,240,243 Superparamagnetic nanocrystals, such as iron oxide, develop

dipolar interactions that lead to the formation of chains only in the presence of external fields.30,238,239

Assembly of magnetic and non-magnetic particles into superstructures with multiple symmetries has been

recently reported. Different works have been published, in which the chains of particles have been co-

valently connected together by either using silica as a binder,30 or more recently polystyrene.29,31 Even

non-magnetic particles immersed in a ferrofluid have been assembled into strings, in the presence of a

magnetic field. The non-magnetic particles act as magnetic holes, possessing a magnetic moment in the

opposite direction to that of the ferrofluid. These moments enable the strings of particles to align in

hexagonal lattices.10,33,244 A more advanced form of assembly that exploits magnetic responsive behavior

is the formation of 3D crystal structures with tunable lattice constants through the application of a strong

magnetic field and consequent tuning of the interparticle interactions.184,185 An interesting application of

chains made of magnetic beads has been proposed by Doyle et al.,153 who were able to achieve DNA

separation by confining a suspension of superparamagnetic beads in a thin gap between two glass slides

*This chapter has been published as article: Marco Furlan, Bastian Brand and Marco Lattuada, “Magnetic gelation:
a new method for the preparation of polymeric anisotropic porous materials”, Soft Matter, 2010, 6, 5636-5644, DOI:
10.1039/C0SM00553C. Reproduced by permission of The Royal Society of Chemistry.
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and applying a magnetic field normal to the layer, aligning the beads along the field.

Most of the above mentioned examples generally involve the formation of structures of relatively short

size and length, although a few cases of production of long filaments of cobalt nanoparticles have been

reported.29,237 However, to the best of our knowledge, the self-assembly of magnetic particles into porous

self-standing three dimensional macroscopic monoliths, with an anisotropic structure has never been re-

ported. In this work, we introduce a novel approach, from now on referred to as magnetic gelation, which

allows us to produce polymer porous monoliths with controlled anisotropic structures. Our strategy con-

sists in extending the conventional colloidal gelation process, which generates a highly porous network

of particles, to the case of magnetic nanoparticles assembled in the presence of a magnetic field. First

of all, magnetic composite nanoparticles are prepared by encapsulating magnetite nanocrystals through

miniemulsion polymerization inside a polymer matrix. In this way, a suspension of electrostatically sta-

bilized magnetic polymer colloids is produced, which are then swollen with additional monomers and

initiator. Subsequently, monoliths are generated by controlled destabilization through ionic strength in-

crease of the magnetic nanoparticles in the presence of a magnetic field. The combination of isotropic

attractive van der Waals interactions, repulsive electrostatic interactions and magnetic dipolar interactions

lead to the formation of a percolated network with controlled anisotropic structure. Mechanical stability

was brought to these gels by a post-polymerization step, forming covalent bonds between the nanopar-

ticles and leading to a rigid monolithic structure, according to the reactive gelation process developed

by Buttè et al.245 The effect of the strength of dipolar interaction on the anisotropy of the material has

been investigated. Scanning electron microscopy and magnetic torque measurements have been used to

assess the degree of anisotropy achieved. Finally, Brownian Dynamics simulations have been performed,

to qualitatively and semi-quantitatively reproduce the observed structure of the materials, and allow us to

better design them.

Magnetic gelation provides several handles to fine-tune the structure of the final product, opening new

ways to use these materials in a variety of research areas. For example, these monoliths could be applied

as stationary phases in various chromatographic applications, where monolithic materials are already

commonly utilized246,247 or one could exploit their direction-dependent mechanical properties.
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Figure 5.1: Process scheme of the magnetic gelation.

5.2 Experimental

A schematics of the entire magnetic gelation process is shown in 5.1. The magnetic gelation process is

a five step process that starts with the production of Fe3O4 nanocrystals by coprecipitation of iron (III)

chloride and iron (II) chloride in the presence of ricinoleic acid which acts as a ligand for the magnetite

crystals. This method was originally developed by Massart49 and modified for the use of fatty acids as

ligands by several authors, including Wooding et al.,57 Shen et al.,58 and Yang et al.62 The oleic acid

ligand used by Yang et al. was replaced by ricinoleic acid to make the magnetite nanocrystals ethyl

ether-soluble. The nanocrystals are then encapsulated into poly(styrene-co-DVB) composite particles by

miniemulsion polymerization. For this purpose, they are suspended in a monomer or monomer/ethyl

ether phase which is dispersed in an aqueous phase by ultrasonication and later polymerized at 70 ◦C.

This latex is then swollen with twenty or forty percent additional monomer and initiator relative to the dry

fraction of the latex. It is then destabilized in the magnetic gelation step by an increase in ionic strength

brought by the enzyme-catalyzed hydrolysis of urea to ammonium and carbonate ions in the presence of

a magnetic field. The resulting gel is hardened by post-polymerizing the added monomer using a heating

jacket at 70 ◦C, still inside the magnet. A detailed description of all steps of the process can be found in

the chapter 3.
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5.3 Simulations

Brownian Dynamics (BD) simulations have been performed following an approach similar to what has

been published in the literature.248–250 We leave the details of the simulations to a forthcoming publication,

outlining here only the most important features of the algorithm used. Briefly, a virtual simulation box

is generated and particles are initially randomly positioned inside the box. The size of the simulation

box is adjusted in order to have always about 15000 particles. For each time step all interparticle forces

are first computed, and particles, which are assumed to be free of inertia, are then moved according to

Langevin’s equation. Initially, about 1000 equilibration steps are performed, during which the particles are

not allowed to aggregate thanks to a short range repulsive potential. The equilibration steps are sufficient

to reach a stable value of the overall energy. Subsequently, the simulation of aggregation is started, during

which magnetic and van der Waals are assumed to be the only interactions that the particles experience.

Magnetic interactions have been computed assuming that magnetic particles can be treated as dipoles,

with a dipole moment always parallel to the applied magnetic field and located at the center of the particle.

Some self-consistent calculations for certain particles configurations have been performed to verify this

assumption, and deviations of less then a few percent were found. The strength of dipole moments as

a function of the applied magnetic field has been computed by using a semi-empirical function that fits

the experimental data on the magnetization of particles as measured by VSM. The step size during the

simulation was chosen so that the maximum displacement that a particle could experience during one step

was 5% of the primary particle radius. Upon particles collision, it is assumed that a permanent bond is

formed and from that point on the cluster is moved as a rigid body. Every time a new cluster is formed, its

diffusion tensor is computed using the theory by de la Torre et al.,251,252 which allows one to account for

intracluster hydrodynamic interactions and thus is able to account for both the fractal scaling of clusters

diffusion coefficients and for the anisotropy in their diffusion tensor. The simulations are carried out under

periodic boundary conditions. Each simulation continues until only one percolating cluster remains in the

system, representing a gel phase.

In order to quantify the degree of anisotropy in the final gel, and in order to have a direct comparison

with the experimental data, the magnetic torque experienced by the gel was computed by adding up all

the contributions due to all pairs of particles in the sample, assuming that the sample were rotated in fixed

magnetic field around three mutually perpendicular directions, one of them being the axis along which the
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magnetic field was applied during the simulation of magnetic gelation. The conditions for the simulations

performed for this work were in the vicinity of the experiments, with particle diameters ranging from

100 to 150 nm, and particle volume fractions of 8-9%. Since electrostatic repulsive interactions among

particles are neglected in the simulations, the typical computing time required to reach the gel point, i.e.

the formation of one percolating cluster, amounts to approximately 100 milliseconds.

5.4 Results and Discussion

The aim of this work is to develop a new method for the production of macroscopic self-standing,

3-dimensional porous polymeric materials with controllable anisotropic structures. In order to achieve

this goal, and take advantage of the existing technology in the preparation of magnetic nanoparticles, we

have chosen to exploit the natural tendency of colloidal particles to form percolating networks, called

gels, when their colloidal stability is compromised in the presence of strong attractive interactions and

their particle volume fraction is in the range of 1-30 volume percent.253,254 Among the different types

of mechanisms that can be used to induce the formation of colloidal gels, we have used the screening

of electrostatic interactions on charged-stabilized colloidal nanoparticles, achieved by means of an ionic

strength increase. By tuning the amount of charge stabilizing the nanoparticles, and the amount of elec-

trolytes added, the kinetics of the gelation process can been regulated. The traditional colloidal gelation

that has been utilized in this work has however been modified in two manners. First of all, we have

used superparamagnetic nanoparticles, which can respond to the application of an external magnetic field

by developing strong dipolar interactions. These dipolar interactions are known to drive the assembly

of magnetic nanoparticles into chain-like structures. What we propose in this work is the combination

of diffusion-driven assembly of particles into colloidal gels, which commonly have random, branched

fractal-like structures, with the magnetically-driven assembly of nanoparticles, leading to formation of

chains in the direction of the applied magnetic field. In this way, we can introduce a controlled degree of

anisotropy in the final gel structure by tuning the strength of magnetic interactions. The second modifica-

tion of the conventional gelation process is the use of the reactive gelation process, developed by Buttè et

al.245 Since colloidal gels are usually very soft materials held together by van der Waals forces, the poly-

mer latex nanoparticles are swollen with additional monomer and oil-soluble initiator prior to gelation.

Once the gel is formed, the additional monomer is converted to polymer in order to link the nanoparticles
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with strong covalent bonds.

In order to avoid irreproducibility in the time required to reach the gel point and to improve the control

over the gelation process a destabilization method developed by Gauckler’s group195 was employed. This

method uses the enzyme-catalyzed decomposition of urea, yielding one CO2–
3 ion and two NH+

4 ions per

molecule of urea, i.e. producing one double charged ion and two single charged ions from one neutral

molecule, leading to an increase of the ionic strength and therefore to electric double layer compression.

For the experiments carried out in this work three latexes of different size and magnetite content were

prepared. Their characteristics are listed in Table 5.1. These three latexes were prepared via miniemulsion

Table 5.1: Characteristics of the latexes used.

d
[nm]

PDI
[-]

magnetite
content
[wt%]

maximum
magnetiza-

tion
[emu/g]

maximum
magnetiza-

tion
[emu/particle]

Latex 1 87 0.063 20 1.22 7.6 ·10−16

Latex 2 105 0.032 50 3.20 58.1 ·10−16

Latex 3 143 0.015 20 1.31 36.1 ·10−16

polymerization as explained in the supplementary material. As can be seen from Table 5.1 the particle

size and magnetite content (i.e. weight fraction of magnetite inside a particle) of the three latexes are

different. The first latex (latex 1) has a average particle size of 90 nm and 20% magnetite content. The

second latex (latex 2) has an average diameter of 100 nm with a magnetite content of 50%. This latex has

been produced with the aid of a volatile solvent. The solvent facilitates the dispersion of the high amounts

of magnetite in the monomer phase and evaporates during polymerization. The third latex (latex 3) has

an average diameter of 150 nm with a magnetite content of 20%. It was produced by a first creating a

monomer-magnetite miniemulsion in water with a disperse phase volume fraction of 40%, followed by a

dilution as described in the experimental section. This was necessary as a 40% organic content latex is

difficult to handle and filter due to its thickness. Since the sonication was found to be the size-determining

step, dilution with an aqueous surfactant solution lead to particles of the desired size while still providing

an easy to handle miniemulsion. A surfactant-containing solution was used instead of plain water to

post-stabilize the droplets. Care was taken not to exceed the surfactant critical micellar concentration.

Latexes 1 to 3 were gelled in the presence of a magnetic field with a magnetic flux density of 1 T,
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yielding gels 1 to 3, respectively. Under these conditions, VSM data confirm that the nanoparticles mag-

netization reaches saturation. Therefore, the magnetic dipole moment controlling interparticle interactions

depends on the amount of magnetite per particle and on the particle volume. Conditions characterized by

equal dipole moments are expected to lead to identical magnetic interactions. In order to prove this, the in-

fluence of both particle size and magnetite amount has been investigated. The effect of magnetite amount

with almost equal particle size was investigated by comparing gels 1 and 2, while the effect of size with

equal amount of magnetite per particle by comparing gels 2 and 3. Figure 3.8 shows TEM pictures of

the three latexes and, as can be seen in all three pictures, the magnetite is rather uniformly distributed

among the particles so that nearly no particles without magnetite are present in the latexes. Measurements

of magnetization of the nanoparticles as a function of the applied magnetic field performed via VSM,

also shown in Figure 3.8 indicate that all latexes 1 to 3 display a superparamagnetic behavior at room

temperature.

In order to gain a better understanding of the magnetic gelation process, and to have a tool capable

of quantitatively predicting the structures generated by the magnetic gelation process, we have performed

BD simulations, which can help us in the future to find the optimal conditions to run experiments, having

in mind a specific target structure. In the simulations we have only accounted for the presence of magnetic

dipolar and van der Waals interactions, and neglected the presence of electrostatic repulsions. The reason

for neglecting them is that Monte-Carlo simulation results on the structure of colloidal gels indicate little

difference between pure diffusion-limited (no repulsions) and reaction-limited (with repulsions) cases,

while the time required for simulations increases enormously in the presence of repulsive interactions.255

We therefore made the assumption that neglecting electrostatic interactions would mostly affect the time

required to form a percolating network, without substantial effects on the structures of the magnetic gels.

If verified, this assumption would imply that diffusion and dipolar interactions are the physical variables

mostly affecting the magnetic gelation process.

For comparison purposes, Figure 5.2(a) show SEM pictures of a fragment of a typical gel obtained

using latex 2 in the absence of a magnetic field. The structure of such a gel shows the expected disor-

dered porous network of particles, without any anisotropy or specific particle alignment. For comparison,

Figure 5.2(b) shows a typical structure of a simulated gel obtained from BD simulations. This shows

that BD is capable of qualitatively reproducing the features of a gel obtained in the absence of magnetic

interactions.



82

(a) SEM picture (b) Brownian Dynamic simulation

Figure 5.2: (a) SEM picture and (b) Brownian Dynamic simulation of a gel from latex 2 obtained in the absence of
a magnetic field, both showing no particles alignment.

Figure 5.3(a) and Figure 5.3(b) show SEM pictures of gel 1, obtained through magnetic gelation of

latex 1, containing 20% of magnetite. Qualitative observation of the structure of gel 1 shows no clear

anisotropy, both at low and high magnification. Its structure resembles that of the isotropic material

produced from latex 2 in the absence of a magnetic field, shown in Figure 5.2(a). Figure 5.3(c) shows the

result of a BD simulation of the same gel, displaying a structure qualitatively similar to that observed in the

SEM pictures, and characterized by very little recognizable particle alignment and structural anisotropy.

On the other hand, Figure 5.4(a) and Figure 5.4(b) show two SEM pictures of a fragment of gel 2, ob-

tained from nanoparticles containing a much higher amount of magnetite (50%). The SEM figures clearly

reveal the presence of particles aligned into parallel fiber-like structures in the direction of the applied

magnetic field. The strings are anyway not made of perfectly aligned particles, because of both the scram-

bling effect caused by diffusion and because particles are not all of exactly the same size with the same

amount of magnetite. Additionally, TEM pictures of the particles show that magnetite nanocrystals are al-

most always accumulated preferentially on one side of the nanoparticles, making the magnetic dipoles not

perfectly centered. The anisotropy of this material is especially apparent in the low magnification picture,

where the broken portion of the material shows an aligned side surface and a random front surface. The

front surface was perpendicular to the magnetic field during gelation and has a random structure similar to

that of the gel obtained in the absence of a magnetic field (see Figure 5.2(a)). Figure 5.4(c) shows also the

results of BD simulations, which clearly indicate the presence of an alignment in the vertical direction,

the one of the magnetic field. Fibrous structures are clearly visible, and similarly to what observed in
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(a) low magnification (b) high magnification

(c) Brownian Dynamics simulation

Figure 5.3: (a) and (b): SEM pictures of gel 1 at low and high magnification, respectively. (c) structure of gel
1 from Brownian Dynamics simulation. Particles alignment is not visible, neither in the SEM pictures, nor in the
simulations. The direction of the applied magnetic field is indicated in the SEM pictures, while in the simulation it
is the vertical direction.

the SEM pictures, particles are not perfectly aligned, because the disorienting effect of diffusion is rather

strong for the investigated conditions.

Figure 5.5(a) and Figure 5.5(b) show SEM pictures of fragments of gel 3. Once again, clear anisotropic

structures of particles aligned in strings are observed. Figure 5.5(a) obtained at low magnification clearly

indicates how the structure of the magnetic gels resembles qualitatively the structure of wood fibers,
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(a) low magnification (b) high magnification

(c) Brownian Dynamics simulation

Figure 5.4: (a) and (b): SEM pictures of gel 2 at low and high magnification, respectively. (c) structure of gel 2
from Brownian Dynamics simulation. Particle alignment is clearly visible, both in the SEM pictures, and in the
simulations. The direction of the applied magnetic field is indicated in the SEM pictures, while in the simulation it
is the vertical direction.

presenting parallel tubular pores. The structure of gel 3 can be qualitatively compared to that of gel

2, shown in Figure 5.4. Gel 2 nanoparticles contain 50% magnetite and have a diameter of about 100 nm

while gel 3 nanoparticles contain 20% magnetite with a diameter of 150 nm, giving comparable amounts of

magnetite per particle. Both gels present qualitatively similar anisotropic structures with aligned strings in

the direction of the applied magnetic field, despite the different characteristics of the latexes they are made
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(a) low magnification (b) high magnification

(c) Brownian Dynamics simulation

Figure 5.5: (a) and (b): SEM pictures of gel 3 at low and high magnification, respectively. (c) structure of gel 3
from Brownian Dynamics simulation. Particle alignment is clearly visible, both in the SEM pictures, and in the
simulations. The direction of the applied magnetic field is indicated in the SEM pictures, while in the simulation it
is the vertical direction.

of. Figure 5.5(c) shows also the result of BD simulations that qualitatively mimics the experimentally

observed structure.

The three sets of pictures and simulation results discussed before show that the anisotropy-determining

parameter of the gel obtained from magnetic gelation is indeed the total dipolar moment per particle.

With the field strength always kept at the maximum possible with our equipment, an increase in dipolar
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interactions due to higher magnetite amount per latex particle aligned the particles stronger. If these

interactions are not sufficiently strong, Brownian motion dominates, resulting in a random gel.

In the experiments described so far a swelling of 20% of monomer mixture relative to the dry content

of the latex was used. Using this amount of swelling one can recognize the individual primary nanopar-

ticles in the SEM pictures. The procedure used in this work to crosslink the nanoparticles after gelation

allows one to fine tune also the final morphology of the material by increasing the amount of crosslinker

used. Figure 5.6 shows what happens when the amount of the swelling solution is increased to 40% with

latex 2, gelled in a 1 T magnetic field. In this case, it is no longer possible to identify individual particles

Figure 5.6: SEM image of gel 2 with high amount of swelling (40%), exhibiting bundles of smooth strings instead
of individual connected primary nanoparticles.

in the SEM pictures; instead one can see aligned, smooth strings. This behavior is due to the particles not

being able to absorb the high monomer amounts, resulting in the formation of a soft shell of monomer

surrounding each particle, filling the gaps between the polymer beads during gelation. This soft layer

is then bulk-polymerized forming a polymer envelope around the gel backbone, yielding a denser than

usual structure made of aligned bundles of fibers with tubular mesopores parallel to them, as shown in
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Figure 5.7. All data shown so far allows us to prove that magnetic gelation is capable of generating porous

Figure 5.7: SEM image of gel 2. The edge shows the clear difference in structure depending on direction.

polymeric materials with strongly anisotropic structures.

However, no quantitative assessment of the degree of anisotropy can be effectively made from the

analysis of SEM pictures. In order to quantify the anisotropy of the gels produced, magnetic torque

measurements have been performed. A cubic sample of the material to be investigated is placed in a

strong and uniform magnetic field and is then rotated around an axis perpendicular to the direction of

the field. The magnetic dipoles of the superparamagnetic material orient themselves always along the

magnetic field direction. Since the particles have a fixed position in the gel, when the sample is rotated the

configuration of dipoles changes. If the fibers are parallel to the magnetic field, the dipoles are collinear

and thus at their energetic minimum. If the fibers are not parallel to the magnetic field, the dipoles are not

collinear, and their potential energy is higher. As the sample is rotated along an axis not parallel to the

direction of fibers with respect to the field, its magnetic energy therefore changes as a function of the angle

and the magnetic torque, i.e. the derivative of the energy with respect to the angle, is recorded as a function
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of angle and field strength. The measurements have been repeated for three perpendicular directions in

the sample. For a sample consisting of perfectly aligned fibers, one expects no torque when the direction

of rotation is parallel to the fibers (fibers always perpendicular to the field), one sinusoidal curve arising

when the fibers are initially parallel to the field and then rotated and one cosinusoidal curve when the

fibers are initially perpendicular to the field. On the other hand, for a statistically isotropic sample one

would expect a zero torque in all conditions. For gels 2 and 3, the torque measured as a function of the

angle is shown in Figure 5.8. One can observe that the trend shown by the two samples indicates a strong

anisotropy in one direction, as confirmed by the appearance of two almost sinusoidal curves shifted by

90◦ in both samples, and a third curve with a amplitude at least 10 times lower and showing no clear trend.

The amplitude of the oscillations for both samples are a function of both the anisotropy of the material and

of the overall content of magnetite in the measured sample. Since gel 2 has a magnetite content 2.5 times

higher than that of gel 3, it is not surprising that the amplitude of oscillations in gel 3 are approximately

2.5 times lower than those of gel 2. This indicates that both samples have approximately the same degree

of anisotropy, which supports the observed structures shown before in Figure 5.4 and Figure 5.6.

So far, we have only compared the structures and degree of anisotropy of magnetic gels obtained under

the application of very high magnetic fields, sufficient to saturate the magnetization of the nanoparticles.

We will now address the control of anisotropy of the magnetic gels by varying the intensity of the applied

magnetic field. For this purpose, four magnetic gel samples have been prepared from latex 2, under the

application of different magnetic field intensities: gel2-0T (0 T), gel2-0.05T (0.05 T), gel2-0.1T (0.1 T)

and gel2-1T (1 T). The quantitative assessment of the results by means of magnetic torque measurements

are shown in Figure 5.9. All samples investigated have been produced under identical conditions, with

the exception of the applied magnetic field during gelation, which implies that any difference in magnetic

torque amplitude is due to a difference in the intrinsic anisotropy of the sample. For better clarity, all

curves have been scaled by the first curve’s amplitude of the magnetic torque measurement of gel2-1T.

Figure 5.9 shows that all measured gels show the same behavior as the previously discussed samples, with

a clear pattern indicating an anisotropy predominantly in one direction. It can be observed that gel2-0.1T

experiences a magnetic torque about 20% smaller than that of gel2-1T. This is expected since, from the

magnetization curves shown in Figure 3.8 the corresponding decrease in magnetization amounts to about

30%, which means that the magnetic dipolar interactions between particles are reduced by approximately

a factor two. On the other hand, gel2-0.05T experiences a magnetic torque 60% smaller than gel2-1T,
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Figure 5.8: Magnetic torque measurement: (a) schematics of the gel structure, (b) measures magnetic torque values
of gel 2 and (c) of gel3, normalized by the maximum measured torque values of gel 2. By rotation of a material
sample in a magnetic field along three perpendicular directions, its magnetic anisotropy can be measured. Both gels
2 and 3 show a strong anisotropy in one direction. The squares and circles correspond to measurements performed
by rotating the samples around two axes perpendicular to the magnetic field direction, while the triangles correspond
to measurements performed by rotating the samples around the axis where the magnetic field was applied during
the sample gelation.

which is expected since magnetic dipolar interactions among particles are in this case four times smaller

than those experienced by particles in gel2-1T.

Figure 5.10 shows the calculation of magnetic torque from the structures obtained through BD simu-

lations. As done with the experimental data, all torque amplitudes have been normalized by the maximum
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Figure 5.9: Normalized magnetic torque measurements of gels obtained from latex 2 at different magnetic field
strengths. (a) gelled at 0 T, (b) gelled at 0.05 T, (c) gelled at 0.1 T and (d) gelled at 1 T. The squares and circles
correspond to measurements performed by rotating the samples around two axes perpendicular to the magnetic field
direction, while the triangles correspond to measurements performed by rotating the samples around the axis where
the magnetic field was applied during the sample gelation. All data were normalized by the height of the first peak
of (d).

value obtained from gel2-1T. It can be seen that the magnetic torque calculations are showing qualitatively

and quantitatively the same trend as the experimental data. One axis of symmetry is clearly identifiable

and coincides with the one where the magnetic field was applied during gelation. Additionally, the quan-

titative reduction of the normalized magnetic torque values as the field is decreased is well consistent with

the experimental data. When the magnetic field decreases from 1 to 0.1 T, the amplitude of the computed

torque decreases by approximately 15%, in close agreement with the experimental data, while in the case
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Figure 5.10: Normalized magnetic torque values from simulations of gels obtained from latex 2 with different
magnetic field strengths. (a) gelled at 0 T, (b) gelled at 0.05 T, (c) gelled at 0.1 T and (d) gelled at 1 T. The continuous,
dashed, and dotted lines correspond to virtual rotations of the simulated sample around axes x,y, and z, respectively.
The magnetic field was applied along the z axis. All data were normalized by the height of the first peak of (d).

of 0.05 T, the decrease in the torque is a factor of two, close to the experimental values. As expected,

the computed values around the z-axis are negligibly small. Therefore, we can conclude that Brownian

Dynamics simulations predict structures that have the same features as the experimental ones in terms of

anisotropy values, as indicated by magnetic torques. The results indicate that the Brownian Dynamics

simulations performed in this work, which neglect electrostatic interactions, are capable of reproducing

the behavior of real particles, the gelation of which is instead affected by electrostatic interactions. This

also suggests that electrostatic interactions seem not to alter considerably the structure of the final gel, but
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have only an effect on the time required to obtain a percolating network.

All these results indicate that the magnetic gelation process allows one to control the extent of anisotro-

py and thus the structure of the sample by acting on the strength of the dipolar interactions, which can be

tuned by changing the particle size, their magnetic content, and the intensity of the applied magnetic field.

5.5 Conclusions

In this work we have introduced a novel and reliable method, which we named magnetic gelation, to pro-

duce three-dimensional porous polymeric monoliths with controllable anisotropic structure. This method

is based on a bottom up approach composed of five steps. The first step is the production of magnetite

nanocrystals stabilized with ricinoleic acid via salt coprecipitation in alkaline solution. These nanocrys-

tals are then dispersed, in a second step, in styrene so that after miniemulsion polymerization a stable

magnetic latex is obtained. The suspension of magnetic nanoparticles is then swollen with additional

monomer and initiator. The fourth step is the most important of the process, because in it the monolith

is obtained and its structure, in particular its anisotropy, is controlled. The latex is gelled in a magnetic

field by increasing the electrolyte concentration via an enzyme catalyzed reaction. When the gelation

process is carried out in the presence of a magnetic field, the alignment of the magnetic nanoparticles in

the direction of the applied magnetic field can be controlled by tuning the intensity of the particles dipolar

interactions. In this manner, the structure of the final porous monolith can be tuned from fully isotropic

and random, where diffusion is the dominating mechanism, to strongly anisotropic in one direction, with

particles mostly aligned in bundles of strings. In the final fifth step, after gelation occurred, the structure

is glued together by polymerizing the remaining monomer and thus chemically crosslinking the bonds

among the particles.

The structure of the monoliths has been qualitatively characterized by SEM analysis, and the anisotro-

py has been quantified via magnetic torque measurements. It has been shown that the produced monoliths

present a one-dimensional anisotropy, with the other two directions being randomly oriented, similar to a

gel formed outside the influence of a magnetic field. When high amounts of monomer are used to swell

the particles, primary particles are hardly visible in the final monolith and instead form partially fused,

smooth bundles of fibers.

SEM pictures and magnetic torque measurements indicate that the most important parameter in the
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particle production, in order to obtain anisotropic structure, is the total amount of magnetite nanocrystals

per polymer particle. In fact, samples with different particle size but the same amount of magnetite per

particle produce similar structures and comparable anisotropy. We have also shown that, for the same type

of particle, a 20 fold reduction in the applied magnetic field intensity can lead to a twofold reduction in

the anisotropy of the material.

Finally, BD simulations have been utilized to model the magnetic gelation process. They qualitatively

reproduce the experimentally observed anisotropic structures findings, and also quantitatively reproduce

the magnetic torque measurements results. Therefore, BD simulations can be effectively used as a tool to

design experiments and help one to find the right conditions to reach a desired structure.



Chapter 6

Fabrication of Porous Silica Monoliths
through Magnetically-Templated Sol-Gel
Process

6.1 Introduction

The self-assembly of nano-building blocks is a promising bottom-up approach for the production of ma-

terials with advanced functionality, and has catalyzed in the past years a growing interest in the scientific

literature.1,13 There are a variety of nano-blocks that can be self-assembled into larger and more complex

super-structures, such as spheres, chains, rods, platelets, etc.1,13,256,257 Among them, spherical nanopar-

ticles are the most commonly investigated, because of the wide range of materials (primarily polymers

and ceramics) that can be produced in spherical shape.85,109,197 Many spherical nanoparticles can be pre-

pared with a good control over their size, size distribution and surface functionalities.15 Nevertheless,

the variety of structures that can be obtained via self-assembly of spherical nanoparticles is limited by

the isotropic interactions driving the process.14 It is one of the great challenges of nanotechnology to

engineer nanoparticles so that different structures can be obtained via self-assembly.14 One simple strat-

egy to increase variety of accessible structures is to use nanoparticles experiencing dipolar interactions.

Such entities can spontaneously assemble into one-dimensional chain-like structures, and their phase di-

agram is much richer than that of isotropic nanoparticles. Dipolar interactions ar usually induced by

the application of either electric fields, constant or oscillatory, or magnetic fields.28,32,168,256,258 The lat-

ter approach has been the subject of numerous investigations, due to the interest in the preparation and

94
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functionalization of nanocrystals made of ferromagnetic materials, such as magnetite,12 other oxides,70

metals79,80,259 and alloys,260,261 for applications in electronics, bioseparations,22 catalysis,20 drug deliv-

ery, hyperthermia and magnetic resonance imaging.23–25,209 Below a critical size, magnetic nanocrystals

show a superparamagnetic behavior,18 which means that strong dipolar interactions are developed only

in the presence of an external magnetic field. Very often several nanocrystals are either incorporated in

a polymeric matrix leading to a composite nanoparticles109 or into clusters having a controlled size, in

order to keep superparamagnetism, but at the same time to increase the overall response to a magnetic

field.186 These nanocrystals can be incorporated inside nanoparticles either during the preparation, or by

post functionalization using techniques such the layer-by-layer deposition108 or swelling by means of a

suitable precursor.102

Superparamagnetic nanocrystals incorporated inside nanoparticles can be used to drive self-assembly

in response to an external magnetic field. The simplest scenario is the formation of chain-like struc-

tures,32,42,154,157 even though more advanced assembly schemes leading to sophisticated morphologies

have been developed.28,35,169,170,186 In some cases, special techniques need to be utilized in order to freeze

the structures produced by linking the nanoparticles together, so that once the magnetic field is removed

the obtained structures do not disassemble.28,32 In the case of chains, nanoparticles have been linked to-

gether either via chemical reactions42,154 or by coating them with a different material.32 In a previous

work, we have demonstrated how 3D anisotropic structures can be obtained during colloidal gelation of

charge stabilized polymer-magnetite nanoparticles in the presence of a magnetic field, and fixing of the

final structure was achieved by means a postpolymerization reaction.28

The purpose of this work, instead, is to take advantage of the unique behavior of superparamagnetic

nanocolloids in the presence of a magnetic field and to use them as templates for the preparation of porous

materials obtained via sol-gel method. The use of templates to control the porosity of silica has been an

extremely well developed research field.262,263 Commonly used templates include primarily surfactants,

polymers, block copolymers, which spontaneously form ordered phases under certain conditions, and

allow the preparation of highly ordered micro-mesoporous materials.264 Conversely, the use of nanopar-

ticles as templates for the preparation of porous ceramic materials has not been the subject of numerous

investigations. The group of Antonietti reported probably the first example of the use of polystyrene latex

particles as templates for silica materials, with the objective of creating porous materials with well de-

fined bimodal pore size distribution.265 Other methods have been developed to control the microstructure
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of porous materials and in some cases led to the production of hierarchically aligned structures, such as

centrifugation,266 or ice segregation-induced self-assembly of pre-synthesized silica nanoparticles.267

Nevertheless, to the best of our knowledge the use of responsive nanoparticles as templates of sil-

ica materials has never been explored. We have utilized this approach, by preparing sterically-stabilized

magnetic nanocolloids via miniemulsion polymerization of styrene in the presence of hydrophobic mag-

netite nanocrystals. These nanocolloids were then used as sacrificial templates for the preparation of

porous silica monoliths via sol-gel method, and removed afterwards through calcination. With the help

of an external magnetic field applied during the sol-gel process, the spatial arrangement of the magnetic

nanocolloids could be controlled, so that materials with a strongly anisotropic microstructure could be

easily produced. In order to characterize the final monoliths, scanning electron microscopy, compressive

stress measurements and mercury porosimetry analysis were performed. We demonstrated that the mi-

crostructure of the final materials, their macroporosity and their mechanical properties can be controlled

by tuning the intensity of the applied magnetic field, the amount of sacrificial templates used and the

overall composition of the system.

6.2 Experimental

The magnetically-templated sol-gel process consists of two main steps. The first one is the production

of the magnetic nanoparticles, which are used in the second step as a template for the sol gel synthesis

of silica monoliths. If during the second step a magnetic field is applied, the nanoparticles behave as

directing agents by aligning themselves in the direction of the applied magnetic field. A schematic of the

entire process is shown in Figure 6.1.

A detailed description of all steps of the process can be found in Chapter3. During this work different

parameters were varied see Table 6.1. For the experiments with bigger amount of latex, the concentration

of acetic acid was adjusted by the addition of a suitable amount of 1.25 M acetic acid solution.

6.3 Results and Discussion

Superparamagnetic nanoparticles align themselves in strings in the presence of a magnetic field. While

this behavior has been well documented under dilute conditions, fewer experimental investigations have

focused on the assembly of superparamagnetic nanoparticles under concentrated conditions. The use of
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Figure 6.1: Schema of the magnetically-templated sol-gel process. The process starts with the synthesis of mag-
netite nanocrystals via coprecipitation from iron salts in the presence of ricinoleic acid as capping agent. Magnetite
nanocrystals are then encapsulated into polymer nanocolloids via miniemulsion free-radical polymerization. Af-
terwards, the sacrificial nanocolloids are dispersed in a silica precursor solution and aligned by the application of
magnetic field. Silica starts nucleating and depositing on the top of the nanocolloids. Finally the obtained monolith
is calcined in order to remove the sacrificial nanocolloids leading to an anisotropic silica monolith.

magnetic nanoparticles to prepare materials with strongly anisotropic properties has only been used in

the case of polymeric samples incorporating magnetic micro-or nano- particles. A different strategy has

been proposed in our previous work, in which we prepared anisotropic monoliths using colloidal gelation

of electrostatically-stabilized polymer-magnetite composite nanoparticles in the presence of a uniform

magnetic field, a process that we called magnetic gelation.28 This method consisted in inducing colloidal

instability in the magnetic nanoparticles dispersion, by increasing the electrolyte concentration, in the

presence of an external magnetic field, which aligns the nanoparticles in one direction. At the end, a

postpolymerization reaction is used to impart mechanical stability to the structure. One major limitation

of this method is that it is mainly restricted to polymeric nanoparticles swellable with a monomer.

In this work, instead, we use similar superparamagnetic nanocolloids as templates for the preparation

of porous ceramic materials. The use of nanoparticles as templates for ceramic materials has not be widely

investigated, with the exception of colloidal crystals.266 The unique ordered structures that monodisperse

spherical nanoparticles can generate under appropriate conditions have been used to generate both opal-

like as well as inverse-opal268 ordered materials. These materials have been primarily investigated for

photonic applications.266 In this case, we set the goal to produce anisotropic ceramic-based porous mono-

liths using polymer-magnetite nanoparticles as sacrificial templates, with silica as model ceramic material.
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Table 6.1: Experiments performed. Experiment 16 was performed with a non magnetic latex which was produced
in the same way as the magnetic latex.

MSSG Experiment
Latex Porogen TMOS Magnetic Field
[wt %] [wt %] [wt %] [T]

4 0 7.8 26.4 1
16 7.3 0.0 26.0 1
21 11.6 0.0 14.9 1
49 10.1 0.0 14.8 1
50 5.0 0.0 14.9 1
51 1.2 0.0 17.5 1
52 2.8 6.6 13.9 1
53 4.8 4.8 14.2 1
54 6.9 2.9 14.4 1
55 2.4 4.8 14.2 1
56 0.5 4.8 14.2 1
58 0.05 4.8 14.2 1
59 0.1 4.8 14.2 1
62 0.2 4.8 14.2 1
63 0.5 4.8 14.2 0.1
64 0.5 4.8 14.2 0.05
67 0.5 4.9 14.2 0.02
68 0.5 4.8 14.2 0.005

The advantage of using polymer-magnetite nanoparticles as templates is that their configuration can be

controlled by the application of an external magnetic field. The formation of silica proceeds by means of

a sol-gel process, and when a magnetic field is applied during the sol gel precipitation of silica, a monolith

with an anisotropic structure can be produced. We will show how the structure, mechanical properties and

porosity of the silica monoliths can be controlled by tuning the amount of magnetic nanocolloids used as

templates, as well as the magnetic field intensity.

This overall preparation consists of two main parts. The first one is the production of polymer-

magnetite nanoparticles via miniemulsion polymerization in the presence of Pluronic F-68 as steric stabi-

lizer, which was chosen because it provides high stability of the nanoparticles in the water/silane precursor

solution. Magnetite nanocrystals were produced following the method developed by Massart49 with the

addition of ricinoleic acid in order to render the nanocrystals well dispersible in styrene. The obtained

nanocrystals have an average diameter of 15 nm with a fairly broad size distribution. The broad distri-

bution is not an issue for the scope of this study, because after emulsification of magnetite in monomer
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many nanocrystals (100 to 1000) are encapsulated together in each nanoparticle. The monomer used

in the miniemulsion polymerization was styrene, which is a good dispersion solvent for the ricinoleic

coated magnetite nanoparticles, allowing one to disperse up to 40 wt% of magnetite in it. After sonication

the monomer was polymerized by increasing the temperature in order to produce a suspension of stable

nanoparticles with a diameter of 137 nm and a magnetite content of 33 wt%.

Figure 6.2: TEM picture of magnetite-polymer nanocomposites obtained via miniemulsion polymerization.

In Figure 6.2, a typical picture of a magnetic nanocolloid is shown, revealing how magnetite nanocrys-

tals tend to accumulate primarily on the surface of the nanoparticle. This phenomenon was already ob-

served in our previous studies, and is due the picking effect of magnetite nanocrystals that are accumulate

at the interface between the oil phase in the droplets and water, so that the interfacial tension is reduced.103

The second step is the crucial part of our process. The magnetic nanoparticles are dispersed in a

solution composed of water, acetic acid and a silane precursor (TMOS), previously kept well mixed for

30 minutes in an ice bath in order to produce an homogeneous solution. The dispersion is then transferred

to a mold, which in some cases was placed in an homogeneous magnetic field. The sol-gel process

begins with the progressive condensation of silica. The methoxy groups of TMOS are first hydrolyzed

catalytically by acetic acid, followed by the condensation of two hydroxyl groups with the release of

one water molecule as by-product. Silica starts nucleating right on the magnetic nanocolloids due to
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the strong affinity for magnetite, which is located on their surface.269 Even though ricinoleic acid is

used as stabilizer for magnetite nanocrystals and should cover its surface, silica manages to nucleate on

them. This is either due to the nanocrystals surface not being entirely covered or to some ricinoleic acid

molecules being displaced by the deposition of the silica. Since there is a high concentration of silane

in the solution, new silica will condense on the surface of the nanoparticles eventually covering them. If

no magnetic field is applied, silica coats the nanocolloids, increases their size and eventually links them

together leading into a final structure strongly resembling that of a colloidal gel, as Figure 6.3(b) confirms.

In the presence of a magnetic field, instead, the nanoparticles align themselves almost instantaneously in

the field direction, leading to the formation of chains of particles. These chains are progressively covered

by silica condensing around them. This process is a condensation polymerization, leading not only to the

formation of polymer nanoparticles chains covered by silica, but also to a crosslinking of the chains due

to polymerization of silica that creates a network as can be observed in Figure 6.3(a). One should also

note that chains are not perfectly straight, due to the competition between diffusion, which tends to drive

the particles apart and still plays an important role with nanocolloids in the size range of 100-200 nm, and

dipolar interactions that induce chaining.

(a) (b)

Figure 6.3: SEM pictures of sample MSSG21 produced with 11.6 wt% of magnetic particles (MP) and no PEG in
the presence (a) and in the absence (b) of a uniform magnetic field. In both figures it appears that silica covers and
linking the magnetic particles. The magnetic field strength used in (b) was 1 T.

It is very interesting to observe the structures obtained if the same process is applied to nanocolloids

prepared following an almost identical recipe, with the only difference that no magnetite nanocrystals

have been added. The obtained structures are completely different from those obtained when magnetic
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nanocolloids are used in absence of the magnetic field. As Figure 6.4 shows, the monolith does not

show a structure similar to that of a colloidal gel. Instead, a silica matrix with polymer nanoparticles

trapped inside is observed. The nanoparticles are not well dispersed inside the silica matrix but seem to

accumulate in regions where they appear agglomerated, in order to reduce the overall surface in contact

with silica. The use of a Pluronic as an emulsifier leads to polyethylene glycol (PEG) stabilized particles.

The absence of magnetite nanocrystals renders the nanocolloids not prone to promote silica nucleation.

Instead they tend to get excluded from the silica matrix. This indicates that magnetite is responsible for

silica nucleation in the case of magnetic colloids.

Figure 6.4: SEM pictures of a monolith produced with a non magnetic latex and no PEG. It can be seen that cluster
of nanoparticles are trapped inside a silica network.

In addition to the magnetic field, another parameter in our recipe can be used to manipulate the struc-

ture of silica monoliths: the addition of free polymer, PEG. PEG has been often used in the preparation of

silica monoliths as a porogen. PEG promotes spinodal decomposition, which leads to the formation of a

percolated structure made of smooth micron-size silica beads, with pores having a comparable size as can

be seen in Figure 6.5. PEG is forming strong hydrogen bond with the silanols resulting in the incorpora-

tion of the PEG chains inside the silica matrix. By carefully tuning the amount of solvent and PEG added
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one can tune the size and the volume of the macropores.270

Figure 6.5: SEM picture of a monolith produced without nanocolloids but in the presence of PEG as porogen.

When PEG is added to the system containing polymer-magnetic nanoparticles, the obtained structure

is very similar to that obtained without the nanocolloids, as Figure 6.6 shows. Silica in this case starts

covering the magnetic nanocolloids, which are clustered together due to depletion interactions induced by

the presence of PEG, and accumulate in the silica-rich region formed as a result of the spinodal decom-

position. These clusters are then covered by the silica leading to a structure similar to the one obtained in

the absence of the nanocolloids. By carefully looking at Figure 6.6(a) the fractured particles show dense

clusters of magnetite-polymer nanoparticles fully covered by the silica matrix. When a magnetic field is

applied, instead, the magnetite-polymer nanoparticles are still clustered together by PEG and accumulate

in the silica-rich region, but also align themselves in the direction of the applied magnetic field because of

the dipolar interactions, before being linked together and covered by silica. This leads to the formation of

very long needle-like silica clusters with approximately the same diameter as the large spherical particles

formed in the absence of a field, as Figure 6.6(b) shows. SEM pictures do not permit a precise estimate of

these needles length, which appear to be at least hundreds of micrometers long.

PEG is not only affecting the final structure of the monoliths by promoting the formation of silica nee-
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(a) (b)

Figure 6.6: SEM pictures of sample MSSG53 with a MP:PEG ratio of 1:1 in the absence (a) and in the presence
(b) of a uniform magnetic field. The magnetic field strength used in (b) was 1 T.

(a) (b)

Figure 6.7: SEM pictures of experiment MSSG56 a MP:PEG ratio of 1:9 in the absence (a) and in the presence (b)
of a uniform magnetic field. The magnetic field strength used in (b) was 1 T.
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dles instead of disordered chains of nanoparticles, but its amount relative to that of nanocolloids affects

the size of the obtained structures. As can be observed by comparing Figure 6.6 with Figure 6.7, both the

particle and needle size increase with increasing of the ratio of PEG to magnetite-polymer nanoparticles.

This effect has been quantified by measuring the average diameter of both particles and needles prepared

in the presence and in the absence of a magnetic field, respectively, from SEM pictures. The results are

reported in Figure 6.8, where it can be seen that the diameter of the needles and particles, plotted versus

the ratio of PEG amount to magnetite-polymer nanoparticles amount, increases with increasing the per-

centage of PEG. This increase is more pronounced when the percentage of PEG is higher than 90%. This

can be rationalized by the increase in the extent of depletion interactions with the PEG concentration,

which, in the simple framework of the Asakura-Oosawa theory, increases linearly with the polymer con-

centration.271 As the depletion attraction increases it is expected that the size of cluster increases as well.

These results however suggest that the role of magnetic fields is only to change the spatial arrangement of

clusters, but not their size.
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Figure 6.8: Size of the fiber versus the amount of PEG. � refer to samples prepared in the presence of a magnetic
field, while � refer to samples prepared in the absence of a magnetic field.

For all the experiments shows in Figure 6.8 the amount of TMOS was kept constant, meaning that



105

the change in size is affected just by the ratio between PEG and nanoparticles, this effect allows one to

easily tune the size of needles or particles just by changing one parameter. For the monoliths produced

in the presence of a magnetic field, the addition of PEG is also affecting the shrinkage of the monoliths

during drying and sintering steps. An increase in the PEG to magnetite-polymer nanoparticles ratio leads

to a decrease in shrinking of the monoliths. When the ratio decreases the shrinkage not only increases but

becomes strongly anisotropic, i.e., meaning that the samples shrink more in the direction perpendicular to

the applied magnetic field than in the parallel one.

One remarkable feature of the monoliths prepared by the proposed method is that very low amounts

of templating agent are sufficient to induce a drastic change in the microstructure of the monoliths upon

application of a magnetic field. Figure 6.9 shows SEM pictures of monoliths prepared in the presence of

an external magnetic field, containing respectively 0.2 wt%, 0.1 wt% and 0.05 wt%. One can observe that

0.1wt% of particle are sufficient to induce a very clear formation of needle-like structures, while 0.05 wt%

of magnetic nanocolloids are not enough to alter the entire structure of the monolith.

The application of a magnetic field changes the structure of the obtained monoliths and consequently

also the pore size distribution. As can be seen from Figure 6.10, the pore size distributions, measured

by mercury porosimetry, of two monoliths prepared in the absence of PEG, one in the presence and one

in the absence of a magnetic field, are very different. The monolith produced without a magnetic field

show a bimodality in its pore size distribution, with big pores having a size of about 1 µm, and a second

peak corresponding to smaller pores, with a size around 130 nm. The application of the magnetic field

during the preparation of the monoliths leads to a narrower pore size distribution of pores, with only one

clear peak in the size range of about 50 nm, and a broad tail that extends to the micron size range. The

addition of PEG shifts the entire pore size distribution towards large size values as Figure 6.11 shows, but

does not qualitatively alter the overall picture. As the ratio of PEG to magnetic nanocolloids increases,

so does the average pore size. In fact, the average pore size changes from around 300 nm for a sample

containing 50 wt% of PEG to several microns for a sample containing 90 and 95 wt%. This is expected,

since an increase in PEG amount leads to an increase in the average particle (or needle) size, and this

affects correspondingly the size of pores.

The pore size of the monoliths is not only affected by the composition, but also by the magnetic field

strength applied during the sol-gel process. This can be observed from Figure 6.12, showing how the

pore size distribution is shifted towards larger size values as the intensity of the applied magnetic field is
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(a) (b)

(c)

Figure 6.9: SEM pictures of monoliths obtained with different concentrations of magnetic-polymer particles (MP).
(a) refers to sample MSSG62 containing 0.2 wt% MP, (b) refers to sample MSSG59 containing 0.1 wt% PM and (c)
refers to sample MSSG58 containing 0.05 wt% PM.

reduced. Between a monolith prepared in the presence of a field of 0.02 T and one prepared at 0.005 T

there is little difference, meaning that the structures between the two experiments are very similar to one

another. As can be seen from Figure 6.13, there are only a few small needle-like structures, aligned inside

a random matrix of particles for the experiment at 0.02 T (see Figure 6.13(a)), whereas for the experiment

at 0.005 T (see Figure 6.13(b)) only a random structure is visible.

The system composition and the intensity of the applied field affect even more the mechanical prop-

erties of the final monoliths. The mechanical strength of the samples have been quantified by performing

compressive stress measurements and extracting the Young’s modulus. The samples have been measured

in two directions, which in the case of samples prepared in the presence of an external magnetic field
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Figure 6.10: Pore size distribution for samples MSSG 21, prepared both in the presence and in the absence of a
magnetic field, containing 11.6 wt% PM and no PEG. A magnetic field strength of 1 T was applied during sample
preparation.

correspond to the directions parallel and perpendicular to the field. The mechanical stress measurements

were performed after the calcination step so that the polymer was completely removed and did not influ-

ence the properties of the final silica monoliths. To better compare the different monoliths we normalized

the elastic modulus by multiplying it by the measured cross-sectional area of the sample and dividing the

result by its effective area. The effective area was calculated by dividing the weight of the monolith by

the product of the density of silica the measured sample height. In this way the elastic modulus was nor-

malized to that of an equivalent dense silica monolith. This was performed because porous materials with

different composition tend to shrink to a different extent, making a direct comparison difficult without the

aforementioned normalization. Figure 6.17, shows a typical example of compressive stress versus strain

curves. A remarkable general feature of the monoliths prepared in the presence of a magnetic field is the

enormous mechanical anisotropy that magnetic field is capable of inducing. Under certain conditions, the

ratio between the values of Young’s modulus in directions parallel and perpendicular to the field can reach

150, and the maximum Young’s modulus can be 20 times higher that of a material prepared in the absence

of a field. On the other hand, samples prepared in the absence of the field are isotropic. This means that

the anisotropy is just the result of the magnetic field application during preparation. A summary of the
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Figure 6.11: Pore size distribution for samples prepared both in the absence and in the presence of a magnetic field,
containing different PEG amounts, as reported in the legend. A magnetic field strength of 1 T was applied during
sample preparation.

mechanical properties results is presented in Figure 6.15 and Figure 6.16.

Figure 6.15 shows that the increase in magnetic nanoparticles concentration leads to an increase of the

elastic modulus in the parallel direction whereas the one in the perpendicular direction is remaining ap-

proximately constant. The values of the elastic modulus of monoliths produced outside the magnetic field

are intermediate between those of samples prepared in the presence of field, and measured perpendicular

to the direction of the field and parallel to it. This effect can be explained by the formation of needle-like

clusters that are all aligned in the field direction imparting a tremendous strength to the structure. In the

perpendicular direction, instead, the mechanical properties are inferior to that in isotropic samples because

the needles are loosely bound together by a few links. The samples prepared in the presence of a field

have also macroscopically a fibrous-like consistency as macroscopic pictures show (see Figure 6.14).

Figure 6.16 demonstrates instead the effect of the applied magnetic field as a effective tool to tune the

mechanical properties of the obtained monoliths. By increasing the intensity of the applied field during

synthesis, the mechanical properties measured in the parallel direction increase from the value obtained
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field, using different magnetic field strengths, as reported in the legend. The composition of the samples was kept
constant: 0.5 wt% MP, 4.8 wt% PEG and 14.2 wt% TMOS.

(a) (b)

Figure 6.13: SEM pictures of sample MSSG67 prepared in the presence of a uniform magnetic field, with intensity
equal to 0.02 T (a) and of sample MSSG68 prepared in the presence of a uniform magnetic field, with intensity equal
to 0.005 T (b). The composition of both samples is identical (0.5 wt% MP, 4.8 wt% PEG and 14.2 wt% TMOS).

for samples prepared in the absence of a magnetic field until a saturation for high fields value is reached.

The lowest value reported in Figure 6.16 corresponds to samples prepared in the absence of an external
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(a) (b)

Figure 6.14: Photographs showing monoliths produced in the presence (a) and in the absence (b) of an external
magnetic field. In Figure (a) one can clearly see the fibrous structure of the monolith, whereas sample (b) does not
show any discernable structural feature.

field, which have been reported for graphical clarity as being prepared with a field intensity equal to the

Earth magnetic field value (i.e. 70000 nT). The modulus values in the perpendicular direction, on the other

hand, decrease towards a minimum at high magnetic field strengths. The mechanical anisotropy clearly

increases from virtually zero in the absence of a field to about 150 at the highest field value.

6.4 Conclusions

In this work we have introduced a new method that we named magnetic templated sol-gel process, which

allows one to produce porous ceramic monoliths with strongly anisotropic properties. The process makes

use of magnetic nanocolloids as sacrificial template during the deposition of a ceramic material, in our

case silica, via sol-gel process carried on in the presence of a homogeneous magnetic field. This bottom

up approach consists of two main steps. The first step is the production of the magnetic-polymer nanopar-

ticles. At the beginning, hydrophobic magnetite nanocrystals have been prepared via coprecipitation of

iron salts in alkaline media using ricinoleic acid as ligand. The magnetic-polymer nanoparticles are then

prepared via miniemulsion polymerization, where magnetite is first dispersed in a monomer phase, mainly

composed of styrene, then the organic phase is dispersed in a water surfactant solution by ultrasonication,
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Figure 6.15: Elastic modulus as a function of magnetic nanoparticles weight fraction. � refer to values measured
in the direction of the applied magnetic field, while � to values measured in a direction perpendicular to that of the
applied magnetic field. N refer to measurements performed on monoliths produced in the absence of a magnetic
field. The magnetic field strength applied during the synthesis is 1 T.

before transforming the droplets in particles by free-radical polymerization of the monomer. In the second

phase, which is the core step of the process, the nanoparticles are dispersed in a silica precursor aqueous

solution, in which the monoliths are formed by a sol-gel method, both in presence and in the absence of

an external magnetic field. In the presence of a magnetic field, the strong dipolar interactions generated

by the high amount of magnetite encapsulated in each nanoparticle lead to an instantaneous alignment of

the nanoparticles in the field direction. The obtained chains (or clusters) are then covered by the silica

that condenses on magnetite nanocrystals, located at the surface of the nanocolloids, during the sol-gel

process. The monoliths are washed, dried and calcined in order to remove the templates. The final struc-

ture can be tuned by varying different parameters, such as the template amount, the addition of a porogen,

acting as a depletant and inducing aggregation of the nanocolloids, or the applied magnetic field. By

changing the ratio of porogen to magnetic nanocolloids, chains of particles or large needle-like structures

can be obtained in the presence of a magnetic field. It has also been shown that the aforementioned ratio,

together with the intensity of the applied magnetic field, are the two key parameters influencing both the
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Figure 6.16: Elastic modulus as a function of the applied magnetic field strength during the synthesis. The compo-
sition of all samples is the following: 0.5 wt% magnetic nanoparticles, 4.8 wt% PEG and 14.2 wt% TMOS. � refer
to measurements performed in the direction of the applied magnetic field. � refer to measurements performed in a
direction perpendicular to that of the applied magnetic field.

mechanical properties and the pore size distribution of the monoliths. By fine tuning these parameters

it is possible to obtain monoliths with different structures. It has been found that monoliths prepared in

the presence of a magnetic field possess strongly anisotropic mechanical properties, displaying a ratio

in Young’s modulus values as high as 150. Furthermore, the mechanical properties can be tuned from

isotropic for samples prepared in the absence of a magnetic field to strongly anisotropic for sample pre-

pares in the presence of a field, with increasing anisotropy as the intensity of the applied filed increases. It

has been also found that the application of a magnetic field during the sol-gel process leads to monoliths

with smaller and less defined pore size distribution. This process is not only restricted to silica monoliths

but, by adjusting the synthesis conditions, could be generalized to produce a broad range of materials,

both ceramic and polymeric that can be synthesized via a sol-gel process.
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Figure 6.17: Compressive stress versus compressive strain for sample MSSG55, containing 2.4 wt% magnetic
nanoparticles, 4.8 wt% PEG and 14.2 wt% TMOS.



Chapter 7

Magnetically Assisted Gelcasting

7.1 Introduction

One of the major objectives in the field of material science is the preparation of materials with desired

properties.1 With the advent of nanotechnology, new tools have emerged that can help scientists to design

materials starting from nanoscale building-blocks. In particular, research on self-assembly of nanoparti-

cles as a method to produce new materials with well defined structures has thrived in recent years.6,9,258,272

Spherical nanoparticles play a dominant role in the vast majority of self-assembly studies, because of the

variety of recipes available to produced them from organic and inorganic materials alike, with a good

control over size, size distribution and surface functionality.15,16,197,273 The limitation of using spherical

nanoparticles as building blocks for self-assembly is that their interactions are isotropic, and this thus lim-

its the variety of accessible structures.14 In order to overcome this problem and drive the self-assembly

towards desired structures, non-trivial interactions have to be added to the nanoparticles12,28,274 such of

patchy surfaces, dipolar interactions, or complex ligand patterns.12,272,275–277 A well established method

consists in creating composite nanoparticles containing superparamagnetic nanocrystals, that impart dipo-

lar interactions in the presence of a magnetic field, which can be used to align them into chain-like struc-

tures or into more complex morphologies when non-trivial magnetic field patterns are used.28,165–168

Aligned structures can also be obtained by assembling non magnetic (nano)particles dispersed in a

ferrofluid, as pioneering work from Skjeltorp has shown.33,181,182 In this case, the particles act as magnetic

holes if an external field is applied, acquiring a magnetic moment due to the mismatch between their

magnetic susceptibility and that of the ferrofluid. The magnitude of the magnetic moment acquired by

114
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a particle oriented is proportional to the amount of ferrofluid displaced.33 While commonly investigated

ferrofluids consists of magnetite nanocrystals dispersed in an organic solvents, such as kerosene, the

flexibility in the production of magnetite nanocrystals allows one to prepare nowadays stable water-based

ferrofluids.49,50,183 In a recent work, for example, the Yin group assembled non magnetic polystyrene

nanoparticles dispersed in a highly stable water based ferrofluid into photonic colloidal crystals.183

Nanoparticles have also been used to prepare ceramic materials, both porous and dense, using both

dry powder methods and wet colloidal processing.267,278–281 The introduction of gelcasting a couple of

decades ago has pushed the use of colloidal processing due to the advantages in terms of elimination of

internal stresses, control of particle-particle interactions and increase in the homogeneity of materials.

During gelcasting, a monomer is added to the ceramic particle dispersion, which, upon polymerization,

creates a polymer network that holds the ceramic particles together, developing a sufficient strength to

support the particles own weight and allowing for a better handling without shape distortion.282,283

In this work we report a new method to produce ceramic materials with anisotropic mechanical prop-

erties that combines both features of classical gelcasting with magnetically induced alignment of non-

magnetic particles in an aqueous ferrofluid. We named this process magnetically-assisted gelcasting.

Silica particles have been used as model ceramic material and have been dispersed in an aqueous fer-

rofluid consisting of magnetite nanocrystals stabilized by poly (acrylic acid) and containing a monomer, a

crosslinker and an initiator. The solution is then gel casted in the presence of a magnetic field. Under these

conditions, silica particles dispersed in a ferrofluid behave as magnetic holes and develop strong dipolar

interactions. The gelcasting freezes the structure by polymerizing the monomer and trapping the particles

inside a stiff hydrogel network that does not allow particles displacement.283 The ceramic particles are

aligned in the direction of the applied magnetic field thus imparting anisotropic mechanical properties to

the final material, as confirmed by mechanical compressive stress measurements. The obtained materials

have then been dried and calcined in order to remove the polymer matrix and sinter the particles together,

leading to ceramic monoliths, which have been characterized by means of scanning electron microscopy.

7.2 Experimental

For magnetically-assisted gelcasting the following steps are required. First of all, poly (acrylic acid)

coated Fe3O4 nanocrystals have been produced via a modification of the coprecipitation method of iron
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Figure 7.1: Process scheme of the magnetically-assisted gelcasting process.

(III) chloride and iron (II) chloride nuder alkaline conditions originally developed by Massart49 in the

presence of poly(acrylic acid). Silica particles have been produced using the method developed by Sto-

ber et al.197 and improved by Bogush et al.198 Silica nanoparticles and magnetite nanocrystals were first

dispersed together to form a homogeneous dispersion at the required concentration. A water soluble

monomer (acrylamide), a cross linker (bisacrylamide) and a radical initiator (2,2′-Azobis(2-methylpropion

amidine) dihydrochloride) were also added to the dispersion. A homogeneous solution was obtained by

applying a strong sonication for about 15 seconds. The final solution was then poured into two molds,

one of which was placed between the poles of an electromagnet for the preparation of a sample in the

presence of a magnetic field, while the other one was placed in an oven for the preparation of a sample

in the absence of a field. The samples were left at room temperature for 15 minutes to equilibrate, either

in the absence or in the presence of an external magnetic field. In order to freeze the structure in a given

configuration, a free radical polymerization reaction was initiated by increasing the temperature in the

mold (either inside the magnet, or in the oven) to 60 ◦C for 3 hours. Once the reaction was completed,

the obtained gel was removed from the mold, equilibrated in water for a few hours, and then calcined at

1100 ◦C for 5 hours. Table 7.1 summarizes the experiments performed. For each condition investigated

two samples were prepared, one produced in the presence of a magnetic field and the other one in the

absence of the magnetic field, except for samples labeled MwF 30 and MwF 31, which were only pre-
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pared in the absence of a magnetic field. What in Table 7.1 is referred to as anisotropy is the ratio between

Young’s modulus values measured in the directions parallel and perpendicular, respectively, to the applied

magnetic field, again with the exception of samples MwF 30 and MwF 31. The Young’s modulus values

have been measured by means of compressive stress experiments on samples in their hydrogel state before

calcination. A detailed description of all steps of the process can be found in Chapter 3.

Table 7.1: List of the experiments performed, of the samples composition and anisotropy. For each condition, with
the exception of MwF 30 and MwF 31, two samples have been prepared, one in the presence and one in the absence
of a magnetic field. Anisotropy refers to the ratio between Young’s modulus values measured in the directions
parallel and perpendicular, respectively, to the applied magnetic field, with the exception of samples MwF 30 and
MwF 31.

SiO2 Fe3O4 AAM BAAm Anisotropy
Experiment # size [nm] wt% wt% wt% wt% ratio [%]

MwF 18 360 20 25 10 0.5 20
MwF 19 360 15 25 10 0.5 32
MwF 20 360 10 25 10 0.5 21
MwF 21 425 20 25 10 0.5 20
MwF 22 425 15 25 10 0.5 55
MwF 23 425 10 25 10 0.5 45
MwF 24 505 20 25 10 0.5 52
MwF 25 505 10 25 10 0.5 49
MwF 26 505 15 25 10 0.5 46
MwF 27 550 15 25 10 0.5 30
FH 006 550 15 20 10 0.5 20

MwF 28 550 15 15 10 0.5 5
MwF 29 550 15 5 10 0.5 1
MwF 30 550 15 0 10 0.5 0
MwF 31 - 0 0 10 0.5 7

7.3 Results and Discussion

The aim of this work is to develop a new process that allows one to easily produce ceramic materials with

anisotropic structural and mechanical properties via a modification of the gelcasting method. We called

this method magnetically-assisted gelcasting. A schematics of the entire process is shown in Figure 7.1.

In order to choose a model system, we decided to focus our experiments on silica (nano)particles, be-

cause they are easy to produce with a good control over their size and polydispersity. The idea behind our

magnetically-assisted gelcasting process is to perform a gelcasting of silica particles dispersed in a fer-
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rofluid in the presence of a magnetic field. Under these conditions, non magnetic silica particles develop

negative magnetic moments (i.e., moments with opposite orientation with respect to the external field) due

to a mismatch between their magnetic susceptibility and that of the surrounding ferrofluid. This means

that silica particles act as magnetic holes, and experience dipolar interactions analogous to those acting

on magnetic particles in a non-magnetic fluid, which can induce their assembly into chains. The magnetic

moment of a particle is proportional to the amount of magnetic material in the ferrofluid displaced by

the particle. This means that a sufficient concentration of magnetite in the ferrofluid is necessary to align

sub-micrometer silica particles, and the smaller the particles the higher will be the ferrofluid concentration

required.

As a ferrofluid, we have utilized magnetite nanocrystals coated with poly (acrylic acid) (PAA) having a

molecular weight of 1.8 kDa, prepared in one step via standard coprecipitation developed by Massart49 in

the presence of PAA, which provides them with excellent colloidal stability even at high volume fractions.

Some of the carboxyl groups of PAA bind to the surface of the magnetite nanocrystals, while the other

groups are repressible for electro-steric stabilization. The average nanocrystal diameter, measured from

TEM, is ∼10 nm. DLS measurements, instead, indicate that the size distribution shown in Figure 7.2

is peaked around 25 nm. This indicates that the ferrofluid is primarily made of single nanocrystals and

small clusters coated by PAA. The fairly broad distribution suggests however that a few larger clusters

are also present. There is a limitation in the highest ferrofluid concentration that can be achieved without

hampering the processability of the final solution. When the mass fraction of ferrofluid exceeds 25 wt%,

the viscosity of the solution is too high to obtain a reasonable flowability of the suspension. Thus we

decided to use 25 wt% as the upper limit of ferrofluid concentration in the final solution. To test the

performance of the proposed method, we have synthesized a series of well defined silica particles covering

a range of sizes from 360 to 550 nm by Stober’s method.197 The size range of silica has been chosen so

that the particles are much larger that individual magnetite nanocrystals. In this way, it is possible to

assume that silica particles are swimming in a continuous ferrofluid.

Magnetically-assisted gelcasting is implemented as follows. Silica nanoparticles are first dispersed in

a solution consisting of ferrofluid, acrylamide and bis-acrylamide and an initiator. After equilibration at

room temperature, where particles can reach an equilibrium configuration, the structure obtained both in

the presence and in the absence of an external magnetic field are locked by polymerizing the monomer

and crosslinker at higher temperature. The polymerization forms a hydrogel matrix around silica particles,
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Figure 7.2: Particle size distribution of poly (acrylic acid) coated magnetite nanocrystals measured by means of
Dynamic Light Scattering. The distribution shows that the main peak corresponds to nanoparticles with a hydrody-
namic diameter of 25 nm. The broad distribution indicates that there are some larger clusters present.

with very small mesh size not allowing the particles to move. Subsequently, the polymer matrix is removed

by calcining the samples after drying them, similarly to what is commonly done in classical gelcasting,

also leading to (partial) sintering of the silica particle so as to obtain a ceramic material.

In order to test our newly developed method, we used the highest concentration of ferrofluid, 25 wt%,

and silica particles with a size of 425 nm and with weight fraction of 20 wt%. Figures 7.3(a) and 7.3(b)

show SEM pictures of two samples after calcination, prepared using our magnetically-templated gelcast-

ing method, with the first sample obtained in the absence and the second one in the presence of external

magnetic field. One can observe that, when no magnetic field was applied during preparation, particles are

distributed in a random densely packed configuration as Figure 7.3(a) shows. Instead, when the sample

was prepared in the presence of magnetic field, the particles align themselves in the same direction as the

magnetic field, leading to a much more ordered structure with high anisotropy. In order to test how general

is the observed behavior, we performed analogous experiments using different silica particle sizes as well
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as different silica concentrations. Examples are shown in Figure 7.3. For details about the conditions,

the reader is referred to Table 7.1. All electron micrographs refer to samples prepared with a ferrofluid

concentration of 25 wt%. The structures shown in Figure 7.3, with the exception of Figure 7.3(a), refer to

samples prepared in the presence of a magnetic fluid. One can observe that for all particles size values,

covering the range from 360 to 550 nm, and all silica concentrations, from 10 wt% to 20 wt%, aligned

structures are clearly visible, indicating that anisotropic structures are formed under all conditions when a

field is applied. In the absence of a field, disordered structures are instead obtained. We have not explored

lower silica concentrations since, below 10 wt% it becomes difficult to obtain a ceramic material, because

the samples tend to be too fragile after calcination.

In order to quantify the extent of anisotropy of our materials, mechanical stress measurements were

performed on samples after polymerization but before sintering. In particular, we focused on the differ-

ence between the Young’s modulus values obtained from samples produced in the presence of magnetic

field and compressed in the direction perpendicular and parallel to the field direction and those obtained

from samples prepared in the absence of a field. A typical example of compressive stress measurements

is shown in Figure 7.4, which refers to a sample prepared with 25 wt% magnetite and 20 wt% of silica

nanoparticle with a size of 505 nm. The stress in the direction of the applied magnetic field is clearly

higher then that measured perpendicularly to the magnetic field direction, which is very similar to the

stress measured for a sample produced without a magnetic field. Table 7.1 summarizes all the results.

The mechanical anisotropy was defined as the difference between the measured elastic moduli measured

respectively in a direction parallel and perpendicular to the field direction and normalized by elastic mod-

ulus value measured along the direction of the field. Materials obtained in the absence of a magnetic field

do not show any significant anisotropy, with an average difference between the modulus values measured

in two perpendicular directions never exceeding 6.7%. This small difference is probably both a result of

the measurement error and also of possible inhomogeneities in the samples. This value was used as a

reference to distinguish between anisotropic and isotropic materials. On the other hand, from the results

in Table 7.1 one can observe that samples displaying a strong aligned structure, such as those shown in

Figure 7.3, have anisotropy values comprised between 20 and 55%, clearly confirming that the alignment

of particles has also strong consequences on the mechanical properties of the material.

A rather surprising effect observed from the data reported in Table 7.1 is that the presence of mechani-

cal anisotropy is strongly dependent on the concentration of magnetite nanocrystals used in the ferrofluid.
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(a) MwF 21 nmf (b) MwF 21 wmf

(c) MwF 18 (d) MwF 27

(e) MwF 26 (f) MwF 27

Figure 7.3: SEM pictures of different monoliths obtained with the magnetically templated gelcasting process.
Pictures (a) and (b) refer to samples MwF 21 with 20 wt% of silica particles with a diameter of 425 nm and 20 wt%
of Fe3O4 prepared in the presence of and the absence of a magnetic field, respectively. Picture (c) refers to sample
MwF 18 with 20 wt% silica particles with a diameter of 360 nm and 25 wt% Fe3O4 prepared in the presence of a
magnetic field. Picture (d) refers to sample MwF 27 with 15 wt% silica nanoparticles with a diameter of 550 nm
and 25 wt% Fe3O4 prepared in the presence of a magnetic field. Pictures (e) and (f) refer to samples MwF 26 and
MwF 25 with respectively 15wt% and 10 wt% silica nanoparticles with a diameter of 505 nm and 25 wt% Fe3O4
prepared in the presence of a magnetic field.

In fact, Table 7.1 shows that a decrease in ferrofluid concentration from 25% to 15% is sufficient to almost

completely cancel the mechanical anisotropy of the hydrogels. As the ferrofluid concentration decreases
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Figure 7.4: Compressive stress as a function of compressive strain for sample MwF 24 (before calcination) pro-
duced both in the presence and in the absence of a magnetic field. The graph shows the clear difference in compres-
sive stresses between the measurements performed parallel and perpendicular to the magnetic field direction. The
measurements performed on the gel produced outside the magnetic field show a compressive stress similar to the
one measured in the sample prepared in the presence of a field in perpendicular direction.

even more, the result is clearly the same. This is also confirmed by the images shown in Figure 7.5,

where no aligned structures are visible both in the case of samples prepared with 15 wt% (Figure 7.5(a))

or with 5 wt% of magnetite (Figure 7.5(b)). This results is puzzling when one considers that the strength

of dipole moment created by the presence of a particle immersed in a ferrofluid, according to the theory, is

proportional to the amount of ferrofluid displaced by each particle.33 If the ferrofluid contains high con-

centrations of magnetite nanocrystals, the magnetic moment created by the application of a magnetic field

will be correspondingly larger. The strength of the dipolar interactions between two particles is propor-

tional to the square of the dipole moment. This means that, if the alignment of particles can be observed

for particles having a size of 360 nm with a magnetite weight fraction of 25 wt%, the alignment should be

also well visible for particles with a diameter of 550 nm and fraction of magnetite of only 15 wt%, since

the dipolar interactions are almost 4.5 times larger in the latter case than in the former. Nevertheless, it
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(a) MwF 28 (b) MwF 29

Figure 7.5: SEM pictures of monoliths prepared with different amounts of Fe3O4 in the presence of a magnetic
field. Picture (a) refers to sample MwF 28 with 15 wt% of magnetite, while picture (b) refers to sample MwF 29
with 5 wt% of magnetite. Both experiment are carried out with 15 wt% of silica particles with a diameter of 550 nm.

looks like this is not happening. For our systems a weight fraction of magnetite of 25% is enough to align

particles in the size range of 300 to 550 nm whereas weight fractions of 15% and less are not sufficient.

The minimum magnetite amount needed clearly decreases with increasing diameter of the silica particles,

begin equal to 20 wt% for the largest silica particles, but to 25 wt% for the others. Apparently, a possible

explanation could be related to the fact that magnetite nanocrystals are not only acting as ferrofluids, but

induce also some clustering of silica particles as a result of depletion interactions.271,284 Small clusters

of particles would be more sensitive to dipolar interactions than single particles because of their larger

size. Since depletion interactions depend on the depletant concentration, it is very likely that a reduc-

tion of magnetite concentration reduces the depletion effect and the extent of clustering, thus making the

alignment of particles not observable. Further investigations are required to support this explanation.

7.4 Conclusion

In this work we have introduced a new process for the production of ceramic monoliths with anisotropic

mechanical properties that we named magnetically-templated gelcasting. This new method consists in a

modification of the well know gelcasting of ceramic materials, with the major difference that the particles

used to make the final ceramic materials are not dispersed in water, but in an aqueous ferrofluid. Addi-

tionally, the polymerization step is performed in the presence of a magnetic field. We have tested this
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process by using silica particles as model ceramic material, synthesized using Stober’s method, which

allowed us to prepared monodisperse particles with a size range from 360 to 550 nm. The aqueous fer-

rofluid was made of water soluble magnetite prepared from the coprecipitation of iron salts in the presence

of poly (acrylic acid) as stabilizer. Magnetite nanocrystals were homogeneously dispersed with silica, a

monomer (acrylamide), a crosslinker (bisacrylamide) and an initiator to the required amount, and the

samples were then either equilibrated in the absence or in the presence of an external uniform magnetic

field. Polymerization of the monomer induced by increasing the temperature, performed when required

in the presence of a magnetic field was used to lock the structure. The samples were then dried and cal-

cined to remove the polymer matrix and sinter the particles. SEM images showed that samples prepared

in the presence of a magnetic field display strongly aligned and anisotropic structures, as a result of the

dipolar interactions that the non-magnetic silica particles experience in the ferrofluid upon application of a

magnetic field. Furthermore, mechanical compressive stress measurements performed on the polymerized

samples (green body) before calcination indicate that there is a difference of about 20 and 55% in Young’s

modulus values measured in same direction as- or in the perpendicular direction to- the applied magnetic

field.

Our results indicate that the amount of magnetite in the ferrofluid is of paramount importance to obtain

aligned structures. When this amount is lower than 20-25 wt% no alignment is present, primarily due to a

reduction in the dipolar interactions experienced by the particles, which are proportional to the square of

the amount of magnetite displaced by each particle. Additionally, we believe that the ferrofluid might also

induce some depletion aggregation on the silica particles, which would explain the very strong sensitivity

of the results to the ferrofluid concentration. This new process is an easy and reliable method to obtain

anisotropic ceramic materials from dispersions of non magnetic ceramic particles, and could be applied

to a variety of starting materials.



Chapter 8

Conclusions & Outlook

8.1 Overall Conclusions

Magnetic-polymer nanocomposites find many applications in fields such as electronics, biomedicine and

material science. In the present thesis magnetite-polymer nanoparticles are used to prepare anisotropic

materials through magnetically-drive self-assembly. The first part of the thesis focused on the preparation

of biodegradable magnetic nanoparticles that could be used as drug delivery system or as building blocks

for the preparation of biodegradable scaffolds. The nanoparticles have been produced by dispersing in

a common organic solvent a preformed polymer and magnetite nanocrystals and then by miniemulsifing

them in water through ultrasonication in the presence of a biocompatible emulsifier (PVA). The solvent

has been finally removed through supercritical fluid extraction of the emulsion (SFEE). The final size

of the particles can be controlled by varying the surfactant concentration and can be tuned from 230 nm

for 1 wt% PVA to 140 nm for 4 wt% PVA. The incorporation of the magnetite is not affecting the final

particle size, but instead is affecting the final particle size distribution by making it broader. It has also

been seen that the magnetite nanocrystals tend to agglomerate on the surface of the nanoparticles. In this

way Janus type morphology can be obtained if the amount of the magnetite nanocrystals is not sufficient to

cover the entire nanoparticle surface. The magnetite nanocrystals agglomerate due to the incompatibility

between the polymer matrix and the ligands stabilizing them. A more homogeneous dispersion of the

magnetite nanocrystals have been achieved by using carboxyl terminated PLA as ligands for magnetite

nanocrystals. This approach allows one to produce magnetite-polymer nanocomposites using all kinds of

polymers and polymer compositions because the polymer is not formed after the droplet formation as it
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happens during the miniemulsion polymerization. The combination of the emulsification method with the

use of the supercritical fluid extraction of emulsion allows one to achieve a good control over particle size

and size distribution, as well as to produce particles of high quality and in high quantity in a continuous

way.

In this work we also shown three different processes making use of magnetic nanocolloids to produce

anisotropic porous materials made of either polymers or of ceramics. The first process that was named

magnetic gelation is based on colloidal gelation of charge stabilized magnetic nanoparticles in the pres-

ence of an external magnetic field so as to align particles into chains instead of into random cluster. The

suspension of nanoparticles, previously swollen with additional monomer and initiator, were destabilized

by the controlled addition of electrolyte, and led to the formation of a random porous structure if no mag-

netic field was applied, whereas in the presence of a magnetic field a porous structures made of chains

of aligned particles in the same direction of the magnetic field is obtained. The structure was eventu-

ally hardened by means of a post-polymerization. The anisotropy of the obtained materials, quantified

by means of magnetic torque measurements, could be controlled by changing either the strength of the

applied magnetic field for a given particle magnetization, or by changing the particle magnetization.

The second approach aims at producing porous ceramic structures, and was named magnetically-

templated sol-gel process. Polymer-magnetite nanoparticles have been used as sacrificial templates during

the deposition of silica via sol-gel process. Sterically stabilized magnetic nanoparticles have been first

dispersed in a solution containing a silica precursor and then poured in a mold positioned in uniform

external magnetic field. The nanoparticles immediately align themselves in the direction of the applied

field, while silica slowly nucleates and deposits on them. It has been shown that the presence of the

magnetite nanocrystals on the surface of the nanoparticles not only drives the self-assembly but also act as

nucleation site for silica. The internal structure of the monoliths can be changes from being made of either

chains of particles, or of dense needles by changing the ratio between nanoparticles and polyethylene

glycol that acts as porogen. This ratio as well as the applied magnetic field can be used to tune the

final mechanical properties and the final pore size distribution. Very strongly mechanically anisotropic

monoliths have been prepared, with Young’s modulus two orders of magnitude higher in the direction of

the applied field than in the perpendicular direction.

The aim of the last process is to produce anisotropic ceramic materials using a process named magneti-

cally-assisted gelcasting. It is known that non magnetic particles suspended in a ferrofluid act as magnetic
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holes in a magnetic field, showing a magnetic moment proportional to the displaced amount of magnetic

fluid. This effect has been used to produce anisotropic material by aligning silica particles dispersed

in an aqueous ferrofluid. Once the particles are aligned the structure is then frozen by polymerizing a

water soluble monomer, as in conventional gelcasting. The obtained gel shows anisotropic behavior when

subjected to mechanical compression stress measurements in the direction parallel and perpendicular to

that of the magnetic field. This anisotropy can be controlled by varying the amount of magnetite in the

magnetic fluid. After calcination the polymer is burned out and the particles are sintered together leading

to an anisotropic ceramic material.

8.2 Outlook

The results presented in this thesis open a variety of possible future works. The supercritical fluid ex-

traction of emulsion allows one to produce in a reliable way biodegradable magnetic polymer particles,

which could be used in a magnetic gelation process for the production of biocompatible scaffolds with

anisotropic structures for cell growth. The use of magnetite-polymer nanocomposites as sacrificial tem-

plates could be applied not only to silica, but also to the preparation of analogous ceramic materials relying

on sol-gel synthesis. Since many such ceramic materials, such as titania and zirconia, are produced in al-

coholic solutions, nanoparticles with good stability in such solutions need to be produced by properly

selecting the emulsifier used in the miniemulsion. This process could also be applied to polymeric sol gel

system such the formaldehyde-resorcinol systems. The monoliths produced with this new method could

be used as supporting materials for catalysis or as packing materials for chromatographic columns, and

due to the porosity that can be magnetically controlled, the properties of the monoliths can be adapted to

the specific applications.

The magnetic assisted gelcasting can also be applied to different ceramic particles or mixtures thereof.

Since it was the last method developed for this work, there are still many parameters to be explored in

order to achieve a full understanding of the process. This process is very promising for many applications,

such as the production of materials for energy storage.
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