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Abstract

Nanostructured materials are the next generation of high-performance ma-
terials, harnessing the novel properties of their nanosized constituents. The
controlled assembly of nanosized particles and the design of the optimal
nanostructure require a detailed understanding of particle interactions and
robust methods to tune them. This thesis describes innovative approaches to
these challenges, relating to the determination of Hamaker constants for iron
oxide nanoparticles, the packaging of nanopowders into redispersible gran-
ules, the tuning of the wetting behavior of nanocrystals and the simulation of
collective magnetic properties in arrays of superparamagnetic nanoparticles.

The non-retarded Hamaker constants for iron oxides have been calculated
from their optical properties based on Lifshitz theory. The results show that
the magnitude of vdW interactions in non-polar solvents has previously been
overestimated up to 10 times. Our calculations support the experimental ob-
servations that oleate-capped nanoparticles smaller than 15 nm in diameter
can indeed form colloidally-stable dispersions in hydrocarbons. In addition,
a simple procedure has been devised to remove the oleate-capping on the
iron oxide nanoparticles, enabling their use in fluorometric assays for water
remediation, with a sensitivity more than 100 times below the critical micelle
concentration for non-ionic surfactants.

Nanosized particles are inherently more difficult to handle in the dry state
than larger micron-sized powders, e.g. because of poor flowability, agglom-
eration and potential toxicity. The rheology of concentrated slurries of TiO2
powder was optimized by the addition of sodium polyacrylate, and spray-
dried into fully redispersible micron-sized granules. The polymer was em-
bedded into the granules, where it could serve as a re-dispersing aid.

Monte Carlo (MC) simulations have been applied to the collective mag-
netic behavior of nanoparticle arrays of various thicknesses. The decrease
in magnetic susceptibility with the thickness observed experimentally was
reproduced by the simulations. Ferromagnetic couplings in the arrays are
enhanced by the finite thickness, and decrease in strength with increasing
thickness. The simulations indicate the formation of vortex states with in-
creasing thickness, along with a change in their orientation, which becomes
more and more isotropic as the thickness increases.
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List of symbols

Symbol Description Unit

a Particle radius m

A132 Hamaker constant for materials 1 and 2 interacting over medium 3.

The subscript 0 indicates vdW interactions in vacuum. The

subscript w refers to water.

zJ

Æ Mean-field constant -

BvdW Constant involved in the van der Waals interaction energy for a

pair of electric dipoles

J/m6

Ø Angle between the easy axis and the magnetization vector -

[c.c.c.] Critical coagulation concentration mol/L

cd Drag coefficient (Stokes’ law) N s/m

C Curie constant K

C0 Electrolyte concentration in the bulk mol/m3

CIR,CUV Absorption strength in the IR and UV frequency range, respectively -

¬v Static volume magnetic susceptibility -

d Particle diameter m

D Diffusion coefficient m2/s

± Thickness of the steric layer m

e Base of the natural logarithm -

e Elementary charge C

ê Direction of the easy magnetic axis (unit vector) -

E Pair interaction energy J

" Dielectric response function of the imaginary frequency -

"0 Vacuum permittivity F/m

"r Static dielectric constant -

¥ Dynamic viscosity Pa s

f Frequency 1/s

f (∑a) Henry function -
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Symbol Description Unit

Fh Hydrodynamic drag force N

g Acceleration of gravitation m/s2

G Gibbs free energy J

∞ Surface energy (single or no subscript) or interfacial energy (two

subscripts)

J/m2

∞̇ Shear rate 1/s

° Reduced surface potential -

h Planck’s constant J s

~Hd, Hd Demagnetizing field (vector and magnitude, respectively) A/m

Hdipole Dipole field A/m

~Hext, Hext External magnetic field (vector and magnitude, respectively) A/m

i Imaginary unit -

i,j,k,l,n Integers -

k Optical extinction coefficient -

kB Boltzmann constant J/K

Keff Effective anisotropy constant J/m3

∑°1 Debye length m

l Length of the monomer unit m

L Edge length of the simulation box m

∏ Wavelength m

~m,m Magnetic dipole moment (vector and magnitude, respectively) A m2

~M , M Magnetization (vector and magnitude, respectively). The 3

components of the magnetization vector are noted Mx , My and

Mz .

A/m

MR Remanent magnetization A/m

MS Saturation magnetization A/m

Mw Molecular weight g/mol

µ Magnetic susceptibility function of the imaginary frequency -

µ0 Permeability of vacuum J/(A2 m)

µB Bohr magnetron J/T

µE Electrophoretic mobility m2/(V s)

n Refractive index -

N Number of monomer units -

Nbox Number of particles in the simulation box -
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Symbol Description Unit

NA Avogadro’s number 1/mol

∫ Néel relaxation frequency 1/s

∫0 Attempt frequency for magnetization reversal in

superparamagnetic particles

1/s

! Angular frequency rad/s

p Probability -

¡ Azimuth angle -

© Surface coverage density 1/m2

©N Number fraction -

©V Volume fraction -

√ Electrostatic potential V

r Center-to-center separation distance m

Rg Radius of gyration m

Re Reynolds number -

Ω Density kg/m3

s Surface-to-surface separation distance m

s0 Dimensionless separation distance
°
s0 = s

a
¢

-

æ Shear stress Pa

t Time s

T Temperature K

TB Blocking temperature K

ø Characteristic time for doublet breakup s

øm Characteristic measurement time s

µ Inclination angle -

vD Diffusion speed m/s

vt Terminal velocity m/s

Vp Particle volume m3

~V Vorticity vector. The 3 components of the vector are noted Vx , Vy

and Vz .

A/m2

Vin In-plane component of the vorticity field
µ
Vin =

q
V 2

z

∂
A/m2

Vout Out-of-plane component of the vorticity field
≥
Vout =

q
V 2

x +V 2
y

¥
A/m2

X Random number in the interval [0,1] -

ªj Matsubara frequency rad/s
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Symbol Description Unit

z Valency of a symmetrical z : z electrolyte -

Z Normalizing factor in the Boltzmann distribution

√

Z =P
i e

° Ei
kB T

!

-

≥ Zeta-potential mV
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List of abbreviations

Abbreviation Full name

a.u. Arbitrary unit

c.c.c. Critical coagulation concentration

fcc Face-centered cubic

vdW van der Waals

2D Two-dimensional

3D Three-dimensional

A.C. Alternating current

AFM Atomic force microscopy

B.C. Before Christ

BSA Bovine serum albumine

CMC Critical micelle concentration

CTAB Cetyltrimethylammonium bromide

D.C. Direct current

DLVO Derjaguin-Landau-Verwey-Overbeek

EDL Electrical double layer

FS Full spectral

FTIR Fourier-transform infrared spectroscopy

GISAXS Grazing incidence small-angle X-ray scattering

IEP Isoelectric point

IR Infrared

MC Monte Carlo

SDS Sodium dodecyl sulfate

SEM Scanning electron microscopy

SI International system of units ("Système international d’unités")

SPM Superparamagnetism
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Abbreviation Full name

THF Tetrahydrofuran

TMAOH Tetramethylammonium hydroxide

UV Ultraviolet

Vis Visible

ZFC Zero-field cooled
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Introduction

Many of our everyday objects and technologies are based on dispersions
of particles in liquids, e.g. paints, concrete, paper, mining, ceramics,...
Dispersions have been used to produce some of the most ancient man-made
materials, and they are intimately linked with the development of civilization.
Indeed, as early as 7000 B.C., artisans readily shaped and baked concentrated
clay suspensions into ceramic vessels (Figure 1(a)),[1] and elaborate
dispersion recipes were in use some 5000 years ago in Egypt. Inks are one
of the first examples where organic additives (e.g. arabic gum, casein or
albumin) were added to stabilize aqueous dispersions of pigments against
agglomeration, in an early and successful attempt to tune the wetting of the
particles and induce repulsive interactions between them (Figure 1(b)). The
formulation of particle dispersions has since evolved from an art to a mature
scientific discipline, benefiting from an ever-growing library of synthetic
particles with a narrow size distribution and uniform shapes.[4–8] Tailoring
the properties of particle dispersions is of pivotal importance in fields
ranging from materials and coatings, to cosmetics and pharmaceutics.[9–14]

These applications require the handling of dispersions of particles
as small as a few nanometers. Indeed, surface and finite-size effects in
nanocrystals confer specific optical (e.g. quantum dots), magnetic (e.g.
superparamagnetism), and catalytic (e.g. size-dependent activity) properties,
which differ significantly from the properties of the bulk materials.[15–17]

Turning these nanosized building blocks into nanostructured materials,[18]

e.g. for biomedical applications,[19–21] energy conversion and storage,[22,23]

or new functional materials,[24,25] requires the handling of dispersions
of nanoparticles with sizes down to a few nanometers. The rules of
the dispersion game change radically in this size range compared to
micron-sized particles, requiring innovative processing methods and a
better quantitative understanding of the dominating colloidal forces.[26]

The colloidal interactions can be manipulated not only to provide
long-term colloidal stability, but also to induce a controlled assembly
of the nanoparticles into ordered arrays, rivaling the precision of
lithographic techniques and mimicking the structures observed in molecular
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(a) (b)

Figure 1: (a) Painted ceramic jar from South-central Anatolia (mid-6th millennium
B.C.).[2] (b) Papyrus fragment from the Egyptian Dynasty XVIII (1480-1400 B.C.). The
black and red pigments are carbon black and iron oxide particles, respectively.[3]

crystals.[27,28] Due to the short separation between the nanoparticles in the
arrays, the properties of the nanocrystal building blocks are coupled with
their neighbors via particle interactions, giving rise to a whole new range of
collective properties.[18,29–31] Indeed, the dipolar couplings or the electron
transport properties can be tuned, e.g. by varying the separation distance
or the size of the nanoparticles.[32–34] The utilization of collective effects
in nanoparticle arrays is very promising, and leads potentially e.g. to the
improvement of the density of magnetic recording media or the design of
new sensors and optoelectronic devices.[35–37]

The collective properties of the nanoparticle arrays also display geometry
and size-dependent effects.[38,39] However, the relationship between these
finite-size effects and the collective behavior of the nanoparticles is not yet
fully elucidated. Since the range of array structure and dimensions which
have been experimentally observed is limited, computer simulations can
assist and guide systematic studies of the collective behavior, and reveal the
mechanisms involved in finite-size effects.[40–42]
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Scope of the thesis

The first part of this thesis is focused on colloidal interactions in dispersions
of nanoparticles. The determination of the Hamaker constants of iron oxide
nanoparticles has been the focus of Paper I. Using recently published sets of
optical properties for magnetite (Fe3O4), maghemite (∞-Fe2O3) and hematite
(Æ-Fe2O3), the non-retarded Lifshitz-Hamaker constants in water and hy-
drocarbons have been calculated. The contribution of magnetic dispersion
interactions to the vdW forces has been evaluated. The implications of the
updated Hamaker constants on colloidal stability are discussed.

Simulations of the collective magnetic properties in ordered arrays of
superparamagnetic nanoparticle are presented in Paper II. The magnetic
properties of the nanoparticles and the structure of the arrays have been
determined experimentally and used as input for Monte Carlo simulations.
The temperature-dependent susceptibility and the remanent magnetization
have been simulated for various array thicknesses and compared to the
experimental results. The orientation of the dipole moments in the simulated
arrays was analyzed to elucidate the origin of finite-size effects.

A procedure to change the wetting behavior of oleate-capped maghemite
nanoparticles, from hydrophobic to hydrophilic, was studied in Paper III.
The adsorbed layer of oleic acid resulting from the synthesis was removed
and replaced by a fluorescently-tagged protein. The functionalized particles
have been used as a surfactant sensor based on competitive adsorption.

Electrostatic and steric interactions in concentrated TiO2 dispersions have
been examined in Paper IV. The rheology of the dispersions was optimized
for spray granulation by the addition of a polyelectrolyte. In particular, the
sensitivity of the viscosity to the ionic strength, pH and shear rate have been
considered. The dispersibility of the granules was evaluated.

3





Part I:
Colloidal processing



1. Colloidal dispersions

Colloidal dispersions or colloids were given an operational definition in
the mid-19th century, from studies of diffusion in finely-dispersed 2-phase
systems.[43,44] Graham suggested that the colloidal size domain relate to a
dispersed phase small enough to resist phase separation under gravity for
an extended time (i.e. smaller than º 1 µm), while being large enough to
be blocked by a dialysis membrane (i.e. larger than º 1 nm).[45] Thus, at
first glance, the term "colloid" refers to a size range, which is intermediate
between molecules and bulk phases. The field covered by colloid science is
thus very broad, and we will restrict ourselves to solids suspended in a liquid
continuous phase.

Dispersions of nanoparticles (i.e. particles smaller than 100 nm) behave
differently from suspensions of larger particles, which scatter light (Tyndall
effect), and typically only remain suspended under mechanical agitation.
They are also different from homogenous solutions, where the size of the
solvent and the solute molecules are similar.

1.1 Dynamics of colloidal dispersions
An isolated particle falling in a fluid experiences a drag force, which is the
product of a friction coefficient and the particle velocity. Stokes’ equation
provides an expression for the friction coefficient of a sphere:

cd = 6º¥a (I-1.1)

cd Friction coefficient
°
J s/m2¢

¥ Dynamic viscosity (Pa s)

a Particle radius (m)

Using Newton’s second law of motion, one can evaluate the maximum
speed of a particle undergoing sedimentation (or creaming), also called the
terminal velocity:

6



DYNAMICS OF COLLOIDAL DISPERSIONS

vt =
2(Ω°Ω0)g a2

9¥
(I-1.2)

vt Terminal velocity (m/s)

Ω,Ω0 Density of the particles and of the solvent, respectively
°
kg/m3¢

g Acceleration of gravitation
°
m/s2¢

The Einstein-Smoluchowski equation relates the diffusion coefficient of
molecules undergoing Brownian motion in a liquid to their friction coeffi-
cient, which has been defined for spheres through Stoke’s equation.[46,47] It
leads to the Stokes-Einstein equation, which shows that the diffusion coeffi-
cient scales with the inverse of the particle size (Equation (I-1.3)).

D = kB T
6º¥a

(I-1.3)

D Diffusion coefficient
°
m2/s

¢

kB Boltzmann constant (J/K)

T Temperature (K)

Since the diffusion length in a 3D random walk is
p

6Dt , where t is the
time, the diffusion speed vD becomes:

vD =
s

kB T
º¥a

(I-1.4)

The speeds of sedimentation and diffusion have been compared for parti-
cle sizes ranging from 1 nm to 100µm in Figure I-1.1. Below 1µm, Brownian
motion clearly dominates over sedimentation. Therefore suspended nano-
particles undergo Brownian diffusion similar to molecules, and can remain
homogeneously dispersed in a solvent over extended periods of time.

The analytical expressions used for the terminal velocity and the diffu-
sion speed are only valid when inertial forces are negligible (Stokes flow).[9]

This assumption can be checked by calculating the dimensionless Reynolds
number, which is the ratio of inertial forces over viscous forces:

Re = (Ω°Ω0)(vt + vD )a
¥

(I-1.5)
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CHAPTER 1. COLLOIDAL DISPERSIONS
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Figure I-1.1: Particle velocity under sedimentation (dashed line) and Brownian
diffusion (solid line) as a function of the particle diameter at room temperature
(298 K). The Reynolds number (dotted line) illustrates the transition between the
viscous regime (Re < 0.1) and the inertial regime (Re > 10). The density of the
particles was set to 4000 kg/m3 and the solvent is water (Ω0 = 1000 kg/m3 and
¥=1 mPa s).

Inertial forces can be neglected when Re < 0.1, corresponding to a laminar
Stokes flow of the liquid around the particles for which Equation (I-1.1) is
valid. As can be seen in Figure I-1.1, the sedimentation speed is smaller than
the diffusion speed for particles smaller than º10 µm. Thus the particles
in a colloidal dispersions are characterized by Brownian motion. However
dispersions of particles larger than º1 µm exhibit non-Brownian dynamics.

1.2 Surface forces
When the size of a spherical particle decreases, its surface-to-volume ratio
(3/a) increases. Thus, surface forces are much more important in colloidal
dispersions than in non-Brownian suspensions. While forces such as gravity
or viscous drag act on isolated particles, surface forces correspond to the sum-
mation of the molecular-like interaction forces between the surfaces of the
dispersed nanoparticles interacting across the liquid phase. The magnitude
of the surface forces is proportional to the particle size (Equation (I-2.20)),
and can easily exceed the thermal energy. In contrast to the molecular in-
teractions, the colloidal interactions decay more slowly with the separation
distance and can be significant up to 100 nm.[26]

8



SURFACE FORCES

Assuming a random close-packing of the particles, an analytical expression
of the average surface-to-surface interparticle distance has been given by
Woodcock.[48]

s = 2a

√s
1

3º¡V
+ 5

6
°1

!

(I-1.6)

s Surface-to-surface separation distance (m)

¡V Volume fraction of solids in the suspension (°)

As shown in Figure I-1.2(a), the mean separation distance decreases when
the particle size decreases. At the same time, the diffusion coefficient defined
in Equation (I-1.3) increases when the particle size decreases at fixed solids
contents. The combination of these two factors lead to a strong increase
of the rate for particle collisions with decreasing particle size, as shown in
Figure I-1.2(b). §

Mechanical energy (e.g. by high-shear mixing, milling or ultrasonication)
is commonly used to deagglomerate dry powders. In the case of high-shear
mixing and ultrasonication, the mechanical stress is applied onto the agglom-
erates primarily by hydrodynamic forces, as shown in Equation (I-1.7).[1] The
hydrodynamic drag force acting on the agglomerates decreases with the
square of their size (Equation (I-1.7)), suggesting that the efficiency of these
deagglomeration techniques vanishes with decreasing agglomerate size.

Fh = 6º¥∞̇a2 (I-1.7)

Fh Hydrodynamic drag force (N)

∞̇ Shear rate (1/s)

In the case of milling, some mechanical energy comes from collision be-
tween the agglomerate and the grinding media. Extended milling times
are thus necessary to break down small agglomerates, increasing the risk
of contamination from the grinding media and phase transitions in the
nanoparticles.[49,50]

The deagglomeration and stabilization of nanoparticle dispersions is thus
more challenging than their micron-sized counterparts. An understanding
of the colloidal forces at play between the nanoparticles is thus critical to
devise robust colloidal dispersions and dispersion-based processes.

§The mean rate of collision has been calculated as the inverse of the time needed for a particle
to diffuse across the interparticle distance: fcollisions = 6D

s2 .
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CHAPTER 1. COLLOIDAL DISPERSIONS

Figure I-1.2: Mean interparticle distance (a) and frequency of collisions (b) as a
function of the particle diameter for a 10vol% suspension at 298 K.
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2. Colloidal interactions

The colloidal stability of a dispersion reflects its ability (or inability) to resist
agglomeration, and results from the balance between attractive and repulsive
interparticle forces. The three main colloidal forces, namely the van der
Waals, the electrostatic and the steric interactions, will be reviewed from the
viewpoint of colloidal processing.

2.1 Van der Waals interactions

2.1.1 Origin of van der Waals interactions
The van der Waals (vdW) forces originate from electrodynamic interactions
between atoms, present in all kinds of nanoscale systems.[26] The vdW inter-
actions, also called dispersion interactions, are of pivotal importance in a
broad range of phenomena, spanning from colloidal stability, self-assembly,
wetting, adhesion and sintering.[51–55]

All atoms and molecules are polarized at various timescales, and carry
an electric dipole moment due to the transient or permanent separation
distance between the centers of the positive and the negative charges. The
low-energy antiparallel configuration of the dipoles is statistically favored
(Equation (II-2.1)), and the time-averaged dipolar interactions result in an
attractive force between the dipoles, whose energy decays as r°6 in vacuum.

Three types of interactions involving permanent and/or induced dipoles
are collectively named vdW, as shown in Table I-2.1. The relaxation time of
the interaction between permanent dipoles (Keesom interactions) relates to
Brownian rotation, and falls in the IR frequency range. Both the Debye and
the London interactions have a characteristic frequency in the UV/Vis range
corresponding to the timescale for the polarization of atomic or bonding
orbitals. The relationship between the dielectric behavior and vdW interac-
tions will be explained in Section 2.1.4. A similar set of interactions applies
to magnetic dipoles and will be covered in Section 2.1.4.2.

11



CHAPTER 2. COLLOIDAL INTERACTIONS

Interaction Orientation Induction Dispersion

Name Keesom Debye London

Origin Permanent
dipoles

Permanent -
Induced dipoles

Induced dipoles

Relaxation
phenomenon

Atom/molecule
rotation

Atomic bond
polarization

Atomic bond
polarization

Frequency IR UV/Vis UV/Vis

Table I-2.1: Types of van der Waals interactions and their characteristic frequency.

2.1.2 Microscopic approach

The vdW pair interaction energy can be formulated as EvdW(r ) =°BvdW
r 6 , where

r is the distance between the dipoles. The constant BvdW depends on the mag-
nitude of the dipoles and the dielectric constant of the surrounding medium.
The magnitude of vdW interactions between two particles composed of many
atoms or molecules can be evaluated by summing up the contributions of all
the pairs of dipoles over both volumes.[56–58] The integration in the case of
two spherical particles shows that the interaction energy follows the atomic
1/r 6 behavior if the separation distance is much larger than the particle size
(s ¿ a). However, for large particles at short separation distance (s ø a), the
decay of vdW interactions follows a 1/r behavior.[26] Analytical expressions
have been derived for several geometries, yielding Equation (I-2.1) in the
case of spheres.[59]

EvdW(a, s) = A132

3

µ
a2

s(s °4a)
+ a2

(2s +a)2 + 1
2

ln
s(s °4a)
(2s +a)2

∂
(I-2.1)

º° A132a
12s

, (s ø a)

A Hamaker constant for materials 1 and 2 interacting over medium 3 (J). The subscripts 0

and w refer to vdW interactions across vacuum and water, respectively.

The expression of the vdW pair interaction energy can be split into a geo-
metrical term, e.g. a

12s for spheres, and a constant A132 called the Hamaker
constant, which depends on the density and polarizability of the interact-
ing materials. In the case of iron oxides, a comparison of the densities of

12



VAN DER WAALS INTERACTIONS

magnetite (Fe3O4), maghemite (∞-Fe2O3) and hematite (Æ-Fe2O3) suggests
that Amaghemite < Amagnetite < Ahematite (symmetric Hamaker constants in
vacuum).

The microscopic approach relies on the assumption that vdW interac-
tions are additive. However, multipolar interactions cannot be neglected in
condensed phases, and the integration should be performed over tripoles,
quadrupoles, and so forth until it converges.[60] The microscopic approach
also neglects the screening effect of surface atoms. Moreover, the effect of
the intervening medium is not accounted for rigorously, but through approx-
imate combining rules. For two spheres of materials 1 and 2 interacting over
a medium 3, the Hamaker constant is calculated from the values in vacuum,
as shown in Equation (I-2.2).[61,62]

A132 =
1
"3

≥p
A11 °

p
A33

¥≥p
A22 °

p
A33

¥
(I-2.2)

However, this relationship is at best qualitative, and experimental measure-
ments or calculations using the Lifshitz theory are the only reliable methods
for accurate determination of the Hamaker constants.[63]

2.1.3 Experimental determination of Hamaker constants
Direct and indirect measurement techniques can be used to determine the
vdW interactions, and thus estimate the Hamaker constants.[59,64] We give a
brief account of the main methods applicable to colloidal dispersions.

The surface tension at an interface is a consequence of several intermolec-
ular forces (e.g. hydrogen bonds, metallic bonds, ...), among which the con-
tribution of dispersion interactions can be isolated by contact angle or inter-
facial tension measurements with saturated hydrocarbons.

A121 = 6ºr 2
µq

∞d
1 °

q
∞d

2

∂2

(I-2.3)

r Distance between the dipoles, approximately equal to the molecular size (m)

∞d
i Contribution of dispersion forces to the surface energy of material i

°
J/m2¢

A surface energy of 0.1 J/m2 has been reported for iron oxide, correspond-
ing to a Hamaker constant in water A1w1 of 40 zJ.[65] However, Equation (I-2.3)
is deduced from pairwise summation and suffers from the same limitations
as the microscopic approach.

Flocculation experiments provide an indirect measure of Hamaker con-
stants in water, calculated from the experimental value of the critical coagu-
lation concentration (c.c.c.) and the surface charge (which is approximately

13
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the ≥-potential defined in Section 2.2.2 on p.26).

A1w1 = 20

s
("r "0)3 kB T ≥4

e2NA[c.c.c.]
(I-2.4)

"o Vacuum permittivity (F/m)

"r Dielectric constant of the solvent

kB Boltzmann constant (J/K)

T Temperature (K)

≥ ≥-potential (V)

e Elementary charge (C)

NA Avogadro’s number

[c.c.c.] Critical coagulation concentration
°
mol/m3¢

A detailed derivation of Equation (I-2.4) is given in Section 2.2.4 on p.30.
This equation applies to symmetrical monovalent electrolytes and low sur-
face potentials.

By applying Equation (I-2.4) to reported values of the c.c.c. (40 mmol/L)
and ≥-potential (31 mV) for hematite in KCl electrolyte yields A1w1 = 30zJ.[66]

However, this method is limited to single materials dispersed in water and
more complicated configurations (A132) are extrapolated using combining
rules (Equation (I-2.2)).

Surface force measurements using the surface force apparatus or colloidal-
probe atomic force microscopy are direct methods which do not require
all the simplifying assumptions of the two former techniques.[67,68] Various
combinations of materials and media can be studied, and the force versus
separation distance results are fitted within the DLVO framework to extract
the Hamaker constant.[69] One of the main issues with these techniques lies
in the preparation of ideal surfaces. Historically, surface force measurements
supported the Lifshitz theory and confirmed the electromagnetic nature of
vdW forces.[70]

2.1.4 Lifshitz theory
The relaxation frequencies reported in Table I-2.1 suggests a connection be-
tween the optical properties and the Hamaker constants. The fluctuations of
electrons around a nucleus constitute an electromagnetic oscillator. Each
oscillator sends and responds to electromagnetic waves. The electromag-
netic landscape is uniform in a bulk phase, but significantly disturbed at an
interface where the oscillators do not receive and send identically in all direc-
tions. At short separation distance (i.e. a few nanometers), two interfaces can

14
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interact via electromagnetic waves as shown in Figure I-2.1. Only a few vibra-
tion modes are allowed in the confined space between the surfaces, which
generates an electromagnetic pressure on the interfaces.[71] An analogy with
interacting waves between parallel boats has been proposed by Boersma.[72]§

The initial theory, derived for ideal conducting surfaces in vacuum, was
then extended to real surfaces interacting in a medium by Lifshitz.[74] The
underlying idea is to calculate the Hamaker constant from the dielectric
functions of the materials, which already incorporate multi-body effects. The
Lifshitz-Hamaker constant is indeed a Hamaker coefficient, which depends
on the separation distance between the interfaces. The distance dependence
reflects the retardation effects, arising from the finite propagation speed of
the electromagnetic waves. While the exact Lifshitz calculation incorporates
this effect, we will restrict ourselves to small separation distances (s < 5nm),
where the Hamaker coefficient is essentially a constant.[26] Equation (I-2.5)
is valid for small differences in dielectric properties between the involved
materials (Figure I-2.1).[59]

A132 =
3kB T

2

1X

ªj=0

0
1X

i=1

°
¢13¢23 + ¢̄13¢̄23

¢i

i3 (I-2.5)

with ¢kl(iªj) =
"k(iªj)°"l(iªj)
"k (iªj)+"l(iªj)

and ¢̄kl =
µk(iªj)°µl(iªj)
µk(iªj)+µl(iªj)

. The dielectric and mag-
netic properties are represented by the respective complex functions "(iªj)
and µ(iªj), where i is the imaginary unit and ªj the Matsubara frequency
defined in Equation (I-2.6). The prime sign on the first summation indi-
cates that the first term (ª0 = 0) is given half weight. The second summation
converges quickly and is usually truncated beyond i = 3.

ªj =
4º2kB T

h
j (I-2.6)

ªj Matsubara frequency (rad/s)

h Planck’s constant (J s)

j Integer number

The symmetric Hamaker constant A131 is always positive, correspond-
ing to attractive vdW forces (Equation (I-2.1)). However, if the intervening
medium possesses dielectric (or magnetic) properties intermediate between
two different materials 1 and 2, vdW interactions will be repulsive.[69,75]

As shown in Figure I-2.2, the dielectric properties should be known over a
wide range of frequencies until the sum in the Lifshitz summation converges.
Useful assumptions have been devised to extrapolate the optical properties

§Although the relevance of this analogy is still a matter of debate.[73]
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Figure I-2.1: Illustration of the electromagnetic nature of vdW interactions. The
interaction strength varies with the frequency !, the separation distance s, and the
dielectric and magnetic susceptibilities (" and µ, respectively) of the materials and
the medium.

Figure I-2.2: First 1000 Matsubara frequencies ªj from Equation (I-2.5), computed at
room temperature (298 K), with the corresponding integer index (j), wavelength (∏)
and frequency ( f ) scales. Most frequencies fall in the UV-Vis range.
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from a limited experimental dataset. They will be presented in Section 2.1.4.1,
followed by a treatment of magnetic dispersion interactions in Section 2.1.4.2.

2.1.4.1 Dielectric dispersion interactions

Several methods can be used to compute Lifshitz-Hamaker constants from
spectral data.[76] When detailed dielectric data over a wide range of frequen-
cies are available, the Hamaker coefficient can be directly calculated using
the so-called Full Spectral (FS) method.[51] The dielectric spectrum "(!) is
converted to an imaginary-frequency dispersion spectrum "(iªj) by an in-
tegral transform. The full spectral method requires very accurate spectral
input and is mathematically involved, but it is in principle the most correct
approach. London dispersion spectra are sometimes available for common
materials and solvents (e.g. water[77]).

When dealing with limited spectral information, the materials can be rep-
resented analytically by a series of dielectric oscillators to avoid the integral
transform of the FS method.[78] The Tabor-Winterton approximation uses a
single oscillator based on the refractive index of the materials.[79] Ninham
and Parsegian have shown that most materials are accurately represented by
two oscillators in the IR and in the UV range, which is a good compromise
between accuracy and ease of use.[80]

Dielectric materials are usually represented by a series of Lorentz oscil-
lators, which relate to bound electrons. Neglecting damping, the complex
response function of a material derived from the Ninham-Parsegian approxi-
mation is given by Equation (I-2.7).

"(iªj) = 1+ CIR

1+
≥
ªj

!IR

¥2 + CUV

1+
≥
ªj

!UV

¥2 (I-2.7)

CIR,CUV Absorption strength in the IR and UV, respectively (°)

!IR,!UV Resonance frequency in the IR and UV, respectively (rad/s)

The parameters of the UV oscillator (CUV and !UV) can be obtained from
the frequency-dependent dielectric constant of the material n(!). Assuming
that the absorption in the visible range is negligible, one can combine the
relationship "(iªj)

ØØ
j∏10 = n(!)2 with Equation (I-2.7) to obtain the Cauchy

equation (Equation (I-2.8)). The UV parameters of the material are calculated
by fitting the Cauchy plot, as illustrated in Figure I-2.3 for hematite.

n(!)2 °1 = [n(!)2 °1]!2

!2
UV

+CUV (I-2.8)
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Figure I-2.3: Determination of the UV parameters for hematite. (a) Optical properties
of hematite in the visible and UV range (from Goossens et al.[81]) (b) Calculation
of the UV parameters from the fit to the Cauchy equation (Equation (I-2.8)) in the
range 580nm ∑∏∑ 1250nm.

The frequency of the major IR absorption band is used as the resonance
frequency of the IR oscillator. Finally the strength CIR can be deduced from
the relation:

CIR = "r °CUV °1, (I-2.9)

where "r is the static dielectric constant.
The Ninham-Parsegian approximation applies to dielectric materials. Ideal

conductors have an infinite dielectric constant and a purely dissipative be-
havior at low frequency. The dielectric properties of real metals reflect a
combination of free electrons and bound d-electrons and are thus repre-
sented by a combination of Drude and Lorentz oscillators, as shown for gold
in Paper I. Polar molecules such as water are represented by an additional
Debye oscillator with a relaxation frequency in the microwave range, corre-
sponding to molecular rotation. The complex dielectric response function
of water obtained by the FS method has been reported by Dagastine, Prieve,
and White, which alleviates the need for an approximate oscillator-based
description.[77]

Once the complex dielectric response functions of the materials are known,
the Hamaker coefficient is calculated by the discrete summation of the dif-
ference between the dielectric response functions of the materials and the
medium (neglecting the contribution of magnetic dispersion interactions).
The process is illustrated in Figure I-2.4 for hematite in water. The sum-
mation converges within the first 1000 frequencies up to 30 zJ. The main
contribution comes from the IR and Vis range.

The values for the symmetric Hamaker constants found in the literature
and obtained by the Lifshitz method are gathered in Table I-2.2. In all the
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Figure I-2.4: Integration of the differences in dielectric properties ¢2
Am. (a) Complex

dielectric response functions of hematite and water for the 5000 first Matsubara
frequencies. The arrows indicate the differences in dielectric properties between
hematite and water, used to calculate ¢13(iªj) in Equation (I-2.5). (b) Calculation of
the Lifshitz Hamaker constant A1w1 for hematite in water.

A131 (zJ) Water Hydrocarbon Hexane Toluene

Fe3O4 20°40(a) 33 30°400(d) 22 9

∞°Fe2O3 34°45(b) 36 30°400(e) 26 18

Æ°Fe2O3 13°45(c) 39 30°400(f) 29 29

Table I-2.2: Hamaker constants for iron oxides in various intervening media (adapted
from Paper I). The gray columns provide the values previously reported in the litera-
ture. The other values are calculated using the Lifshitz theory. References: (a)[82,83]

;(b)[65,84] ;(c)[65,66,85] ;(d)[82,83,86,87] ;(e)[87,88] ;(f)[87]
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cases the values increase as Amagnetite < Amaghemite < Ahematite, which dis-
agrees with the ranking expected from the microscopic approach (p. 13).
The calculated values are in good agreement with the previously-reported
Hamaker constants for iron oxides in water, which have been determined
experimentally. In the case of hydrocarbons, the Hamaker constants have
been extrapolated from the aqueous values using combining rules, or a com-
parison of the static dielectric constant of the solvents with that of water,
resulting in a wide range of published values spanning one order of magni-
tude, from 30 to 300 zJ.[82,83,86–88] In contrast, the Lifshitz values calculated
from optical data fall between 10 and 30 zJ. Hence, the previous estimates
have often led to an overestimation of the magnitude of the vdW interactions
for iron oxide nanoparticles in the field of ferrofluids and in self-assembly
processes.[87–89]

2.1.4.2 Magnetic dispersion interactions

Magnetic interactions are often neglected because the differences in mag-
netic susceptibilities are smaller than their dielectric counterparts. Moreover
the relaxation frequency of magnetic interactions, typically below 10 GHz,[90]

is much lower than the Matsubara frequencies, which yields ¢̄ ' 0 above
ª1. Hence, calculations of magnetic dispersion interactions only require the
static magnetic susceptibility of the materials.

The complex magnetic response function of the materials can be repre-
sented by a single harmonic oscillator, as shown in Equation (I-2.10).[91]

µ(iªj) = 1+ ¬v

1+
≥
ªj

f

¥ (I-2.10)

¬v Static volume susceptibility (SI)

f Frequency of magnetic relaxation (1/s)

The Langevin equation for weak magnetic fields provides an analytical
expression for the size-dependent static susceptibility (SI) up to a particle
size of 15 nm.[87,92]

¬v =
µ0M 2

s Vp

3kB T
(I-2.11)

µ0 Permeability of vacuum
°
J/m A2¢

Ms Saturation magnetization (A/m)

Vp Volume of the particles
°
m3¢
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By combining Equation (I-2.5) and Equation (I-2.10), a simple expression
for the contribution of magnetic dipolar interactions between symmetrical
magnetic materials in a non-magnetic medium can be derived.

A101, magnetic '
3kB T

4

1X

k=1

1

k3

µ
¬v

2+¬v

∂2k

(I-2.12)

Thus a size-dependent Hamaker coefficient for magnetic dispersion interac-
tions can be obtained by combining Equation (I-2.12) and Equation (I-2.11),
as shown in Paper I. The calculation can be refined by using the experimental
value of the saturation magnetization for maghemite nanoparticles (9.1 nm
in diameter) from Paper II.

MS(T ) = MS(0)(1°BT Ø) (I-2.13)

where MS(0) = 365±7 kA/m is the saturation magnetization at 0 K, Ø= 1.78±
0.02 and B = 5.3±0.6£10°6 K°1.78. The lower saturation magnetization for the
nanoparticles compared with the value for the bulk material (380 kA/m)[93]

can be attributed to surface effects and structural defects.[94] A reduction in
magnetization induces a decrease of the magnetic Hamaker coefficient, as
shown in Figure I-2.5. At room temperature, the contribution of magnetic
dispersion interactions is lower than 3 zJ, which is much smaller than the
contribution of the dielectric dispersion interactions (see Table I-2.2). The
susceptibility of hematite is 3 orders of magnitude lower than magnetite
and maghemite, and its magnetic contribution to vdW interactions is thus
insignificant. In summary, our results suggest that it is reasonable to neglect
magnetic dispersion interactions for iron oxides nanoparticles.

2.1.5 Colloidal stability of iron oxide nanoparticles in hydrocarbons
Iron oxide nanoparticles are usually stabilized by a surfactant layer during the
synthesis, e.g. adsorbed oleic acid with a thickness of 1-2 nm.[86,95] Figure I-
2.6 shows the interaction energy between a pair of maghemite nanoparticles,
whose surfaces are 3 nm apart. The vdW contribution was calculated us-
ing the expression for identical spheres (Equation (I-2.1)) and a Hamaker
coefficient of 30 zJ. The interaction of 2 antiparallel magnetic dipoles sets
an upper limit value for the contribution of magnetic dipolar interactions,
as explained in Equation (II-1.7). The figure shows that the colloidal sta-
bility of ferrofluids is dominated by magnetic dipolar interactions, which
increase more quickly than vdW interactions with the particle size. Moreover
the organic capping on the surface of the iron oxide nanoparticles was not
accounted for in the Lifshitz calculation and probably reduces the effective
Hamaker coefficient.[96] The pair interaction energy can be related to the life-
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Figure I-2.5: Contribution of magnetic dispersion interactions to the Hamaker co-
efficient for magnetite and maghemite in a non-magnetic medium at 298 K. The
saturation magnetization of bulk magnetite and maghemite are 480 kA/m and
380 kA/m, respectively. Equation (I-2.13) was used to calculate the magnetization of
maghemite nanoparticles.

     






























     














 
  



 
























Figure I-2.6: (a) Pair interaction energy for maghemite particles covered by oleic
acid (1.5 nm thick) at their closest separation distance (s = 3 nm), in hexane at
room temperature (¥= 0.3mPa.s). A Hamaker constant A121 of 30 zJ was used. (b)
Corresponding breakup time for a pair of contacting particles, with the 2 kB T limit
for stability used in Paper I.
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time of a doublet of particles (Equation (I-2.14)).[97,98] It shows that particles
larger than 15 nm lose their colloidal stability and tend to form agglomerates.

ø= 6º¥a3

kB T
e°

E
kB T (I-2.14)

ø Doublet breakup time (s)

¥ Dynamic viscosity (Pa s)

E Pair interaction energy (J)

In summary, the availability of spectral parameters for the main iron oxide
phases found in nanoparticles enables Lifshitz-Hamaker constants to be
reliably calculated. The contribution of magnetic dispersion interactions to
the Hamaker constants is negligible. We found a good agreement with the
previously-reported values in water, but the values in hydrocarbons have
been formerly overestimated. Using the calculated values for maghemite
in hexane, stable dispersions can be prepared for particles up to 15 nm in
diameter, in good agreement with experimental observations.

2.2 Electrostatic interactions

2.2.1 Origin of electrostatic interactions
Repulsive surface forces coexist in most cases with the ubiquitous vdW forces
and stabilize colloidal dispersions against flocculation. When immersed in
a polar liquid, the particles can acquire a surface charge through various
mechanisms, e.g. the dissociation of surface groups, the specific adsorption
or dissolution of ions, and the presence of crystalline defects.[99] The dissoci-
ation of surface hydroxyl groups is the main mechanism for the charging-up
of metal oxide surfaces in water:

M°OH+
2

H3O+

°°°°*)°°°° M°OH
OH°
°°°*)°°° M°O° [R I-2.1]

The surface charge is balanced by an excess of counter-ions and a depletion
of co-ions in the volume surrounding the particle, as shown in Figure I-2.7.
The cloud of ions surrounding each particle is called the electrical double
layer (EDL), composed of ions transiently bound to the surface (the Stern

23



CHAPTER 2. COLLOIDAL INTERACTIONS

Figure I-2.7: Stern-Grahame model for the electrical double layer and the corre-
sponding electrostatic potential. For the sake of simplicity, we assume that the end
of the Stern layer coincides with the slip plane.[100,101]

layer) surrounded by a dynamic “diffuse layer” of free ions. The boundary
between the layers is called the surface of shear (or slip plane), and relates
to the hydrodynamic size of the particles. The potential at the slip plane (≥-
potential) can be measured by electrophoresis, and its value is an estimation
of the surface potential.

The decay of the electrostatic potential √ with the distance r can be esti-
mated by solving the Poisson equation for electrostatics, assuming that the
distribution of the ions follows Boltzmann statistics. The surface charges and
the ions in the Stern layer constitute a capacitor, and the potential displays
a Coulombic linear decay with respect to the distance, as can be seen in
Figure I-2.7. In the diffuse layer, the potential is screened by the ions and
decays exponentially. By assuming a low surface potential (Debye-Hückel
approximation), the solution to the Poisson-Boltzmann equation can be
linearized (Equation (I-2.15)).[102]

√(r ) =√0
a
r

e°∑(r°a) (I-2.15)

√ Electrostatic potential (V)

√0 Surface potential (V)

r Distance from the center (m)

∑ Inverse Debye length (1/m), defined in Equation (I-2.16)
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The thickness of the double layer surrounding the particles, which defines
the length scale of electrostatic interactions, is related to the Debye length
∑°1 (assuming that the Stern layer is thin compared with the diffuse layer,
i.e. ±ø ∑°1). As shown in Equation (I-2.16), the magnitude and the range of
electrostatic interactions are strongly influenced by the surface charge, the
dielectric constant of the solvent and the ionic strength.[103,104]

∑°1 =
s

"0"r kB T
2 NAC0e2z2 (I-2.16)

C0 Electrolyte concentration in solution
°
mol/m3¢

z Valency of a symmetrical z : z electrolyte

In a polar solvent and in the presence of ions, the electrostatic repulsive
interactions result mainly from the rise in osmotic pressure between two
particles when their EDLs overlap, rather than from Coulombic interactions,
as shown in Figure I-2.8.

Figure I-2.8: (a) Sketch showing the overlap of ionic clouds around positively charged
particles (only the counter-ions are shown). (b) Concentration profile between two
charged surfaces in an electrolyte. The colored areas correspond to the increase in
osmotic pressure, which is a function of the separation distance.

The electrostatic pair interaction energy depends on the ionic concentra-
tion at the mid-plane between two approaching particles. At large separation
distances (s > ∑°1) and low curvature (∑a > 10), the electrostatic pair interac-
tion energy Eelectrostatic is expressed as:

Eelectrostatic(s) = 64ºaC0NAkB T°2

∑2 e°∑s (I-2.17)

with the reduced surface potential °= tanh
≥

ze√0
4kB T

¥
.[105] In the next sections,

we will show the influence of the surface charge and the electrolyte on the
electrostatic interactions.
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2.2.2 Measurement of the ≥-potential by Laser Doppler
Electrophoresis

The evaluation of the electrostatic pair interaction energy (Equation (I-2.17))
requires the knowledge of the surface charge √0. For convenience, the sur-
face charge is usually estimated through the value of the ≥-potential, which is
experimentally easier to measure.† The ≥-potential corresponds to the elec-
tric potential at the slip plane, corresponding to the hydrodynamic surface
of the particles. The determination of the ≥-potential relates to the measure-
ment of electrokinetic phenomena, i.e. the motion of a fluid near a charged
interface.[107]

Figure I-2.9: Optical setup of the Laser Doppler electrophoresis measurements.

Light scattering is a convenient method to measure the electrophoretic
mobility of particles, i.e. the particle velocity normalized to the strength of the
applied electric field. The motion of the particles relative to the light source
and the detector results in a Doppler shift of the scattered light (º±50Hz).
Due to the high frequency of the light source (1014 Hz), the Doppler shift must
be measured by interferometry.[108] The optical setup used for ≥-potential
measurements is shown in Figure I-2.9. Coherent light from a red He-Ne
laser is split into a reference beam and a beam propagating through the sam-
ple. The colloidal dispersion is placed in a capillary cell surrounded by two
oppositively-charged electrodes. The reference beam and the scattered beam
are recombined into an interference signal. A digital correlator determines
the Doppler shift, which is then converted to an electrophoretic mobility.

The determination of the ≥-potential from the electrophoretic mobilities
is achieved by balancing the force induced by the electric field with the com-
bined drag force of the solvent and of the double layer. The Henry equation
describes the mobility of weakly charged particles, taking into account the

†Titration methods can be used for a direct determination of the surface charge.[106]
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distortion of the electric field close to the charged interfaces.[109] Two asymp-
totic cases, namely the Smoluchowski and Hückel approximations,[110,111]

are presented in Equation (I-2.18).[102]

µE = 2
3
"0"r

¥
≥ f (∑a) with f (∑a) =

8
<

:

3
2

for ∑a < 0.1(Smoluchowski)

1 for ∑a > 100(Hückel)
(I-2.18)

µE Electrophoretic mobility
°
m2/V s

¢

f (∑a) Henry function, bridging the two asymptotic values (Smoluchowski and Hückel)

Since the relationship between the electrophoretic mobility, the ≥-potential
and the surface charges depends on the structure of the EDL, it is important
to compare values of the ≥-potential obtained under similar experimental
conditions.[112]

As shown by Reaction [R I-2.1] (p.23), the surface charge of metal oxide
in water depends on the pH, which is then reflected by the magnitude of
the ≥-potential, as shown in Figure I-2.10 for TiO2. The isoelectric point
(IEP), which corresponds to the pH value at which the ≥-potential is zero,
is found at pH 6.5, which is very close to other reported values.[113,114] The
curve shown in Figure I-2.10 contains valuable information on the colloidal
stability. According to Equation (I-2.17), the electrostatic potential energy
scales with the square of the ≥-potential, and contributes to repelling the
particles and prevents their agglomeration. Thus, the TiO2 powder can form
stable dispersions below pH 5 and above pH 8, but becomes unstable close
to the IEP.

2.2.3 Rheology and electroviscous effects
The concentration and the valency of the ions in the EDL affect the elec-
trostatic potential energy through the value of the Debye length ∑°1 (Equa-
tions (I-2.16) and (I-2.17)). The range of electrostatic interactions decreases
with increasing ionic strength, induced by the shrinkage of the cloud of
counter-ions surrounding each particle. As the flow behavior of the EDL
differs from the bulk, the changes in its thickness affect the overall flow of the
suspension and its viscosity.

Rheology is the study of the flow of materials under an applied stress.
Liquid samples are often studied under shear, and the viscosity is defined
as the ratio of the shear stress over the shear rate (Equation (I-2.19)). The
viscosity relates to the rate of mechanical energy dissipation in a material
subjected to a flow velocity gradient.

27



CHAPTER 2. COLLOIDAL INTERACTIONS

Figure I-2.10: ≥-potential versus pH for a TiO2 powder (Aerosil® P25) in 5 mM NaNO3
as background electrolyte (from Paper IV).

æ= ¥∞̇ (I-2.19)

æ Shear stress (Pa)

∞̇ Shear rate (1/s)

Upon shear flow in the laminar regime (i.e. low Reynolds number), the
fluid is structured like stacked layers parallel to the shear planes. The velocity
of the fluid is constant in each layer, and the velocity gradient (the shear
rate ∞̇) is constant normal to the shear planes, as shown on the left end of
Figure I-2.11. Thus, the viscosity relates to the friction coefficient between
the fluid layers sliding onto each others with a constant relative speed.

In a dispersion, the solid particles disturb the structure of the flow and
the viscosity increases compared to the pure solvent.[115–117] Some of the
mechanisms contributing to the increase of the viscosity are depicted in
Figure I-2.11 showing (from left to right): a single particles rotating in the
shear flow and behaving like a local vortex; a high shear region between two
rotating particles; and a rotating doublet of particles.

In addition, the shear flow around a charged particle distorts the shape
of the EDL. The resulting electroosmosis opposes the flow and causes an
increase in the viscosity, compared to a similar suspension of uncharged
particles.[119,120] The influence of electrokinetic phenomena on the viscosity
is called the electroviscous effect.

Electroviscous effects are not negligible and can raise the viscosity by one
order of magnitude, as shown in Figure I-2.12. At low electrolyte concen-
tration, the viscosity decreases with the ionic strength as the EDL shrinks.
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Figure I-2.11: Examples of dissipation mechanisms available in dispersions, showing
the disturbance of the flowlines around solid particles in a laminar shear flow for
(from left to right): a single rotating particle; two interacting rotating particles; a pair
rotating as a single unit (redrawn from Goodwin[118]).
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Figure I-2.12: Viscosity at 100 s°1 of a TiO2 suspension (Aerosil® P25, ¡V = 10.6%) in
a dilute HNO3 solution (pH 3.5) as a function of the ionic strength, set with NaNO3
(from Paper IV). The suspension forms a gel at 10 mmol/L and above.
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Thus, the magnitude of electroviscous effects decreases upon addition of
NaNO3 and the viscosity reaches a minimum at 5 mmol/L. At higher ionic
strength, the viscosity increases again until a gel forms at 10 mmol/L. It can
be attributed to a loss of colloidal stability and the onset of flocculation, as
explained in the next section.

2.2.4 DLVO pair interaction energy
The DLVO framework, named after the 4 scientists who developed the
theory (Derjaguin and Landau in Russia,[121] and Verwey and Overbeek in
Holland[105]), describes the colloidal stability of charged particles. The DLVO
theory assumes that the van der Waals and the electrostatic interactions are
additive. Thus, the DLVO pair interaction energy for two spheres derives
from the summation of Equations (I-2.1) and (I-2.17):‡

EDLVO(s) = a
µ

64ºC0NAkB T°2

∑2 e°∑s ° A
12s

∂
(I-2.20)

The net pair interaction energy in the DLVO framework has 2 minima
separated by an energy barrier (Figure I-2.13). The agglomerated state cor-
responds to thermodynamic equilibrium, while colloids can be kinetically
stabilized using surface charge. A practical limit for the ≥-potential of at
least ±30 mV provides long-term stability (at low ionic strength, as shown in
Figure I-2.14).

The shape of the DLVO pair interaction energy depends strongly on the
range of electrostatic interactions (Figure I-2.14). At high ionic strength (i.e.
high electrolyte concentration and/or high valency), the thickness of the EDL
is small and the DLVO energy is dominated by vdW interactions. There is
thus a critical concentration above which the energy barrier disappears and
the colloidal dispersion is unstable.

The critical coagulation concentration (c.c.c.) can be calculated from Equa-
tion (I-2.20), assuming that the maximum energy is 0, which is shown by
the dashed curve in Figure I-2.14.[122] The position of the maximum at the
c.c.c. corresponds to a separation distance ∑°1, which highlights the impor-
tance of the thickness of the EDL for colloidal stability. For a symmetrical
electrolyte at low reduced surface potential, the c.c.c. (in mol/m3) is given by
Equation (I-2.21).

[c.c.c.] º
40º2 ("r "0)3 kB T√4

0

NA (A131ze)2 (I-2.21)

‡In addition to the arguments presented in Chapter 1, Equation (I-2.20) highlights the fun-
damental difference between dispersions of nano-sized and micron-sized particles. Indeed
gravitational forces (scaling with the volume) dominate over colloidal interactions (propor-
tional to the radius) in the latter case.
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Figure I-2.13: Pair interaction energy as a function of the normalized separation
distance in the DLVO framework. The electrostatic potential is calculated using
≥= 30 mV and 5 mmol L°1 monovalent electrolyte in water. A Hamaker coefficient
of 50 zJ was used for the vdW interaction energy.










          




























Figure I-2.14: Influence of the ionic strength on the DLVO pair interaction energy.
The calculations apply to TiO2 (d =200 nm, A1w1 = 50 zJ) at pH 3.5 (≥= 40 mV). The
dashed curve corresponds to the critical coagulation concentration.
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The theoretical c.c.c. of the suspension presented in Figure I-2.14 is at
30 mmol/L. This value is higher than the experimental c.c.c. determined
by rheology in Figure I-2.12, which was between 7 mmol/L to 10 mmol/L.
This difference could be attributed to the synthesis route of the Aerosil® P25
powder, which is produced by the hydrolysis of TiCl4 (reaction [R I-2.2]).[123]

TiCl4 (g)+2H2 (g)+O2 (g)
985±C°°°°! TiO2 (s)+4HCl (g) [R I-2.2]

The powder was used as-received, and may contain some residual hydrochlo-
ric acid which will increase the ionic strength.

From the viewpoint of colloidal processing, the properties of
electrostatically-stabilized suspensions (e.g. the viscosity and the particle
size distribution) are strongly affected by changes in ionic strength. More
robust stabilization methods are usually needed, which rely on nanoscale
interactions outside the scope of the classical DLVO framework, e.g. steric
interactions.

2.3 Steric interactions

2.3.1 Origin of steric repulsion
Steric interactions arise when large molecules are adsorbed on the surface
of the particles and prevent direct interparticle contacts. Polymers and sur-
factants are commonly used as steric stabilizers, and should display a good
affinity both for the surfaces of the particles and for the solvent. When these
two criteria are met, the macromolecules are strongly attached to the par-
ticles and protrude like brushes in the solvent, as shown in Figure I-2.15.

Figure I-2.15: Overlap of the polymer chains adsorbed on the surfaces of the particles.
The macromolecules contain anchoring functional groups (in green) and soluble
moieties (in red).
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In the case of metal oxide particles carrying surface hydroxyl groups, the
polymer chains can anchor through hydrogen-bonding (e.g. ethers, alcohols
and acrylamides), acid-base reactions (e.g. carboxylic acids) or electrostatic
interactions (e.g. phosphates and carboxylates).[124,125] Even if the affinity of
each individual segment for the particles surface is low, the multiplicity of
anchoring groups in the whole polymer chain results in a high energy cost
for desorption.[126]

The length scale of steric interactions relates to the thickness of the ad-
sorbed polymer layer, which in turn depends upon the molecular weight
and the conformation of the adsorbed chains.[104,127] In a theta solvent, the
polymer segments are randomly distributed and the chain assumes a random
coil shape with a radius of gyration, Rg , defined in Equation (I-2.22).[26]

Rg = l

s
N
6

(I-2.22)

Rg Radius of gyration of the polymer (m)

l Length of the monomer unit (m)

N Number of monomer units

The effective size of the polymer will be larger than Rg in good solvents
(polymer-solvent interactions are favored) and smaller than Rg in poor sol-
vents (polymer-polymer interactions dominate). In addition, a high coverage
of the particle surface also increases the thickness of the adsorbed polymer
layer. The combined effect of the solvent conditions and surface coverage
are shown in Equation (I-2.23).[128]

±= N
3
p
©l 5 (I-2.23)

± Equilibrium thickness of the polymer layer (m)

© Surface coverage density
°
1/m2¢

The polymers used as dispersants usually have a low molecular weight,
typically below 20000 g/mol. The sodium polyacrylate dispersant used to
stabilize TiO2 in Paper IV (Dispex® N40) has an average molecular weight
Mw = 3500 g/mol,[129] which corresponds to a radius of gyration of 1 nm.
As will be shown in the next section, the large extension of the polymer
chain in the solvent implies that steric interactions are effective at separation
distances where vdW interactions are negligible.
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2.3.2 Steric pair interaction energy
While the Debye length defines the range of electrostatic interactions, the
equilibrium thickness of the polymer layer ± governs the range of steric
interactions. The steric pair interaction energy per unit area (Equation (I-
2.24)) can be approximated by an exponential decay when the polymer chains
are interdigitated (±2 < s < 2±).[26,128,130]

Ester i c (s) = 100±
º
©

3
2 kB T e°º

≥ s
±°1

¥

(I-2.24)

This behavior is illustrated in Figure I-2.16 for TiO2 stabilized by sodium
polyacrylate.

Steric interactions appear when the separation distance becomes smaller
than twice the thickness of the polymer layers (s < 2±). The interaction energy
increases steeply when the chains are fully interdigitated, i.e. s < ±). The
steric repulsion clearly dominates vdW interactions, and the dispersed state
is thermodynamically stable.§ Polymer-stabilized suspensions have thus
a much longer shelf-life than their electrostatic counterparts. The use of
polymers has many other advantages for the processability of suspensions,
as illustrated in the next section.

2.3.3 Steric versus electrostatic stabilization
The merits and drawbacks of the electrostatic and steric stabilization mecha-
nisms are listed in Table I-2.3.

Electrostatic stabilization Steric stabilization

Flocculation upon addition of
electrolyte or changes in pH

Fairly robust against changes in ionic
strength and pH

Aqueous suspensions Both aqueous and non-aqueous
solvents

Irreversible flocculation Reversible flocculation

Predictable
(DLVO framework)

Predictions rely on
a large number of parameters

Table I-2.3: Comparison of the electrostatic and steric stabilization mechanisms.[131]

§The expression for the vdW interaction energy is divergent when the surfaces are in atomic
contact. In practice, all surfaces have a degree of roughness and only a limited number of
"true" contact points exist. Thus, it is more realistic to consider that the vdW interaction
energy reaches some finite value at contact.
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Figure I-2.16: Steric pair interaction energy as a function of the normalized sepa-
ration distance. The surface coverage density of polymer was calculated from the
radius of gyration of the Dispex® N40 dispersant as©= 1/(2Rg )2,[26] and the thickness
of the adsorbed chain, ±, was calculated using Equation (I-2.23). The contribution of
vdW forces was estimated using an analytical expression for two parallel half-spaces
and scaled to the area occupied by a chain (º 1/©), with a Hamaker coefficient of
50 zJ (TiO2 in water).[59]
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2.3.3.1 Electrolyte sensitivity

When optimizing the formulation of a dispersion, it is often beneficial to
reduce the viscosity to a minimum, e.g. in order to minimize the cost for
pumping or increase the sprayability. As shown in Figure I-2.12 (p.29), the
addition of a controlled amount of background electrolyte is useful to sup-
press the electroviscous effects and lower the viscosity. However, in the case
of charge-stabilized dispersion, it comes at the expense of a reduction of
the energy barrier which prevents agglomeration, while polymer-stabilized
dispersions can be insensitive to changes in ionic strength, as shown in
Figure I-2.17.

The flow behavior of a charge-stabilized dispersion and a polymer-
stabilized dispersion at high shear rate is compared in Figure I-2.18. The
high shear flow induces agglomeration of the charge-stabilized suspension,
because the hydrodynamic interactions are large enough to exceed the
energy barrier. The particles remain agglomerated when the shear rate
decreases, as shown by the increase in viscosity and the pronounced
shear-thinning behavior. The polymer-stabilized suspension has both a
lower viscosity, and can be sheared without any indication of shear-induced
agglomeration. High shear rates are common in industrial processing (e.g.
pipe flow, painting or spraying).[132] A strong increase of the viscosity in a
pipe or a spraying nozzle would have disastrous consequences in a factory.

2.3.3.2 Reversible flocculation

Upon flocculation of a charge-stabilized dispersion, the nanoparticles come
in close contact and form fractal agglomerates. In the case of a polymer-
stabilized dispersion, the thickness of the adsorbed polymer sets the closest
separation distance between the nanoparticles. For two primary aggregates
(200 nm in diameter) at short separation distance (s ø a), it is possible to
estimate the cohesion force holding a doublet of agglomerated particles
together, which derives from the vdW pair interaction energy (Equation (I-
2.1)).[26,133]

FvdW =°dEvdW

ds

º° Aa
12s2 , (s ø a) (I-2.25)

Assuming a minimum separation distance of 2 Å and 2 nm in agglomerates
formed from an electrostatically- and a sterically-stabilized dispersions,
respectively, one can estimate from Equation (I-2.25) that the polymer
reduces the force required for deagglomeration by two orders of magnitude.
Thus, the presence of a polymer layer prevents the formation of hard
aggregates, and enables e.g. to dry a powder without inducing irreversible
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Figure I-2.17: Sensitivity of electrostatically- and sterically-stabilized suspensions of
TiO2 in water (Aerosil® P25, ¡V = 10.6%) to the addition of an electrolyte (NaNO3).
Details on the electrostatically-stabilized suspension can be found in the caption of
Figure I-2.12. Sodium polyacrylate (Dispex® N40, 2.4% dry-weight basis) was used
for the steric stabilization of the other dispersion. The sodium ions introduced with
the dispersant were not considered in the calculation of the ionic strength. The data
is adapted from Paper IV.

Figure I-2.18: Comparison of the high-shear-rate behavior of electrostatically- and
sterically-stabilized suspensions of TiO2 in water (Aerosil® P25, ¡V = 10.6%). The
electrostatically-stabilized suspension was prepared at pH 3.5 (with HNO3) and
5 mmol/L of background electrolyte (NaNO3), corresponding to the minimum in
viscosity observed for electrostatic stabilization (Figure I-2.12). Steric stabilization
was achieved by adding sodium polyacylate (Dispex® N40, 2.4% dry-weight basis). In
both experiments, the shear rate was first increased to 1000 s°1 and then decreased,
as indicated by the arrows.
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aggregation, as demonstrated in Paper IV.

Rheology has been used to optimize the formulation of a concentrated
TiO2 dispersion for spray-granulation. A polyelectrolyte has been added
to stabilize the dispersion against changes in ionic strength and to allow
processing at high shear rate. The polymer is embedded in the granules upon
spray drying, and prevents the formation of hard aggregates. The ability
to agglomerate nanopowders without inducing irreversible aggregation is
interesting for the packaging of dry nanopowders into safe, free-flowing and
redispersible granules.
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3. Wetting and surface functionalization

Nano-sized magnetic particles, which are composed of single magnetic do-
mains, behave like giant paramagnetic atoms: they have a high susceptibility
but do not have any remnant magnetization at room temperature, an effect
called “superparamagnetism” (see Section 1.3 in Part II for more details).[134]

Superparamagnetic colloids are of great interest for biomedical applications,
including contrast agents for magnetic resonance imaging, bioseparation,
targeted delivery and hyperthermia.[21,135] These applications usually rely on
the ability to prepare stable aqueous dispersions of the magnetic nanoparti-
cles.

3.1 Wetting properties of oleate-capped iron oxide
nanocrystals

Iron oxide nanoparticles are commonly synthesized or precipitated in a liq-
uid phase.[21] Co-precipitation from aqueous solutions containing ferrous
and ferric salts under basic conditions usually involves size-selective pre-
cipitation to narrow the size distribution.[136] Inspired by the synthesis of
semi-conductor quantum dots, monodisperse iron oxide nanocrystals can
be obtained by the thermal decomposition of organometallic precursors in a
high-boiling solvent containing surfactants.[5,137] The thermal decomposi-
tion of an iron oleate complex in 1-octadecene in the presence of oleic acid is
a well-studied and scalable synthesis method.[8] The obtained oleate-capped
particles are hydrophobic, and their surfaces need to be functionalized in a
post-treatment to allow dispersion in aqueous media.

The energy needed to disperse the hydrophobic particles in water can be
estimated from their surface free energy.[138] The interfacial free energy of a
spherical particle, neglecting the effect of curvature, can be calculated from
Equation (I-3.1).

G = 4ºa2∞s,l (I-3.1)

∞s,l Surface energy of the solid/liquid interface
°
J/m2¢
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An expression for the equilibrium concentration of oleate-capped nano-
particles in water can be derived from the free energy of mixing for emulsions,
as shown in Equation (I-3.2) (valid for small©N ).[139]

©N = exp
µ
1° 4ºa2∞o/w

kB T

∂
(I-3.2)

©N Number fraction of oil droplets in water

∞o/w Interfacial energy of oil in water
°
J/m2¢

Using an interfacial energy for oleic acid in water of 10 J/m2[140] and a
radius of 5 nm, Equation (I-3.2) shows that the oleate-capped particles will
not mix with water and cannot be dispersed unless the interfacial energy is
reduced.

3.2 Surface modification of nanoparticles
Several strategies are available to modify the wetting characteristics of
nanocrystals, including encapsulation with a surfactant, silanization,
ozonolysis or ligand exchange (Figure I-3.1).[20,141]

Encapsulation methods are versatile because the surfactant interacts with
the capping agent independently of the core material. Thus, the same surfac-
tant can be used with different hydrophobic nanoparticles.[142] Carboxylic-
based polymers, surfactants, phospholipids and cyclodextrin are commonly
used.[143–145] However, the stability of the surfactant corona can be strongly
compromised by changes in temperature, pH and ionic strength.

Silanization methods rely on the condensation of organosilanes into a rigid
silica shell around the nanoparticle core. However, the build-up of a uniform
layer to preserve a narrow particle size distribution is challenging.[135,146]

Two other methods, namely ozonolysis and ligand-exchange, target the
oleate capping. Ozonolysis generates free radicals which oxidize and cleave
the double bond of the oleate chain, thus reducing its hydrophobicity. How-
ever, the colloidal stability of the treated particles in water remains low, due
to remaining hydrophobic surface groups.[147] The ligand-exchange route
partially replaces the oleate capping with a hydrophilic steric stabilizer by
competitive adsorption. The most commonly used polymers contain thi-
ols, diols, phosphines, or amine groups as anchors and polyethylene glycol
or dextran as water-soluble steric moieties.[124] Ligand exchange processes
are driven by mass action, and a full replacement of the oleate capping is
thus difficult to achieve. Moreover, the incoming ligand must have a higher
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Figure I-3.1: Main methods for the surface modification of nanoparticles.

affinity for iron oxide than the oleate capping, which renders the exchange
procedure irreversible.[148–150]

As an alternative to these approaches, the removal of the oleate capping is
a simple method, which leaves the nanoparticle surface accessible for further
functionalization. The capping agent can be partially removed by repeated
washing and precipitation of the nanoparticles with ethanol, but this proce-
dure usually results in agglomeration.[151] The novel method described in
Paper III is based on the spontaneous diffusion of the nanoparticles from the
organic solvent into the aqueous phase, and presented in Figure I-3.2.

The dispersion of oleate-capped nanoparticles in octadecene is first di-
luted with tetrahydrofuran (THF), in order to reduce the miscibility mis-
match between the oleate-capped nanoparticles and the aqueous phase,
so that the energy barrier to cross the interface is reduced.[152] Although
the transfer mechanism has not been fully elucidated, nanoparticles with a
partially-depleted oleate coverage would presumably gather at the interface,
as observed in particle-stabilized emulsions.[153–155]

The aqueous phase was acidified to pH 1 using HNO3. The isoelectric
point of ∞-Fe2O3 (pH 6.7) is similar to that of TiO2 and the low pH is expected
to provide a good colloidal stability, both at the interface and in the aqueous
phase.[114] The build-up of a surface charge at the interface may also generate
additional capillary interactions contributing to the transfer in the aqueous
phase.[156] Moreover, the acidic conditions may also facilitate the removal of
the oleate capping by etching the surface of the nanoparticles.[157] Indeed we
observed that no transfer occurred when the pH in the aqueous phase was
larger than 2. A yield of 50% transferred iron oxide nanoparticles could be

41



CHAPTER 3. WETTING AND SURFACE FUNCTIONALIZATION

reached after one day, and the aqueous iron oxide nanoparticle dispersions
remain stable for several weeks. The long-term stability is related to the
complete removal of the oleate capping, as shown in Figure I-3.2. Indeed,
the nanoparticles deposited from the organic phase (Figure I-3.2(b)) are
covered by a 2-nm-thick steric layer of oleic acid. However, the nanoparticles
deposited from the aqueous phase (Figure I-3.2(c)) are free from any capping
agent, allowing them to come in direct contact upon drying. The Fourier
transform infrared spectra of the transferred nanoparticles also support the
removal of the oleate capping, as shown in Figure I-3.3. The strong carbonyl
absorption band of oleic acid does not overlap with any absorption band
of the solvent and clearly appears on the spectrum of the oleate-capped
nanoparticles. However, it is absent from the spectrum of the transferred
nanoparticles.

A rather low ≥-potential (8 mV) was measured for the aqueous dispersions
at pH 1, which could relate to the complexation of the iron oxide surface by
nitrate ions.[158,159] A similar spontaneous transfer has been observed at high
pH with tetramethylammonium hydroxide (TMAOH), which is a well-known
phase transfer catalyst for anions.[160,161] The use of low polarizability ions
like NO–

3 or N+(CH3) is required for long-term colloidal stability.[162]

3.3 Surfactant detection by competitive adsorption
After being transferred to the aqueous phase, the pristine surface of the
nanoparticles can be functionalized by adsorbing polymers with the de-
sired properties. The driving force for adsorption is the reduction of the
solid/liquid interfacial energy. Molecules adsorb onto surfaces if the inter-
actions between the molecule and the surface is more favorable than the
solvent-surface interactions.[163] In the case of surfactants, the molecules
have the ability to self-assemble onto solid surfaces as they would do in so-
lution, in order to lower the total interfacial energy of the dispersion. The
hydrophilic/lypophilic balance of the surfactants relates well with their ad-
sorption behavior.[164] In the case of large molecules such as polymers, the
adsorption process is accompanied by a reduction in configurational entropy.
The energy penalty is compensated by the multiplicity of anchoring points, if
the adsorption enthalpy of the anchoring groups is at least 0.4 kB T .[44] When
more than one adsorbate is present in solution, the most hydrophobic will
adsorb predominantly (assuming that the solvent is water). This mechanism
has been used to design a nanoparticle-based surfactant sensor (Paper III).

Pristine maghemite nanoparticles have been functionalized with a
fluorescently-tagged protein (dipyrrylmethene-BF2 530 conjugated to
bovine serum albumin (BSA)).[165] The fluorescence signal from the labeled
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(a) Schematic procedure for the phase transfer

+ THF + nitric acid !Oleate-capped 
nanoparticles in 

octadecene 
(pH 1) 

(b) Nanoparticles deposited from the organic phase

s ≈ 4 nm"

(c) Nanoparticles deposited from the aqueous phase

s ≈ 0"

Figure I-3.2: Description of the spontaneous diffusion of oleate-capped nanoparti-
cles from octadecene to a THF/HNO3 aqueous phase. The subfigure (a) describes
schematically the experimental procedure. The transfer takes place spontaneously
and reaches a steady-state within one day, with a yield of 50% (quantified by flame
absorption spectroscopy). The subfigures (b) and (c) show TEM images of the parti-
cles after deposition of the organic and aqueous dispersions, respectively, on a TEM
grid (scalebar 100 nm).
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Figure I-3.3: FTIR spectra of oleic acid, octadecene, the oleate-capped maghemite
nanoparticles dispersed in octadecene and the maghemite nanoparticles dried from
the aqueous phase. The main absorption bands of oleic acid (C-H and C=O) are
indicated in blue. The green stars correspond to the absorption bands of the solvent
octadecene. The broad absorption band corresponding to iron oxide lattice vibration
(Fe-O) has been used to normalize the spectra to the same amount of nanoparticles.

BSA protein is strongly quenched by electron-injection when it is adsorbed
onto the surface of the maghemite particles.[166,167] Upon competitive
adsorption with surfactant molecules, the fluorescently-labeled proteins
are released in solution. The separation distance between the dye and the
iron oxide particles becomes large enough to prevent the electron-injection
mechanism (de-quenching), and the fluorescence intensity increases with
the concentration of free BSA in solution.

As shown in Figure I-3.4, all the surfactants could be detected below their
critical micelle concentration (CMC), which suggests that they compete
favorably with BSA for adsorption. BSA has a relatively low affinity for the
surface of maghemite nanoparticles,[168] and easily desorbs from the surface
of the nanoparticles upon competitive adsorption with surfactants, having a
high affinity for the surface.

There is a clear difference in sensitivity between the non-ionic and the
ionic surfactants. Indeed, the former can be detected at concentrations
2 to 3 orders of magnitude lower than the latter. Competitive adsorption
experiments have shown that the hydrophobic interaction is a strong driving
force for adsorption, irrespective of ionic interactions between the surface
and the head group of ionic surfactants.[164] The hydrophobicity of the
surfactants increases with decreasing CMC of the surfactants. The sensitivity
of the nanoparticle sensor follows the same trend, with a high sensitivity for
the two non-ionic surfactants, having similar CMCs. SDS is more hydrophilic
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Figure I-3.4: Surfactant detection using a fluorescent nanoparticle-based sensor
(adapted from Paper III). Adsorbed bovine serum albumin (BSA) is labelled with a
fluorescent dye (F). The fluorescence of the dye is quenched when BSA is adsorbed
onto the iron oxide nanoparticles (low surfactant concentration). Fluorescence
emission is detected by time-resolved fluorescence when the BSA desorbs from
the surface of the nanoparticles due to competitive adsorption of the surfactant
(at high concentration). Two non-ionic (Tween 20 and Triton X-100), a cationic
(cetyltrimethylammonium bromide (CTAB)) and an anionic (sodium dodecyl sulfate
(SDS)) surfactants could be detected. The molecular structure of the surfactants
is shown in Appendix A (p.81). The dashed vertical lines on the fluorescence plot
correspond to the CMC of the surfactants in water.
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than CTAB, which also results in a lower sensitivity.

The sensitivity of the nanoparticle-based sensor for ionic surfactants
(CTAB and SDS) is on par with that of surfactant-specific electrodes, but with-
out the specificity of the latter.[169] However, the nanoparticle-based sensor
has a short response time and can be used in high-throughput fluorometric
assays, which makes it potentially much faster than potentiometric sensors,
e.g. for the monitoring of process fluids. The detection of non-ionic surfac-
tants requires complex methods based on chromatography, electrophoresis
or fluorescence-based techniques.[170,171] The sensitivity of the nanoparticle-
based sensor for non-ionic surfactants compares well with these techniques,
and avoids the complex data analysis and pre-concentration steps which are
typically required in the conventional methods.
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Part II:
Magnetic properties of nanoparticle arrays



1. Finite-size effects in magnetic
nanoparticles

The magnetic properties of a material stem from the spin and orbital moment
of electrons, yielding a magnetic dipole moment. Each atom or molecule can
be viewed as a magnetic dipole moment. The magnetization ~M represents
the total magnetic dipole moment per unit volume. The orientation of the
magnetic dipoles changes when an external field ~Hext is applied, which is

quantified by the volume magnetic susceptibility ¬v = ~M ·~Hext
Hext

.

1.1 Classes of magnetic materials
Materials can be classified according to their magnetic behavior, drawn
from the local configuration of atomic dipoles, as shown in Table II-1.1. In
magnetically-disordered materials (para- and dia-magnets), the alignment
of the atomic dipoles is induced by an external field, and the magnetization
is lost when the external field is removed. Paramagnets are attracted to a
magnetic field, while diamagnets are repelled. When the orientation of neigh-
boring dipoles is coupled (ferro-, ferri- and antiferro-magnets), magnetic
domains with ordered dipole moments form spontaneously. The equilibrium
microstructure of an ordered magnet, in the absence of external field, corre-
sponds to oppositely-oriented magnetic domains with no net magnetization.
External magnetic fields induce changes in the volume of the magnetic do-
mains and the rotation of the magnetization due to the motion of domain
walls. Indeed, the domains where the magnetization is parallel to the ex-
ternal field tend to grow at the expense of the other domains, resulting in
a net magnetization in the direction of the external field. The magnetized
state can be retained when the external field is removed, if the activation
energy for wall motion is high compared with the thermal energy. Magnetic
ordering is thermally-blocked, and all ordered magnets are paramagnetic
above their Curie temperature. As will be shown in the next sections, the
magnetic energy also varies with the size of the domains.
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Magnetic behavior No external
field

~Hext "
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Ferromagnetism

Ferrimagnetism
(e.g. Fe3O4, ∞-Fe2O3)

Antiferromagnetism
(e.g. Æ-Fe2O3)

N
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ag
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do
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ai

n
s

Paramagnetism

Diamagnetism

Table II-1.1: Classification of magnetic materials according to the orientation
of the magnetic dipoles in response to an applied external field (adapted from
Rosensweig).[87]
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1.2 Magnetic energy of non-interacting magnetic domains
We will restrict ourselves to the magnetic energy of spherical single-domain
particles, using the nomenclature defined in Figure II-1.1. The magnetic free
energy of an isolated magnetized nanoparticle is the sum of four contribu-
tions: the exchange energy, the magnetostatic energy, the Zeeman energy
and the anisotropy energy.[172] The exchange energy relates to the coupling
of neighboring dipole moments, which tend to align parallel or antiparallel
to each others (ferro- and antiferro-/ferri-magnetic materials, respectively).

A magnetized particle possesses a magnetic dipole moment ~m, which in
turn induces an antiparallel field called the demagnetizing field ~Hd. The
energy of the particle in its own field is called the magnetostatic energy,
defined in Equation (II-1.1). The magnetostatic energy of a magnetized
single-domain particle strongly depends on the shape of the particle, but is
isotropic for a sphere.[35,173]

Emagnetostatic =
1
2
µ0HdMVp (II-1.1)

µo Permeability of vacuum
°
J/m A2¢

Hd Strength of the demagnetizing field (A/m)

M Magnetization (magnitude) (A/m)

Vp Particle volume
°
m3¢

The formation of magnetic domains in a magnetic material lowers the
net magnetization, thus reducing the magnetostatic energy. However, the
formation of a domain wall results in a locally-disordered orientation of
the dipoles and an increase of the exchange energy. There is thus a critical
domain size below which the energy penalty associated with the formation of
a domain wall cannot be compensated by the decrease of the magnetostatic
energy. A particle smaller than this size would be a permanently magnetized
single domain, as shown in Figure II-1.2.[174,175] For maghemite, the critical

~m1 ê1

Ø1
~m2

ê2 Ø2

~Hext
n̂12

Figure II-1.1: Nomenclature used in the definition of magnetic interactions.
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Polycrystal Single crystal Single domain

Figure II-1.2: Size effects on the magnetic microstructure (adapted from
Rosensweig[87]). The solid lines show the domain walls, which do not necessar-
ily correspond to grain boundaries as shown for the single crystal.

domain size is º 30 nm.[172,176] Therefore, the magnetization of the particles
studied in Paper II is uniform, with the atomic dipoles rotating coherently as
a single dipole moment.[177,178]

When an external magnetic field ~Hext is applied, magnetic dipoles tend to
align parallel to it. The torque exerted by the external field on the dipoles
derives from a potential energy called the Zeeman energy, which has an
expression similar to the magnetostatic energy, as shown in Equation (II-1.2).

EZeeman =°µ0Vp ~M · ~Hext (II-1.2)

~M Magnetization (vector) (A/m)

~Hext External magnetic field (A/m)

Several phenomena contribute to the existence of magnetic anisotropy
in the particles: the nature of the surfaces and interfaces, the shape of the
particles, the magnetically-induced mechanical stresses and the symmetry
of the crystalline lattice.[35,172,179] The contribution of surfaces (i.e. through
unpaired dipoles or defects) becomes more and more important as the pro-
portion of surface atoms increases, but it is expected to be fairly small for
9.1-nm nanoparticles.[180] For non-spherical particles, the dipole moment
aligns preferentially along the long axis (shape anisotropy).[181] Thus, the
nanoparticles have an intrinsic magnetic anisotropy due to the statistical
deviation of their shape from a perfect sphere. The nanoparticles have been
obtained by oxidation of wüstite (FeO) into maghemite (Æ-Fe2O3). It is likely
that this oxidation reaction results in lattice strain, which in turn contributes
to the magnetic anisotropy. Finally, the magnetocrystalline anisotropy en-
ergy stems from the spin-orbit coupling of the electrons in the atomic and
bonding orbitals (crystal field). The cubic symmetry of ferrite spinels, such
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as magnetite and maghemite, involves four <111> directions which are easy
to magnetize (cubic anisotropy).[157] In order to account for all these contri-
butions to the anisotropy energy, a simpler uniaxial description is commonly
used for nanoparticles, with a single direction of easy magnetization towards
which the moment tries to align, according to Equation (II-1.3).[21] The effec-
tive uniaxial anisotropy constant Keff incorporates all the effects leading to
magnetic anisotropy.

Eanisotropy = KeffVp sin2Ø

= KeffVp

µ
1° ê · ~m

m

∂2

(II-1.3)

Keff Effective magnetic anisotropy constant
°
J/m3¢

ê Unit vector along the easy axis

~m
m Unit vector along the magnetic dipole

Ø Angle between the easy axis and the magnetization vector (see Figure II-1.1)

In order to simulate the magnetic behavior of single-domain nanoparticles,
we are interested in the changes in the magnetic energy upon modification
of the direction of the dipole moment. Thus, we only need to consider the
Zeeman energy and the anisotropy energy. It corresponds to the framework
of the Stoner-Wohlfarth model for ellipsoidal single-domain particles.[182]

1.3 Superparamagnetism
The magnetic energy of the domains scales with their volume, as shown by
Equations (II-1.1) to (II-1.3). There is therefore a critical size below which the
thermal energy becomes larger than the magnetic energy and the orientation
of the domain moment fluctuates randomly, like atomic dipoles in a param-
agnetic material. In the simple case of an isolated spherical particle at zero
field with a negligible magnetostatic energy, the magnetization is determined
by the anisotropy energy (Néel-Brown theory).[183–185] According to Equa-
tion (II-1.3), the anisotropy energy displays two equivalent minima separated
by an activation energy KeffVp , and the probability for the magnetization to
switch between the two states per time unit (Néel relaxation frequency) can
be expressed by an Arrhenius law (Equation (II-1.4)).
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∫= ∫0e
°

KeffVp

kB T (II-1.4)

∫ Néel relaxation frequency (1/s)

∫0 Attempt frequency (1/s)

The attempt frequency ∫0 is typically around 10 GHz, corresponding to
timescales shorter than the measuring time of most techniques. A refor-
mulation of Equation (II-1.4) also yields the critical radius below which the
magnetization of the particles fluctuates (Equation (II-1.5)). Using a Néel re-
laxation frequency of 10°5 s, it yields a critical radius of º 7 nm for maghemite
nanoparticles at room temperature.§

a1 s
SPM = 3

r
3kB T
4ºKeff

ln
≥∫0

∫

¥
(II-1.5)

Therefore, the time-averaged magnetization of nanoparticles is zero at
room temperature. However, the application of an external field breaks
the symmetry of the anisotropy energy and induces ferromagnetic order.
Thus the magnetic behavior resembles that of a paramagnet, with a uniform
magnetization corresponding to a collection of parallel atomic dipoles. This
is called superparamagnetism (SPM).[134]

Superparamagnetic particles are characterized by a blocking temperature
TB , below which the direction of magnetization is fixed. The measurement
of the blocking temperature depends on the experimental measuring time of
the technique used: from 10°12 s to 10°8 s for inelastic neutron scattering, up
to 100 s for D.C. susceptibility measurements.[177,186] With the A.C. suscepti-
bility technique (10°5 s to 10°1 s), non-interacting maghemite nanoparticles
similar to those reported in Paper II have a theoretical blocking temperature
around 50 K.†

The superparamagnetic regime is a barrier for the storage density of mag-
netic media, and several methods are being researched to reduce the size
of magnetic domains while retaining a durable remanent magnetization.
Since Equation (II-1.5) is only valid for isolated particles, the current research
focuses on interactions to slow down the dynamics of superparamagnetic

§The critical radius is calculated with T = 298K and Keff = 42 kJ/m3 (Paper II). Equation (II-
1.5) holds for arrays of nanoparticles, where the orientation of the nanocrystals is fixed, but it
does not consider the relaxation by Brownian rotation in colloidal dispersions. The timescale
for the rotation of the particles in the solvent becomes shorter than the Néel relaxation time
for particles larger than 7 nm in radius.[90]

†Using a characteristic time for Néel relaxation 100 times larger than the measurement time

øm , TB = KeffVp
kB ln(100øm∫0) t 53K with øm =10°5 s.
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nanoparticles, e.g. the exchange bias between ferromagnetic and antiferro-
magnetic materials[187,188] or the tuning of magnetic interactions between
neighboring particles.[189–192] The latter method will be the focus of the re-
mainder of the thesis.

1.4 Magnetic energy of interacting superparamagnetic
particles

Additional contributions arise from particle interactions, in systems such as
colloidal dispersions or nanoparticle arrays. Exchange interactions between
neighboring dipoles decay within 25 nm and can be neglected, since the
particles are usually coated with a surfactant layer, which prevents direct
contact between the magnetic cores.[193,194]

In order to calculate the dipolar energy of a particle in a simulation con-
taining Nbox dipoles, one must consider all dipolar interactions with the
(Nbox °1) other particles. The pairwise summation shown in Equation (II-
1.6) requires a large number of dipoles, due to the slow decay of the dipolar
energy with the distance.

Edipolark
= 1

2

NboxX

l,l6=k

µ0

4º

√
~mk · ~ml °3(~mk · n̂kl)(~ml · n̂kl)

r 3
kl

!

(II-1.6)

~m Dipole moment of the particle ~m =Vp ~M
°
A m2¢

n̂kl Unit vector connecting the centers of particles k and l

rkl Center-to-center separation distance between the particles k and l (m)

Nbox Total number of dipoles in the simulation box

Dipolar interactions favor head-to-tail configurations of the dipoles in
neighboring particles, leading to the closure of magnetic field lines (also
called magnetic vortexes).[191] Dipolar interactions can lead to aggregation
in dispersions of magnetic nanoparticles. The lowest state of dipolar energy
for a pair of magnetized particles corresponds to antiparallel alignment, with
the shortest separation distance between the magnetic cores corresponding
to twice the thickness of the steric layer ±. The energy required to separate
such pair of particles is given in Equation (II-1.7).
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Edipole°dipole =
º

9
µ0M 2d 3

(s0+2)3 (II-1.7)

M Magnetization (A/m)

d Particle diameter (m)

s0 Dimensionless separation distance
≥
s0 = 2±

d

¥

± Thickness of the steric layer (m)

For iron oxide nanoparticles smaller than 15 nm in diameter at room
temperature, the magnitude of dipolar energy is similar to the thermal
energy and stable dispersions can be prepared, as shown previously in
Figure I-2.6 on p.22.

In summary, the nanoparticles studied in Paper II are single-domain parti-
cles displaying coherent dipole rotation. In order to calculate the changes in
magnetic energy in the arrays, three interactions are considered: the Zeeman
energy induced by the external field, the anisotropy energy and the dipolar
energy. The effect of the two former interactions on the magnetization is
straightforward: the Zeeman energy induces ferromagnetic ordering and
increases the net magnetization, while the anisotropy energy tends to ran-
domize the orientation of the moments and decreases the magnetization.
The effect of dipolar contribution is more complex and depends on the rela-
tive orientation of the dipole moments. Therefore, computer simulations are
an invaluable tool to study the collective magnetic behavior of nanoparticle
arrays containing several hundreds of particles. The ordering of the dipole
moments in the arrays will be governed by the balance of the magnetic energy
and the thermal energy.
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2. Monte Carlo simulations of collective
magnetic properties

2.1 The Monte Carlo method in magnetism

2.1.1 General principle
The Monte Carlo (MC) method is based on the generation of a statistical
ensemble of states in a system by random events. The thermodynamic state is
then obtained by averaging the properties over the whole ensemble. Thus the
MC method is relevant for the study of stable or metastable states and cannot,
in its simplest form, provide information on the kinetics.[195,196] The MC
approach is very suitable for magnetic simulations due to the straightforward
account of temperature, through the sampling of a statistical ensemble based
on the Boltzmann distribution, where the probability Ωi for the system to be
in a configuration i of magnetic energy Ei is determined by Equation (II-2.1).

Ωi =
1
Z

e
° Ei

kB T (II-2.1)

Z Normalizing factor in the Boltzmann distribution
µ

Z =P
i e

°Ei
kB T

∂

The MC approach provides a detailed picture of the configuration of the
dipole moments, and comes at a lower computational cost than micro-
magnetic simulations. It can be applied at various length-scales, ranging
from simulations of atomic dipoles to entire magnetic domains (with macro-
dipoles representing the coherent rotation of atomic dipoles).[197]

The original Monte Carlo algorithm generates a large ensemble of random
configurations and relies on the Boltzmann probability function to calculate
a weighted average of the thermodynamic properties. However such an
approach is not computationally-efficient, because many configurations of
low probability (i.e. high energy) might be generated without contributing
significantly to the average properties. The Metropolis method improves
this by guiding the random events towards the generation of low energy
states.[198] The generation of a Boltzmann distribution is achieved if the two
following conditions are fulfilled:[199]
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• The probability of generating the next configuration only depends on
the current configuration. This "amnesic" sequence of events is called a
Markov chain.

• The sequence of events complies to the detailed balance principle, which
ensures that the simulation converges to a stationary distribution repre-
senting to the thermodynamic state.

With a proper choice of the transition probabilities, the Markov chain con-
verges to the Boltzmann distribution. Equation (II-2.2) is a mathematical
expression of a Markov process, which states that the probability of gen-
erating the configuration j (characterized by its energy) is the sum of the
probabilities that any configuration i will evolve into configuration j. The
transition probability pi!j from state i to state j is constant.

Ωj =
X

i
pi!jΩi (II-2.2)

The detailed balance principle states that the distribution of energy states
is stationary, which means that all the events bringing the system from con-
figuration i to configuration j are equilibrated by reverse processes (Equa-
tion (II-2.3)).

pi!jΩi = pj!iΩj (II-2.3)

A canonical ensemble following the Boltzmann distribution (Equation (II-
2.1)) can be obtained by choosing transition probabilities pi!j satisfying
to Equation (II-2.3). An example of choosing the transition probabilities
suggested by Metropolis[198] is:

pi!j =

8
<

:
1 if ¢Ei!j … 0

e
°

Ej°Ei

kB T if ¢Ei!j > 0
(II-2.4)

2.1.2 Simulation of the magnetic properties
The nanoparticle arrays studied in Paper II are simulated as fcc lattices of
dipoles. The magnetic state of each particle is defined by the direction of easy
magnetization (fixed at the beginning of each simulation) and the orientation
of the magnetization (fully described in the spherical coordinate system by
2 angles µ and ¡, as shown in Figure II-2.1) defines the N 2

box-dimensional
parameter space parsed during the simulations.

The Metropolis algorithm is described in Figure II-2.2. The simulation
consists of several thousands of elementary steps. For each elementary step,
the direction of a randomly-chosen magnetic dipole moment is modified.
The new orientation is accepted with the probability defined in Equation (II-
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x

y

z

¡

µ

d¡

dµ

dµ

dA = sinµdµd¡

Figure II-2.1: Definition of the coordinates system describing the orientation of the
dipole moments and easy axes, with respect to the simulation frame.

2.4). The procedure is repeated as many times as the number of particles
in the simulation box, corresponding to one MC big step. By setting T > 0,
fluctuations leading to a small increase of the total energy have a non-zero
probability to occur. The system gradually evolves from the low-temperature
configuration into states of higher energy (and higher entropy). When a
statistically-meaningful number of dipole configurations has been generated,
the thermodynamic magnetic properties are derived by averaging over the
whole ensemble. In addition, the thermodynamic properties were averaged
over several independent simulations.§

2.1.3 Energy calculation
The energy calculation is a crucial part of the algorithm, and includes the
contributions of the Zeeman energy, the anisotropy energy and the dipolar
energy.[40,194,200] Nbox being the total number of particles in the simulation,
the magnetic energy is defined as:

§By independent simulations, we mean that the orientation of the easy axes is different, all
the other parameters kept identical.
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MC big step
Repeated
for statistics

MC elementary step
Repeated
Nbox times

Array of particles with randomly-oriented
easy axes and magnetic moments

Magnetic state at MC big step n©
~m0, . . . , ~mk, . . . , ~mNbox

™
(n)

Shuffle the orientation
°
µi,¡i

¢

of a randomly-picked dipole

Calculate the energy change ¢Ei!j

Draw a random number X 2 [0,1]

X … e
°
¢Ei!j
kB T

Accept the new
orientation

Undo the new
orientation

Update the orientation°
µj,¡j

¢
of the dipole

Magnetic state at MC big step (n + 1)©
~m0, . . . , ~mk, . . . , ~mNbox

™
(n+1)

Statistical ensemble of magnetic states

true false

Figure II-2.2: Metropolis algorithm for the simulation of magnetic properties.
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(II-2.5)

The magnetic properties of a dilute dispersion can be simulated by remov-
ing the dipolar interactions from Equation (II-2.5), due to the large separation
distance between the particles.

2.1.4 Description of the model system
Three arrays differing in thickness were prepared by drop-casting of a dis-
persion of oleate-capped ∞-Fe2O3 nanoparticles (9.1 nm in diameter). The
nanoparticle arrays are represented by a distorted fcc lattice of dipoles, with
the dense {111} planes parallel to the substrate (see Paper IV for details on
the structure). The arrays referred to as thin and medium have thicknesses
corresponding to approximately 3 and 6 hexagonal layers of particles, as
shown in Figure II-2.3. The thick array has a thickness in the µm range, and
has been compared to simulations of a 30-layer-thick and a bulk (3D) arrays.
The external field ~Hext is applied along the x direction.

The temperature-dependent saturation magnetization of the particles
has been determined experimentally by fitting the data to Equation (II-2.6),

Figure II-2.3: Description of the simulated arrays and definition of the simulation
frame. The colors emphasize the ABC stacking of the {111} planes. The lattice can be
described as a slightly distorted fcc unit cell (left) or an orthorhombic cell (center).
The latter crystallographic system has been chosen to obtain a rectangular cuboid
simulation box.
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providing estimations of the parameters Ø= 1.78±0.02 and B = 5.3±0.6£
10°6 K°1.78.

MS(T ) = MS(0)(1°BT Ø) (II-2.6)

MS (0) Saturation magnetization at 0 K (365kA/m)

The crystallographic orientation of each particle is random, and not al-
lowed to rotate during the simulations. The initial dipole configuration
corresponds to the theoretical state at 0 K in a Zero-Field-Cooled (ZFC) ex-
periment. In a typical ZFC experiment, the sample is cooled from room
temperature down to a few Kelvins without applying an external magnetic
field. Thus, the magnetic dipoles are oriented parallel or antiparallel to the
easy axes to minimize the anisotropy energy.[41] Since the easy axes of the
particles are randomly oriented, the net magnetization at low temperature is
close to zero.

In the simulations of the remanent properties, the initial configuration
corresponds to a magnetically-saturated array of dipoles, in a state of minimal
Zeeman energy.

2.1.5 Sampling of orientations and acceptance ratio
When generating the random crystallographic orientation of the nanopar-
ticles, the sampling of the orientations must be uniform to avoid biasing
the distribution of the final ensemble. It is equivalent to choosing random
points over a unit sphere with a constant number of samples per unit area.
As shown in Figure II-2.1, the area of the elementary surface dA defined by
constant increments of the polar angles dµ and d¡ is sinµdµd¡, and varies
with the inclination µ. Thus if one samples the orientations from a uniform
distribution of µ and ¡, the sampling probability is higher at the poles than
at the equator. It can be prevented by sampling z uniformly over [°1;1] and
applying µ = arccos z. The element of surface is constant over the whole unit
sphere as dA = sinµdµd¡=°d(cosµ)d¡=°dzd¡.

Additional care must be taken when sampling the new orientations during
the Monte Carlo steps. Considering the anisotropy energy only, the two en-
ergy minima are separated by an activation energy KeffVp . If the reorientation
of the dipoles is free, they might swap between the energy minima with no
account for the energy barrier. In such a case the system would display a
purely paramagnetic behavior.[41,195] The Solid Angle Restriction method has
been used to confine the available orientations within a solid angle centered
around the present direction of the dipole. A uniform sampling of the allowed
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orientations can be obtained by applying a rotation around a random axis,
with a restricted angle.[201] An added benefit of this method is the possibil-
ity to control the acceptance ratio by adjusting the value of the solid angle.
Highly-restricted rotations result in an energy change ¢Ei! j smaller than
kB T and a high probability of acceptance. The acceptance ratio will con-
versely decrease if the moments are allowed to rotate freely. An acceptance
ratio between 30 and 40% provides a fast convergence of the simulations and
an efficient sampling of the parameter space.[195]

2.1.6 Edge effects and boundary conditions
The simulation box contains a finite number of dipole moments, typically
in the order of a hundred to a few thousands. A significant fraction of the
particles is located close to the boundaries. In order to minimize edge effects,
periodic boundary conditions with the minimum image convention are
assigned in the x and y directions, as shown in Figure II-2.4. The simulation
box is surrounded by copies outside its boundaries. The dipolar energy of
a particle is calculated using the distance to the closest image of the other
particles (dashed box in Figure II-2.4).

The practical implementation of the minimum image convention in the
x direction is shown in Equation (II-2.7), for a simulation box with an edge
length L.

xl °xk =¢x =

8
>><

>>:

¢x if ° L
2 …¢x < L

2

¢x +L if ¢x <°L
2

¢x °L if ¢x   L
2

(II-2.7)

A similar approach is applied in the y-direction, and used to calculate rkl

and n̂kl . No boundary conditions are applied along the z-direction, corre-
sponding to an infinite 2D slab surrounded by non-magnetic matter. The
magnetic properties of bulk arrays (3D) can be simulated by applying peri-
odic boundary conditions in all directions.

2.1.7 Treatment of long-range dipolar interactions
Dipolar interactions decay slowly with the distance as 1/r 3, and the conver-
gence of the dipolar energy summation (Equation (II-1.6)) requires a large
simulation box. However, the number of dipolar interactions scales with
N 2

box, which sets a practical limit of a few thousands of particles per simula-
tion. The implementation of periodic boundary conditions does not address
this issue completely, as the largest length-scale which is considered is half
the size of the simulation box, as seen in Figure II-2.4.
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x

y

z

Figure II-2.4: 2D periodic boundary conditions with the minimum image convention,
for a lattice with 4 nearest neighbors. The simulation box is shown with a grey
background and its length corresponds to the cutoff distance for dipolar interactions
along the x and y directions. Dashed lines illustrates how the particle whose dipolar
energy is being calculated interacts with its closest neighbors.

Several methods have been developed to incorporate long-range inter-
actions in periodic lattices, i.e. for electrostatic interactions.[202,203] In the
Ewald method, the summation of dipolar interactions is split into two quickly
converging series. Direct pairwise summation is used for short length-scales
where the interactions vary strongly, and summation in reciprocal space be-
yond a cutoff distance where the interactions decay slowly.[204,205] The Ewald
summation method is well established for 3D periodicity, but unfortunately
the derivation in the 2D case is not straightforward. A mean-field approach
has been used instead, where the contribution of dipolar interactions out-
side the simulation box is considered plane-wise, instead of particle-wise
(Figure II-2.5). Each (x,y) plane is attributed a total moment and interacts
with images outside the simulation box. The summation is stopped beyond a
cutoff distance of 1 µm, which was found sufficient for the dipolar energy to
converge. As can be seen in Figure II-2.6, the mean-field correction speeds up
the convergence of the dipolar energy summation with a negligible overhead
in computation time. This procedure does not apply to the simulations of
bulk arrays with 3D periodicity.
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x
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z

Figure II-2.5: Mean-field correction to incorporate long-range dipolar interactions.
Each arrow represents the sum of all the dipole moments located in the plane, within
the boundaries of the simulation box. The distances between the plane dipoles are
taken from the centers of the boxes, as shown for the first nearest neighbors by the
dashed blue lines. Only one layer is shown for clarity, although the plane-average
moments in the z-direction are considered as well.
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Figure II-2.6: Convergence of dipolar summation without and with the mean field
correction (triangles and squares, respectively), as a function of the computation
time for 3 and 6 fcc layers of dipoles parallel to the z-direction (blue and red curves,
respectively). The horizontal time axis relates to the size of the simulation box, and
thus to the number of particles which are considered in the summation of dipolar
interactions (Equation (II-1.6)).
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3. Finite-size effects in nanoparticle arrays

The collective magnetic behavior of nanoparticle arrays reflects the intrinsic
magnetic properties of the building units, as well as the dipolar interactions
between neighboring particles. These interactions slow down the dynamics
of the magnetic dipoles and lead to a significant increase of the blocking
temperature compared to the isolated superparamagnetic particles.[34,189,206]

In addition to the structure of the arrays and the interparticle distances,
finite-size effects have been observed when the dimensions of the arrays are
restricted in one or two dimensions.[207–210]

In order to investigate the transition from 2D to 3D behavior, nanoparticles
arrays of varying thicknesses have been studied by a combination of experi-
ments and simulations. The measured and simulated magnetic properties
of the arrays are compared in the next section. The ensembles of magnetic
configurations obtained in the MC simulations have then been analyzed to
reveal the mechanism of the 2D to 3D crossover.

3.1 Experimental and simulated magnetic properties of the
nanoparticle arrays

3.1.1 Temperature dependence
The magnetic susceptibility as a function of the temperature has been mea-
sured upon heating under the influence of a strong external field (Figure II-
3.1(a)). The shape of the curves reflects the competition between the magne-
tocrystalline anisotropy, the Zeeman and the thermal energies. At low tem-
perature, the dipole moments are evenly distributed parallel or antiparallel to
the easy axes (minimization of the anisotropy energy, see Equation (II-1.3)).
When an external field is applied, the two minima in anisotropy energy are
not equivalent anymore. These energy minima are separated by an activation
energy of ª10 zJ per dipole. As the temperature rises, the population of the
state of lowest magnetic energy increases, which results in an increase of the
magnetization. Above the blocking temperature, the susceptibility decreases
as the Néel relaxation of the dipole moments destroys the ferromagnetic
ordering.
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The data in Figure II-3.1 shows that the magnetic susceptibility of the arrays
decreases with increasing thickness, which we call the 2D to 3D crossover in
the magnetic properties, and is lowest for the dispersion. According to the
model presented in Equation (II-2.5), the geometry of the arrays only affects
the dipolar energy term. In addition, the shift in the blocking temperatures
towards higher values for the arrays than for the dispersion also suggests that
this phenomenon is due to dipolar interactions. A mean-field approach was
used to quantify the differences in dipolar interactions between the different
arrays and the dispersion.

In the linear response regime (i.e. at low external field and high temper-
ature), the local magnetic field, which we call the dipole field Hdipole, can
be expressed as Hdipole = ÆMS , where Æ is the mean-field constant which
quantifies the interactions of a dipole with its neighbors. This constant is
negative for antiferromagnetic couplings, positive for ferromagnetic ordering,
and zero in the absence of dipolar interactions. The mean-field expression of
Hdipole combined with the Curie-Weiss law yields Equation (II-3.1):

¬V = C
T °ÆC

(II-3.1)

where the Curie constant C = µ0Vp

3kB
M 2

S . The combination of the
temperature-dependent saturation magnetization and the Curie-Weiss law
(Equations (II-2.6) and (II-3.1)) results in an analytical expression for the
susceptibility versus temperature data shown in Figure II-3.1:

¬V (T ) = C (0)(1°BT Ø)2

T °ÆC (0)(1°BT Ø)2
(II-3.2)

with C (0) = µ0Vp

3kB
M 2

S (0).
The data were fitted to Equation (II-3.2) above 150 K at Hext = 0.4 kA/m

for the measurements, and above 175 K at Hext = 1.6 kA/m for the simu-
lations§. The mean-field constant Æ for the arrays and the dispersion are
presented in Table II-3.1. The experimental Æ obtained for the dispersion is
negative, indicating a weak antiferromagnetic coupling between the dipole
moments which was attributed to the presence of small aggregates of nano-
particles. This weak antiferromagnetic coupling is further supported by
the normalized remanent magnetization of the dispersion (MR /MS = 0.36),
which is lower than the ideal value of 0.5 obtained with the simulations for

§The error on the simulated data is large at the lowest field used in the measurements H =
0.4 kA/m. Indeed, assuming that the response of the dipole array to the external field is linear,
the number of dipoles contributing to the net magnetization of the array is proportional to
the field. Thus if the field strength is decreased by one order of magnitude, the size of the
statistical ensemble of magnetic states should be one order of magnitude larger to maintain
the precision.
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EXPERIMENTAL AND SIMULATED PROPERTIES OF THE ARRAYS
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Figure II-3.1: ZFC data in a strong external field (Hext =8 kA/m) obtained from
the magnetization measurements (a) and from the simulations (b). The thin and
medium samples have the same thickness as the simulations of 3 and 6 layers,
respectively. The thick sample has a thickness in the µm range, intermediate in
thickness with the simulations of 30 layers and of bulk arrays. The lines are guide to
the eye.
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Table II-3.1: Values of the saturation magnetization at Ms (0) and mean-field constant
Æ obtained by fitting the experimental and simulated susceptibility versus temper-
ature to Equation (II-3.2) (from Paper II). The simulations were performed using a
saturation magnetization MS (0) = 367 kA/m, in an external field ~Hext =1.6 kA/m.

Magnetic measurements MC simulations

Sample Ms(0) (kA/m) Experimental Æ Number of layers Simulated Æ

Dispersion 355 °0.0053 - °0.0007(19)

Monolayer 367 1 0.0660(10)

Thin array 369 0.045 3 0.0500(32)

Medium array 367 0.036 6 0.0470(20)

Thick array 370 0.020
30 0.0340(20)

bulk (1) °0.0313(18)

randomly-oriented non-interacting uniaxial particles.[173,182] We find that
the mean-field constant Æ is negative as well for the simulations of bulk ar-
rays, which corresponds to antiferromagnetic ordering. Theoretical work on
infinite fcc arrays of dipoles predicts that the thermodynamic configuration
is ferromagnetic.[211] However, it has been shown that finite boundary con-
ditions, like those used for the simulations of the bulk arrays, can lead to
an antiferromagnetic ordering of the dipoles. Moreover, the energy levels of
the antiferromagnetic and the ferromagnetic states are almost degenerate,
and the antiferromagnetic coupling observed in the simulations could be
due to the slight deviation of the array from a perfect fcc lattice observed by
GISAXS.[212]

The decrease in the mean-field constant Æ with increasing thickness indi-
cates that the finite thickness of the array enhances ferromagnetic couplings,
and is the origin of the 2D to 3D crossover in the magnetic properties. In or-
der to investigate this effect, measurements and simulations of the remanent
magnetization of the arrays were performed.

3.1.2 Remanent magnetization
The remanent magnetization of the arrays was simulated, starting from a
magnetically-saturated array of dipoles allowed to relax at 10 K without any
external field. Figure II-3.2 shows the ratio of the remanent magnetization
over the saturation magnetization. The normalized remanent magnetization
decreases with the thickness of the array, similar to the behavior observed on
the ZFC data (Figure II-3.1 and Table II-3.1). The simulated values follow the
same trend as the experimental ones. The simulated normalized remanent
magnetization of the dispersion is 0.5, which is the expected value in the
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Figure II-3.2: Normalized remanent magnetization (MR/MS ) at 10 K for the simulated
arrays and the samples (from Paper II). The labels below the bottom horizontal axis
correspond to the number of layers in the simulation (see Table II-3.1).

absence of dipolar interactions. The value for the bulk array is lower than 0.5,
corresponding to weak antiferromagnetic couplings as indicated by the
negative value of the simulated mean-field constant Æ.

The simple magnetic model used to simulate the collective magnetic prop-
erties of the nanoparticle arrays reproduces the thickness-dependent behav-
ior observed in the experiments, namely a ferromagnetic coupling which
decreases in strength with increasing thickness. The statistical ensembles of
dipole configurations, generated during the MC simulations, contain a lot of
additional information which is not experimentally accessible. An analysis
of this information based on the concept of vorticity is presented in the next
section.

3.2 Mechanism of the 2D to 3D crossover
The 2D to 3D crossover behavior of the magnetic properties has been re-
ported both experimentally and theoretically. Luis et al. have observed an
increase of dipolar interactions with the number of particle neighbors in a
layered Co-Al2O3 composite.[190] They have shown that the dynamics of the
dipole relaxation are slowed down by dipolar interactions in thin arrays, until
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a thickness-independent relaxation time is reached corresponding to the 3D
behavior. A similar stabilization of the dipole fluctuations has been observed
in randomly-aggregated porous iron cubes.[192] The effect was attributed to
the formation of vortex states, which are closed-circuit loops formed by the
magnetic dipoles. The formation of closed magnetization loops reduces the
demagnetizing field, thus lowering the magnetostatic energy of the array.[191]

Arias, Altbir, and Bahiana have obtained similar magnetic states in MC simu-
lations of 2D arrays of increasing thickness.[40] Their results showed a tran-
sition in the orientation of the magnetic loops, but without experimental
support. Building up on this approach, we have devised a new method to
quantify the formation and the orientation of vortex states, and relate it to
the experimentally-observed decrease in ferromagnetic couplings with the
thickness.

3.2.1 Vorticity and vortex states
The vorticity is used in fluid dynamics to quantify rotational flow. It is a vector
field defined as the curl (r) of the velocity field. In the framework of the mag-
netic simulations, the vorticity field ~V is calculated from the magnetization
vector field:

~V =r~M =

ØØØØØØØØ

dMz
dy ° dMy

dz
dMx

dz ° dMz
dx

dMy

dx ° dMx
dy

(II-3.3)

Mx , My , Mz Components of the magnetization vector along the x-, y- and

z-axis, respectively (A/m)

The relationship between the magnetic closed-loops and the vorticity is
illustrated in Figure II-3.3. The physical interpretation of the vorticity vector
fields can be grasped by relating it to fluid dynamics. If one floats an object
on the surface of a liquid agitated by the currents shown by the arrows in
Figure II-3.3(a), the magnitude of the vorticity is proportional to the rotation
speed of the object. The same concept is applied to the magnetic dipoles, in
order to quantify the formation of vortex states. The ferromagnetic domains
with uniform magnetization do not induce any rotation, and correspond thus
to areas of low vorticity. The ferromagnetic domains are separated by walls
where the direction of the magnetization changes rapidly, which corresponds
to the high-vorticity regions in Figure II-3.3(b).

As shown in Figure II-3.4, the vorticity vector is oriented along the axis of
rotation of the vortex, with a direction following the right-hand rule. Thus
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Figure II-3.3: In-plane vector field of magnetic dipoles (a) and the corresponding
magnitude of the vorticity (b). The simulations were performed with high dipolar
couplings to enhance the formation of vortexes. The vorticity field maps the fer-
romagnetic domains (low vorticity in dark blue), separated by closed-circuit loops
(high vorticity in red).

Figure II-3.4: Relationship between the orientation of the vortex state and the direc-
tion of the vorticity vector ~V (from Paper II). The vorticity vector can be decomposed
into an in-plane and an out-of-plane contributions, relating to closed magnetic
loops parallel and perpendicular, respectively, to the (x,y) plane.
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the vorticity vector can be split into two components: closed-circuit loops in
the (x,y) plane contribute to the z-component of the vorticity vector ( ~Vin),
while vortex states which are perpendicular to the (x,y) plane appear in the
x- and y- components of the vorticity vector ( ~Vout)†.

In order to obtain a statistically meaningful value for the vorticity, the
root sum square of the x, y and z components of the vorticity field has been
averaged over all the dipoles in the simulation (e.g. for the z-component of

the vorticity field: <Vin >= 1
Nbox

s
NboxP
k=1

°
Vkz

¢2), and then averaged over several

independent simulations‡. The average orientation of the closed-flux loops
was inferred from the value of the ratio 2<Vin>2

<Vout>2 . The ratio is lower than 1 if
the out-of-plane vorticity is predominant, larger than 1 if the vortex states
lie mainly in the (x,y) plane, and 1 for a uniform orientation of the vorticity
vectors. This approach could not be used for the monolayer, as the gradient
in magnetization in the z direction involved in ~Vout cannot be calculated.

Figure II-3.5 shows the average vorticity per particle corresponding to the
simulations of the remanent magnetization presented in Figure II-3.2. The
total vorticity

p
<Vin >2 +<Vout >2 and the remanent magnetization are

inversely correlated. Indeed, the ferromagnetic order is associated with a
low vorticity, as shown in Figure II-3.3. Thus the total vorticity increases with
decreasing remanent magnetization.

3.2.2 Thickness dependence of the orientation of the vortex states
The proportion of the in-plane and the out-of-plane components of
the vorticity relates to the average orientation of the vortex states. The
closed-flux loops in the arrays tend to develop out-of-plane, as indicated by
the ratio 2<Vin>2

<Vout>2 < 1. The distribution of the vortex states becomes more and
more isotropic as the thickness of the array increases. Therefore, the 2D to
3D crossover in magnetic properties relates to the formation of vortex states
and a change in their orientation with the thickness, lying predominantly
out-of-plane for the thin arrays and becoming almost isotropic in the bulk
case.

Arrays of superparamagnetic particles display thickness-dependent mag-
netic properties. The structure, saturation magnetization and anisotropy
constant of arrays of different thicknesses were determined experimentally

†The "in" and "out" subscripts refer to the orientation of the vortex with respect to the (x,y)
plane, not to the orientation of the vorticity vector.
‡By independent simulations, we mean that the configurations of the easy axes were different,
all the other parameters kept identical.
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Figure II-3.5: Simulated remanent vorticity of the arrays at 10 K. The columns repre-
sent the root-square average of the in-plane and out-of-plane components of the

vorticity field, as defined in Figure II-3.4. The numbers represent the ratio 2<Vin>2

<Vout>2 ,
equal to 1 for an isotropic distribution of orientations.

and used as input for the MC simulations, which could qualitatively repro-
duce the experimental results. In particular, finite-size effects in the thin
arrays induce a ferromagnetic coupling, decreasing in strength with increas-
ing thickness and switching to antiferromagnetic in the bulk limit. The
simulations of the remanent magnetization indicate that the decrease of the
ferromagnetic coupling with increasing thickness relates to an increase of the
vorticity. In addition a comparison of the components of the vorticity vector
field indicates a change in the orientation of the closed magnetic loops. The
origin of the 2D to 3D crossover is thus two-fold: it results from the formation
of vortex states with increasing thickness, and a change from a predominently
out-of-plane orientation of the closed magnetic loops in thin arrays and to a
uniform distribution in the bulk limit.
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Summary and Future Work

The manufacturing of nanostructured materials requires a detailed
understanding of particle interactions, from the viewpoints of processing
and design. This thesis has explored several ways to address these challenges,
namely the accurate determination of Hamaker constants from optical
properties, the reversible agglomeration of nanoparticles, the tuning of the
wettability of nanocrystals, and the simulation of the collective magnetic
properties in nanoparticle arrays.

While the DLVO framework for colloidal stability has been extensively stud-
ied in a conceptual and semi-quantitative manner, more detailed approaches
such as the Lifshitz theory are less utilized. The accurate determination of
Lifshitz-Hamaker constants for iron oxides is of major technological impor-
tance in ferrofluids or nanoparticle arrays. Using recently published optical
data, we have calculated the non-retarded Lifshitz-Hamaker constants of
iron oxide nanoparticles in water and in hydrocarbons. While the values
of the constants in water agree well with previous estimates, we found that
the reported values for hydrocarbons are commonly overestimated up to
10 times. As a consequence, we have shown that magnetic dipolar interac-
tions are the main interaction in ferrofluids, and that colloidal dispersions of
superparamagnetic iron oxide nanoparticles smaller than 15 nm in hydro-
carbons are stable, in good agreement with experimental observations. The
contribution of magnetic dispersion interactions to the Hamaker constant of
iron oxides is a small fraction of the total value.

An extensive theoretical framework is now available to expand these
calculations to more complex systems in the future, such as core-shell
nanoparticles. In addition, the modelling of anisotropic vdW interactions
between polyhedral nanoparticles would provide a mean to compare the
energies of various types of arrays and contribute to our understanding of
self-assembly.

The ability to agglomerate nanopowders without inducing irreversible
aggregation is interesting for the packaging of dry nanopowders into
non-airborne, free-flowing and redispersible granules. We have optimized
the formulation of a concentrated TiO2 dispersion for spray-granulation
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through the addition of a controlled amount of polyelectrolyte. The robust
and reproducible flow behavior of the dispersion is a strong requirement
for an industrial process. Steric stabilization using a polymer additive
decreases the sensitivity of the dispersion viscosity to changes in ionic
strength and high shear rate, compared with an electrostatically-stabilized
dispersion. Moreover, the polyelectrolyte is embedded in the granules upon
spray-drying and facilitates the redispersion of the granules in water.

This thesis also describes a simple method to tune the wettability of nano-
particles while avoiding aggregation. High-quality monodisperse iron oxide
nanocrystals are commonly synthesized in non-polar solvents, while most
applications require dispersions in water. We have shown how the hydropho-
bic oleic acid capping on the surface of maghemite nanoparticles could be
completely removed by a phase transfer process. The oleate-free, hydrophilic
iron oxide nanocrystals have been used as a surfactant sensor, based on
competitive adsorption. The nanoparticle-based sensor offers two critical ad-
vantages over the existing analysis techniques: it is very sensitive to non-ionic
surfactants, and it can be used in high-throughput fluorometric assays.

The response of the nanoparticle-based sensor is presumably
non-specific, but the combination of several sensors based on different
nanoparticle-protein pairs could address this limitation and would be a
promising extension of this work.

The last part of the thesis focuses on the simulation of finite-size ef-
fects in the collective magnetic properties of nanoparticle arrays. Using
the experimentally-determined magnetic properties of the nanoparticles
and the structure of the arrays as input parameters, the simulations could
qualitatively reproduce the decrease in magnetic susceptibility and remanent
magnetization with increasing thickness. The fitting of the experimental and
simulated data using a mean-field approach indicates that the ferromagnetic
coupling between the magnetic dipoles decreases in strength with increasing
thickness of the array. The decrease of ferromagnetic ordering with increasing
thickness corresponds to the formation of magnetic vortex states, observed
by computing the vorticity of the magnetization in the simulated arrays. The
orientation of the vortex states lies mainly out-of-plane for the thin array,
and it becomes more and more isotropic when the thickness increases.

These simulations can be the first stone of an ambitious systematic study
of magnetic couplings in nanoparticle arrays. Indeed, since the validity of the
MC method has been established, the properties of arrays of lower symmetry
can be explored. By combining the MC simulations of the array proper-
ties with the modelling of self-assembly, both the design of nanostructured
materials and the suitable colloidal route to obtain them could be optimized.
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Popular summary

This thesis deals with the interactions between nanoparticles, i.e. particles
which are 10 to 1000 times smaller than our red blood cells. When such
small particles are dispersed in a liquid, they do not feel the effect of gravity.
However, if the particles are attracted to each others and form agglomerates,
they will settle at the bottom of the container. One objective of the thesis was
to tune the interactions between the particles, in order to prevent or control
their agglomeration.

We have considered three interactions between nanoparticles in liquids.
The first one, called van der Waals (vdW) interaction, is an attractive force
acting between atoms at short distance, whose most well-known manifes-
tation is perhaps the ability for geckos fingers to stick to any surface. The
magnitude of this interaction can be calculated from the optical properties
of the materials. The second kind of interactions stems from electrostatic
repulsion between the particles, which usually carry an electric charge on
their surface. Electrostatic interactions are easily influenced by the acidity
and the hardness of water, and are thus a poor choice if one wants to reliably
stabilize a dispersion. The third type of interactions occurs upon the addition
of polymers, which are spaghetti-like molecules that can cover the surface of
the particles and prevent their agglomeration. Painters used to rely on this
interaction when adding egg yolk to disperse their pigments in water.

The optimal amount and kind of polymer can be determined by measuring
the viscosity of the dispersion. This procedure is applied to the preparation
of a dispersion which can be easily pumped and sprayed to form granules.
Sometimes, the polymer has undesirable side-effects. Hence, we describe a
method to remove a water-repelling polymer from the water-loving surface
of nanoparticles, making them dispersible in water.

Finally the interactions in ordered arrays of magnetic nanoparticles were
simulated on a computer to examine the effect of the thickness of the array
on its magnetic properties. We found that the nano-magnets try to align
with their neighbors in thin "sheet-like" arrays, while this coupling vanishes
in thick arrays. By understanding the relationship between the shape of a
nanoparticle array and its properties, we may be able e.g. to increase the
storage capacity of hard drives.
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Résumé de thèse

Cette thèse porte sur les interactions entre les nanoparticules, qui sont des
particules 10 à 1000 fois plus petites que nos globules rouges. Lorsque de si
petites particules sont dispersées dans un liquide, elles ne "tombent" pas
sous l’effet de leur poids. Cependant, si les particules sont attirées les unes
vers les autres et s’agglomèrent, elles se déposent au fond du récipient. L’un
des objectifs de cette thèse est la manipulation des interactions entre les
nanoparticules, pour retarder ou contrôler leur agglomération.

Trois types d’interactions entre des nanoparticules dispersées dans un
liquide ont été pris en compte. La première, appelée interaction de van der
Waals (vdW), est une force d’attraction qui agit entre les atomes à courte dis-
tance, et dont la manifestation la plus célèbre est sans doute la capacité des
pattes du gecko à adhérer à toutes les surfaces. L’intensité de cette interaction
peut être calculée à partir des propriétés optiques des matériaux impliqués.
Le second type d’interaction résulte de la répulsion électrostatique entre les
surfaces électriquement chargées des particules. Les interactions électrosta-
tiques sont facilement perturbées par l’acidité et la dureté de l’eau, et ne
peuvent pas être utilisées pour stabiliser une dispersion de manière fiable.
Le troisième type d’interaction intervient lors de l’addition de polymères, qui
sont de longues molécules capables de recouvrir la surface des particules et
prévenir leur agglomération. Les peintres avaient fréquemment recours à
ce procédé en ajoutant du jaune d’œuf pour stabiliser leurs pigments dans
l’eau.

En mesurant la viscosité de la dispersion, le choix du polymère et sa
concentration peuvent être optimisés. Cette méthode a été appliquée pour
préparer une dispersion qui puisse facilement être pompée et séchée par
atomisation (formation d’un aérosol). Parfois le polymère a des effets indé-
sirables et doit être retiré. Une méthode a été développée pour enlever un
polymère hydrophobe (qui ne se mélange pas à l’eau) de la surface hydro-
phile des particules, qui se dispersent alors facilement dans l’eau.

Les interactions magnétiques dans des assemblages ordonnés de nano-
particules ont été modélisées sur ordinateur, afin d’examiner l’influence
de l’épaisseur de l’assemblage sur ses propriétés magnétiques. Il ressort de
ces simulations que les nano-aimants ont tendance à s’aligner avec leurs
proches voisins dans les assemblages minces (fine couche déposée sur une
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surface plane), et que ce couplage s’atténue lorsque l’épaisseur augmente.
C’est en comprenant le lien entre la forme de l’assemblage de nanoparticules
et ses propriétés qu’il sera par exemple possible d’augmenter la capacité de
stockage des disques durs.
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Appendix A

Panel of surfactants studied in Paper III
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