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1
General Introduction

Abstract
The research described in this thesis focuses on novel synthetic strategies for
the preparation of well-defined model colloids. The preparation routes, involv-
ing self-assembly, emulsions and colloidal templating, are meant to facilitate
design and fabrication of complex multi-shell composite colloids with tunable
optical, magnetic and morphological properties. The resulting colloidal model
systems and their physical properties are extensively characterized and some of
their potential applications in fields such as colloidal crystallization, particle
diffusion and colloidal non-sphere glasses and random packings are investi-
gated.

1



2 1. General Introduction

1.1. COLLOIDAL MATTER

1.1.1. What are colloids?

The term ”colloid” derives from the ancient Greek ”κoλλα”, meaning glue, and was in-

troduced in 1861 by the British chemist Thomas Graham (1805-1869). Graham studied

diffusion phenomena trough membranes separating pure water from aqueous solution

of various substances. During his experiments he observed that the majority of salts in

solution (which he referred as ”crystalloids”) diffused freely, whereas some substances,

such as gelatins and gums, were characterized by a low rate of diffusion and by a marked

tendency of sticking to the membranes. According to this different behavior he propose,

in his paper ”Liquid Diffusion Applied to Analysis”, to call those species ”colloids”:

”As gelatine appears to be its type, it is proposed to designate substances of the

class as colloids, and to speak of their peculiar form of aggregation as the colloidal

condition of matter.” [1]

Nowadays we mainly refer to colloids as suspensions of small∗ particles in a medium,

but the link to sticky objects is still intrinsically valid if we think of magnetic or Van

der Waals attractions between these particles.

Examples of colloids in everyday life are endless. Our own body is ”filled” with a

complex suspension of ”living” colloids (cells) in serum: the blood. The milk we drink

in the morning is another well known example of colloidal suspension of fat globules

in water. The cigarette smoke is nothing but a colloidal suspension of solid particles

of ash in air. And the list could easily continue with paint, ink, detergents, cosmetics,

and pharmaceutics [3].

1.1.2. What are model colloids?

One characteristic feature of particles of colloidal dimensions is that they are charac-

terized by an extremely large ratio of surface area to volume and by dimensions which

are in between that of molecules (< 1nm) and macroscopic objects (e.g. biological

systems). This leads to the possibility of modulating behavior of particles based on

a delicate balance of thermal motion (normally referred to as Brownian motion) and

external forces (e.g. electrical, magnetic, centrifugal). The size regime, starting from

a nanometer to a micrometer, is hence appealing playground for physicists, biologists

and chemists alike.

However, studying and understanding colloidal interactions requires model particles

with well-defined morphologies and physico-chemical properties to keep theory and

data interpretation manageable.

∗IUPAC: ”The term colloidal refers to a state of subdivision, implying that the molecules or poly-
molecular particles dispersed in a medium have at least in one direction a dimension roughly between
1nm and 1µm, or that in a system discontinuities are found at distances of that order” [2].
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1.1.3. Why are they interesting?

From a scientific point of view colloidal fluids are interesting because they are analogous

to atomic fluids but with the enormous advantage of being experimentally more acces-

sible. Size of the particles, time scale of their diffusion and tunable interactions make

colloids ideal tools for fundamental investigations [4]. In technology, on the other hand,

monodisperse colloidal particles with specific physico-chemical properties, adequate re-

active groups, morphology and self-assembly capability are opening up many new appli-

cations and possibilities of making products such as magnetic drug carriers, bio-sensors,

implants, magnetic resonance imaging (MRI), ceramics, coatings, new electronic, opto-

electronic and magnetic devices. In particular, hybrid colloids with mixed structure,

containing inorganic (e.g. iron-oxides, silica) and organic (e.g. polymers, chromophore

or fluorophore, proteins) material, as well as colloids with complex morphology such

as core-shell and non-spherical shapes are attracting considerable technological interest

due to their unique properties (catalytic, magnetic, optical, mechanical, etc.), which

differ from those of their atomic and bulk counterparts [5, 6].

1.1.4. How do we make colloids?

Milling is probably the easiest and the most intuitive method to produce colloidal dis-

persions, since it basically consists in mechanically disintegrating a solid substance to

reach colloidal dimensions. The addition of stabilizing agents or surfactants is often nec-

essary to prevent the grains to attract each other by Van der Waals forces and clumping

together. An ancient example of this technique is given by the Egyptian scribes, who

used inks based on finely divided carbon mixed with water and arabic gum (a long-chain

polymer obtained from the acacia tree) which adsorbs onto the carbon grains providing

stability by steric repulsions. Obvious drawbacks of such a preparation method is that

it is suitable only for hard solid materials and eventually yields colloids with broad and

uncontrolled shapes and sizes.

Better control of the particle morphology is obtained with so-called condensation me-

thods, which generally consist in reactions (e.g. precipitation, polymerization, reduc-

tion and oxidation) producing poorly soluble materials [7]. Some of the earliest docu-

mented examples of such a colloid synthesis dates back to 1847 when the Italian chemist

Francesco Selmi (1817-1881) reported detailed studies on the preparation of ”pseudoso-

lutions” (the term colloid had not been coined yet) such as the pigment Prussian Blue

(iron(III) hexacyanoferrate(II)), prepared by mixing solutions of potassiumferrocyanide

and ferric chloride, or sulphur sols formed by the reaction of hydrogen sulfide with an

aqueous solution of sulfur dioxide [8]. Few years later, in 1857, we find another impor-

tant example of colloid synthesis in the famous Bakerian Lecture of Michael Faraday

(1791-1867) on ”Experimental relations of gold (and other metals) to light” where he
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described how to obtain colloidal gold as a red sol by treating chloroauric acid with a

variety of reducing agents [9].

1.1.5. How do we make model colloids?

Mechanical grinding of bulk raw materials and extensive fractionation, are no longer

sufficient to fabricate the functional nano-sized materials which are often required in

fundamental research and technology. Therefore synthetic methods involving fine che-

mistry, self assembling and colloidal templating are now playing an important role in

designing and engineering new model colloids [10]. Since the first pioneering attempts

of Selmi and Farady many studies have been devoted to the essential aspects underlying

preparation of uniform colloidal particles [7]. Today, controlled nucleation and growth

allows, for example, the preparation of highly monodisperse colloidal silica spheres from

alkoxysilanes [11] or uniform polymer spheres (PMMA) via dispersion and emulsion

polymerization reactions [12, 13] without relying on repeated fractionation. However,

the quest for new model colloids with specific physico-chemical properties and hybrid

morphologies requires a continuos improvement of the synthetic strategies involved in

colloid preparation.

In this context, colloidal templating is receiving increasing interest in material science

because it has revealed to be an efficient method for structuring colloids on a nanometer

scale and fabricating novel materials with improved properties [14,15]. The concept of

colloidal templating involves using a temporary medium (e.g. a single colloidal particle

or an ordered arrangement of particles) as a structure-directing template. Next, a dif-

ferent material is deposited, grown or infiltrated in the template, the latter is eventually

removed by chemical etching or thermal treatment (calcination). This results in hollow

structures or particles which are of interest for fields such as catalysis, optics, medicine,

pharmaceutics and food industry.

Inorganic colloids such as hematite (α-Fe2O3), gibbsite (γ-Al(OH)3), akaganéite (β-

FeOOH) and boehmite (AlOOH), can be easily obtained in a broad spectrum of mor-

phologies [16–20], and represent an obvious choice for templates which can be employed

to prepare more complex core-shell or hollow particles.

Another interesting option for particle templating is the use of emulsions. Ideally, these

emulsions should consist of adjustable and monodispersed droplets of monomer(s) and

other chemical precursors, dispersed in a medium (e.g water) and stabilized against

molecular diffusion degradation (Ostwald ripening) and against coalescence. Such emul-

sion droplets should ultimately react to yield the final particles or offer a suitable sub-

strate to further grow functional material.

The main issue in both cases is to obtain monodisperse templates in the first place.

Preparation of inorganic colloids is usually sensitive to factors such as pH, tempe-

rature, and salts concentrations, which are difficult to control precisely harming the
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reproducibility. On the other hand, preparation of emulsion templates is complicated

by the intrinsic emulsion instability. Strategies based on thermodynamically stable mi-

croemulsions are an exception but unfortunately can not be easily generalized for a large

number of systems. Even where microemulsions can be applied, they require a large

amount of surfactants which is often undesired in the final system making the overall

process costly and time consuming (cfr. Chapter 2). Finally, templating techniques

require, especially when aiming to obtain composite materials, an adequate surface

chemistry to allow deposition of different materials on the template itself.

1.2. This thesis

The work presented in this thesis focuses on the preparation of composite model col-

loids with the aim of developing novel synthetic routes based on colloidal templating

methods involving emulsions as well as inorganic templates. Part I is entirely devoted to

emulsion-templating strategies and begins with Chapter 2 where we describe the possi-

bility of forming colloidal fluorocarbon polymer spheres in the size regime 10-50 nm by

using micelle templates. This study is a prelude to Chapter 3 where we investigate the

potential of inorganic iron oxide nano-particles to act as surfactant instead of molecu-

lar species. The investigation reported in Chapter 3 led us to discover a novel type of

mesoscopic oil-in-water emulsions which form spontaneously upon addition of charged

colloids to phase separated oil-water mixtures. We show that the resulting particle-

stabilized emulsion droplets qualify as very convenient units for templating well-defined

core-shell colloids with tunable physico-chemical properties. The generality of this

method is further explored in Chapter 4 where we show that it is not restricted to

iron oxide nano-particles only. Instead, we demonstrate that various inorganic charged

colloids can induce a similar spontaneous emulsification. This knowledge is applied to

colloid synthesis in Chapter 5, where we prepare core-shell magnetic-PMMA spheres

with controlled magnetic moment. In Chapter 5 we also explore particle crystallization

induced by magnetic fields and we show that the topologies of the resulting magnetic

colloidal crystals are influenced by the field geometry. In Chapter 6 we demonstrate that

under certain circumstances composite core-shell particles similar to the ones described

in Chapter 5 can be prepared in a complete self-assembly and self-regulated manner

via a simple one-step reaction. Chapter 7 ends Part I showing that spontaneous oil-in-

water emulsification can also be induced by large spindle-like hematite colloids yielding

emulsion droplets with embedded single spindles. We investigate the chemical aspects

underling this emulsification, proposing a mechanism which can be exploited to prepare

model colloids with optically and magnetically anisotropic cores.

In Part II of this thesis the attention is turned to inorganic colloidal templates. In

Chapter 8, using a more engineered approach, we describe the fabrication of ellipsoidal

core-shell and hollow silica particles via hematite templates. We specifically design the
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synthetic route to fine tune the particle morphology and aspect ratio, but we also op-

timize the system for optical studies by incorporating specific fluorescent shells in the

particles and using a refractive index matching solvent. We finally test the particles

by confocal microscopy and photo-bleaching techniques and we present the outcom-

ing results. In Chapter 9 we make use of the templated ellipsoidal silica particles to

gain further physical insights on the random packing density of non-spherical colloids.

The thesis concludes by documenting the preparation and the unusual phase behavior

of β-FeOOH (akaganéite) rod-like colloids. The first results of this investigation and

outlooks for further studies are collected and described in Chapter 10.



Part 1

Emulsion-based colloids





2
Microemulsion based synthesis of fluorinated

latex spheres

Abstract
We report a microemulsion based synthetic pathway to obtain monodisperse
fluorinated latex spheres, with radii in the range of 17 - 50 nm, which cannot
be obtained using a single-step emulsion polymerization. The particles are in
particular suitable for experimental studies of the structure and dynamics of
dispersion of spherical colloids because of their high stability, monodispersity,
and the option to index-match them with water. Dynamic light scattering, elec-
tron microscopy and electrophoretic measurements are used to characterize the
fluorinated particles, which can be separated efficiently from free surfactants
by cross-flow diafiltration.

9
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2.1. Introduction

Recently [21] we reported the synthesis of fluorinated latex colloids by emulsion poly-

merization in water. The motivation for this work was that fluorinated latex has an un-

usually low refractive index of 1.37, compared to the typical value of 1.5 for commonly

used colloidal particles such as silica, polystyrene (PS), and polymethylmethacrylate

(PMMA). Aqueous dispersions of silica or latex are generally turbid because of the

large difference between the refractive index of the particles and that of water (1.33).

Instead, fluorinated particles can be relatively easily optically matched to give transpar-

ent dispersions. This allows the study of the structure and dynamics of model colloidal

sphere dispersions by light scattering and microscopy even at high volume fractions [22].

With a single-step emulsion polymerization [21] the obtainable size range is limited to

radii in the rang of 50-250 nm. Larger particles can be easily obtained by seeded

growth [21] up to a radius of at least 1000 nm. However, extension to smaller particle

sizes by emulsion polymerization is problematic because at low monomer concentra-

tions the obtained particles are polydisperse. It is well known that small, monodisperse

particles like PS and PMMA can be synthesized using a microemulsion (see for instance

Refs. [23,24]). In a microemulsion, the size of micelles can be controlled by varying the

molar ratio of surfactant to cosurfactant, and with respect to a classical emulsion poly-

merization this allows a fine control on the final particle size and high reproducibility.

Moreover, because of the transparency of microemulsion systems, UV light provides

an alternative and interesting method to initiate polymerization. In this chapter we

demonstrate that synthetic methods similar to those reported in Refs. [23, 24] can be

successfully applied to fluorinated latex to obtain optically transparent dispersions of

particles with radii in the range of 17 to 50 nm.

2.2. Experimental

Materials. 1H,1H-heptafluoro-n-butyl methacrylate (97% Lancaster, molar mass

254.11 g/mol) was distilled under a reduced pressure at 30 - 40◦C in a nitrogen atmo-

sphere. Potassium persulfate (K2S2O8, 99+%, Acros Organics) was used as a water-

soluble initiator, and sodium dodecyl sulphate (SDS, 99%, BDH Laboratory Supplies,

critical micelle concentration 8 mM [25]) and 1-pentanol (J.T Baker), surfactant and

cosurfactant respectively, were used as received without further purification.

Microemulsion Polymerization. Following the approach of Guo et al. [23] for

microemulsion polymerization of styrene, stable oil-in-water microemulsions were pre-

pared in a 100 mL round-bottom reaction-flask, by adding mixtures (see Table 2.1)

of 1H,1H-heptafluoro-n-butyl methacrylate and 1-pentanol, to an aqueous solution of

SDS, previously prepared by dissolving 2.75 g of SDS in 26 g of doubly distilled water.
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Figure 2.1. (A) Decay rate Γ of the electric field autocorrelation functions measured with

dynamic light scattering at various wavevectors K, for different particles (see Table 2.1). (B)

Particles radius from DLS versus the concentration ratio monomer/1-pentanol for particles

prepared using different amount of the surfactant SDS. The dotted line is to guide the eye.

The contents of the flask were vigorously stirred and sonicated for several minutes to

obtain a homogenous microemulsion, that was then stored at 4◦C for 24 hours to attain

equilibrium. In some cases the microemulsion composition was then fine-adjusted by

titration with pentanol. Before the polymerization was started, the microemulsion with

the required amount of the persulfate initiator (0.65 mM) was degassed at low pressure

for about 10 minutes by using a vacuum pump and then kept under nitrogen. The

microemulsion was irradiated at room temperature for 8 hours (entire reaction time)

by an 8 W UV light bulb (Sylvania blacklight blue) to promote the radical polymeriza-

tion. Alternatively, the polymerization in the above-described microemulsion systems

could also be initiated thermally by heating the microemulsion to 70◦C. The particles so

obtained were purified by dialysis against deionised water for at least 3 days, to remove

free monomer, 1-pentanol, emulsifier and residual electrolyte. The small particle size

makes concentration of the dispersions by centrifugation unfeasible. The high spinning

rates necessary to sediment the particles irreversibly aggregate the particles. However,

concentrated latex dispersions can be obtained by removing part of the solvent with a

rotavapor, followed by a cross-flow diafiltration using MicroKros R© hollow fibers modu-

les with a molecular-weight cut-off of 400 kDa. The hollow fibers retain the particles

above this cut-off and allow the free electrolyte and surfactant molecules, concentrated

during the solvent evaporation, to permeate through the membrane. Due to the higher

particle concentration and especially to the lower amount of free surfactant, the purified

dispersions are more suitable for electron microscopy imaging than the original reaction

mixtures.
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Figure 2.2. Electrophoretic mobility of ME-3 (R=48 nm) particles. The three lines

represent mobility measurements at different scattering angles.

Light scattering. Light scattering cuvettes were cleaned by sonication in water

(10 min) and afterwards flushed with freshly distilled acetone. Dilute sphere disper-

sions were filtered in a dust-free hood, through a Millipore R© filter with a pore size of

about five times the particles diameter. Dynamic Light Scattering (DLS) measurements

were done at a temperature of 25.0◦C with an argon laser operating at a wavelength

λ=514.5 nm. Hydrodynamic radii RDLS were obtained from the Stokes-Einstein dif-

fusion coefficients measured by fitting DLS intensity autocorrelation functions to the

second order cumulant expression ln gI(K, t) = β1 + β2t + β3t
2 with fitting parameters

β1, β2, and β3.

Electrophoresis. The zeta-potential, ζ, of the particles was estimated from elec-

trophoretic measurements (Coulter DELSA 440 SX) on dilute samples, at a pH of 6,

a temperature of 25◦C and an ionic strength of 20 mM NaCl (i.e. a Debye-Hückel

screening length of κ−1=2 nm). A typical measurement was performed at a constant

electric field of 20 V/cm in both stationary layers of a 1 mm thick gold cell and the

two independently measured mobilities were averaged. The electrophoretic mobilities,

µe, were converted to zeta-potentials using the Smoluchowski equation (κR � 1) with

Henry’s correction term, as further explained in [21].

Particle imaging. The particle morphology was examined with a Philips TECNAI

12 transmission electron microscope (TEM) operating at an accelerating voltage of

100 kV. Samples were prepared by dipping glow-discharged TEM grids in concentrated

latex dispersions and drying for a few minutes under an infrared lamp.
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Figure 2.3. Transmission electron microscopy (TEM) picture of fluorinated latex spheres

with a DLS diameter of 42 nm, prepared by a UV-initiated microemulsion polymerization.

2.3. Results and discussion

Stable dispersions of fluorinated particles were prepared following the procedure de-

scribed in section 2.2. After some preliminary synthetic work, using thermal decompo-

sition of the water-soluble initiator (KPS), we exploited the optical transparency of the

microemulsion systems to replace the thermal initiation with a more convenient photo-

chemical polymerization at room temperature. In fact KPS is known to be decomposed

upon absorption of ultraviolet light at λ ≈350 nm [26,27].

The stability of the dispersions was sensitive to the dialysis time. Typically, after one

week of dialysis, some flocs were present in all dispersions. After removal of the flocs

by filtration, the dispersion was stable for several months, as evidenced by dynamic

light scattering measurements. Fig. 2.1 A displays the decay rate Γ of the intensity

autocorrelation functions measured with DLS, as a function of the wavevector K2. In

all cases we found a linear dependence of Γ on K2, as expected for monodisperse par-

ticles. The slope of the Γ(K) plots equals the translational diffusion coefficient Dt

of the particles. Using the Stokes-Einstein relation we derived the particle radii col-

lected in Table 2.1. Varying the relative composition of the ternary mixture water/1-

pentanol/monomer, at different surfactant concentrations, within the microemulsion

stability one-phase region, we always obtained particle sizes in a range between 17 and

50 nm. Fig. 2.1 B shows that the particle radius appears to increase almost linearly

with increasing monomer/co-surfactant concentration ratio, whereas it seems to be not

particularly affected by variations in SDS concentration. Attempts to visualize the fluo-

rinated latex particles with electron microscopy were complicated by the rapid melting

of the particles under the electron beam. Fig. 2.3 shows one of the few samples we
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Table 2.1. Particle Radius RDLS , Mobility µ and Zeta Potential ζ of Fluori-
nated Latex Spheres

Composition, wt% SDS RDLS µ ζ Sample

water/1-pentanol/monomer wt% [nm] [m cm s−1 V−1] [mV]

Reaction flask

77.9/3.64/9.89 8.57 52 -5.1 -72 ME-1

89.0/4.16/6.79 8.98 49 -4.9 -70 ME-2

90.9/4.27/4.80 9.19 48 -5.1 -73 ME-3

89.7/5.22/5.05 8.98 35 - - ME-5

90.1/5.04/4.88 5.72 34 - - ME-6

92.8/3.58/3.58 8.98 34 - - ME-7

93.3/5.22/1.44 8.98 24 - - ME-9

91.4/7.18/1.44 8.98 17 - - ME-11

89.6/8.98/1.44 8.98 19 - - ME-12

91.8/6.80/1.36 3.92 19 -5.9 -114 ME-13

89.0/4.19/6.76 8.98 50 -4.3 -61 ME-15

91.3/3.65/5.06 8.98 30 -4.6 -71 ME-16

could image, containing fluorinated latex particles with a DLS diameter of 42 nm pre-

pared by a UV-initiated microemulsion polymerization. The particles look spherical

and fairly monodisperse, confirming the narrow size distribution manifested by DLS

measurements. We attempted to image the particles also by Atomic Force Microscopy

(AFM). However, the softness of the latex particles, also observed for larger fluorinated

latex spheres [21], made AFM probing unfeasible. Moreover, the particles are nega-

tively charged (see Fig. 2.2 and Table 2.1) and hardly stick to the mica surface used

for AFM measurements, resulting in aggregation of the particles, probably due to cap-

illary forces. Recently [28], poly-L-lysine coated mica substrates have been successfully

used for bigger particles to reduce clustering during drying. However, particles with a

radius around 30 nm flatten to objects of a few nanometers in height and can hardly

be distinguished from the poly-L-lysine coating. As expected because of the anionic

surfactant (SDS) used, and the sulfate end-groups [R-OSO3]
− generated by the radi-

cal initiator system, the particles have a strong negative surface charge. Despite the

different synthetic pathways, particles prepared by surfactant-free emulsion polymeri-

zation [21] and particles prepared by microemulsion polymerization show a comparable

electrophoretic mobility (see Fig. 2.2 and Table 2.1) of about −5.2 m cm s−1 V−1. This

may indicate that the electrostatic stabilization of particles is mainly due to the anionic

groups generated by the initiator system during the particle formation, rather than due

to surfactant absorption.

In conclusion, we have shown that polymerization in a microemulsion provides a

useful technique for the synthesis of very small fluorinated latex particles in the size

range 17-50 nm. DLS and TEM measuraments show that the resulting particles are
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monodisperse and spherical. The stability of the particles is provided by a negative

surface charge. As a result of the low refactive index of fluorinated latex, this col-

loidal system may be useful, for instance, as a well-defined optically transparent host

suspension for diffusion studies on tracer particles by light scattering experiments [22].

These ”nano-latexes” further extend the presently available size range for fluorinated

particles prepared by emulsion polymerization and seeded growth [21] to cover almost

the complete colloidal size domain.
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3
Thermodynamically stable Pickering

emulsions

Abstract
We show that under appropriate conditions, mixtures of oil, water, and nano-
particles form thermodynamically stable oil-in-water emulsions with monodis-
perse droplet diameters in the range of 30-150 nanometer. This observa-
tion challenges current wisdom that so-called Pickering emulsions are at most
metastable, and points to a new class of mesoscopic equilibrium structures.
Thermodynamic stability is demonstrated by the spontaneous evolution of bi-
nary droplet mixtures towards one intermediate size distribution. Equilibrium
interfacial curvature due to an asymmetric charge distribution induced by ad-
sorbed colloids explains the growth of emulsion droplets upon salt addition.
Moreover, the existence of a minimal radius of curvature with a concomitant
expulsion of excess oil is in close analogy with micro-emulsions.

17
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Two categories of oil-in-water emulsions are presently known: transparent micro-

emulsions having a stable droplet-size below 10-20 nm, and all other ”normal” emul-

sions being turbid due to much larger, unstable oil droplets that spontaneously merge

together. Preparation of such normal emulsions (abundant in many food- and daily

life products) requires prolonged mechanical agitation, and emulsifiers to retard the

droplet coalescence that eventually de-mixes the emulsion into separate oil and water

phases. In the classical Pickering emulsions [29, 30] droplet coalescence is suppressed

by adsorption of solid particles at the oil-water interface. The retarded coarsening has

always explicitly been attributed [30–37] to a kinetic barrier resulting from the particle

adsorption or a viscosity increase of the continuous phase between the droplets. Thus

Pickering emulsification is supposed to be fundamentally different from the spontaneous

formation of the thermodynamically stable micro-emulsions. We have found, however,

that a methacrylate oil phase and various types of charged colloids (iron-oxide, silica

and cobalt-ferrite nano-particles) self-assemble in water to thermodynamically stable,

opaque emulsions of monodisperse droplets much larger than in the transparent micro-

emulsions.

This unexpected finding was made in our search for monodisperse magnetic col-

loidal spheres for studying the statistical physics of magnetic fluids [38–41]. We investi-

gated the functionalization of magnetite nano-particles [42] with 3-methacryloxypropyl

trimethoxysilane (TPM) [43, 44], aiming to promote encapsulation of magnetite in the

polymerization of polymethylmethacrylate to magnetic polymer colloids. In exploring

experiments TPM, a transparent hydrophobic fluid, was gently stirred with aqueous

dark-brown dispersions of magnetite. To our surprise, homogeneous, opaque suspen-

sions (Fig. 3.1 A) spontaneously formed that did not demix. Transmission electron mi-

croscopy (TEM) images of the suspended particles at first sight (Fig. 3.1 B-E) remind

of a traditional Pickering emulsion [29, 30], i.e. a dispersed oil (here TPM) kinetically

stabilized by solid (here magnetite) particles. We found the occurrence of monodisperse

droplets (Fig. 3.1) rather unexpected for unstable emulsions, even though mechanically

stabilised droplets are sometimes quite uniform [34]. However, also other observations

threw doubt on purely mechanical stability. TPM, for example, disperses even without

any agitation in aqueous magnetite dispersions, whereas formation of thermodynami-

cally unstable emulsions often requires considerable energy input via a high-speed stirrer

or a jet homogeniser [45]. Furthermore, mixing the three components water, TPM and

magnetite fluid in different order did not affect the final, quite reproducible droplet

size. We also noted that sedimentation of emulsions under gravity produced an inter-

face between the settling droplets and the clear supernatant water phase that remained

sharp for at least several months, consistent with an unchanging narrow droplet size

distribution.
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Figure 3.1. (A) Gently agitating oil (1), the transparent hydrophobic liquid
3-methacryloxypropyltrimethoxysilane (TPM), with aqueous magnetite dis-
persion (2) spontaneously produces an opaque oil-in-water-emulsion (3) sta-
bilised by adsorbed magnetite particles (average diameter 11 nm). Cryo-
genic electron microscopy images (B) provide a direct image of un-polymerised
magnetite TPM droplets. TEM-images C-E (of polymerised emulsions)
demonstrate initial growth on addition of oil until the maximal radius has
been reached. In a typical emulsification 100 mL dispersion of m-particles
(c=1.2 g/L) was gently agitated with 200 µL methacryloxypropyltrimethoxysi-
lane (TPM, Acros Organic p.a., used as received from new bottles), leading to
stable emulsion droplets as depicted in B-E.

These observations lead us to the hypothesis that the opaque suspensions as in

Fig. 3.1a are actually thermodynamically stable systems, where magnetite and TPM

have self-assembled to oil droplets in water, with the nano-particles inducing an equi-

librium curvature of the TPM-water interface. Truly stable droplets with uniform

diameters in the range 30-150 nm (Fig. 3.1 C-E), it should be noted, are remarkable

because on the one hand the droplets share thermodynamic stability with the much

smaller micro-emulsion droplets (radius up to 10-20 nm [46,47]), but on the other hand

they scatter enough light for emulsions to be opaque just as the much larger, unstable

micron-droplets in food products as ice-cream, margarine and mayonnaise. We will

now discuss various additional experiments that demonstrate thermodynamic emulsion

stability, followed by a possible explanation for the existence of an equilibrium droplet

size.
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Confocal microscopy on a fluorescent oil phase shows that without magnetite parti-

cles, TPM coalesces in quiescent water to large polydisperse spheres, precisely the coar-

sening expected for ”normal” unstable emulsions. However, upon addition of magnetite

dispersion the coarsening stops and actually reverses: TPM blobs gradually shrink and

disappear as oil disperses to uniform droplets (further details on confocal experiments

are given in Chapter 4).

A crucial test pro or contra thermodynamic emulsion stability is the time dependence

of the size distribution after blending two emulsions to a binary mixture of large and

small emulsion droplets. If the emulsions are unstable the interfacial Gibbs energy

by definition exceeds that of a non-dispersed bulk so the droplet surface area will

spontaneously decrease in time by coalescence or Ostwald ripening. Consequently, the

average droplet size will grow beyond that of the large droplets in the initial mixture.

If, on the contrary, the binary mixture evolves towards a stable size distribution with an

average dictated by the overall amounts of TPM and magnetite, this distribution should

be intermediate to the initial distributions of the starting binary mixture. Fig. 3.2

demonstrates that the binary emulsions follow the second scenario: on a time scale

of minutes the two Gaussian parent distributions A and B of Fig. 3.2 merge into one

intermediate Gaussian size distribution C. The latter is indeed the equilibrium state,

because the same distribution is formed in a separate emulsion prepared in one step

from mixing TPM and magnetite-fluid in the same total amounts as in the binary

mixture.

The stabilising action of nano-particles is not at all restricted to magnetite: we found

that also (laboratory-made) cobalt-ferrite [48] and commercially available silica nano-

particles (Ludox, DuPont, average diameter 25 nm) may induce spontaneous emulsifi-

cation of TPM in water as will be further demonstrate in Chapter 4.

We will now discuss a possible explanation for the existence of thermodynamically

stable droplet size. First we address particle adsorption at the TPM-water interface,

focussing on magnetite particles as an exemplary case. A solid particle may be trapped

at an oil-water interface in a deep energy well when the particle is wetted by both oil

and water [37]. Since we cannot directly assess wettability of magnetite nano-particles

we have measured contact angles of TPM and water on a polished, cut surface of a

macroscopic magnetite mineral. It turns out that the mineral is indeed wetted by

both liquids, though with a clear preference for TPM which almost completely wets a

magnetite surface whereas water shows a measurable contact angle θ=34◦±4. These

results indicate that the colloids prefer oil over water. Assuming that reduction of oil-

water interface is the main driving force for adsorption, the adsorption free energy of a

sphere with radius Rm on an oil-water interface with interfacial tension γ is [37]:

−πr2γ = −πR2
m(1− z2)γ = −πR2

m(1− cos2θ)γ (3.1)
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Figure 3.2. Droplet size distributions (left), well described by a Gauss-
ian (drawn line), each determined from about 1000 counts of polymerised
magnetite-stabilised TPM droplets on TEM micrographs (right). After mixing
the two parent emulsions A and B an intermediate equilibrium distribution C
spontaneously forms on a time scale of minutes.

where r is the radius of the plane of adsorption, located at a distance zR (0< z <1)

from the sphere center. Spinning-drop measurements (described in Chapter 4) yield

γ=8 mN/m =1.9 kBT/nm2 for the water-TPM interface, corresponding for z ≈ 0 to

an adsorption energy of about 6R2
mkBT (Rm in nm). Radii of magnetite particles are

typically in the range Rm=2-6 nm yielding adsorption energies in the range 20-200 kBT.

Thus the whole magnetite size distribution should strongly adsorb on TPM droplets, as

is indeed the case: TEM images (Fig. 3.1, 3.2) never show free nano-particles, neither

in the case of emulsions stabilized by silica (Chapter 4) nor cobalt ferrite colloids.

We note here that, as shown in Ref. [49], the work to create interface contains positive,

quadratic terms in colloid size, but these can be offset, at least in principle, by a negative

contribution linear in particle size, which contains the line tension. That may lead to a

net negative free energy of creating interface, which could occur for the small particles

studied here, as the (positive) quadratic terms always dominate for large colloid size.
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This line tension argument could explain why we never observed stable emulsions for

colloids with a much larger radius than the nano-particles in this study.

Why does the TPM-water interface adopt a particular equilibrium curvature?

Kralchevsky et al. [36] predict that solid particles only produce an interfacial bending

moment when they adsorb as a close-packed layer. Since the magnetite particles do not

closely pack (see Fig. 3.1), it appears that the colloids per se do not induce preferred

curvature. However, we must also pay heed to asymmetrically distributed electrical

charges on both sides of the oil-water interface. On the water side, a higher concen-

tration of surface charges will be present, tending to bend the interface around the

oil phase. In other words, asymmetric double-layers are forced to overlap owing to the

strong colloid adsorption and the resulting osmotic bending stress will be spontaneously

released by surface curvature which increases the interfacial distance between adsorbed

colloids. Even if this increase is modest, its effect will be substantial if the double-layer

repulsion between adsorbed colloids varies steeply with their separation distance. In

addition, also ions from non-overlapping double-layer parts contribute to the bending

moment because they also gain entropy as ion clouds expand due to curvature. These

effects are well-known in microemulsions with charged surfactants [46].

Several observations clearly confirm the essential role of counter ions in the preferred

curvature in our emulsions. If adsorbed colloids indeed repel each other via hemi-

spherical double-layers, addition of salt should reduce the occupied area per colloid

and, consequently, increase the emulsion droplet radius. Fig. 3.3 A shows that addition

of NaCl increases the turbidity of an emulsion, manifesting according to dynamic light

scattering (Fig. 3.3 A) indeed spontaneous growth of monodisperse droplets towards a

larger equilibrium size. A second consequence of hemi-spherical double-layer repulsions

is that growth of oil droplets to accommodate added TPM is limited: reduction of the

interfacial curvature builds up osmotic bending stress until further uptake of added

oil is prohibited, leading to expulsion of excess oil. We indeed find clear evidence for

this scenario, as further explained in the legend of Fig. 3.3 B. A third observation

confirming the important role of counter-ions is that lowering the pH to near-neutral

values destroys emulsion stability, presumably because the charge density on the colloids

is becoming too low to produce a significant osmotic bending stress. With respect to the

salt effect of Fig. 3.3 we note an interesting analogy with micro-emulsions [46] for which

the average droplet radius R depends on the salt concentration c via (1/R)=A-Blnc,

with A a constant, and B≈kBT/πQK , where Q denotes the Bjerrum length in water

(0.72 nm at T=298 K). It is assumed here [46] that the bending elastic modulus K is

much larger than the thermal energy kBT. Also for our stable Pickering emulsion the

droplet radius increases with salt concentration (R=50 nm for c=5 mM, R=97 nm for

c=10 mM). Moreover, these data correspond to a bending modulus of about K≈33kBT,
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Figure 3.3. (A) About 30 min. after adding 10 mM NaCl to a magnetite-
stabilised emulsion (droplet radius 36 nm) the emulsion turbidity increases
due to spontaneous droplet growth, to a final radius of R=50 nm reached
after 12 h. Dynamic light scattering (DLS) manifests growth of monodisperse
droplets: decay time Γ depends linearly on the wave vector K squared. (B)
TEM diameters (black dots) of polymerised droplets as a function of TPM-
magnetite weight ratio for a fixed magnetite concentration of 1 mg/L. Red dots:
diameters from DLS on diluted samples of the upper phase of emulsions in the
insert. In region I the droplet size initially increases linearly with the TPM-
magnetite ratio because droplet size is determined by a constant interfacial
area per adsorbed particle. Around a ratio of 15, however, a transition occurs
to region II where the droplet size remains constant by expelling within one
day all additional TPM, which settles to the bottom of the flask, see insert.
The salt effect (A) and existence of a maximal droplet size (B) confirm that an
asymmetric electrical double layer causes preferred curvature of the oil-water

interface.

which clearly implies an oil-water interface that is stiff on the emulsion length scale,

just as in the case of micro-emulsions.

The thermodynamic size-control of our particle-stabilised emulsions is an impor-

tant advantage for their applications. Magnetite-TPM emulsions, for example, can be

employed as templates for monodisperse magnetic latex spheres which are difficult to

synthesize otherwise [50], see also Chapter 5. Further, the methacrylate groups in TPM

allow polymerisation (by light or initiator) of droplets to solid spheres of the same size

that remain in stable suspension. This enables us to quantify particle growth (Fig. 3.1

C-E, 3.3 B) and size distributions (Fig. 3.2), circumventing the usual problems such

as the fixation of emulsions for the electron microscope [30] in the analysis of droplets

that are too small for imaging by light microscopy.

In conclusion, we have demonstrated the spontaneous self-assembly of nano-particles,

oil and water to truly stable emulsions with a uniform droplet size intermediate between
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micro-emulsions and the unstable normal macro-emulsions. Clear evidence for thermo-

dynamic stability is provided by the reproducibility of droplet sizes, the time-evolution

of the size distribution in a binary droplet mixture, and the spontaneous oil dispersal

observed in situ via confocal microscopy and dynamic light scattering. Equilibrium

curvature plays a key role in our emulsions and appears to derive from the preference

of counter-ions for one side of the interface, as confirmed by the peculiar salt effect

on droplet growth, and the existence of a minimal curvature with expulsion of excess

oil. In view of the high energy input in the usual mechanical emulsion preparation

it is clearly of interest to extend the search for other stable combinations of oil and

nano-particles. Our observation of spontaneous emulsification for three types of nano-

particles (magnetite, silica and cobal ferrite) warrant the expectation that many more

exceptions may exist to the conventional distinction between stable micro-emulsions

and unstable normal emulsions.

Acknowledgements

H. Meeldijk (Electron Microscopy, Department of Biology, Utrecht) is thanked for

cryogenic electron microscopy, S. Fazzini for synthesis experiments, and Professors W.

Kegel, A. Vrij and C.G. de Kruif for helpful discussions.



4
Spontaneous oil-in-water emulsification

induced by charge-stabilized dispersions of

various inorganic colloids

Abstract
Charge-stabilized dispersions of inorganic colloids are shown to induce spon-
taneous emulsification of hydrophobic (TPM) molecules to stable oil-in-water
emulsions, with monodisperse, mesoscopic oil droplet diameters in the range
30-150 nm, irrespective of the polydispersity of the starting dispersions. The
results for cobalt-ferrite particles and commercial silica sols extend the results
of Chapter 3 on spontaneous emulsification induced by charged magnetite col-
loids, and show that this type of self-assembly is quite generic with respect
to the composition of the nano-particles adsorbing at the oil-water interface.
Moreover, we provide additional experimental evidence for the thermodynamic
stability of these meso-emulsions, including spontaneous oil dispersal imaged
by confocal microscopy and monitored in situ by time-resolved dynamic light
scattering. We discuss the possibility that thermodynamic stability of the
emulsions is provided by a negative tension of the three-phase line between oil,
water and adsorbed colloids.

25
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4.1. Introduction

A fundamental feature of coarse emulsions of oil in water is their thermodynamic

instability, caused by the large amount of free energy ”stored” in the droplets inter-

face. Such instability drives the system to minimize the interfacial area by coalescence

of the oil droplets which will eventually result in a complete separation of the con-

stituent liquid phases. A well known method to retard such coarsening is the addition

of finely divided solid particles which adsorb at the oil-water interface. This kind of

emulsion stabilization, first described by Pickering [29] one century ago, is traditionally

explained [30, 51, 52] as providing a mechanical barrier against coarsening, and only

recently [51] sparked off the comparison of particles adsorbed at liquid-liquid interfaces

to surfactants.

However, since mixtures of oil, water, and surfactant may form thermodynamically

stable micro-emulsions [53], this comparison harbours an intriguing scenario, at odds

with the kinetic explanation [30, 51, 52] of particle-stabilized emulsions, namely the

spontaneous distribution of oil in water to reproducible droplets stabilized by the action

of colloidal particles. In Chapter 3, we have demonstrated the existence of such scenario

for a methacrylate oil phase and charged magnetite nano-particles that self-assemble in

water to monodisperse (magnetizable) mesoscopic emulsion droplets. Direct evidence

of this self-assembly was provided, among other things, by the spontaneous evolution of

binary droplet mixtures towards one intermediate size distribution and by the existence

of a maximum droplet radius with a concomitant expulsion of excess oil, in close analogy

with micro-emulsions (c.f. Chapter 3).

In this study, we show that also other charged inorganic colloids, namely cobalt-

ferrite particles and commercial silica sols (Ludox), show this type of self-assembly,

which apparently is quite generic and therefore potentially relevant for many other

particle-oil systems. We also provide here new direct evidence of such self-assembly

by monitoring the time evolution of polydisperse oil-in-water mixtures in contact with

colloidal dispersions by confocal microscopy and time-resolved dynamic light scattering.

Confocal microscopy shows macroscopic oil blobs which upon addition of colloids do not

further coarsen but instead spontaneously deflate to much smaller magnetite-covered

droplets. Similarly, time-resolved dynamic light scattering shows that polydisperse

mixtures of oil, silica and water, above a critical particle/oil ratio, self-assemble to

silica-stabilized meso-emulsions with a narrow size distribution. Moreover, supporting

transmission and scanning electron microscopy analyses, performed on polymerized

emulsions, are used to further characterize droplets morphologies and size distributions.

Finally, we briefly discuss how spontaneous emulsification of oil-in-water caused by

adsorption of nano-particles at the oil-water interface could be driven by a negative

tension at the three-phase line between oil, water and the inorganic colloids.
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Figure 4.1. Mixing an aqueous dispersion of magnetite or silica nano-
particles to a phase separated water-TPM mixture (here TPM-oil is on the
bottom), spontaneously produces an opaque oil-in-water emulsion stabilized
by the adsorbed particles.

4.2. Experimental section

4.2.1. Preparation

Colloidal dispersions. Magnetite (Fe3O4) dispersions were prepared (see Ref. [7,42]

for a detailed description) by adding aqueous acid solutions of FeCl2 and FeCl3 to

ammonia, collecting the immediately precipitated black magnetite with a magnet, re-

dispersing it overnight in an tetramethylammonium (TMA)-hydroxide solution (2 M),

and transferring the magnetite particles to demi-water via magnetic decantation. The

final dispersion contained non-aggregated, negatively charged magnetite particles (av-

erage diameter 11 nm ±28%). Aqueous dispersions of cobalt ferrite (CoFe2O4) particles

(diameter 15 nm ±21%) were obtained following [48], again repeptizing the black pre-

cipitate using TMA-hydroxide. Silica dispersions (Ludox, AS-40, DuPont) contained a

weight concentration c=50.8 wt% of unaggregated, amorphous silica particles (diameter

25 nm ±18%) in an aqueous ammonium hydroxide solution and were used as received.

Emulsions. In a typical emulsification 100 mL dispersion of magnetite particles

(c=1.2 g/L) was gently agitated with 200 µL methacryloxypropyltrimethoxysilane (TPM,

Acros Organic p.a., used as received from new bottles), leading to stable emulsions as

in Figure 4.1. Agitation is not a pre-requisite: carefully pouring an aqueous magnetite

dispersion layer onto TPM, leaving the immiscible layers undisturbed, also yields even-

tually (after few days) stable emulsions. The particle-stabilised TPM droplets can be

polymerized, initiated by 0.4 mM potassiumpersulphate (KPS) at 80◦C or, when il-

luminated by UV light, also at room temperature. Fluorescent emulsion droplets are

obtained by incorporating in the oil phase the dye 4-methylaminoethylmethacrylate-7-

nitrobenzo-2-oxa-1,3-diazol (NBD-MAEM) prepared following Ref. [54]. This dye was
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Figure 4.2. Addition of TPM (A-C) to water with fixed magnetite con-
centration reproducibly increases the droplet radius, whereas addition of mag-
netite to a given amount of TPM decreases the radius. Highly magnified
Cryo-TEM images (D) show emulsion droplets with a fairly dense magnetite
coverage. This is not always the case for polymerized droplets where the nano-
particles seem to have clustered during the polymerization process.

also used to obtain the confocal microscopy images of Fig. 4.4. Spontaneous TPM emul-

sification by cobalt ferrite particles occurred by the same procedure as for magnetite

particles. Silica-stabilized emulsions were prepared by adding TPM to diluted Ludox

dispersions, typically 1.5 mL of TPM and 1.5 mL of Ludox dispersion were mixed in

40 mL of de-mineralized water. The final TPM/Ludox weight ratio was varied from 0.5

to 2.

4.2.2. Characterization

Microscopy. Confocal images were taken with a Nikon TE 2000U equipped with a

Nikon C1 confocal scanning head, an Ar-ion laser (Spectra Physics) and an oil immer-

sion lens (100× CFI Plan Apochromat, NA 1.4 Nikon). Polymerized emulsion droplets

were imaged by transmission (TEM, Philips TECNAI12) and scanning (SEM, Philips
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XLFEG30) electron microscopy. TEM and SEM samples were prepared by drying drops

of diluted dispersions on copper TEM-grids and, when necessary (SEM), coated with

7 nm thick layer of a Pt/Pd alloy. Cryogenic electron microscopy (cryo-TEM) was used

to directly image meso-emulsions in vitrified water films prepared by a rapid tempera-

ture quench in liquid ethane, see for details [39] and references therein.

Light scattering. Dynamic light scattering (DLS) was performed on diluted emul-

sions at 25◦C using an argon ion laser (Spectra Physics) working at a wavelength

λ=514.5 nm and at a power of 200 mW. Diffusion coefficients Dt were obtained by

a cumulant fit of the measured autocorrelation functions. The hydrodynamic droplets

radii RDLS were obtained by using the Stokes-Einstein’s equation:

Dt =
kBT

6πηRDLS

, (4.1)

with kB Boltzman’s constant, T the absolute temperature, and η the solvent viscosity.

Interfacial tension. The surface tension γ of a TPM-water interface was determined

at 25◦C using a spinning-drop tensiometer. The sample was prepared by first filling a

Wilmad precision bore glass tube (internal diameter 3.96 mm) with the dense phase

(TPM) after which a small drop of the less-dense phase (water) was injected. The

angular velocity ω of the spinning tube was measured using an optical sensor, and the

droplet observed through a microscope. Measuring the droplet deformation due to the

centrifugal field as a function of the rotational speed, the surface tension was determined

using Vonnegut’s equation [55,56]:

γ =
∆ρω2r3

4
; l > 4r , (4.2)

were ∆ρ is the density difference between the heavy and the light phase (here ∆ρ=

4.5·10−2 g cm−3), r is the droplet radius perpendicular to the axis of rotation and l is

the droplet length along the axis of rotation.

4.3. Results and discussions

4.3.1. Spontaneous emulsification

Fig. 4.1 shows two examples of how magnetic nano-particles (here magnetite), and

also small silica colloids, can induce the spontaneous evolution of phase separated TPM-

water mixtures towards stable meso-emulsions. A gently agitated mixture of such com-

ponents, gradually increases its turbidity in a time span of typically 24 hours after which

the opaque emulsion remain stably dispersed for days before any appreciable gravita-

tional settling can be observed. The ”shelf-life” behaviour of such meso-emulsions

manifests a narrow equilibrium size distribution. For sufficiently large average droplet
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Figure 4.3. (A) Dynamic light scattering (DLS) data showing the decay
rates of the scattered electric field autocorrelation functions (Γ) as a func-
tion of the wavevector K2, for a diluted magnetite-stabilized meso-emulsion,
taken before and after polymerization. As expected for monodisperse non-
aggregated spheres, we obtained in both cases a linear plot, with translational
diffusion coefficients Dt (slope) corresponding to, respectively, RDLS=47 nm
(Dt=5.23·10−12m2s−1) and RDLS=49 nm (Dt=5.05·10−12m2s−1). The average
TEM radius for the polymerized emulsion droplets was 50 nm. (B) Typical
DLS intensity autocorrelation functions (IACF) measured at 90◦ and their
corresponding fitting lines.

size, emulsions slowly settle under gravity at a uniform (Stokes) velocity, producing

an interface between the settling emulsion and the supernatant water phase that re-

mains fairly sharp for several months. Droplet coalescence would have gradually blurred

this interface in time since the Stokes velocity increases with the square of the droplet

radius. Emulsions stability was further investigated by monitoring droplet size and

poly-dispersity by dynamic light scattering (DLS). The narrow emulsion-droplet size

distribution is confirmed by the DLS measurements of Fig. 4.3: the decay rate of

the autocorrelation function increases linearly with the wavevector K2, as expected for

monodisperse non-aggregated spheres. Fig. 4.3 also shows that DLS measurements per-

formed on a freshly-formed emulsion are virtually indistinguishable from measurements

performed after aging the emulsion for four days. Coarsening would have eventually

increased the average oil-droplets size and poly-dispersity, causing the plot of Fig. 4.3

to lower its slope and deviate from linearity.

The use of an acrylic oil phase, allowing polymerization of the emulsion droplets

to solid particles, facilitates considerably the system characterization by conventional

TEM and SEM which require dried samples. This circumvents the usual problems, such

as the fixation of emulsions for electron microscope [53], in the analysis of droplets that

are too small for imaging by light microscopy. Electron microscopy pictures, showing
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remarkably uniform particles (see Fig. 4.2 and 4.6), confirm that the oil-phase in Fig. 4.1

has dispersed to monodispersed mesoscopic droplets with the inorganic nano-particles

adsorbed at the oil-water interface.

The polymerization process does not change the droplet size as demonstrated by

the overlapping light scattering data shown in Fig. 4.3 which were collected before

and after the emulsion polymerization. However, Cryo-TEM (Fig. 4.2 D) analyses on

magnetite-stabilized meso-emulsions show droplets with a fairly dense coverage of par-

ticles, whereas conventional dry-TEM pictures (Fig. 4.2 A-C) seem to display a smaller

coverage. The latter is very likely due to the polymerization which apparently induces

aggregation of magnetite particles on the droplets surface. Moreover, magnetite and

cobalt-ferrite particles being quite polydisperse (up to 30%) have part of their size

distribution close to the microscope resolution limit which is therefore hardly distin-

guishable. Additional magnetic characterization of the magnetite and cobalt ferrite

stabilized meso-emulsions together with an estimate of the magnetite coverage density

can be found in Chapter 5.

Analogous to magnetite and cobal-ferrite, also the silica colloids in contact with

TPM self-assemble into mesoscopic oil droplets. Because of the larger size of the Ludox

particles, SEM and TEM images offer more information about the oil-droplets surface

morphology suggesting wetting angles close to 90◦, and a somewhat higher particle

coverage density than the ferrite-stabilized emulsions (Fig. 4.6 C and D and 4.8 B).

Another important observation is that TEM micrographs of stable meso-emulsions

never display free nano-particles: apparently the whole particle size distribution re-

sides at the TPM-water interface, indicating a substantial adsorption free energy ∆G.

Referring to the arguments in section 4.3.2 the latter can be estimate from the measu-

red TPM-water interfacial tension γ=8 mN/m to be on the order of πR2γ ≈ 100kBT.

This essentially irreversible adsorption of nano-particles, does not prohibit reversible

changes in droplet sizes because the particles may have sufficient surface mobility to

accommodate uptake or release of TPM-molecules required to reach the equilibrium

size distribution. Incidentally, reduction of lateral mobility due to agglomeration of

particles is unlikely: the electrical double-layer repulsion that separates these particles

in the aqueous starting fluid will only be enhanced by their adsorption onto an oil-water

interface due to low dielectrical constant of the oil phase [57]. Besides oil, it should be

noted, also surface material (i.e. colloids) should interchange for droplets to maintain

their spherical shape. Whether this interchange involves individual particles or rather

”patches” of surface (reminiscent of biological cell division) is yet unknown.

The most direct evidence for spontaneous oil-dispersal in water, induced by nano-

colloids (here magnetite) is provided by confocal microscopy (Figure 4.4). In this exper-

iment a fixed 140 µm × 140 µm area positioned few microns above the bottom glass wall

of the sample vial, was imaged in time (3 hours at 1/20 frame per second). In absence
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Figure 4.4. Snapshots from a confocal microscopy video showing coarsening
of polydisperse TPM blobs (a-d) in pure water and the spontaneous ”deflation”
of these blobs once magnetite fluid has been added (e-h). After 2 hours (i) the
TPM has been transferred to stable droplets covered with magnetite particles,
as evidenced (k-l) by the chain formation in a homogenous magnetic field B.
In (k,j) the field is in the plane of the paper, in (l) the field was perpendicular
to it such that a cross section of the chains is observed. The chain formation
is reversible and as soon as the field is switched off (j) the droplets diffuse freely

again.

of magnetite particles we observe coalescence of TPM in quiescent water to a macro-

emulsion of large polydisperse spheres. However, upon addition of magnetite fluid the

coarsening stops and actually is reversed: we see that TPM blobs gradually shrink and

disappear because oil disperses to uniform meso-droplets. The presence of adsorbed

magnetite on the droplets surface is evident from the reversible chain formation in an

external field (Fig. 4.4 k-l).

Evidence for spontaneous emulsification, in addition to its visual (Fig. 4.1) and micro-

scopic (Fig. 4.4) manifestation, is also offered by time resolved dynamic light scattering

showing in Fig. 4.5 A the evolution of a highly polydisperse system (mixture of TPM

water and silica particles) to a monodisperse emulsion characterized by one diffusion
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Figure 4.5. (A) Time-resolved DLS-data demonstrating the evolution to-
wards a stable emulsion with an angle-independent equilibrium size, within
2 days after mixing oil and silica dispersion above the critical weight ratio.
The experiment was performed on a sample with TPM/silica weight ratio of
1.85. (B) Emulsion droplet sizes from diffusion coefficients measured by DLS at
different scattering angles. Note that for the aqueous dispersion of silica (Lu-
dox) particles only, the obtained radius is angle-independent, as it should be
for non-aggregated monodisperse particles. In the unstable region (TPM/silica
weight ratio below 1.4) DLS clearly manifests light scattering by a highly poly-
disperse mixture whereas above this ratio, diffusion of monodisperse droplets
is observed. Before the measurements the emulsions in (B) were allowed to
equilibrate for 24 hours.

coefficient only. In this experiment we performed DLS measurements at 6 different

angles as function of time from 30 minutes up to 48 hours after preparation of a sam-

ple with TPM/silica weight ratio of 1.85. The plot of Figure 4.5 A shows that the

measured droplets radius RDLS flattens in time to a nearly angle-independent value of

50 nm. After 48 hours no further changes were observed in the light scattering data,

which indicate that the emulsification is complete and the oil droplets have reached

their equilibrium size. DLS results are clearly supported by TEM and SEM images

showing that emulsions polymerized after 48 hours consist in monodispersed droplets

(see Fig. 4.6 C and D and 4.8 B).

4.3.2. Droplet size control

One of the striking features of our TPM meso-emulsions is their uniform and repro-

ducible droplet size, despite the sometimes large poly-dispersity of the starting colloidal

dispersions. For the magnetite-stabilized emulsions reported in Chapter 3 we observed,

at a given particle concentration, an initial linear dependence of the TPM-droplet ra-

dius Ro on the TPM-volume fraction, followed by a constant (maximum) value of Ro
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Figure 4.6. Scanning electron micrograph showing polymerised TPM emul-
sion droplets with adsorbed magnetite (A-B) and silica Ludox (C-D) particles
visible as white spots on the droplets surface. Without the polymerisation it
is not possible to image an emulsion in this way.

and the concomitant appearance of an excess oil-phase in coexistence with the emul-

sion. This phase equilibrium, analogous of Winsor I in micro-emulsions [58], is also

observed here for the larger Ludox silica spheres, although in this case the droplets

size control and the emulsion stability window seems to reduce considerably. Below a

TPM/Ludox ratio of about 1.3, in fact, only unstable emulsions were formed (Fig. 4.7),

featuring macroscopic TPM droplets which rapidly settle by gravity leaving a large

part of the small silica particles freely dispersed in the supernatant water phase.

Above this critical oil ratio, however, an abrupt transition occurs in which oil and silica

self-assemble to stable mesoscopic emulsion droplets, causing the sample turbidity to

increase significantly. The resulting milky-like emulsions remain stably dispersed for

weeks before gravitational settling takes place. This transition is visually illustrated

in Fig. 4.7 showing five samples at constant Ludox concentration (c=27.1 g/L) and

increasing oil volume fraction φo illuminated by a laser beam. For φo < 3.5% (sam-

ples 1-3) the scattered beam is clearly visible since the samples mainly consist in silica

nano-particles in suspension with large unstable oil droplets which rapidly sediment
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and coalesce at the bottom of the vial. However, when φo rise above 3.5% (samples 4

and 5) the increased turbidity caused by the formation of stable mesoscopic droplets

prevents the laser beam to cross the samples. Visual observations are corroborated by

electron microscopy analysis on polymerized samples. Indeed, samples in the unstable

region (Fig. 4.7 samples 1-3) show mixtures of highly polydisperse oil-blobs in a ”sea”

of free silica particles (Fig. 4.8 A), whereas stable samples (Fig. 4.7 samples 4 and 5)

show monodisperse emulsion droplets densely loaded with silica particles interfaces and

no evidence of free nano-particles (Fig. 4.8 B), similar to the magnetite- and cobalt

ferrite- stabilized meso-emulsion droplets.

In the TPM-Ludox systems, no significant differences in droplet size could be achieved

by varying the oil concentration, instead all the stable emulsions comprised droplets

having an average size of about 50 nm and a typical polydispersity of 16%.

4.4. What determines thermodynamic stability?

In order to address the question as to what determines the thermodynamic stability

of our Pickering emulsions, we start from an aqueous dispersion of N colloids coexisting

with an excess oil phase. This constrained state has a free energy equal to FI . Note

that we could also start with colloids in oil coexisting with excess water; that will not

influence the final results of our analysis. Next we create a Pickering emulsion with

extensive colloid-loaded oil-water interface, with free energy FII . The interfacial work

to create the Pickering emulsion is, per unit area per colloid,

∆f =
FII − FI

2πR2N
= ∆γ(1− z) +

γL

R

√
(1− z2) +

γo/w

2
(σ − (1− z2)), (4.3)

in this equation, R is the radius of a colloidal particle, ∆γ = γc/o − γc/w, with γc/w

and γc/o the interfacial tensions between colloid-water and colloid-oil. γo/w is the oil-

water interfacial tension. γL is the (line) tension of the colloid-oil-water contact region.

Further, zR = Rcosθ is the distance between the plane of adsorption and the sphere

center, where we count z > 0 if most of the particle surface sits in water, and (thus)

z < 0 if it sits in oil. σ is the average interfacial area (in units of πR2) occupied

by a colloidal particle. The first term in Eq. (4.3) combines the free energy difference

between particles at the interface and those fully immersed in water with the interactions

between colloids and oil. The second contribution is due to the line tension of the

adsorbed particles at the oil-water interface. The third term is the contribution of

”bare” oil-water interface: even if colloids are close-packed in a hexagonal lattice, we

have σ = 2− σcp, with σcp = π/2
√

3 so that bare oil-water interface will still make up

roughly 10 percent of the total interface. Depending upon the value of the oil-water

interfacial tension, this bare interface may embody a large positive contribution to the

free energy. The second term in Eq. (4.3) is the only contribution to the free energy
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Figure 4.7. Typical example of the abrupt transition from unstable to sta-
ble TPM-emulsions in water induced by colloidal silica (Ludox). Shown are
samples with fixed Ludox concentration and increasing TPM-concentration
from left to right. Below a TPM/Ludox weight ratio of 1.4 (samples 1-3)
emulsions are unstable, leading to rapid sedimentation of silica aggregates and
phase-separated TPM (see also TEM picture in Fig. 4.8 A). Light scattering
and TEM analysis show that a large amount of free Ludox-particles remain
in the supernatant; they also scatter the light from a red laser light passing
through the samples. When the TPM/Ludox weight ratio exceeds 1.4 (sam-
ples 4 and 5) a sharp transition occurs to stable TPM-Ludox emulsions. TEM
(Fig. 4.8 B) and DLS analysis demonstrate that all silica has self-assembled
into monodisperse Ludox-stabilized emulsion droplets. The turbid emulsions
remain homogeneous since the droplets are too small to settle under gravity.

that may stabilize Pickering emulsions, i.e., lead to ∆f < 0, as γL can in principle be

smaller than zero. Clearly, for large R this contribution becomes negligible.

A negative sign of the line tension might be caused by preferential adsorption of, e.g.,

charged surfactants or amphiphilic salts at the region where oil, water, and colloid are

in contact, see, e.g., [59,60]. In Ref. [35], the influence of line tension on the adsorption

of colloids at a pre-existing oil-water interface has been studied. As mentioned before,

here we consider the conditions for spontaneous extension of such an interface. A

zeroth-order estimate of the magnitude of the line tension is:

| γL |≈
kBT

a
, (4.4)

with a a molecular size (i.e., some average of the diameter of an oil and water molecule).

This estimate leads to a line tension of several kBT/nm. For comparable values of γc/w

and γo/w, the value of ∆γ will be in the range of 10−3− 1 kBT/nm2. Further, a typical

bare oil-water interfacial tension γo/w is on the order of 10 kBT/nm2. However, even
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Figure 4.8. (A) Illustrative TEM images of unstable emulsions containing
polydisperse blobs of phase-separated TPM surrounded by large quantities of
small silica (Ludox) particles. (B) Above a critical TPM/Ludox weight ratio
(see Fig. 4.7) oil and silica spontaneously emulsify to monodisperse Ludox-
stabilized droplets, leaving no trace of free silica particles.

small amounts of adsorbing species such as partially hydrolyzed TPM may easily reduce

that value an order of magnitude. With these numbers, it is predicted that Pickering

emulsions could be stabilized by colloids with radii up to 10-20 nm. Larger colloids are

possible for smaller values of γo/w, but in general the maximum radius is not expected

to exceed a few tens of nanometers. Note that near first-order wetting transitions, line

tensions as low as -50 kBT/nm have been reported [61, 62]. That would increase the

maximum colloid size below which stable Pickering emulsions form even more.

Here we also note that for a better understanding of the emulsification mechanism it

will be necessary to investigate the molecular details involved, including the oil chemical

reactivity which might play an important role. In fact, beside the TPM radical poly-

merization, which only occurs in presence of an initiator, we might conjecture a partial

hydrolysis of the TPM silane alkoxide moiety which could yield surface-active anionic

species such as R-Si(OCH3)2O
− that might be able to take part in the emulsification

mechanism. These issues are currently being studied.

4.5. Conlusions and outlook

We have shown that the spontaneous self-assembly of nano-particles and hydropho-

bic TPM molecules to stable meso-emulsions with uniform droplet size is not restricted

to iron-containing particles (c.f. Chapter 3). Indeed, our observation that commer-

cially available silica colloids also lead to thermodynamically stable Pickering emul-

sions implies that spontaneous emulsification is generic with respect to the nature of

the nanoparticles.
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Confocal microscopy and time-resolved dynamic light scattering, demonstrate that

the emulsification occurs via an inverse Ostwald ripening mechanism, having large oil

droplets which spontaneously ”deflate” to feed newly nucleating meso-droplets. The lat-

ter reach their final equilibrium size distribution typically within 24 hours, after which

no further changes occur. The meso-droplets have potential as reproducible ”carrier-

emulsions” for various catalytic or other functional particles, besides being convenient

seeds dispersions for preparation of magnetic core-shell latex particles (see Chapter 5)

as well as a large variety of composite silica colloids (see Chapter 6).

The thermodynamically stable nature of the meso-emulsions has been experimentally

assessed. Negative line tension may drive spontaneous oil dispersal. However, the

molecular details of the emulsification mechanism are still unclear. In particular, further

research is required to clarify the role of the reactive oil phase with respect to a possible

partial hydrolysis of the silane alkoxide moiety.
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5
Preparation and properties of monodisperse

latex spheres with controlled magnetic

moment for field-induced colloidal

crystallization and (dipolar) chain formation

Abstract
We report the preparation and properties of monodisperse magnetic poly-
methylmethacrylate latex spheres that exhibit field-induced colloidal crystal-
lization to exotic morphologies controlled by the geometry of the gradient. The
magnetic moment of the novel magnetic spheres is due to an inner core of mag-
netite particles. These particles, obtained from a conventional ferrofluid, first
form a monodisperse emulsion with a silane coupling agent, after which they
are directly incorporated in PMMA latex synthesized by standard emulsion
polymerization. Scattering from the latex shell dominates over light absorp-
tion by the magnetic cores such that visible Bragg reflections of the magnetic
crystals can be clearly observed. Concentrated nearly white latex fluids may
exhibit near a magnet the warped equilibrium menisci known from the usually
dark magnetite ferrofluids. Of the many possible applications we briefly discuss
the subsequent growth and melting of crystals by a slowly oscillating gradient,
the formation of radial lattices, and the formation of ordered magnetic dots in
PMMA latex films.

39
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5.1. Introduction

Phase behavior in soft matter involves weak energies comparable to the thermal

energy kBT which makes crystallization and glass transitions very susceptible to ex-

ternal fields. Space-shuttle experiments, for example, have demonstrated that the un-

charged colloidal spheres which on earth easily form a hard-sphere glass state, under

micro-gravity conditions readily crystallise to periodic structures [63]. Gravity, on the

other hand, may also assist crystallization as in the gravitational settling of colloids into

concentrated sediments, sufficiently slow for crystals to nucleate and grow. The gravity

field, it should be noted, offers little possibilities for external control of crystallisation,

and to tune the shape, size and lattice structure of colloidal crystals. Clearly a magnetic

field is much more versatile because of the variety in strength and spatial structure of

this field, created either by permanent magnets or electromagnets, in comparison to the

fixed homogeneous gravity field. The magnetic option, however, requires colloids which

are somewhat exotic: they should be sufficiently monodisperse to crystallise, sufficiently

magnetic to respond to the field-gradient of a small magnet, and with particle size and

optical properties such that any Bragg-reflections can be visually observed.

Classical emulsion and miniemulsion polymerization in presence of magnetic nanopar-

ticles may yield latex spheres with magnetic inclusions, but with little control on the

amount of magnetic material per particle [64–66]. Moreover, those methods often re-

quire large quantities of surfactants which for many applications (for instance in biome-

dicine) are undesirable and therefore need to be removed in a later stage [67]. For this

reason, most studies so far on preparation of magnetic-latex colloids involve coupling

reagents, very often silane coupling agents [68], or two-steps swelling techniques [69].

Coupling reagents usually require multi-step procedures to modify the surface of mag-

netic particles (and/or substrates), such that they can be adsorbed on pre-synthesized

seed particles, and eventually can be coated by a latex shell [68, 70]. Swelling tech-

niques, in which magnetic particles are precipitated inside swollen latex, are less time

consuming than the method just mentioned. However, these techniques are only ap-

plicable to preparation of large colloids with homogeneous distribution of the magnetic

material into the latex matrix [69]. Moreover, most of the existing methods require a

laborious fractionation to obtain a magnetically monodisperse systems, and even when

fractionated, those particles still have randomly distributed magnetic material instead

of a centered magnetic core.

Though this Chapter focusses on latex colloids we note for completeness that, of

course, also inorganic colloids such as silica spheres may be employed as carrier for

magnetic particles. Earlier work [71, 72] describes silica spheres with a small amount

of embedded magnetite particles. Though a magnetic field gradient appeared to have

some effect on colloidal crystallisation [72], the small magnetic moment of these silica
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spheres is problematic. Replacing the magnetite core by cobalt ferrite particle enhances

the response of silica spheres to a magnetic field [73] though the magnetic interaction

between the spheres is still small, namely of order 10−2 kBT.

Here we report on a novel approach to the synthesis of magnetic latex colloids, which

involves the formation of polymerizable magnetite-stabilized emulsions, described in

Chapters 3 and 4, to obtain monodisperse core-shell particles. The magnetic emulsions

are used as seed dispersion in a standard latex emulsion polymerization. We show

that the final magnetic latex particles so obtained easily crystalize in a magnetic field

gradient, to form three-dimensional bulk crystals with unusual morphologies and micro-

structures.

The latex spheres are (super)paramagnetic due to a core of magnetite Fe3O4 nano-

particles. These latter particles, forming the basis of most ferrofluids, are fairly polydis-

perse, irregular particles that cannot form ordered, crystalline structures. Magnetite,

however, can also be made monodisperse [74] but still such particles are much too small

for visible Bragg reflections. These reflections, it should be noted, would anyhow be

difficult to observe since magnetite fluids strongly adsorb visible wavelengths. So it

is quite convenient to have a magnetite-based core surrounded by a latex shell which

suppresses light absorption and at the same time keeps the cores at distances required

for visible Bragg reflections.

Since our preparation method allows a control of the latex-shell thickness as well as

the magnetic core size, we can adjust the dipolar attraction between magnetized spheres

at contact. Therefore we have also investigated the latex spheres in a homogeneous field

to assess whether chain formation will occur below a critical shell thickness.

5.2. Experimental

5.2.1. Preparation

Magnetite singlets. Aqueous dispersions of magnetite singlets (hereafter referred to

as m-particles) were prepared by a co-precipitation described in detail by Massart [42].

Briefly, an aqueous solution of hydrochloric acid (10 mL, 2 M) containing FeCl2 (2 M)

was mixed with 40 mL of FeCl3 aqueous solution (1 M) and afterwards added to 500 mL

of ammonia (0.7 M). The obtained magnetite particles could be easily sedimented by

placing a magnet under the reaction vessel. The magnetite precipitate was then redis-

persed in 50 mL of tetramethylammonium hydroxide (1 M) and allowed to repeptize

overnight to obtain an alkaline ferrofluid. Finally the m-particles were transferred to

demi-water by magnetic sedimentation and redispersion.

Magnetite-TPM emulsions. The m-particles were treated with TPM (3 Metha-

cryloxypropyl trimethoxysilane, used as received from Acros Organic) as follows. A
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(a) (b)

Figure 5.1. (A) EM picture of a polymerized m-TPM emulsion imaged by conventional

TEM on a dried sample. The insert shows a zoom-in of two unpolymerized emulsion droplets

taken by Cryo-TEM. (B) Photograph of a magnetically concentrated m-TPM emulsion. Near

the magnet the emulsion clearly shows Bragg colors, indicating a crystal-like packing of the

droplets, and excluding a possible drop-drop coalescence.

dispersion of m-particles (100 mL, c=1.2 g/L) was mixed with 200 µL TPM and gen-

tly stirred. The treatment with TPM leads to a particle-stabilized emulsion, hereafter

referred to as a m-TPM emulsion. The stability of this emulsion, discussed in detail

in Chapters 3 and 4, is very convenient because the droplets do not coalesce (Fig. 5.1

A) such that each initial droplet eventually forms a core for latex polymerization. The

m-TPM emulsion droplets can be polymerized to stable, fairly monodisperse composite

magnetite-TPM particles (see Fig. 5.1 A) when potassium persulphate KPS (0.4 mM)

is added and the temperature is raised at 70◦C. An interesting feature of the m-TPM

emulsion droplets is that they can be easily polymerized without changing their shape,

size or colloidal stability, as further discussed in section 5.3.

Magnetic PMMA Latex. Polymethyl methacrylate (PMMA) latex was prepared

according to a standard soap-free emulsion polymerization [21]. The essential (and only)

modification is the addition of m-TPM emulsion to the starting solution of monomers

and initiator. In this Chapter we discuss three types of magnetic latex spheres, which

only differ in the thickness of the latex shell relative to the magnetic core size. The core-

shell colloids are coded as MLx, where x = 1,2,3 denotes a sequence of increasing shell

thickness (see Table 5.1). As a representative example we describe here the synthesis

of ML2 spheres. Magnetic lattices ML2 were prepared by adding 50 mL of freshly

prepared m-TPM emulsion and 8 mL of methyl methacrylate to 300 mL of demi-water

(the final magnetite content was about 0.2 g/L) in a 500 mL round bottom flask,

equipped with a mechanical stirrer and nitrogen inlet. The monomer was emulsified

for 1 hour by stirring during which the flask was heated at 70◦C by immersion into



5.2. Experimental 43

Table 5.1. Properties of magnetic latex spheres

Code TEM Light Mobility Zeta

scattering potential

core core-shell

da/nm σ/% db/nm σ/% dc/nm dd/nm µm cm s−1V−1 ξ /mV

ML1 94 – 128 6.0 192 204 -1.5 -20

ML2 72 22 210 7.8 282 300 -1.8 -24

ML3 44 19 201 6.5 270 300 -3.9 -52

a Number average diameter with relative standard deviation σ
b Total diameter of magnetite-latex spheres.
c Diameter from static light scattering.
d Diameter from dynamic light scattering.
e Zeta potential calculated using Smoluchowski’s equation.

a thermostated oil bath. The polymerization was initiated by injection of 17.5 mL

of KPS solution (8.5 mM) after which the mixture was stirred under nitrogen for 8

hours to ensure complete polymerization (gravimetric analysis confirmed a 93% of MM

conversion). Properties of the magnetic latex spheres are given in Table 5.1. Note that

the magnetic core sizes differ because they were prepared from various ferrofluids and

different (freshly prepared) m-TPM emulsions. With respect to the magnetite content

of the cores it turns out that elemental analysis of ML2 corresponds to a Fe3O4 weight

% of 1.7. On the basis of synthesis composition and EM pictures this weight fraction

is expected to be a typical one.

5.2.2. Characterization

Electron microscopy. Transmission electron microscopy (TEM) was performed by

using a Philips TECNAI 12 microscope operating typically at 120 kV. TEM samples

were prepared by drying a drop of diluted dispersion on a glow-discharged copper grid.

For scanning electron microscopy (Philips XLFEG30, SEM) grids were prepared as

described for TEM but in addition coated with a 7 nm thick layer of Pt/Pd. Dried

colloidal crystals were directly glued to the SEM sample holders. Cryogenic microscopy

(cryo-TEM) was employed to directly image m-TPM emulsions in a liquid film glassi-

fied by a rapid temperature quench in liquid ethane. Vitrified films were made from
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m-TPM emulsions on grids coated with holey carbon coating (hole diameter 2 µm).

Further information on sample preparation and cryo-TEM imaging of colloids can be

found elsewhere [39,75]. The effect of a homogeneous field for TEM and SEM samples

was studied by drying grids in a homogeneous 1.8 Tesla field between the poles of an

electromagnet (Bruker). Samples were dried and exposed together to the magnetic field

under exactly the same conditions.

Light scattering. Static light scattering (SLS) was performed at 25◦C using an

automated set-up that scans the angle-dependent scattering intensity produced by a

dilute dust free dispersion illuminated by light (λ=546 nm) from a mercury lamp (Oriel,

mod. 66003). For small values of wave vector K and sphere radius R such that KR 6 1,

the Guinier approximation holds [76]:

P (K) = exp (−
K2R2

g

3
) (5.1)

Thus from the initial slope of the Guinier plot (ln[I(K)] vs K2) one obtains the radius

of gyration Rg which for a homogeneous sphere yields the particle radius RSLS via:

R2
g = (

3

5
)R2

SLS (5.2)

Dynamic light scattering (DLS) was performed at 25◦C using an argon laser source op-

erating at 514.5 nm, using the same samples as for SLS. DLS intensity autocorrelation

functions were fitted to the second-order cumulant expression ln gI(K, t) = β1+β2t+β3t
2

with fitting parameters β1,β2, and β3. Hydrodynamic radii RDLS were determined from

measured diffusion coefficients using the Stokes-Einstein relation.

Magnetic properties. Magnetization curves were obtained at room temperature

employing an alternating gradient magnetometer (MicroMag 2900 AGM, Princeton

Measurements Corp.). Diluted colloidal dispersions (magnetite content typically below

1 vol%) were contained in small glass cups with internal dimensions of 4× 3× 0.4 mm

whereas dried samples were placed directly on the probe in between two pieces of

plastic Scotch tape. The saturation magnetization and the diamagnetic susceptibility

were obtained by fitting the magnetization curves at high fields (between 1.0 ·105 Am−1

and 1.2 · 106 Am−1) with the Langevin function and an extra term for the diamagnetic

contribution:

M(H) = Ms[coth(α)− 1

α
] + χdiaH α =

µ0mH

kBT
(5.3)

where Ms is the saturation magnetization of the sample, χdia the diamagnetic suscepti-

bility, H the applied magnetic field, m the magnetic moment per particle, µ0 the perme-

ability of vacuum and kBT the thermal energy. The initial susceptibility χi = (dM
dH

)H→0

was determined by a linear fit of the low field data (below 103 Am−1). The resulting
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values for Ms and χi were used to calculate the average magnetic particle diameter dM

from the low-field approximation (α � 1) of Eq. (5.3):

d3
M =

χi − χdia

Ms

18kBT

µ0Ms,bulkπ
(5.4)

where Ms,bulk = 4.88 · 105 Am−1is the saturation magnetization of bulk (Fe3O4).

Electrophoresis. Electrophoretic mobilities were determined (Coulter DELSA 440

SX) for dilute samples at a pH of 6, a temperature of 25◦C, and an ionic strength of

20 mM NaCl (i.e. a Debye-Hückel screening length of κ−1 = 2 nm). Zeta potentials

(Table 5.1) were calculated from mobilities using Smoluchowski’s equation which is

valid here since particle sizes are large compared to the Debye screening length [77].

Elemental analysis. The magnetite weight fraction was calculated from the iron

weight fraction (ICP elemental analysis performed at Department of Earth Sciences,

Utrecht University), assuming all iron is present as Fe3O4.

Mass densities. The particles mass densities ρp were obtained from dispersion

mass densities measured with a density meter (Anton-Paar DMA5000) thermostatted

at T=25.000◦C.

Infrared spectroscopy. Transmittance infrared (IR) spectra for m-TPM emulsions

were collected using a PerkinElmer Spectrum 2000 FTIR spectrometer. IR samples

were prepared by adding 280 g of KBr to a known amount of dispersion, and drying

the mixtures at 100◦C for 12 hours in open air. The obtained powders were pressed

into 1 mm thick disks (diameter=13 mm).

Colloidal crystallization. The effect of a field gradient on the formation and

morphology of colloidal crystals was qualitatively investigated using permanent (often

NdFeB) magnets of various shapes and geometries as further discussed in section 5.3.

Samples were left undisturbed on a heavy marble table in thermostatted room for pe-

riods varying from days to several months. After exposure to a field gradient, samples

could always be easily redispersed and no flocculation was visible during or after this

exposure. Growth rate and morphology of crystal structures were as judged by eye

fairly reproducible. Gravitational settling occurred only significantly on a time scale

of at least several weeks whereas field-induced crystallization was in most cases visible

within few hours. In absence of a magnetic field gradient, crystallization required a

centrifuge. For example, ML3 dispersion produced overnight a Bragg-reflecting crys-

talline sediment when centrifuged at 1000 rpm in a (Beckmann) table centrifuge.
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A B

Figure 5.2. (a) IR spectra of TPM, magnetite and m-TPM emulsion magnetite. After

being washed with ethanol the magnetite coming from the m-TPM emulsion shows a strong

absorption peak at about 1100 cm−1 indicating that some TPM is still adsorbed at the

magnetite surface. (b) When KBr [1 M] is added to a m-TPM emulsion the magnetic droplets

coalesce forming the hydrophobic aggregated visible in the right sample. Those aggregates

easily redisperse in pure ethanol giving stable suspensions of TPM coated magnetite particles

(left sample).

5.3. Results and discussions

5.3.1. Preparation

Our main result is a novel and convenient method for preparing monodisperse mag-

netic latex spheres with a magnetizable core and adjustable PMMA latex shell. Instead

of chemically modifying single magnetic particles we let them self-assemble at the oil-

water interface of TPM emulsion droplets (Figure 5.1 A) which leads to magnetite

clusters with controlled size.

An m-TPM emulsion can be easily prepared by gently stirring the right amount of

TPM with a water-based magnetite dispersion. No turbulent mixing is needed as usual

is the case in emulsion preparation or oil drop extrusion through a membrane as in the

work of Shang et al. [78]. The m-TPM emulsion is rather insensitive to temperature,

and it remains stable whether prepared at room temperature or at 80◦C. Moreover, due

to the adsorbed m-particles, the emulsion droplets can be concentrated and sedimented

by an external magnetic field. In some cases, quite surprisingly, Bragg colors were

observed in magnetically concentrated m-TPM emulsions (see Figure 5.1 B) confirming

that the emulsion droplets do not coalesce and remain monodisperse even when pressed

together by an external force.

The m-TPM emulsions clearly form an interesting system in itself, since salt addition

may destabilize the emulsion and the resulting hydrophobic flocs can be easily redis-

persed in ethanol giving stable dispersions. Fig. 5.2 B shows a coalesced emulsion in
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ML 1ML 2ML 3

Photograph showing (from left to right): ML3, ML2, and ML1 samples [0.1g/ml].

The increase in the particle latex shell thickness clearly suppresses the light

absorption from the magnetic inner core.
(a) (b)

Figure 5.3. (A) From left to right: ML3, ML2, and ML1 samples [0.1g/ml]. The increase

in the particle latex shell thickness clearly suppresses the light absorption from the magnetic

inner core.(B) ML3 dispersion exhibits, near a magnet, a deformed equilibrium meniscus.

The insert shows a TEM view of ML3 spheres. Color version on page 145.

an aqueous 1 M KBr solution, and a stable dispersion of m-particles obtained by re-

dispersing the flocs in ethanol. In ethanol we would expect the TPM to be completely

dissolved, but peaks around 1100 cm−1 in the IR spectra of Fig. 5.2 A (corresponding

to the Si-O modes from the TPM) prove that some TPM is still present on the mag-

netite surface even after washing the particles with ethanol. The presence of adsorbed

TPM explains the particle stability in ethanol due to steric repulsions. Moreover, the

resulting hydrophobic surface of the magnetite, due to the methacrylate groups of the

adsorbed TPM, induces flocculation of the m-particles in aqueous solutions, in marked

contrast to the initial situation in which the magnetite particles are present in the form

of a stable m-TPM emulsion.

The m-TPM emulsion apparently is not affected by the presence of MMA, added be-

fore the polymerization. The mixture remains unchanged until the initiator is injected,

and then rapidly turns turbid. Electron microscopy and light scattering analysis shows

no evidence of any homogeneous nucleation of the PMMA latex: it always polymerizes

directly onto the seeds presented by the m-TPM emulsion. These seeds are already

fairly monodisperse and further growth always reduces the polydispersity [7], which

explains the narrow size distribution of the final magnetic latex spheres. Their poly-

dispersity (5-6%) is comparable to commercial calibration latex spheres (PolyScience,

Inc.) of similar average size. Just as in the case of a conventional emulsion polymeri-

zation [13] the final particle size can be controlled quite precisely by changing, within

certain limits, the initial monomer concentration or by repeated seeded growth on the

same system. Depending on how thick the latex shell grows on the magnetic cores, the

color of the dispersion changes from dark brown to almost white. Since secondary latex
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Figure 5.4. (A) Photograph time series showing a magnetic field induced crystal growth

with two different spatial field geometries for ML3 spheres. Depending on the size of the

magnetic core, the formation of those bulky crystals takes hours or days, whereas in absence of

a magnetic field crystallization due to gravitational settling takes several weeks. Color version

on page 146. (B) When a capillary tube, containing an initially homogeneous magnetic latex

dispersion, is placed between the poles (N-N) of two permanent magnets, the particles rapidly

migrate and crystallize according to the local magnetic field gradient maximum. The picture

shows the resulting magnetic crystals after 3 h of exposure to the magnetic field. Color

version on page 147.

nucleation is virtually absent and all individual magnetite clusters are encapsulated by

a latex shell, there is no need for purification procedures or additional fractionation,

which contributes to a fairly high yield. In all cases we only purified reaction mixtures

by one single sedimentation and redispersion step. Here we also note that we were able

to reproduce the synthesis up to a 1.5 L scale without significant differences in terms

of particles size and polydispersity.

5.3.2. Properties

Visual observations. Figure 5.3 A shows a photograph of ML1, ML2 and ML3

dispersions with similar concentrations. The three samples clearly differ in color as

result of a different latex shell thickness. Especially for the ML3 sample, where the latex

shell thickness is about 78 nm, the light absorption from the Fe3O4 core is dominated

by light scattering from the latex shell, which give rise to visible Bragg reflections

from the magnetic crystals (see Figure 5.4 A and B and 5.9 B). Figure 5.3 B shows a

nearly white ML3 dispersion, which close to a permanent magnet exhibits the warped

(equilibrium) meniscus which so far only seems to have been observed for concentrated,

dark magnetite ferrofluids [79].

Electron microscopy. Figure 5.5 shows a SEM picture of a dried crystal of ML2

spheres. The particles are slightly deformed because of the fast degradation of the latex

due to the electron beam exposure. In the insert a TEM picture shows a single ML2
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Figure 5.5. SEM micrograph of a dry magnetic colloidal crystal (ML3 spheres). In the

inserts: (right)TEM image of one single colloid shows the core-shell particle structure; (left)

latex film with ordered magnetic dots, resulting after melting the latex shell.

particle. Due to the difference in contrast between latex and iron oxide, the particle

core shell structure is clearly visible. Like we observed for SEM imaging, the severe

conditions in TEM analysis easily damage the latex particles shell, which results in

measured TEM diameters of about 30% smaller than the light scattering values (see

Table 5.1). DLS measures hydrodynamic diameters which are usually larger than (hard

sphere) diameters detected by TEM. However, this difference is typically on the order

of only few percent, and in our experiments it is largely offset by the shrinkage due

to particles degradation. This shrinkage is not related to the core-shell morphology:

we observed a very similar shrinkage for pure PMMA spheres. TEM pictures also

demonstrate the importance of using a m-TPM emulsion as starting seed dispersion in

order to achieve a well-defined core-shell particle structure with monodisperse cores.

An interesting consequence of the magnetic core in each latex sphere is the possibility

to create an ordered two-dimensional array of magnetic particles in a latex film. When

the latex of a 2D crystalline structure melts in an electron beam, the m-TPM cores

protrude a latex film at distances equal to the latex sphere diameter (Fig. 5.5)

Cryogenic electron microscopy allows a direct in situ imaging of m-TPM emulsions

in a vitrified solvent, giving a realistic view on the particle-stabilized droplets in the

emulsion. However, since the TPM molecule has a vinyl end group it is possible to poly-

merize the emulsion droplets by addition of a radical initiator like KPS, and image the

resulting composite magnetite-polyTPM particles with conventional TEM as well. Fig-

ure 5.1 A shows a TEM picture of a polymerized emulsion and in the insert a Cryo-TEM

view of the same emulsion before the polymerization. We observe that the emulsion
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(a) (b)

Figure 5.6. (A) Guinier plots, and calculated radii for ML1, ML2 and ML3. For KR≤1,

ln I(K) versus K2 is a straight line as expected from Eq. (5.1). (B) Decay rate of the electric

field autocorrelation functions measured with DLS at various wavevectors K, for ML1, ML2,

and ML3 spheres.

droplets once polymerized maintain the same spherical shape and a fairly monodisperse

size distribution, and the magnetite particles remain on the particle surface.

Light scattering. Figure 5.6 A shows SLS measurements for the three different

systems ML1, ML2 and ML3. In all cases ln(I) depends linearly on K2 as expected from

Eq. (5.1). The SLS radii (Table 5.1) are in good agreement with the radii determinate by

DLS (Fig. 5.6 B), confirming the low polydispersity observed by electron microscopy.

In some cases light scattering measurements were repeated at different wavelengths

(typically at λ = 365, 546, and 578 nm) giving comparable results which are in complete

agreement with SLS data for pure PMMA spheres. Therefore we conclude that the

magnetic core is also optically buried into the latex: even for the thin latex shell sample

ML1, the core does not affect light scattering measurements.

Electrophoresis. Electrophoretic mobilities of the magnetic latex particles are re-

ported in Table 5.1, together with zeta potentials obtained using the Smoluchowski

approximation. The spheres have negative zeta potentials and their magnitude in-

creases with the latex shell thickness. This could be explained by considering that the

corresponding negative surface charge is mainly due to the acidic sulfate [R-OSO3-] end-

groups generated in the MMA polymer by the radical initiator KPS. Since the magnetite

particle cores at neutral pH are close to the isoelectric point of magnetite (pHiep=7),

they will carry little charge so the main contribution to the particles charge will be due

to the latex shell. ML2 and ML3 particles, for example, have the same size (d=300 nm)

but different cores, and this leads to a zeta potential of magnitude 28 mV higher for
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ML3 which have a significantly smaller core (ML3 dCORE=44 nm; ML2 dCORE=72 nm).

Magnetic properties. Magnetization measurements on the magnetic latex dis-

persions indicate the absence of a permanent particle magnetic moment, excluding a

possible magnetic dipole coupling from the magnetite singlets into the lattices. Figure

5.7 B shows the logarithm of the normalized magnetization curves for magnetic latex,

magnetite samples in aqueous dispersion, and dried magnetite powder. The overlap

between the curves, and the lack of significant hysteresis and remanence, confirm that

magnetic latex and magnetite, either dried or dispersed in water behaves as typical su-

perparamagnetic colloids. Moreover, magnetic diameters calculated from magnetization

measurements on the different samples (see Table 5.2) are all in good agreement with

the average magnetite size determined by TEM (dTEM=11 nm). The total magnetic

moment µtot induced by magnetising the core will therefore be linearly proportional to

the number n of m-particles it contains. From elemental analysis on ML2 particles we

estimated a Fe3O4 weight fraction of about 1.7%. Considering that the measured par-

ticle mass density ρML2 is 1.20 g cm−3 we calculated nML2=28, which looks reasonable

in view of TEM pictures (see for instance Fig. 5.5).

With respect to structure formation (section 5.3.3) it is relevant to convert the mag-

netite weight fraction to a dipolar attraction between core-shell colloids as follows [80]:

U(d)

kBT
= − µ0µ

2
tot

2πkBTd3
(5.5)

where µ0 = 4π × 10−7H m−1 is the permeability in vacuum, µtot is the total mag-

netic moment of a single composite particle, kBT is the thermal energy, and d the

centre to centre distance between two particles. In Figure 5.7 A, the interaction po-

tential calculated for ML2 particles is shown as a function of the latex shell thickness

∆.

5.3.3. Field-induced structure formation

Particle-particle interaction due to the magnetic induced dipole moments can be

tuned by changing the latex shell thickness of the particles. For instance, from the

interaction potential calculated for the system ML2 (Fig. 5.7 A) we would aspect, in a

saturating homogeneous magnetic field, formation of particle chains only for latex shell

thickness smaller than 60 nm. This is confirmed by SEM analysis on particles dried

under a homogeneous magnetic field. In Fig. 5.8 A ML1 particles, which compared to

ML2 have a bigger core (nML1 > nML2) and a thinner latex shell (∆=17 nm), show

field-induced chain formation in a homogeneous field of 1.8 Tesla, but ML3 particles,

with a smaller core (nML3 < nML2) and a larger shell (∆=78 nm), retain their isotropic

distribution even if the field strength is increased up to 4.5 Tesla (Fig. 5.8 B). Thus a
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Table 5.2. Magnetite diameter determined by TEM
and magnetization measurements on different samples.

Code Magnetic diameter a MR/MS
b TEM c

Disp. Pwd Disp. Pwd

[nm] [nm] [%] [%] [nm] [σ%]

Magnetite 14 11 4 2 11 28

ML2 12 11 4 3 - -

a Magnetic diameter from magnetization measurements
b Remanence/saturation magnetization ratio
c TEM number-averaged diameter (1000 counts)

sufficiently thick latex shell (see also Fig. 5.7 A) screens almost completely the field-

induced magnetic moments of the cores such that even in a magnetic field the net

colloid-colloid interaction is purely repulsive. It is well-known [81] that repulsive spheres

may undergo a disorder-order transition from an amorphous fluid to a slightly denser

colloidal crystal. To densify a dispersion for this transition to occur, often particle

sedimentation is employed [81] (though also filtration [82] and solvent evaporation [83]

has been used). In our case, however, the required densification is easily (and rapidly)
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Figure 5.7. (A) Dipolar interaction potential between two magnetic latex particles at

contact as a function of the latex shell thickness ∆. The curve has been calculated for

ML2 particles, references to ML1 and ML3 in the plot are just indicative. (B) Magnetization

measurements on ML2 and magnetite, showing the logarithm of the normalized magnetization

as a function of the applied magnetic field.
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achieved by an inhomogeneous magnetic field ~H that exerts a force:

Fm = (m.~∇) ~H (5.6)

on the magnetic moment m of a core. As a result the colloids translate towards a magnet

(see, for example, Figure 5.3) to regions of high field gradient where, consequently, an

opposing gradient in osmotic pressure Π is set up. In equilibrium the net force on a

colloid is zero:

1

c
~∇Π(c) = (m.~∇) ~H +

4

3
πR3δ~g (5.7)

Here we have also included the gravitational force on a sphere of radius R with mass

density δ. The equilibrium colloid concentration c in the inhomogeneous field can, in

principle, be calculated from 5.7 when the equation of state Π(c) is known and the field

gradient is well-defined and fairly simple (which is not the case, for example, in Fig. 5.3,

5.4 A and B). Qualitatively three regions in a concentration profile may be distinguished:

an intermediate region where the density is high enough to drive crystallization but

still low enough for the spheres to move to lattice positions, a more concentrated glassy

region near a magnet where sphere mobility is too low to relax the amorphous structure

to a crystal, and a dilute region far away from a magnet where sphere concentration is

too low for crystals to nucleate. The inserts in Fig. 5.4 B and 5.9 A show two examples of

these three regions, namely a crystalline layer in between an amorphous region near the

magnet and a dilute dispersion. Magnetic field gradients can be employed to achieve

unusual crystal morphologies. In Fig. 5.4 A inhomogeneous fields with two different

spatial geometries were used to grow circular and wave-like colloidal crystals. Figure 5.4

(a) (b)

Figure 5.8. (A) SEM picture of a ML1 sample exposed to a homogeneous field of

1.8 Tesla, which shows field-oriented chains of particles. (B) ML3 spheres exposed to a

homogeneous field of 4.5 Tesla remains randomly distributed on a SEM grid, showing that a

large latex shell thickness effectively screen the induced magnetic dipole interaction between

particles.
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A B

Figure 5.9. (A) Selective separation in a colloidal binary mixture of magnetic and non-

magnetic latex spheres. On the right bottle is also possible to observe how gravity- and

magnetic field-induced crystals grow independently in different orientations. Color version

on page 145. (B) Magnetic crystal exhibit variation in Bragg colors due to the inhomogeneous

field gradient which compresses or relaxes the crystal lattice. The Bragg color pattern also

changes in time when the magnet is (manually) oscillated at a frequence of order 1 s−1. Color

version on page 146.

B shows a capillary tube containing ML2 dispersion, placed between opposite poles of

two magnets. It is possible to observe particles migrating along the tube, attracted

to the region of high magnetic field gradient, and eventually form crystals in the local

magnetic field gradient maximum. This interesting feature can be used for example

as physical separation method. In Fig. 5.9 A is shown how a binary mixture of non-

magnetic pure PMMA latex and magnetic latex, respectively 120 nm and 105 nm in

radius, can be efficiently separated just by placing a small permanent magnet close to

the bottle. Moreover, for a binary mixture of magnetic and non-magnetic particles we

can induce crystal formation by means of the gravitational field and a magnetic field

with different spatial orientation into the same sample. In Fig. 5.9 A, for instance, the

magnetic field is oriented at 90◦ with respect to the gravitational field, and this cause

magnetic and non-magnetic colloids to crystallise independently from each other.

The color of the Bragg reflected light arising from a colloidal crystal at a certain angle

depends on the interparticle distance into the lattice. In a magnetic colloidal crystal

the magnetic field gradient may vary such distance by compressing or relaxing the

particle lattice, resulting in a field dependent color of the Bragg light. Asher et al. [84]

measured such influence on crystalline colloidal arrays in low ionic strength aqueous

solutions. However, no images or pictures of a ”bulk” colloidal magnetic crystal were

provided. As showed earlier in this paper, our magnetic latex spheres can easily form

such bulky crystals, allowing visual observation of the Bragg color shift cause by a

variation in the magnetic field gradient (see Fig. 5.9 B).
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5.4. Conclusions and outlook

In conclusion, a convenient method has been developed for the preparation of monodis-

perse PMMA latex core-shell spheres with a magnetizable magnetite core. The cru-

cial step is the formation of a magnetite-stabilized emulsion, comprising monodisperse

magnetic cores which can be easily incorporated in latex via surfactant free emulsion

polymerization. For sufficiently thick latex shells the nearly white dispersions form

Bragg-reflecting crystals in a magnetic field gradient with unusual morphologies that

cannot be achieved by gravity. For a sufficiently thin latex shell, the colloids form

extensive dipolar chains and anisotropic aggregates in a homogeneous field. The pos-

sibility to go from strongly magnetizable spheres, where a field induces dominating

dipolar attractions, to spheres for which the magnetic core has no effect on interac-

tions offers interesting possibilities. It allows, for example, to study chain formation as

a function of induced dipole moment as well as investigating bulk crystal formation

of isotropic spheres where the core only serves to increase the concentration by their

migration in a field gradient. Our magnetic latex spheres might also be employed in

magnetic tweezer experiments [85] where control of particle size and magnetic moment

is important, and for fabricating magnetic latex films with ordered arrays of magnetic

nanodots. In addition, functionalization of the latex shell may be of interest in view

of the many therapeutic and diagnostic applications of magnetic colloids in pharmacy

and medicine [86].
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6
A generic single-step synthesis of

monodisperse core-shell colloids based on

spontaneous Pickering emulsification

Abstract
We report a generic single-step synthesis of monodisperse latex colloids with
an inorganic core that solely relies on self-assembly of all components in-
volved. Spontaneous emulsification of ”core droplets” induced by inorganic
nano-particles is followed by radical polymerization of the cores which simul-
taneously triggers the growth of a latex shell fed by a methylmethacrylate
phase floating in the aqueous solution. The method can be easily adapted to
change the inorganic content of the core (magnetite, cobalt ferrite, silica) as
well as the composition of the shell (polystyrene, amorphous silica), and yields
stable dispersions of non-aggregated model colloids, with a reproducible core
and shell dimensions.
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6.1. Introduction

Monodisperse core-shell colloids are widely applied in various fields such as biomedi-

cine [86], catalysis [87], and optics [64], and are also important for fundamental studies

in colloid and interface science [7]. The synthesis of particles with a well-defined core-

shell morphology still comprises several separate steps such as core preparation, its

subsequent functionalization with a coupling agent and the deposition of one or several

shells [10, 67, 68, 70, 88–90]. This multi-step approach towards composite colloids has

some serious drawbacks. First, both coupling chemistry and synthetic pathways need

to be specifically designed for the materials involved. Second, multi-step reactions often

require intermediate purifications or separations that not only reduce the net yield but

also hamper the up-scaling of composite-colloid synthesis for applications such as those

referred to above [64, 86, 87]. In this chapter we report a novel single-step synthesis of

monodisperse latex-based core-shell colloids that completely relies on self-assembly of

all components involved (Fig. 6.1).

Recently we discovered (see Chapter 3) that nano-particles may induce spontaneous

emulsification of oil in water to thermodynamically stable, monodisperse Pickering

emulsions. This novel emulsification phenomenon, first observed for magnetite (Fe3O4)
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Figure 6.1. Scheme for core-shell particles self-assembly (above) and corre-
sponding TEM images (below). Nano-particles (a) self-assembly into poly-
merizable Pickering emulsion droplets (b) which are incorporated into PMMA
shells (c). Core polymerization and shell formation occurs simultaneously upon
addition of the initiator KPS.
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nano-particles, turns out to be quite generic since also cobalt ferrite (CoFe2O4) and com-

mercial silica particles (Ludox) lead to stable Pickering emulsions (see Chapter 4). It

was also shown that using the chemically reactive oil (methacryloxypropyltrimethoxysi-

lane, TPM), Pickering emulsions could be polymerized by addition of a radical initiator

(potassiumpersulphate, KPS) resulting in stable colloidal dispersions (Fig. 6.2 A and

B). Those polymerized emulsion droplets are by themselves an interesting example of

self-assembled composite colloids consisting in latex-like cores with attached small (5

to 20 nm) inorganic particles.

Here we investigate the use of such particle-stabilized emulsions (hereafter TPM-

emulsions) in a seeded growth polymethylmethacrylate (PMMA) polymerization [21],

to obtain in one single and simple step, PMMA colloids with various inorganic cores.

Initially we focused on TPM-emulsions merely as a source for monodisperse inorganic

cores to seed a surfactant-free PMMA polymerization, as discussed in Chapter 5. How-

ever, exploring what would happen when TPM-emulsions are prepared directly in the

presence of methylmethacrylate (MM) we noticed that, surprisingly, MM does not in-

terfere at all with the TPM emulsification. In fact, during the latter emulsification,

MM remains present as a separate oil phase (Fig. 6.2 C insert). Addition of a water-

soluble radical initiator, however, not only induces polymerization of the TPM-emulsion

droplets to solid spheres, but simultaneously also triggers the polymerization of PMMA

shells onto these spheres. Thus the floating MM phase (Fig. 6.2) acts as a monomer

source for this PMMA shell formation and, indeed, the shell thickness continues to grow

until the whole MM phase is consumed.

It turns out that, in addition, polymerized TPM-emulsions are also excellent seeds

dispersions for growing polystyrene shells via surfactant free emulsion polymerization, as

well as silica shells via the classical Stöber synthesis [11], showing that the spontaneous

Pickering emulsification allows for the preparation of polymeric as well as inorganic

composite model colloids.

6.2. Experimental section

Synthesis. In a typical preparation 5 ml of TPM (Acros) and 2 mL of MM (Acros)

are mixed with a water based ferrofluid (7 mL of a 2.9 %wt dispersion diluted in 80 ml

of demi water) consisting in ≈12 nm (diameter) Fe3O4 (or CoFe2O4) particles prepared

according to Massart et al. [42](magnetite) and [48](cobalt ferrite). For silica cores 1.5

mL of AS-40 Ludox dispersion (DuPont, used as received) was diluted with 20 mL

of demi-water and then mixed with 1 mL of TPM and 100 µL of MM. The average

silica particle diameter was determined by dynamic light scattering to be 25 nm ±18%.

Gentle stirring immediately causes emulsification of TPM whereas MM (d=0.94 g/cm3)

forms a separate oil phase on the top of the reaction vessel (Fig. 6.2 C insert). When the



60 6. A generic single-step synthesis of composite core-shell colloids

a b

c d
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Figure 6.2. Morphology of cores and core-shell particles. Magnetite-
stabilized TPM-emulsion polymerized with (c,d) and without (a,b) MM
present. EM pictures show that when no MM is present the TPM-emulsion
polymerizes leaving magnetite exposed on the droplet surface (visible as dark
spots on the TEM image (a) and as bright spot on the droplet surface in the
SEM image (b)). Conversely, when MM is added, the emulsion droplets are
embedded into a smooth PMMA latex shell (c, d). Insert of figure (c) shows
the excess of MM floating on top of the emulsion (the yellowish color is due to
the presence of a fluorescent dye). Color version on page 148.

concentration of nano-particles is insufficient to emulsify all TPM, the system sponta-

neously expels the excess oil. Since TPM (d=1.04 g/cm3) is slightly denser than water,

this expulsion leads to a three-layer system in which the TPM-emulsion is sandwiched

between an upper pure MM-phase and a lower pure TPM-phase. The latter is easily

removed when the reaction vessel is a separation funnel. Core polymerization and shell

growth occur simultaneously by addition of KPS at 70◦C (KPS concentration 0.65 mM).

Characterization. Particle morphologies were analyzed by transmission (TEM,

Philips TECNAI-12) and scanning (Philips XL30 FEG) electron microscopy. TEM
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Figure 6.3. Magnetic core-shell silica particles and their magnetic field in-
duced crystallization. Polymerized TPM emulsion droplets form stable dis-
persions in ethanol, were they are also excellent seeds for silica deposition via
Stöber method. In (A) 50 nm TPM emulsion droplets with adsorbed cobalt
ferrite nanoparticles are embedded into a 22 nm silica shell. Such outer shell
confers optical properties such that Bragg-reflections can be visually observed
when the particles crystallize under influence of gravity or (B) by a magnetic
field gradient. Color version on page 149.

samples were prepared by dipping formfar-coated grids into dilute dispersions and al-

lowing the solvent to evaporate, whereas for SEM analysis samples were dried on freshly

cleaved mica surfaces, glued on a sample holder and coated with a 10 nm thick layer

of platinum/palladium. Hydrodynamic radii were determined from dynamic light scat-

tering (DLS) measurements performed at 25◦C using an argon laser source operating

at λ=514.5 nm

6.3. Results and Discussions

EM analysis shows a narrow size distribution (the polydispersity is about 10%) for

the resulting core-shell particles (Fig. 6.2 C and D), which partially reflects the low

polydispersity of the starting emulsions (Fig. 6.2 A and B). TEM and SEM pictures

clearly show (Fig. 6.2) that when no MM is added to the TPM-emulsion, the inorganic

nano-particles remain exposed on the particle surface even after polymerization (Fig. 6.1

B and 6.2 A and B). In contrast, when an excess of MM is present (Fig. 6.2 C and D)

polymerized particles have an outer shell of PMMA which covers the whole emulsion

droplet.

Fluorescently labeled core-shell particles for confocal microscopy studies can also be

prepared via the same single-step method. When a small amount (about 1% of the total

oil volume) of fluorescent dye 7-nitrobenzo-2-oxa-1,3-diazol (NBD) covalently coupled
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Figure 6.4. Example of composite core-shell colloids with and without
PMMA outer shell. Our method is based on the spontaneous emulsification
of a polymerizable oil (TPM) caused by the adsorption of nano-sized parti-
cles. Therefore it is potentially suitable for preparation of a large variety of
core-shell composite colloids. Here we show three different examples were the
particle cores consist of polymerized TPM-droplets stabilized by a) magnetite,
b) cobalt ferrite, and c) silica nanoparticles.

with a methylaminoethylmethacrylate (NBD-MAEM [54]) is added to the initial mix-

ture, it mixes with both TPM an MM, yielding, after polymerization, homogeneously

fluorescent particles. When polymerized in absence of MM, TPM-emulsions can be

transferred in Stöber mixtures of ammonia (or tetramethylammonium hydroxide) in

ethanol, where the growth of a silica shell can be carried out by addition of TEOS (an

example of silica deposition on colloidal seeds can be found in Chapter 7). Figure 6.3 A

shows such emulsion droplets (stabilized by adsorption of cobalt ferrite nanoparticles)

incorporated into a 22 nm thick silica shell, resulting in magnetic core-shell colloids

which rapidly crystallize when exposed to a magnetic field gradient (Fig. 6.3 B).

Some distinctive advantages of the synthesis procedure in this chapter are as fol-

lows. Particle design is simplified by the fact that size and number of cores are re-

producibly controlled by the initial amount of TPM and nano-particles, whereas the

relative amount of MM sets the latex shell thickness. Moreover, because the formation

of TPM-emulsion droplets is thermodynamically favorable, and because of the high ad-

sorption energy of the nano-particles at the TPM/water interface (up to 200 kBT for

magnetite see Chapter 3), no purification steps are needed once the polymerization is



Acknowledgements 63

completed to remove any free inorganic particles. Finally, polymerized TPM-emulsions

are also suitable substrates for the growth of other polymers (e.g. polystyrene) or silica

shells.

Thought at this stage the molecular details of the TPM-emulsification are still unclear

we have identified some general guidelines for preparing stable Pickering emulsions.

First of all, the nano-particles which has been used, were charge-stabilized by means of

ammonia or quaternary ammonium hydroxides. Moreover, those particles were wetted

by both water and TPM, and they always had radii smaller than 15 nm. We also

found no influence of the particle shape and polydispersity with respect to the emulsion

formation. Magnetite and cobalt ferrite dispersions had a polydispersity up to 30%

with rather irregular particle shapes whereas Ludox silica colloids were nicely spherical

with a polydispersity of 18%.

6.4. Conclusions

In conclusion, we have shown that complex core-shell colloids with a centered inor-

ganic core and a PMMA latex shell can be easily prepared via a clean one-pot reaction.

In contrast to other preparative methods, our synthesis does not require coupling agents

or surfactants and only employs thermodynamically stable Pickering emulsions that co-

exist with an excess phase of MM. Both core polymerization and shell growth occurs

simultaneously upon addition of a radical initiator. We have used the procedure dis-

closed in this Chapter to obtain PMMA spheres with a core of magnetite, silica and

cobalt ferrite (Fig. 6.4). This clearly suggests a generic procedure and in future work we

will investigate the encapsulation of other inorganic nano-particles such as gold, silver,

platinum or CdS quantum dots.

Acknowledgements

Laura Rossi is thanked for taking additional TEM pictures and for critically reading

the manuscript.



64 6. A generic single-step synthesis of composite core-shell colloids



7
Oil-in-water emulsification induced by

ellipsoidal hematite colloids: evidence for

hydrolysis-mediated self-assembly

Abstract
We report on the preparation of a novel type of particle-stabilized oil-in-water
emulsions. The emulsification mechanism comprises partial hydrolysis of the
oil phase promoted by the alkaline surface of ellipsoidal hematite colloids sta-
bilized by tetramethylammonium hydroxide. This mechanism yields monodis-
perse oil droplets with embedded single ellipsoidal particles. The emulsions,
which are stable for at least several months, can be polymerized by radical
initiation, to yield latex-like particles with interesting optical and magnetic
properties due to their anisotropic hematite cores. Moreover, we show that
complex composite core-shell colloids can be prepared by PMMA growth and
silica deposition on polymerized emulsion droplets. Finally, as an example
of a possible application for our system, we have measured translational and
rotational diffusion coefficients of hematite-stabilized oil droplets by depolar-
ized dynamic light scattering. The latter technique can also be employed to
monitor the spontaneous emulsification in time.

65



66 7. Oil-in-water emulsification induced by ellipsoidal hematite colloids

7.1. Introduction

It is well known that colloidal particles may be very effective in stabilizing emulsions

by adsorbing at liquid-liquid interface (i.e. oil/water) with adsorption free energies

which can be easily in the order of several tens of kBT [49, 51]. Since in most cases

this adsorption can be considered as effectively irreversible, these so-called Pickering

emulsions [29] may remain stable for very long time without coalescing. In general such

stability is kinetic in nature and therefore formation of Pickering emulsions requires

energy input, such as intense shaking, jet-homogenizers or ultrasonic treatments [30].

Only very recently, experimental studies (c.f. Chapter 3) have shown that the occur-

rence of a thermodynamically stable Pickering emulsion forming spontaneously in a

thermodynamically driven process, is more than just a conjecture [35]. Chapters 3 and

4 document the spontaneous emulsification of hydrophobic oil phase in contact with

aqueous dispersions of small (5 to 20 nm) charged inorganic colloids, to give stable

emulsions.

Here, we demonstrate that adsorption of solid particles on an oil-water interface as

in the usual Pickering fashion it is not the only way by which colloids can stabilize

emulsions or, like in Chapters 3 and 4, even cause their spontaneous formation. In par-

ticular, we show that the presence of hematite-spindles in a phase separated TPM-water

mixture, were TPM is an oil containing hydrolyzable alkoxy silane functional groups,

induce self-assembly of TPM into monodisperse droplets where the solid particles do

not adsorb at the oil-water interface as in classical Pickering emulsions, but instead are

embedded into the droplets.

The emulsification mechanism which we propose, invokes partial oil hydrolysis cat-

alyzed by the alkaline particle surface to give surface-active species. Hematite-spindles,

which in the emulsification conditions are more favorably wetted by TPM, while phase-

transferring from water to the oil phase, are confined into TPM spheres which ”self-

synthesize” their own stabilizing surfactant once in contact with the hematite surface.

The resulting emulsion droplets, each containing one single spindle, have a size distribu-

tion which precisely mirrors the one of the initial hematite dispersion. The importance

of hydrolyzable moieties on the TPM molecules is demonstrated, among other things,

by the failure of non-hydrolizable oils to emulsify unless a minimum amount of TPM is

present.

The oil phase, being polymerizable by radical initiation, allows to obtain stable col-

loidal dispersions of solid spherical latex-like particles each containing one anisotropic

iron oxide core. Moreover, using binary mixtures of TPM and another hydrophobic

monomer, like for instance styrene, yields polymerized droplets having surface protru-

sions with morphologies which depend on the oil mixture ratio.
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Because of their optical and magnetic properties as well as their surface chemistry,

which allows both silica and latex growth, these emulsions are of particular interest for

templating complex composites model colloids as we demonstrate by preparing silica,

PMMA and styrene core-shell colloids, based on hematite-TPM emulsions.

The outline of this Chapter is as follows. In Section 7.2, the preparation of the emul-

sions and the characterization methods are described. In Section 7.3 an emulsification

mechanism is proposed, and the supporting experimental studies are discussed. Finally

in Section 7.4, some first applications for our system, such as particle templating and

rotational diffusion measurements of emulsion droplets by depolarized dynamic light

scattering are presented.

7.2. Experimental section

7.2.1. Synthesis

Hematite dispersions. Details on the preparation of colloidal spindle-like hematite

particles (α−Fe2O3) can be found in Chapter 8. The particles were purified by repeated

sedimentation and redispersion in demi-water to remove residual electrolytes from the

synthesis, until the supernatant conductivity decreased below 700 µS/cm. Negatively

charged particles were prepared by slow peptization (24 hours) in concentrated tetram-

ethylammonium (TMA)-hydroxide 2 M (see cartoon in Fig. 7.1 B), and the resulting

TMAH-stabilized hematite particles (hereafter TMAH-hematite) were transferred to

demi-water (Millipore).

Emulsions. Emulsions were prepared by gently mixing 10 mL of demi-water, vari-

able amounts (typically from 4 µL to 250 µL) of 3-methacryloxypropyltrimethoxysilane

(oil phase; TPM, Acros Organic p.a., used as received from new bottles) and 0.5 mL

of TMAH-hematite dispersions (conc. 2.03 wt%). The mixtures were allowed to equili-

brate undisturbed at 25◦C in a dark thermostated room for at least 24 hours. Emulsion

droplets were polymerized to solid particles by addition of potassiumpersulphate (KPS,

conc. 0.4 mM) at 80◦C (for more details see Chapter 5) or alternatively by addition of

ammonia.

7.2.2. Characterization

Electron microscopy. Particle morphologies were studied by transmission (TEM,

Philips TECNAI12) and scanning (SEM, Philips XLFEG30) electron microscopy. TEM

samples were prepared by drying drops of diluted polymerized emulsions on Cu-grids

coated with Formvar film, whereas for SEM samples the dispersions were dried on freshly

cleaved mica surfaces, and then sputter-coated with a 7 nm thick layer of a Pt/Pd alloy.
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Light scattering. Dynamic light scattering (DLS) and depolarized dynamic light

scattering (DDLS) were performed on diluted emulsions (both polymerized and unpoly-

merized) at 25◦C using a Kripton laser working at a wavelength λ=647.1 nm and at

a power of 300 mW. This wavelength was chosen to minimize light absorption by the

sample and therefore avoid convection due to heating of the particles. For DLS mea-

surements both incident and detected scattered light were vertically polarized (V-V

mode), whereas for DDLS a horizontal polarized scattered intensity was selected (V-H

mode). Incident and scattered light were polarized using two Glan-Thompson polar-

izers placed in front of, respectively, laser source and detector. DDLS (V-H mode),

probing the fluctuations of the depolarized component of the scattered light, is sensi-

tive to both rotational and translational particle motion [91]. The normalized intensity

autocorrelation functions (IACFs) were fitted to single exponent expressions including

a second cumulant C(K) to account for polydispersity [91]:

y = A + Bexp(−2[Γ(K)t + C(K)t2]), (7.1)

where A, B, Γ(K) and C(K) are the fitting parameters, t is the time, K is the wave

vector of light defined as:

K =
4πnm

λ
sin

(
θ

2

)
, (7.2)

with θ the scattering angle, nm the medium refractive index, and λ the wavelength of the

incident laser beam in vacuo. In the V-V mode the decay exponent Γ(K) corresponds

to:

Γ(K) = DtK
2 (7.3)

and in the V-H mode to:

Γ(K) = DtK
2 + 6Dr , (7.4)

where Dt and Dr are, respectively, translational and rotational diffusion coefficients [91].

Hydrodynamic radii were determined, assuming non-interacting spherical oil droplets,

from measured Dt and Dr using the Stokes-Einstein relations:

Dt =
kBT

6πηR
; Dr =

kBT

8πηR3
(7.5)

where R is the droplet radius and η is the medium viscosity.

Electrophoresis. Electrophoretic mobilities were measured (Coulter DELSA 440

SX) on dilute dispersions at a pH of 6, a temperature of 25◦C, and an ionic strength

of 20 mM NaCl (i.e. a Debye-Hückel screening length of κ−1=2 nm). Zeta poten-

tials were calculated from mobilities using Henry equation [77] with Smoluchowski’s

approximation. The electrokinetic surface charge densities ρs were estimated using the
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Gouy-Chapman model [92].

Interfacial tension. The surface tension γo/w of a TPM-water interface was deter-

mined using a spinning-drop tensiometer [55,56].

NMR. H-NMR measurements were performed at the European NMR Large-Scale

Facility Utrecht (Utrecht University, The Netherlands), using a Bruker DRX 600MHz

NMR spectrometer with cryogenic probe. Samples were all prepared in deuterium oxide

(D2O, Acros 99.8 % atom D) and allowed to equilibrate in sealed vials for 24 hours.

The emulsions were then ultra-centrifuged and the (heavy)water lower phase was taken

for NMR analysis.

X-ray diffraction. XRD measurements were carried out at room temperature on

a Bruker-AXD D8 Advance powder X-ray diffractometer, using Cobalt Kα1,2 radiation

(λ=1.79026 Å).

Magnetic measurements. Magnetization curves were obtained at room tempera-

ture employing an alternating gradient magnetometer (MicroMag 2900 AGM, Princeton

Measurements Corp.). Measurements were performed on a weighted amount (2.65 mg)

of powder obtained by drying a water-based hematite dispersion at 60◦C under a con-

tinuos nitrogen flow. The initial susceptibility χi = (dM
dH

)H→0 was determined by a

linear fit of the low field data (H< 104 Am−1).

7.3. Results and Discussions

7.3.1. Spontaneous emulsification

While exploring the possibility of using different types of inorganic nano-particles to

promote the spontaneous emulsification of TPM-water mixtures (Chapter 4), we ob-

served that the presence of adsorbed TMAH was essential to obtain stable emulsions.

TMAH is often used to increase the surface charge density of many water-based ferroflu-

ids [42, 48], which otherwise have poor colloidal stability. Bare magnetite and cobalt

ferrite particles, for instance, have both an isoelectric point close to pH=6∼7 and if

dispersed in demi-water they are nearly uncharged. Therefore, if an oil, such as TPM,

with a low colloid-oil interfacial tension γc/o, is added to such a dispersion, the particles

might easily migrate to the oil-phase. A similar phase transfer mechanism also occurs

in aqueous ferrofluids in contact with oleic acid [93]. The presence of electric charges

on the particles, for example due to adsorbed TMAH, hinders such phase transfer and

in some cases leads to stable emulsions (c.f. Chapter 4). However, charged colloids by-

themselves are clearly not sufficient to cause a spontaneous emulsification and, as we
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Figure 7.1. (A) When drops of an aqueous hematite dispersion are added to a phase-

separated TPM-water mixture followed by brief agitation, we observe (B) a rapid particle

phase transfer towards the oil-phase (bottom layer). However, when the experiment is re-

peated using TMAH-stabilized hematite particles (C) the mixture spontaneously emulsifies

forming a stable orange dispersion. (D) Cartoon representing the preparation of negatively

charge-stabilized hematite by adsorption of TMAH.

TMAH-stabilized 
Hematite

bare
Hematite

-5 -4 -3 -2 -1 0 1 2 3 4 5

0

10

20

30

40

50

60

70

 

 

In
te

n
s
it
y
 [
a
.u

.]

  [ m cm s
-1

 V
-1
 ]! [!m cm s V ]    

e

-1 -1

Figure 7.2. After adsorption of tetramethylammonium hydroxide (TMAH) hematite par-

ticles experience a net surface charge inversion, as demonstrated by the electrophoretic mo-

bility of the same hematite and TMAH-hematite measured in water (pH=6; 20 mM NaCl),

respectively +1.97 and -1.73 µm cm s−1 V−1.
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pointed out in Chapter 4, large counter-ions (e.g. quaternary ammonia ions N(CH3)
+
4 )

and small particle sizes also play an important, be at the time poorly understood, role.

In this study we mainly investigated the effect of particle shape and size on the emul-

sion formation and stability, and therefore we used large ellipsoidal hematite colloids

with a long axis of 250 nm. Like for magnetite and cobalt ferrite, bare hematite par-

ticles in water carry a relatively low surface density charge (IEP=7.5 [94]), which we

estimate from their electrophoretic mobility µe=+1.97 µm cm s−1 V−1 (ζ ≈ 24 mV)

to be about 0.05 (positive) elementary charges per nm2. Not surprisingly, then, when

an aqueous dispersion of hematite was mixed with TPM (Fig. 7.1 A), we observed a

similar phase transfer as described above (see also Ref. [93]), leading to a colloid rich

oil-phase, and a clear water-phase totally deprived of particles (Fig. 7.1 B). In another

experiment we used TMAH-hematite particles with negative surface charge and µe=-

1.73 µm cm s−1 V−1 (see Fig. 7.2). Although under similar conditions we obtained

emulsions stabilized by magnetite, cobalt ferrite and also silica nano-particles (Chap-

ters 3 and 4), this time we expected no stable emulsion to be formed because of the large

hematite particle size. However, a few hours after the addition of TPM, the reddish

TMAH-hematite dispersion unexpectedly began increasing its turbidity and simultane-

ously the phase-separated oil spontaneously emulsified. After about 24 hours a stable

oil-in-water emulsion was formed (Fig. 7.1 C) that did not demix in time, and slowly

settled by gravity with a remarkably sharp interface between the settling emulsion and

the supernatant water phase.

Addition of salt (50 mM NaCl, i.e. a Debye screening lenght of κ−1=1.4 nm) desta-

bilizes the emulsions and leads in few hours to a scenario similar to that in Fig. 7.1

B. This behavior points to charged-stabilized oil droplets but, contrary to the thermo-

dynamically stable Pickering emulsions reported in Chapter 4, we did not observe any

droplet size dependence on the salt concentration. Electrophoretic measurements con-

firmed that the oil-droplets are negatively charged, with a mobility of µe=-1.46 µm cm

s−1 V−1, which is nearly the same as for the original TMAH-hematite particles. DLS

measurements on diluted emulsion samples manifest a uniform droplet size distribution

with a hydrodynamic radius remarkably close to the size of a single hematite spindle

(longer semi-axis).

TPM-based emulsions can also be accurately characterized by conventional ”dry”

electron microscopy because the oil-phase polymerizes when initiated by radicals (c.f.

Chapters 3 and 4) or else, by using ammonia. A peculiar difference between the two

polymerization methods is that while radical initiation yields latex-like polyacrylate

chains, NH3 promotes hydrolysis and condensation of the TPM methoxy groups (sim-

ilar to the Stöber reaction [11]) which yields branched [-Si-O-Si-] networks. Electron

microscopy analysis (Fig. 7.3 A and B), confirming DLS results, shows monodisperse

particles, and also reveals emulsion droplets with a very unusual feature (Fig. 7.3 A):



72 7. Oil-in-water emulsification induced by ellipsoidal hematite colloids

B

A

250 nm 2 !m

500 nm

B

C D

500 nm

Figure 7.3. Electron microscopy images showing polymerized emulsion droplets contain-

ing single hematite spindles. Sample (A) was exposed to an homogeneous magnetic field

(1.5 Tesla) which induces alignment of the hematite cores. (B) A SEM ”view” of the same

sample showing that the hematite spindles are embedded inside the droplets. (C) and (D)

are similar emulsions prepared using a binary mixture of TPM and styrene that manifest

raspberry-like protrusions.

each droplet, in fact, contains precisely one hematite spindle on its inside instead of

having many particles adsorbed at the oil-water interface as in classical Pickering emul-

sions, and our stable emulsions based on magnetite (see Chapter 3) and silica (see

Chapter 4) nano-particles.

7.3.2. Effect of oil/colloid ratio on emulsion stability and emulsion droplet

morphology

By studying mixtures with different oil volume fractions and fixed particle concen-

tration, we found a rich variety of oil-droplet morphologies and important effects of

the mixture composition on emulsion stability. The optimal oil/colloid weight ratio

(mo/mc) to obtain stable emulsions can be roughly estimated by considering that each

hematite spindle emulsifies a volume of oil corresponding to a sphere with a radius equal
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Figure 7.4. TEM images showing the oil/colloids weight ratio (mo/mc) dependence of the

droplets morphology (particle conc. 0.1 wt%). For mo/mc >15 stable emulsions of spherical

droplets (A) are in equilibrium with an excess oil phase. (B) For mo/mc <15 emulsions

consist of polydisperse oil droplets containing multiple spindles (some are colored in red for

clarity). (C) At mo/mc=0.7 stable emulsions are still forming but hematite spindles are now

only partially coated by oil. (D) At mo/mc=0.4 no longer stable emulsions are observed.

Scale bars are 250 nm.

to the major spindle semi-axis. Assuming monodisperse prolate ellipsoidal particles this

ratio is simply given by:

mo

mc

=
Voδo

mc

=
(

a

b

)2 δo

δc

(7.6)

where a and b are, respectively, the major and minor ellipsoid (hematite) semi-axis,

δo is the density of the oil phase (for TPM δo=1.040 g cm−3), and δc is the colloid

mass density (for colloidal hematite we used δc=5.2 g cm−3 [95]). For our system this

leads to an optimal (theoretical) TPM/hematite ratio of about 8, which is relatively

close (considering the simple model and the high uncertainty in δc) to the experimental

value of 15 we measured for the sample of Fig. 7.3 A and B. Using higher oil/colloid

ratios (Fig. 7.4 A) does not change the droplet morphology, but simply leaves some of

the (excess) oil phase-separated in the sample. However, a large excess of oil seems to
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reduce the emulsion stability and in some cases we observed a complete phase separation

after few days.

A more interesting and varied scenario occurs when the oil/colloid ratio is below

this optimal value. Below mo/mc=15, in fact, a sort of competition for oil begins.

Initially (Fig. 7.4 B) many particles start sharing the same oil droplet with a consequent

steep increase of the emulsion polydispersity. Then, at mo/mc=0.7 (Fig. 7.4 C) a new

transition occurs and most of the emulsion droplets, which look no longer spherical,

carry again a single particle. Apparently because of lack of oil, the spindle tips are

now emerging from the droplets (see insert in Fig. 7.5), giving them a characteristic

lemon-shaped appearence. Visually those emulsions look noticeably more reddish than

the emulsions of Fig. 7.4 A and B, which is a direct consequence of the higher light

absorption resulting from the portion of hematite spindles not immersed in oil. Finally,

by decreasing the oil/particle ratio even further (mo/mc ≤0.4) the emulsions are no

longer stable, and within one day large aggregates form that rapidly sediment. TEM

analysis shows that for mo/mc=0.4 the emulsion mainly consists of large (micron sized)

clumps of oil containing densely packed particle aggregates (Fig. 7.4 D and 7.5).

7.3.3. Evidence for hydrolysis-mediated emulsification

We have seen in section 7.3.1 that bare hematite in a TPM-water mixture clearly

prefers to be in oil. However, when TMAH-hematite is used, while getting wetted by

TPM, something happens that apparently stabilizes the oil-water interface, such that

oil nucleates on - and subsequently growths around - each spindle. Our explanation is

that a certain fraction of TPM molecules, which in neutral demi-water are relatively

200nm

500nm

Figure 7.5. SEM image showing lemon-shaped emulsion droplets coexisting with micron-

sized spherical droplets filled with hematite spindles. The insert (TEM) shows hematite

spindle tips partially protruding out of the oil droplets.
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Figure 7.6. Schematic cartoon (not to scale) representing the nucleation and growth

of a stable oil-droplet on a single particle. The alkaline hematite surface causes a partial

hydrolysis of TPM molecules. The amphiphilic species produced, move to the oil-water

interface stabilizing the growing droplet.

stable and inert, when in contact with the alkaline TMAH-hematite surface undergo a

partial hydrolysis of their methoxy groups producing amphiphilic molecules (see cartoon

in Fig. 7.6) according to the net reaction:

R−Si(OCH3)3 + OH− −→ R−Si(OCH3)2O
− + CH3OH . (7.7)

With this process, which will mainly occur on the particle surface where the TMAH

concentration is relatively high, each particle will ”self-synthesize” its own surfactant

to stabilize the growing oil-water interface (Fig. 7.6). The partially hydrolyzed TPM

will also be responsible for transferring electric charge from the hematite surface to the

oil-water interface keeping N(CH3)
+
4 as counter ions; this transfer also could explain

why the electrophoretic mobility of TMAH-hematite and the final emulsion droplets

are very similar (see Fig. 7.2). We will now discuss some of the experiments which

further support this scenario.

Binary oil mixtures. First of all, if this scenario is correct then suppressing hydrol-

ysis of TPM should obstruct emulsification. To verify this implication we selected as

oil phase a compound (3-Methacryloxypropyltriethoxysilane, MPTES, used as received

from ABCR) that is more resistant to hydrolysis but chemically identical to TPM, ex-

cept for its silane moiety comprising three ethoxy- instead of methoxy- groups. Without

the partial oil (TPM) hydrolysis, and therefore without a charge transfer mechanism,

we expected the TMAH-hematite particles to be unable entering the oil phase. Indeed

this is what we observed when MPTES was mixed with TMAH-hematite particles in
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250 nm

Figure 7.7. Emulsions prepared with a non-hydrolyzable oil-phase (here MPTES) sepa-

rate immediately, leaving uncoated TMAH-hematite particles in the water phase. This TEM

image shows aggregates of such particles resulting from polymerization of a phase-separating

MPTES emulsion.

a ratio mo/mc=15 (the same as for the sample in Fig. 7.3 A and B): the oil clearly

phase-separated and the hematite particles remained in stable suspension in the water

phase. Polymerization of such a mixture leads only to aggregates of ”naked” hematite

spindles (Fig. 7.7) with no evidence of any emulsion droplets.

Another interesting experiment was done using as oil-phase a mixture of TPM and

MPTES or TPM and styrene. We reasoned that in order to have sufficient surface active

molecules to stabilize an oil droplet, only a small fraction of TPM molecules actually

needs to react on the TMAH-hematite surface. Therefore, if enough TPM is present to

stabilize the oil-water interface we could in principle ”inflate” the droplet with a different

(inert) oil. This is precisely what is observed for sample in Fig. 7.3 C and D, which

represents a polymerized emulsion obtained by adding a mixture of TPM/styrene (35:65

vol.%) to a TMAH-hematite dispersion. The particles look remarkably monodisperse

with small protrusions on the surface which confirms that the original emulsion droplets

were indeed mixture of different monomers. It is also interesting to notice that the

total oil volume fraction (TPM + styrene) corresponds to the ”optimal” value which

gives spherical monodisperse droplets containing one single ellipsoid (like the sample in

Fig. 7.3 A and B). However, the relative amount of TPM is the same as in the sample

of Fig. 7.4 B where multiple hematite spindles share large polydisperse droplets. This

is noteworthy because it clearly demonstrates that when sufficient TPM is present,

the emulsion droplets can host a second oil with different physical/chemical properties.

We also tried to find a lower limit for the amount of TPM necessary to form stable
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A

B

C

Figure 7.8. TEM images showing monodisperse polymerized emulsion droplets with dif-

ferent surface morphology. The size of the protrusions depends on the oil composition. (A)

60:40 vol.% TPM/styrene, (B) 25:75 vol.%, (C) 50:50 vol.%. Scale bars are 250 nm.

droplets, varying the ratio TPM/styrene. We found that this limit (which is about

25:75 vol.%) in terms of TPM/hematite ratio corresponds exactly to the limiting case

shown in Fig. 7.4 C (mo/mc=0.7) where a stable emulsion is formed but with hematite

spindles only partially covered by oil.

One last remark on emulsions of binary oil mixtures is that the TPM/styrene ratio

noticeably influences also the protrusions size in the polymerized droplet. In particular

we observe that by diminishing the TPM volume fraction from 50:50 to 25:75 vol.%

the protrusions seem to became bigger but occur less frequent (see Fig. 7.8), whereas

above 60:40 vol.% the droplet surface looks smooth. The presence of protrusions and

their size dependence on the oil-phase composition is typical of heterogeneous polymers,

often comprising interpenetrating cross-linked and non-cross-linked polymers [96, 97].

The resulting raspberry-like particle shapes, representing non-equilibrium morphologies,

are produced when polymer chains are ”frozen” in place by increasing viscosity before

they are able to adopt their equilibrium morphology. In our systems, as mentioned

earlier, very likely a similar scenario occurs since TPM can form branched polymers

whereas MPTES and especially styrene form mainly linear chain polymers.
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Figure 7.9. (A) SEM image of a polymerized bi-disperse emulsion prepared using

hematite ellipsoids of two different sizes (major axis 447 nm and 250 nm). (B) TEM image

showing a polymerized emulsion prepared using a polydisperse hematite dispersion. The

entire ellipsoid size distribution is clearly embedded into nearly spherical oil droplets.

Surface tension. The partial hydrolysis of TPM and the subsequent formation

of surface-active species should also manifest itself via the TPM/water surface tension

γo/w. Therefore we monitored the change in γo/w as a function of time for a TPM/water

interface in neutral conditions (demi-water at pH=6.7) and in presence of 6 mM TMAH,

estimated to be roughly the amount present in an emulsion due to the TMAH adsorbed

on the hematite surface. It turns out (Fig. 7.10 A) that whereas for TPM/demi-water

γo/w (8.2 mN/m) does not change significantly in time, for TPM/water in presence

of TMAH, γo/w slowly decays from 8.2 mN/m to about 3 mN/m in 24 hours. This

relatively slow decay time is consistent with the time needed (about 1 day) for a spon-

taneous emulsification to occur.

NMR. If the time-dependence of γo/w is indeed caused by hydrolysis of methoxysilane

groups there should be a release of methanol. Figure 7.10 B shows the H-NMR spectrum

of an emulsion water-phase after 24 hours from preparation. Here, in addition to the

water peak at 4.790 ppm and traces of TPM, a strong peak at 3.358 ppm indeed

clearly confirms the presence of methanol as a side product of the TPM hydrolysis. It

should be noted that, in principle, TPM in water might also hydrolyze spontaneously.

However, after aging a TPM/D2O mixture for 24 hours under the same conditions as

for an emulsion preparation, we have measured a methanol concentration which was

only about 1% of the concentration in the hematite-stabilized emulsion water-phase.

NMR analysis on pure TPM dissolved in deuterated chloroform (CDCl3), indicates that

no methanol was initially present in the oil.
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Figure 7.10. (A) Time dependence of the TPM/water interfacial tension (γo/w). At

emulsification conditions, γo/w slowly decreases due to a partial TPM hydrolysis. The dashed

line is a first order exponential decay fit with decay time of 8.9 hours. This time scale agrees

with the time needed to a TPM-water-hematite mixture to emulsify (visually). In demi-

water γo/w=8.2 mN/m does not change significantly within 24 hours. (B) The presence of

methanol in the water-phase of an hematite-emulsion, as results of a partial oil hydrolysis, is

demonstrated by H-NMR spectra showing a strong peak at 3.358 ppm. The signal at 4.790

ppm is due to water.

Bi-disperse and polydisperse emulsions. The mechanism for hydrolysis-mediated

emulsification should not depend significantly on particle shape and size (as long as

particle dimensions are significantly larger than the particles in Chapter 4). This is il-

lustrated in Fig. 7.9 showing a SEM image of a bi-disperse emulsion formed by using an

initial TMAH-hematite dispersion of ellipsoids with two different sizes (447 nm and 250

nm) and a TEM image of an emulsion obtained from a polydisperse TMAH-hematite

dispersion. Especially for the latter emulsion it is clear that the whole size distribu-

tion is enclosed in spherical oil droplets with diameters set by the length of the longer

ellipsoids axis.

7.3.4. Magnetically oriented emulsions

The X-ray diffraction pattern (shown in Fig. 7.13 A) of the ellipsoidal cores, match

well the JCPDS data for synthetic rhombohedral hematite (α-Fe2O3). Therefore, we

expect particles with weak ferromagnetic properties (resulting from hematite’s so-called

canted magnetism [98]), having a low and positive magnetic susceptibility χ. From mag-

netization measurements on dry particles (see Fig. 7.13 B), we found an initial suscep-

tibility χi=8.3·10−7m3Kg−1 and a maximum magnetization of Ms=570·10−9 Am2 for a

non-saturating field strength of 1.2·10−6Am−1 (about 1.5 Tesla). Assuming the hematite

particles are ellipsoids of revolution with known dimensions (TEM: 250 nm long axis,

41 nm short axis) and density ρhem=5.26 g/cm3 [98], we have calculated that homoge-

neous 1.5 Tesla field induces a magnetic moment < m >1.5T of about 2.31·10−19 Am2
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250 nm

Figure 7.11. (left) TEM image of polymerized emulsion droplets coated by a 90 nm

thick silica shell. For comparison the actual size of an emulsion droplet and its hematite core

has been outlined on a particle (bottom right). The insert shows the same image in the dark

field revealing in the inner structure. (right) A zoom-in on a single particle better shows the

inner structure.

per spindle. Note that because the magnetization of ellipsoidal hematite is orientation-

dependent [99], < m >1.5T is actually an average induced magnetic moment. Therefore,

in an emulsion exposed to an homogeneous magnetic field B=1.5 Tesla each spindle will

have a magnetic interaction energy U=-µ·B ≥ 90 kBT, which should be sufficient to

virtually fix its orientation. However, since the head-to-tail interaction energy between

two magnetized spindles is only of the order of 10−4 kBT we should not observe any

appreciable structure formation (i.e. chains of droplets). Figure 7.3 A clearly support

these predictions, showing polymerized emulsion droplets dried in a constant homoge-

neous magnetic field of 1.5 Tesla. Clearly, all hematite cores have the same orientation

which also indicates, since they lie parallel to the vector ~B, that the magnetization is

favorite along the longer particle axis.

7.4. Applications

We will now give two examples of fields where the particle-stabilized emulsions dis-

closed in this study might find an interesting application.

Particle templating. The possibility of polymerizing the TPM oil-phase by simple

radical initiation, without changing the droplets morphology (c.f. Chapter 4), is very

advantageous for characterizing emulsions, but also provides a convenient method for
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Figure 7.12. (A) Time-resolved DDLS. Decay rates Γ of depolarized IACFs as a func-

tion of the wavevector K2, for a diluted TPM-hematite emulsion (same as in Fig. 7.3 A and

B) taken at different time intervals during the emulsification after mixing oil and hematite

dispersion at t=0. The dotted line is a linear least-square fit of the data measured after 24

hours, showing that the oil has dispersed to monodisperse droplets. (B) Intensity autocor-

relation functions (IACFs) measured during the emulsification of the sample of Fig. 7.3 A

and B. The growth of oil droplets around the hematite ellipsoids decreases their diffusion

coefficient, and therefore we observe longer decay times in the IACFs.

preparing composite colloids. Figure 7.11, for example, shows core-shell particles pre-

pared by growing silica shells on polymerized emulsion droplets. The silica deposition

occurs in ethanol (Stöber synthesis [11]) in which the polymerized emulsions form stable

dispersions. The ”dark-field view” of those colloids (see insert in Fig. 7.11) shows that

each particle contain a spherical TPM-core with a centered hematite spindle.

Similarly, composites latex-like colloids may be prepared by growing PMMA or

styrene shells in a seeded surfactant-free emulsion polymerization as described in Capters

5 and 6.

Rotational diffusion studies. Preliminary rotational diffusion measurements (Figs.

7.12 A and B) show that our emulsion droplets, as well as the polymerized droplets, are

suitable for depolarized dynamic light scattering studies. In particular time-resolved

DDLS measurements appears to be a powerful method for monitoring the emulsification

process in time. The reason is that the anisotropic cores (hematite particles) slowly

change their shape (and volume) from an ellipsoid at time t=0 (just after addition of

oil) to a sphere after about 24 hours, probably passing through the lemon shape of

Fig. 7.4 C during the droplet growth. The rotational diffusion coefficient, being par-

ticularly sensitive to changes in the particle volume (c.f. Eq. (7.5)), should decrease in

time during the emulsion formation. Indeed, we measured a constant decrease in the

decay rate of the intensity autocorrelation functions (IACFs) in the 24 hours follow-

ing the oil addition. Figure 7.12 B shows some of those DDLS IACFs, measured at



82 7. Oil-in-water emulsification induced by ellipsoidal hematite colloids

-1.2x10
6

-8.0x10
5

-4.0x10
5 0.0 4.0x10

5
8.0x10

5
1.2x10

6

-400

-200

0

200

400

600

M
 [
n
A

m
2
]

H(Am
-1
)

Hc=16 kAm-1

Mr=44 nAm2

Ms=570 nAm2

H [Am-1] 
 

20 30 40 50 60 70

0

200

400

600

800

1000

1200

1400

1600

 

 
In

te
n

s
it
y
 (

a
.u

.)

2  degree2! [degree]

In
te

n
si

ty
 [

a.
u
.]

BA

Figure 7.13. (A) X-ray diffraction pattern of the TMAH-hematite particles (shown in the

insert). (B) Magnetization curve of the TMAH-hematite particles (2.65 mg of dry powder).

Hc, is the coercive force, Mr, the remanence magnetization at H=0; Ms, the (maximum)

magnetization reached at H=1.2·106Am−1.

90◦ (K2= 3.35·1014 m−2), during the formation of the emulsion of Fig. 7.3 A and B,

where the decay time decreases from 321 µs (t=0) to 653 µs (t=24 h). The IACFs,

measured at angles ranging from 40◦ to 120◦, were all fitted to a single exponential

expression (Eq. (7.1)) and the the resulting decay rates Γ plotted as a function of the

wavevector K2 (see Figure 7.12). For t≤4 h the droplets are probably not yet spherical

and the shape anisotropy induced by the hematite particles cause the plots to deviate

significantly from the linear behavior expected for monodisperse spheres (c.f. Eq. 7.4).

However, after 24 hours this deviation has disappeared and a linear fit through the data

points yields Dt= 1.43·10−12 m2s−1 and Dr=62.6 s−1. The corresponding hydrodynamic

radii, being respectively 171 nm and 143 nm, are in good agreement with the average

(TEM) size of the hematite long semi-axis (RTEM=125 nm). The difference between

the radius calculated from translational and from rotational diffusion coefficients might

be due to the hematite polydispersity (about 16% for the long axis), which broadens

the emulsion droplets size distribution, and also to deviations from a perfect spherical

shape of the final droplets, which from TEM pictures often looked almond-like shaped.

Additionally, we also performed conventional DLS (V-V mode) measurements which

yield a (DLS) radius of 139 nm (DDLS
t =1.76·10−12 m2s−1). Here, we also mention that

most of the light scattering experiments, DDLS as well as DLS, were performed on

both polymerized and unpolymerized emulsion samples, and no significant difference

were observed (see for instance Fig. 7.12).

7.5. Conclusions and outlook

A novel type of particle stabilized emulsions has been discovered which form sponta-

neously upon addition of colloidal hematite to phase-separated TPM-water mixtures.
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In contrast to Pickering emulsions, in our system colloids do not stay adsorbed at

the oil-water interface but, instead, are incorporated into the oil phase such that each

emulsion droplet contains one single particle. Moreover, using ellipsoidal hematite, the

droplet size can be precisely tailored by length of the major axis of the ellipsoids.

We also propose an emulsification mechanism which involves a partial oil hydroliza-

tion promoted by the alkaline particle surface. This mechanism is supported, among

other things, by time resolved surface tension measurements, NMR studies and the

finding that emulsion droplets can host an inert oil when a minimum amount of hy-

drolyzable oil (TPM) is present.

Due to the generality of this emulsification method it could, in principle, be extended

to other water-based dispersions of charged-stabilized inorganic colloids in contact with

weakly hydrolyzable oils. Our present understanding of the emulsification implies the

following requirements. First, low values of γo/c (eventually lower than γw/c) and γo/w

are required to, respectively, favor the wetting of the colloids by the oil and facilitate

the formation of a large total oil-water interface. Second, oil with an easily hydrolyzable

moiety is essential for the emulsion formation and therefore we expect that, like TPM,

many other methoxysilane compounds are good candidates for a similar spontaneous

oil-in-water emulsification. Finally the charged surface of the colloids should somehow

promote the oil hydrolysis and the formation of charged amphiphilic molecules, which

can contribute to the emulsion stability by further lowering the oil-water interfacial

tension and by preventing droplet-droplet coalescence by electrostatic repulsions. Ad-

ditionally, low polarizing counter-ions, such as the tetra-methylammonium [N(CH3)4]
+

ion, very likely are important to enhance the stability of the nucleating droplets and

the initial inorganic particles in water.

TPM-hematite droplets appear to be a convenient source for somewhat exotic latex-

like colloids with anisotropic inorganic inclusions. As we have already shown in Chapter

6, TPM is an excellent substrate for both silica deposition in Stöber conditions and latex

growth via emulsion polymerization. This allows preparation of even more complex

core-shell composite particles with a built-in optical and magnetic anisotropy due to the

ellipsoidal hematite core. This core is also the label for measuring rotational diffusion

of emulsion droplets via depolarized dynamic light scattering, a technique that also can

be used to monitor the formation and time evolution of TPM-hematite emulsions.
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Part 2

Ellipsoidal Model Colloids





8
Fluorescent monodisperse silica ellipsoids for

optical rotational diffusion studies

Abstract
We report on the preparation of monodisperse, fluorescent hematite-silica core-
shell ellipsoids, with adjustable shapes ranging from spindles to nearly spheres,
that are suitable for optical rotational diffusion studies. Hematite cores are
grafted with poly-(vinylpyrrolidone) which ensures colloidal stability during
the silica coating provided by the base-catalyzed hydrolysis and polymeriza-
tion of tetraethoxysilane. Using tetramethylammonium hydroxide as base in-
stead of the volatile ammonia, facilitates continuous seeded growth of silica to
colloids with a desired aspect ratio. A convenient feature of the hematite-silica
particles is the rapid dissolution of the iron oxide core by acid, producing hol-
low silica ellipsoids that can be optically matched to near transparency. The
control of shape and size of the silica ellipsoids, their optical properties, and the
fairly high yield in comparison to other preparation methods for non-spherical
model colloids, make the ellipsoids very suitable for quantitative studies. As a
case in point we have measured the rotational diffusion coefficient of fluores-
cent ellipsoids with rotational fluorescence recovery after photobleaching. Dye
labelled ellipsoids can be imaged with confocal microscopy.
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8.1. Introduction

Monodisperse silica spheres prepared by the Stöber method [11], were introduced by

Vrij and co-workers [100–102] into the field of colloidal model fluids and have been since

then very instrumental to study static [103, 104] and dynamic [105–107] properties of

colloidal spheres. Advantages of silica-based colloids are, among other things, the large

variety in chemical surface modifications [43,108,109], the relative weak Van der Waals

attractions in organic solvents [102], and the possibility of optically matching silica

particles for light scattering studies on concentrated dispersions [110, 111]. In view of

the increasing focus in colloid science on anisometric particles, an equivalent model

system of non-spherical silica particles with a well-defined size and shape is clearly of

interest. Silica colloids containing a suitable dye, for example, would allow to extend

optical studies on sphere rotations [112–115] to hindered rotational diffusion in spheroid

dispersions, a topic which has not been explored yet.

In view of this desired exploration we have studied the preparation of fluorescent non-

spherical silica particles with adjustable aspect ratio. Since silica formed by the Stöber

process is an amorphous substance, it is almost inevitable that such a preparation

starts from crystalline cores on which silica polymerizes to form non-spherical core-

shell colloids. Examples are boehmite needles [116] as ”seeds” for silica rods [18, 19]

and gibbsite hexagons [18,20,117] for the synthesis of plate-like particles. Though these

core-shell colloids are valuable for studying the effect of particle shape [118, 119], they

have several disadvantages: the range and reproducibility of particle size and aspect

ratio is limited, the polydispersity is still significant (typically 20-30%), and the control

of colloidal stability is a difficult issue (witness, for example, the precautions needed to

avoid aggregation of boehmite needles during silica deposition [18,19,120]). In this work

we focus on hematite (α − Fe2O3) spindles as the starting cores for the reproducible

preparation of well-defined, stable silica ellipsoids.

Polymerisation of amorphous silica on hematite particles was first studied by Mati-

jevic and co-workers [121]. A drawback of their method is the marginal stability of the

starting hematite spindles: they easily flocculate before or during the silica deposition

process [122]. A modified procedure [122] improved the colloidal stability of the silica-

hematite particles during their preparation. Nevertheless, the formation of aggregates

due to coagulation of hematite spindles could not be totally avoided. Moreover, due

to the hematite core (high Hamaker constant), initially stable silica-hematite particles

sometimes slowly aggregated on a time scale of months. We have re-examinated the

silica-hematite route and found that Ocaña’s synthesis method [123] for hematite spin-

dles yields cores with a higher aspect ratio to start with. This allows a wider range in

aspect ratio of the final silica-hematite ellipsoids. Crucial to avoid hematite aggregation

during silica deposition is the adsorption of poly-vinyl pyrrolidone (PVP) on hematite
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spindles. PVP not only stabilizes the spindles but also facilitates silica growth on the

hematite surface, an observation also made for other inorganic cores [124].

Taking advantage of the silica porosity, it is possible to chemically modify the internal

particle structure as demonstrated first by Matijevic [121] who obtained silica-coated

iron spindles by reducing the precursor hematite cores in hydrogen atmosphere. More

recently Hao et al. [125] dissolved the inner particle cores in aqueous HCl to create

silica capsules. Here, in order to produce ellipsoidal particles suitable for optical stud-

ies, we also exploit this dissolution to obtain hollow ellipsoids, with reduced Hamaker

constant, which can be optically matched in an organic solvent mixture. In addition we

developed a procedure to incorporate fluorescent dye into the silica ellipsoids, analogous

to the dyeing of silica spheres [108], such that particles can be imaged with confocal

microscopy. Moreover, labeling with rhodamine B 5 isothiocyanate (RITC) allows the

monitoring of the ellipsoids with rotational fluorescence recovery after photobleaching

(”rotation-FRAP”). This recently developed technique [112] has only been applied so

far to rotational sphere diffusion [112]. Here we show that rotational FRAP accurately

measures the rotational diffusivity of the hollow silica ellipsoids. For future systematic

FRAP studies it is important to have dyed tracer ellipsoids in a host suspension of

identical non-dyed ellipsoids. For this reason we have also investigated the oxidation of

fluorescent dyes by hydrogen peroxide to non-fluorescent host particles.

8.2. Experimental

8.2.1. Synthesis

Materials. Iron (III) perchlorate hexahydrate (Fe(ClO4)3·6H2O, Alfa Aesar), sodium

dihydrogen phosphate anhydrous (NaH2PO4, Fluka, ≥99.0%), poly-vinylpyrrolidone

with average molar mass of 10 kg/mol (PVP-10, Sigma-Aldrich) and urea (CH4N2O,

Acros Organics, p.a.) were used as received. Ammonia (29.0 wt% NH3 in water) and

hydrochloric acid (fuming, 37%, p.a.) were purchased from Merck. Tetraethoxysi-

lane (TEOS, ≥99.0%,), rhodamine B 5 isothiocyanate (RITC, mixture of isomers),

and 3-aminopropyl triethoxysilane (APS, 99%) were obtained from Fluka. Tetramethy-

lammonium hydroxide (TMAH, 25% solution in water) and fluorescein-isothiocyanate

(FITC, isomer I, 90%) were purchased from Aldrich. Ethanol (Merck, p.a.), N,N-

Dimethylformamide (DMF, Merck) and dimethyl sulfoxide (DMSO, Acros) were of

analytical reagent quality. Ethanol and TEOS were freshly distilled before each syn-

thesis. Water used in all reactions was doubly distilled.

Hematite cores. Dispersions of monodisperse α− Fe2O3 (hematite) particles were

prepared by precipitation of iron (III) perchlorate in the presence of urea and sodium

dihydrogen phosphate following Ref. [123]. Typically, 231.1 g of Fe(ClO4)3·6H2O, 30 g

of urea and 3.25 g of NaH2PO4 were dissolved in a round-bottom flask containing 5 L of
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Figure 8.1. (A) Typical TEM image of hematite cores, here with axial aspect ratio of 6.3,

prepared following Ref. [123]. A zoom-in (insert) displays a typical spindle on the nanometer

scale, indicating that spindles are composed of anisotropic subunits. (B) Evolution of the

particles morphology after different growing. Insert shows a dispersion of hematite-silica

core-shell particles, orange due to the hematite core.

water at room temperature. The mixture was kept undisturbed for 24 hours at 100◦C

in a pre-heated oven. After this aging, the dispersion was cooled to room temperature

and centrifuged at about 6000 rpm (Beckman Coulter AvantiTM J-20 XP, JLA 8100)

for 35 minutes, followed by redispersal of the hematite spindles in demi-water. The

purification process was repeated for at least three times, until a clear supernatant was

observed. To coat hematite particles with silica, we followed the procedure described

by Graf et al. [124], comprising adsorption of a polymer (PVP) onto the particles sur-

face and transfer of the thus stabilized colloids in a solution of ammonia in ethanol,

where the silica-shell growth can be carried out by addition of TEOS. To functionalize

the hematite surface, the added amount of PVP was calculated to be about 60 PVP

molecules per nm2. In a typical reaction 7.9 g of PVP was dissolved by mechanical

stirring and ultrasonication in 120 ml of demi-water. To this viscous solution, 0.62 g

of hematite dispersion (conc. 73.5 mg/ml) was added and the mixture was kept under

stirring for 24 hours. Ultrasonication (Branson 8210) was applied for the first 5-6 hours.

To remove unabsorbed PVP molecules, the dispersion was centrifuged for 3 hours at

2000 rpm (Beckman Coulter SpinchronTM DLX ) and sediments were redispersed in 50

ml of ethanol.

Silica coating. For the synthesis of the first silica shell, 66 ml of demi-water, 10 ml

of TMAH (1%v/v aqueous solution) and 13 g of PVP-stabilized hematite dispersion

(3.5 wt%) were added to 911 ml of ethanol in a 2 L round-bottom flask under mechani-

cal stirring and ultrasonication. Then a mixture of 4 ml of TEOS and 2 ml of ethanol

was added under the surface of the reaction mixture in three portions every 20 minutes.

The addition of TEOS was continued one day up to a maximum of four additions for
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a total TEOS volume of 16 ml. After the last addition the dispersion was kept under

ultrasonication and stirring for at least three hours. During the whole process, tap

water was pumped inside the cooling system of the ultrasonic bath to keep it at a con-

stant temperature of about 20◦C. The dispersion obtained from this first growing step

was centrifuged overnight at 1400 rpm, and the sediments were redispersed in ethanol.

To further increase the thickness of the silica shell on the hematite cores, the whole

procedure of adding a total volume of 16 mL TEOS was repeated.

Fluorescent labeling. The silica coating method described above was also used

for growing fluorescent silica shells. The main difference consisted in using a mixture

of TEOS and the appropriate dye during the synthesis. The dye (RITC or FITC) was

covalently attached to a silane coupling agent (APS) by an addition reaction [108],

mixing 0.01428 mmol of dye and a large excess of the coupling agent (3.61 mmol) in

10 ml of anhydrous ethanol. This solution was stirred overnight and then stored at

4◦C in the dark. A mixture of 2 ml of APS-dye and 4 ml of TEOS was used for each

growing step. As for the ”pure” silica growth 2 ml of this mixture was added every 20

min. Another important difference with respect to the preparation of non-fluorescent

ellipsoids was the addition of PVP to the reaction mixture at the end of each growing

step to enhance the particle stability. Typically, for a 1L batch, 30 g of PVP dissolved

in about 200 ml of ethanol was added, followed by stirring the dispersion overnight.

Unadsorbed PVP, unreacted dyes and free APS were removed by sedimenting the par-

ticles and redispersing them in absolute ethanol.

Dye oxidation. Part of the fluorescent ellipsoids were redispersed in an aqueous

solution of hydrogen peroxide (15 wt%) and allowed to oxidize for about one hour at

80◦C. At basic pH (9-10) the oxidation of the dye occurs rapidly, and already after 30

minutes the originally pink dispersion turns white. The resulting ”bleached” particles

were finally transferred in ethanol were they form stable dispersions.

Hollow ellipsoids. After growing a shell thickness of approximately 30 nm, the

hematite cores were dissolved by redispersing the particles in hydrochloric acid (∼20%

in water). The core dissolution was generally quite fast (about 20 min) and could be

followed by observing the color of the dispersion which changes from orange (Fig. 8.1

B) to yellow when the cores are completely dissolved. The now hollow ellipsoids were

redispersed several times in demi-water to remove iron chloride and acid until a neutral

pH of the supernatant was reached and finally transferred in ethanol (Fig. 8.2) for

(eventually) a new growing step.
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HCl

Figure 8.2. Hollow ellipsoids resulting after the treatment with HCl. The typical light

orange color of the silica-hematite dispersions turns into a milky-like for hollow silica ellipsoids

(see insert).

8.2.2. Characterization

Electron microscopy. Particle size distributions (Fig. 8.3) were determined by

transmission electron microscopy (TEM) using a Philips TECNAI 12 electron micro-

scope operating typically at 120 kV. Samples were prepared by drying a drop of diluted

dispersion on Cu-grids coated with Formvar film. A number-averaged particle length

l (or width w) and its standard deviation (δ) were calculated by measuring typically

200 particles. The polydispersity (σ) of the colloidal systems was defined as σ = δ/l.

Scanning electron microscopy (SEM) was performed with a Philips XLFEG30 to obtain

information about particles morphology. SEM samples were coated with a 7 nm thick

layer of Pt/Pd to minimize particle damaging due to the electron beam.

8.3. Results and discussions

8.3.1. Preparation

Hematite cores. The synthesis of monodisperse spindle-type hematite particles was

first explored by Matijevic and co-workers [121, 122]. They described the hydrolysis of

aqueous ferric chloride solutions with added phosphate or hypophosphite at 100◦C for

48 hours. More recently Ocaña [123] studied homogeneous precipitation of uniform

α−Fe2O3 from iron salts in the presence of urea. This method was developed to obtain

larger amounts of ellipsoids with an axial ratio variable over a wide range and a much

shorter reaction time. After some preliminary experiments, we found it straightforward

to adapt Ocaña’s method to produce well defined ”template”-seeds for the preparation
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Figure 8.3. Change in the particles aspect ratio α due to the silica coating. The curves

are calculations assuming: (dashed line) evenly coated particles (∆ constant), and (solid line)

no growing at the particle tips. Black dots are experimental data. Error bars are standard

deviations obtained from EM-micrographs.

of silica ellipsoids. The synthesis method given in section 8.2.1 results from our op-

timization of Ocaña’s method to maximize both the yield and the aspect ratio of the

hematite colloids. The scaling up to 10 L batch yields an amount of spindles (about 8.3

g of purified particles) large enough to perform all the following silica growing experi-

ments starting with hematite cores from one and the same batch. Figure 8.1 A shows a

TEM picture of the resulting cores with measured dimensions of l=285 nm (σ = 16%)

for the longer axis and w=45 nm (σ = 13%) for the shorter axis.

Silica coating. As for the hematite, we have investigated several procedures for

the silica coating before to obtain the optimized procedure described in section 8.2.1.

Several studies [94,122] yield nicely silica-coated hematite particles only when the seeds

concentration in the reaction mixture does not exceed 5·10−2 g/L and even then the

reaction have to be carried out under continuous ultrasonification to avoid formation

of clusters during the silica growth. Hematite spindles, in fact, have a large Hamaker

constant (AH ≈ 6 · 10−20J across water [126]) which results in a relatively strong Van

der Waals attraction especially when the particles make contacts at their conical ends

(maximal surface contact area). Moreover, transferring the hematite seeds from demi-

water (pH=6.5), where the particles carry a positively charged surface (IEP=7.5 [94]),

to the alkaline mixture necessary for the silica polymerization, causes a further decrease

of the particles stability due to the temporarily crossing of the point of zero charge. To

circumvent this problem it appears to be sufficient to adsorb PVP onto the hematite
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(a) (b)

Figure 8.4. (A) Silica-hematite core-shell particles prepared starting with hematite cores

not treated with PVP and seeds concentration of 3.6·10−1g/L. (B) Similar core-shell particles

prepared with PVP-stabilised hematite.

particles before their transfer to the alkaline ethanol solution, following Graf et al. [124]

who designed this approach for a variety of other inorganic colloids. The presence of

the polymer clearly improves the silica coating as illustrated in Fig. 8.4 where bare

and PVP-stabilised hematite particles have been grown without ultrasonic treatment

and with a seed concentration (3.6·10−1 g/L), more than one order of magnitude higher

than reported in Refs. [122] and [94]. Silica shells are formed in a seeded growth process

(Fig. 8.1 B) following the well-known Stöber method [11]. The use of TMAH as cata-

lyst instead of ammonia facilitates a continuous growth avoiding the problems related

to the fast NH3 evaporation. With a constant concentration of base, in fact, we found

it easier to avoid secondary nucleation and to obtain reproducible results.

Aspect ratio control. The particle aspect ratio α can be controlled in the range

from α0 ≈ 6.5 for bare hematite spindles (Fig. 8.1 A) to α ≈ 2 for the blunt-ended

prolates in Fig. 8.1 B. A characteristic feature of silica growth on hematite cores is that

initially the silica shell thickness is not uniform because the silica prefers to precipitate

on areas with a large radius of curvature. Figure 8.1 B, for example, illustrates that in

the early stage of silica growth, the silica avoids the tips of the spindles. This is due to

the enhanced solubility (enhanced Laplace pressure) of silica on such a tip relative to a

flat surface. As a result the aspect ratio drops faster due to silica growth than expected
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from an evenly coated ellipsoid (Fig. 8.3). Consider a hematite spindle with length L,

thickness D and aspect ratio α0 = L/D. If the spindle is evenly coated with a uniform

silica shell thickness ∆, the aspect ratio reduces to:

α(∆) =
α0 + 2∆

D

1 + 2∆
D

. (8.1)

In the limiting case when no silica deposition on the tip occurs we have:

α(∆) =
L

D + 2∆
=

α0

1 + 2∆
D

. (8.2)

The experimental aspect ratios as function of silica shell thickness ∆ (Fig. 8.3) indeed

initially follow closely Eq. (8.2), and bend at larger ∆ to the less steep slope from

Eq. (8.1): when a sufficient amount of silica has precipitated the coating thickness be-

comes uniform, as illustrated by Fig. 8.1 B.

Labeling. In our experiments we observed that the presence of dye molecules in

the reaction mixture sometimes induce particles flocculation. A similar effect, for syn-

thesis of spherical fluorescent silica particles, was reported in Ref. [108] and explained

in terms of particle surface coverage with free APS. However, we found that the un-

desired and (often) irreversible coagulation of the system can be easily avoided with

few precautions. First, the addition of PVP at the end of the reaction seems to be

essential to prevent aggregation, especially during the purification process. Moreover,

addition of TEOS/dye mixture was alternated with pure TEOS in order to lower the

free APS-dye concentration, and the last addition was always made with pure TEOS.

Finally, in presence of APS-dye, ultrasonification during the synthesis was always used.

Once redispersed in absolute ethanol, the particles so prepared can be used for further

growth, or safely stored.

Hollow ellipsoids. Hollow ellipsoids (Fig. 8.2) can be easily prepared by treating

core-shell particles with concentrated HCl. Interestingly, for core-shell ellipsoids pre-

pared in absence of PVP, the time needed to completely dissolve the hematite core

strongly depends on the silica shell thickness and for thickness above 20 nm it is hardly

possible to obtain hollow particles. Remarkably, when PVP is used after each growing

step, the cores rapidly dissolve even in the case of a silica shell thickness of 60 nm.

Apparently the presence of the polymer on the particles surface increases the porosity

of the silica shell, whereas without PVP, denser shells obstruct diffusion of ions in and

out the core.

8.3.2. Properties

Electron microscopy. The low polydispersity of the final silica-hematite core-shell

particles was confirmed by electron microscopy, and it typically ranges around 12%
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2 µm

Figure 8.5. SEM images of multi-shell silica-hematite ellipsoids resulting after four

growth steps. In the insert a TEM view clearly shows the core-shell morphology.

for the long axis and 5% for the short axis. The absence of fused doublets or clusters

(see for instance Fig. 8.5), demonstrates that the ellipsoids are efficiently stabilized by

PVP. Weakly stable seeds, in fact, easily yield typical heart-shape doublets or bigger

aggregates (Fig. 8.4 A ) which inevitably grow larger after each growing step.

Color. The color of the dispersion (see inserts in Fig. 8.1 B, 8.2, 8.6, and 8.8) is an

useful indicator to keep track of the different stages of the ellipsoids preparation. Due

to the contribution of the light scattered from silica shells, for instance, the dark red of

the pure hematite seed dispersions slowly turns into light orange when the shell thick-

ness increases. When HCl is added to dispersions of core-shell particles to make them

hollow, the hematite core slowly dissolves, generating free Fe3+ ions which changes the

dispersion color into light yellow. By redispersing the hollow particles in water we finally

obtain the typical milky appearance of silica colloidal dispersions (Fig. 8.2). Moreover,

when dyes are present, hollow ellipsoid show intense fluorescence emission (green for

FITC and pink for rhodamine dye) specially if they are dispersed in a refractive index

matching media, and exposed to UV-light (see inserts in Fig. 8.6, and 8.8 B).

rFRAP. Each of the two different dyes incorporated into the particle shells were

intended to optimize the colloidal system for various experimental techniques. Rho-

damine labeled ellipsoids, for instance, were successfully tested for rotational diffusion

measurements performed by ”rotational”-FRAP (Fig. 8.6). In this experimental tech-

nique a short intense, linear polarized laser pulse bleaches dye molecules inside the

ellipsoid, with their absorption dipole moment preferentially parallel to the polariza-

tion direction of this exciting (”pump”) beam. When they are probed with a linear

polarized, continuous-wave laser beam, the resulting fluorescent intensity will be high

or low, depending on whether the polarization direction of the probe beam is parallel or

perpendicular to the initial bleach polarization, resulting in an anisotropy of the signal.
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Figure 8.6. (top) Normalized time-dependent fluorescence intensity for probe beam po-

larization parallel (∆I ′‖) and perpendicular (∆I ′⊥) to the bleaching pulse polarization. (bot-

tom) Anisotropy in the fluorescent intensity as a function of time. The solid line is the best

exponential fit. The measured rotational diffusion coefficient Dr
app corresponds to a sphere

with a diameter of 282 nm. The SEM picture shows the measured system of rhodamine-

labeled hollow ellipsoids. The insert shows the colloidal dispersion illuminated with UV-light.

Due to the rotational Brownian motion of the ellipsoid the anisotropy disappears [112].

Figure 8.6 shows a preliminary test measurement performed on 300 nm (TEM) elon-

gated ellipsoids dispersed (at about 1% concentration in weight) in a refractive index

matching solvent mixture of DMSO/DMF (3:2 v/v). The longest decay time measu-

red, lead to an apparent diffusion coefficient Dr
app of 44.3 s−1, which is a reasonable

value in comparison to the average ellipsoid length of 300 nm. Thus the silica ellipsoids

are in principle suitable for rotational-FRAP studies; in future work we will focus in

more detail on the effect of the non-spherical particle shape on the decay rate of the

anisotropy.

For the FRAP measurements it is very convenient that the ellipsoids can be made

hollow: it significantly improves the quality of the FRAP data in comparison to mea-

surements on silica-hematite core-shell particles. In fact, the high energy bleaching

pulse used to create the fluorescence anisotropy, if absorbed by the particle cores, can
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Figure 8.7. Typical distorted rFRAP measurement for silica-hematite core-shell particles

(Coefficient of determination R2 = 0.35).

generate temperature gradients within the sample and cause local variations of the sol-

vent viscosity [112] which compromise the good quality of the measurement. Figure

8.7 shows a typical measurement performed on particles with hematite core present, in

which the signal is sensibly distorted with respect to the signal resulting from measuring

on samples of hollow particles (see Fig. 8.6).

Confocal microscopy. Confocal laser scanning microscopy was done using a Nikon

TE 2000U inverted microscope equipped with a Nikon C1 confocal scanning head in

combination with an oil-immersion lens (100× CFI Plan Apochromat, NA 1.4, Nikon),

and two laser sources: ArKr (488 nm), and HeNe (543 nm). Tests were performed on

both fluorescein- and rhodamine-labeled ellipsoids. However, FITC dyes which excite

(and emit) at lower wave length respect to rhodamine dyes (λem=525 nm; λex=495 nm

for FITC, λem=570-580 nm; λex=550-560 nm for RITC [108, 127]) gave slightly better

resolved images. Figure 8.8 A shows a 2D snapshot of a sample containing 300 nm

elongated and 60 nm thick FITC-labeled ellipsoids prepared as described in section

8.2.1, and dispersed in DMF/DMSO to optically match the silica. Surprisingly, hollow

particles, which we aspected to be easier to image (better index matching) compared

to silica-hematite core-shell ellipsoids, were poorly fluorescent and gave noisy pictures.

This could be due to the severe conditions (low pH) the particles had to take on during

the core dissolution step. However, this problem could be solved by edging the hematite

core off in an early stage of the particle coating, and subsequently use the hollow par-

ticles as seed for the ”fluorescent” coating. Figure 8.8 A gives information on both,
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Figure 8.8. (A) CLSM snapshot of close packed ellipsoids (FITC-labeled) in

DMSO/DMF mixture. (B) Dried sediments of FITC-labeled ellipsoids imaged by SEM (the

insert shows the particles dispersed in DMSO/DMF and illuminated with a UV light source).

Color version on page 149.

2D position and orientation of the ellipsoids, although the small particle size and the

particle Brownian motion contributed to blurring considerably the image. Immobilized

particles, or sediments like in Fig. 8.8 B are better resolved, and they could be three

dimensionally imaged to measure, for instance, close packing densities as a function of

particles aspect ratio. However, obtaining a good quality 3D space image for quanti-

tative studies, still requires ellipsoids with a core-shell morphology with a large outer

non-fluorescent shell to precisely locate center and orientation of contacting particles

in the 3D space.

8.4. Conclusions and outlook

We have demonstrated that monodisperse ellipsoidal silica-hematite core-shell parti-

cles with a tunable aspect ratio can be reproducibly prepared. Different fluorescent dyes

(RITC, FITC), for confocal microscopy and photobleaching techniques, can be incorpo-

rated into the silica shells without loss of particle stability. Furthermore, we have shown

that hematite cores can be easily dissolved, yielding hollow ellipsoids optically trans-

parent in an organic solvent mixture. We also show that the diffusion coefficient of such

hollow particles (when labeled with RITC) can be accurately measured by rotational

FRAP, which allows to investigate, for instance, rotational self-diffusion of ellipsoids in

concentrated fluids or glassy phases. For this purpose, a system of fluorescent tracers

and identical non-fluorescent host particles can be prepared by chemically ”bleaching”

part of the ellipsoids. Moreover, by employing hematite core particles, rotational dif-

fusion studies could be eventually performed also in presence of an external magnetic

field. Finally, we have shown, that FITC labeled ellipsoids can be used to obtain 3D

real space images of particle sediments by confocal microscopy, which would allow, for
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example, to study the random close packing density of prolate particles as function of

their aspect ratio by measuring volume fractions with single particle accuracy.
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9
Observation of a shape-dependent density

maximum in random packings and glasses of

colloidal silica ellipsoids

Abstract
We have measured the random packing density of monodisperse colloidal silica
ellipsoids with a well-defined shape, gradually deviating from the sphere-shape
up to prolates with aspect-ratios of about five, to find for a colloidal sys-
tem the first experimental observation for the density maximum (at an aspect
ratio near 1.6) previously found only in computer simulations of granular pack-
ings [128,129]. Confocal microscopy of ellipsoid packings, prepared by rapidly
quenching ellipsoid-fluids via ultra-centrifugation, demonstrates absence of ori-
entational order and yields pair correlation functions very much like those for
random sphere packings. The density maximum, about 12% above the Bernal
random sphere-packing density, also manifests itself as a maximum in the hy-
drodynamic friction that resists the swelling osmotic pressure of the ellipsoid
packings. The existence of the density-maximum is also predicted to strongly
effect the dynamics of colloidal non-sphere glasses: slightly perturbing the
sphere-shape in a sphere-glass will cause it to melt.

101
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9.1. Introduction

The Bernal random sphere packing [130] is the classical model for amorphous matter

and glasses composed of spherical particles or colloids. Many colloids in nature and

technology, however, are non-spherical and also in fundamental studies on model col-

loids, anisotropic particle shapes are becoming more prominent [118, 131, 132]. Thus

it is of interest to inquire whether disordered, amorphous structures of non-spherical

particles have a reference model, analogous to the Bernal sphere packing. With respect

to this analogy two important points may be noted.

First, it was realized some time ago [133] that the Bernal random sphere packing is

not unique: it is actually a member of a whole family of dense random packings with

a density that appears to be determinated only by the particle shape [133]. Members

of that family include spherocylinders [128], spheroids [129], cylinders with planar ends

[134] and rigid fibers [133]; they all randomly pack (in a computer [128, 129] or under

gravity [133,134]) to a density which is set by the particle aspect ratio.

The second point in relation to spheres and non-spheres is that earlier work [133]

showed the apparent trend that non-spheres always randomly pack less dense than

spheres. The monotonic decrease in packing density with increasing aspect ratio could

be explained by the increase of the (orientationally averaged) excluded volume that

progressively ’dilutes’ a random packing [133]. However, later it turned out that the

Bernal packing does not represent a density maximum but that this maximum actually

occurs for nearly spherical particles: the Bernal packing represents a local minimum.

This observation initially found in computer simulations on spherocylinders [128] was

confirmed by Donev et al. [129] for ellipsoids. The latter authors also found in their

simulations that the Bernal density is actually a singularity, with a steep density increase

upon any minor change in shape from a sphere to a prolate or oblate ellipsoid.

Pioneering experimental work on random packing of colloidal ellipsoids [122], nev-

ertheless, only showed a decrease of packing density with increasing aspect ratio’s.

However, control of particle shape was insufficient to draw quantitative conclusions

about the relation between ellipsoid shape and packing density and, moreover, at that

time [122] no relevant computers simulations were available for comparison with ex-

perimental data. The primary aim of this work is therefore to investigate whether the

intriguing density maximum for near-spheres in simulations can indeed also be observed

for random packings or glasses of real non-spherical colloids. Essential for such an ex-

perimental study are well-defined colloidal spheroids with a controllable shape, ideally

varying from a thin prolate to a sphere. In Chapter 8 we developed a preparation pro-

cedure for monodisperse silica ellipsoids that seemed to us suitable for this investigation

of colloidal near-sphere packings.
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Figure 9.1. Starting from monodisperse ellipsoidal hematite templates having an aspect

ratio of α=6.30 (A), we gradually changed the particle shape by a sequence of in total

20 seeded silica growth steps until α =1.63 (B-E). Silica spheres (α=1) were prepared by

conventional Stöber synthesis (F).

In Section 9.2 we describe the preparation of the silica ellipsoids comprising a multi-

step silica growth procedure to adjust the particle aspect ratio. Ellipsoid packings,

obtained via a rapid density quench in a centrifuge, were also investigated on a single-

particle level by confocal microscopy to check them for any positional or orientational

order. Packing densities and microstructures were also compared to computer simula-

tions (Section 9.2.5). In Section 9.3 we not only discuss the experimental and simulated

density-versus-aspect ratio curve itself, but also the effect of this curve on the slow ex-

pansion rate of sediments against gravity. We end with a conjecture on the possibly

drastic effect of particle shape on the dynamics of colloidal near-sphere glasses.

9.2. Materials and methods

9.2.1. Synthesis and controlled growth of ellipsoids

Starting from identical hematite seeds, silica ellipsoids with different aspect ratio’s

(from 4.46 to 1.6) were obtained by a controlled seeded growth procedure which was

repeated up to 20 times, in each step following the method described in Chapter 8. The

only modifications to the original procedure are continuous feed of the reaction mixture

with tetraethoxysilane (TEOS) using a peristaltic pump instead of discrete additions,

and the use of slightly higher concentration of tetramethylammonium hydroxide (here

2 mM TMAH) for growing hollow ellipsoids. These modifications ensure better particle

size reproducibility and higher TEOS conversion. For confocal laser microscopy (CLSM)
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specially designed particles were prepared as follows. First, a 20 nm thick fluorescent

silica shell was grown on the hematite seeds. This shell, containing chemically bounded

fluorescein-isothiocyanate dyes (FITC, λem=525 nm; λex=495 nm), is needed to obtain

a template of the hematite core which is subsequently dissolved in concentrated HCl,

yielding hollow ellipsoids with optimal optical properties for confocal microscopy (no

more light absorption from the cores). Next, the (fluorescent) silica shell growth was

continued until the particles were sufficiently large to be resolved by CLSM (which

requires a shell thickness of about 75 nm), and finally an additional 55 nm layer of non-

fluorescent silica was deposited on the particles. This core-shell morphology ensures

that when a close packed sediment is imaged, the intensity profiles of the fluorescent

cores are always separated by a distance comparable to the resolution of the microscope

along the xy plane. Therefore, even if the particles are touching, their position can be

determined (Fig. 9.4 and 9.9 B).

9.2.2. Particle characterization

Electron microscopy. Size and polydispersity of the particles were determined

by transmission electron microscopy (TEM, Philips TECNAI-12). TEM pictures were

analyzed using image-analysis software [135], counting typically 200 particles per sam-

ple. A Philips XL30 FEG scanning electron microscope was used to study particle

morphology and to image the microstructures of the same sediments as used in the

packing experiments. TEM samples were prepared by dipping formfar-coated grids

into dilute dispersions and allowing the solvent to evaporate, whereas for SEM analysis

dried sediments were glued on a sample holder and coated with a 10 nm thick layer of

platinum/palladium.

Electrophoresis. The zeta-potentials ζ were estimated from electrophoretic mo-

bility measurements (Coulter DELSA 440 SX) on diluted samples at a pH of 6, a

temperature of 25◦C, and an ionic strength of 500 µM LiNO3 (Debye screening length

κ−1
s =7.5 nm). Measurements were performed at constant electric field strength of 20

V/cm in both stationary layers of a silver cell. The electrophoretic mobilities µe were

converted to zeta potentials using Smoluchowski’s equation [77]:

ζ =
3η0µe

2ε0εf1(κa)
, (9.1)

where ε0 and ε are the vacuum permittivity and the dielectric constant (24.3 for ethanol)

respectively, η0 is the solvent viscosity (0.11 cp for ethanol), the function f1(κa) is the

Henry correction factor which for large experimental κa (κa > 20) can be approximated

by [77]:

f1(κa) =
3

2
− 9

2κa
+

75

2(κa)2
− 330

(κa)3
. (9.2)
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Figure 9.2. Initially stable dispersions of ellipsoidal particles (A) are rapidly quenched

at 912×g in a table centrifuge to obtain random close packed sediments with volumes of

typically 1 cm3 (B).

Light scattering and contrast variation. Static light scattering (SLS) was per-

formed at 25◦C using an automated set-up that scans the angle-dependent scattering

intensity produced by a dilute dust-free dispersion illuminated by light (λ=546 nm)

from a mercury lamp (Oriel, mod. 66003). Solvents refractive indices were measured

with Carl Zeiss Jena refractometer at 20◦C for a wavelength λ= 589 nm.

Mass densities. For each system the particle mass density ρp was determined

measuring the dispersion density ρdisp as function of the particle concentration c:

∂ρdisp

∂c
=

(
1− ρsolv

ρp

)
, (9.3)

were c is in units of mass per volume (of the dispersion) and ρsolv = 0.78953± 5 · 10−5

g/cm3 is the mass density of ethanol determined, as the other densities, using an Anton-

Paar (DMA-5000) density meter thermostatted at T=25.000◦C.

9.2.3. Measurement of sediment densities

Densely packed sediments of ellipsoidal particles were prepared by pouring about

3 mL of stable dispersions with known weight concentration (typically 20 wt%) into

optical cuvettes (Hellma, types:110-OS and 110-QS with light paths of 2 or 10 mm)

and centrifuging them at 912×g (Beckman Coulter SpinchronTM DLX ) over at least

12 hours. From the couvette depth (optical path), the volume of the sediments was

accurately determined from highly magnified digital pictures of the couvette front side
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(Fig. 9.2) taken immediately after centrifugation with a Nikon Coolpix 5000 digital

camera. To measure the sediment expansion as a function of time, samples were stored

on a heavy marble table in a thermostatted (20◦C) dark room.

9.2.4. Confocal microscopy

Close-packed sediments of fluorescent hollow ellipsoids for confocal microscopy stud-

ies were prepared by first redispersing the particles in DMSO (for an optimal refractive

index matching) and then quenching the dispersion at high centrifugal speed (912×g)

into home-made sample cells with volumes of typically 1 mL. The particles were imaged

using a Nikon TE 2000U inverted microscope equipped with a Nikon C1 confocal scan-

ning head in combination with an oil-immersion lens (100× CFI Plan Apochromat, NA

1.4, Nikon), and a ArKr laser source (λem= 488 nm). Data analysis, such as radial dis-

tribution function g(r) or nearest neighbor angle distribution function, were performed

on tracked particles coordinates using image-analysis software similar to that described

in [136,137].

9.2.5. Simulations of ellipsoid packings

The spheroid packings were generated with the mechanical contraction method orig-

inally developed for spherocylinders [128] and later extended to simulate random pack-

ings of various other geometrical shapes [138]. Briefly the method works as follows. A

gas of randomly oriented particles is prepared in a periodic box with volume V, which

is decreased in each iteration with a fixed value and the positions of the particles are

scaled so they remain inside the box. At a certain number of iterations particles start

to overlap with each other. The overlap is removed by translating and rotating the

particles. The direction and rotation is calculated by the use of Lagrange multipliers as

described in [128, 138]. When it is no longer possible to remove overlaps within a rea-

sonable amount of computer time the previous configuration of particles is accepted as

the densest random packing. For spherocylinders the thus generated packing densities

are in general in good agreement with experimental values [128,133].

9.3. Results and discussion

9.3.1. Preparation

One of the challenging aspects of this study was the preparation of a colloidal model

system of non-spherical particles that would allow measuring their random packing

densities as a function of their shape only. Requirements for the particles are in the first

place a comparable (and low) polydispersity, a similar surface roughness, composition,

charge, and mass density, to minimize their effect on the packing densities and packing

microstructure. Secondly, fairly large amounts of the model colloids are needed to form

macroscopic sediments (about 1 cm3 for each sample). To meet those requirements, we

prepared all our colloidal systems starting from identical seed dispersions of hematite
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Figure 9.3. Decrease in particle aspect ratio due to a step-by-step silica growth on

hematite seeds. The experimental results lie in between the two limiting cases of an even

silica deposition on the particle surface (A) and the case of no silica deposition at the parti-

cle tips(B). Fitting the data with a second order exponential decay function (fitting line) we

found a limiting aspect ratio of 1.46.

spindles and subsequently slowly decreased the particle aspect ratio by growing, layer-

by-layer, silica shells in steps of approximately 10 nm (see Fig. 9.1). The hematite cores

were prepared following the procedure described in [123] which we have upscaled to a 10

L reaction batch to obtain a sufficient amount of spindles (8.3 g of purified particles). As

already shown in Chapter 8 a characteristic feature of silica growth on ellipsoidal cores

is that the decrease in aspect ratio rapidly flattens with increasing silica shell thickness

(Fig. 9.3), limiting the window of achievable particle aspect ratio’s. Figure 9.3 shows

that starting with hematite cores having an aspect ratio of 6.3 it is virtually impossible

to achieve an aspect ratio lower than about 1.5. In Figure 9.1 the evolution of the

particle aspect ratio for some of the colloidal systems used in this study is illustrated

by TEM images, whereas particle sizes and polydispersities for all the seven systems

used in this study, are reported in Table 9.1.

As already mentioned in section 9.2.1 specially designed fluorescent hollow core-shell

ellipsoids (Fig. 9.4) were prepared for confocal microscopy. We improved the original

preparation method described in Chapter 8 by dissolving the hematite cores already in

an early stage of the silica shell growth (typically once a thickness of 20 nm is reached)

to limit the damage caused by HCl to the dye molecules and to achieve a higher fluo-

rescence emission in the final sample. Another useful improvement for growing hollow

ellipsoids is to employ a higher concentration of base (TMAH) to increase the TEOS
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(FITC)

Figure 9.4. (A)TEM image of fluorescent core-shell hollow silica ellipsoids for confocal

microscopy. The particles can be refractive index matched in DMSO due to the absence of

the light-absorbing hematite core. (B) The non-fluorescent silica shell of about 55 nm allows

measuring the particles center positions even if they are touching (close packed system).

conversion and reduce the number of steps needed to grow large particles. However,

this is only profitable when no bare hematite core are present because of the strong

tendency for ellipsoidal hematite particles (high Hamaker constant) to form, at high

pH, typical heart-shape doublets or larger aggregates.

9.3.2. Measurement of sediment densities

For charged colloids, packing densities strongly depend on the thickness of the electric

double layer and therefore on the salt concentration in the sample. Extended double

layers (low ionic strength) reduce the effective particle aspect ratio and prevent a close

packing due to electrostatic repulsions. Hence, it is important to minimize those effects

by using the highest ionic strength (shortest Debye length κ−1) the system can tolerate

before particle clustering occurs. We have studied this salt effect by monitoring the

change in packing densities as function of LiNO3 concentration for ellipsoids dispersed

in absolute ethanol, and also assessed how the added electrolyte affects the particle

stability. For instance, ellipsoids with aspect ratio α=1.63 have a maximum in the

packing density for 500 µM LiNO3 (at higher ionic strength particles aggregate and the

sediment density decreases), whereas for spherical silica particles this limit could be

raised up to 10 mM. These ionic strengths correspond to a Debye screening length κ−1
s

of, respectively, 7.5 nm and 1.7 nm in the limit of low colloid concentration. However,

for highly concentrated suspensions the contribution of the counter-ions produced by



9.3. Results and discussion 109

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Aspect ratio  

Experimental data at different [LiNO
3
]:

500  M  / 150 M / no Salt

Simulations: 

 /   (Donev et al. / Wouterse et al.)

 

 

 
 /

  
 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.45

0.50

0.55

0.60

0.65

0.70

Aspect ratio  

 

 

Experimental data at different [LiNO
3
]:

10 mM 500 M 150 M

no Salt

V
o
lu

m
e
 f
ra

c
ti
o
n
 (
 
)

aspect ratio (!)  aspect ratio (!)  

A B

0

!
!

!

" "
" "

Figure 9.5. (A) Particle volume fractions φ versus aspect ratio α for randomly packed

silica ellipsoids at different concentration of LiNO3. (B) Reduced particle volume fractions

φ/φ0 versus α obtained from computer simulations ( [129] and [138]) compared with experi-

mental results (φ0 is the experimental random sphere packing fraction at 500 µM LiNO3).

the colloidal particles themselves (κ−1
c ) lowers even further the effective Debye length

κ−1 which, assuming mono-valent ions, can be estimated as from [139]:

κ2 = (κc)
2 + (κs)

2 = 4πLBn|Zeff |+ 8πLBNavcs . (9.4)

Here, LB is the Bjerrum length, n is the colloids number density, Nav is Avogadro’s

number, and cs is the salt concentration in units of mol/m3. The effective colloid valency∣∣∣Zeff
∣∣∣ has been calculated from the zeta potential (ζ=-6.45 mV) via the Gouy-Chapman

model [92]:

σe =
1

e

√
8ε0εcsRTsinh

(
eΨ

2kBT

)
. (9.5)

Using ζ as surface potential Ψ, we found a particle surface charge density σe of 1.65·10−3

elementary charges per nm2 (this is about 24 nm between two charges), and a
∣∣∣Zeff

∣∣∣
of about 800. For packed ellipsoids in absence of salt, this implies an electrical double

layer thickness of about 46 nm which accounts for the lower packing densities found for

the samples in absolute ethanol with no salt added (Fig. 9.5). At 500 µM LiNO3 κ in

Eq. (9.4) is almost entirely dominated by κs, and the Debye screening length reduces

to 7.4 nm.

The influence of the centrifugal force and centrifugation time on the packing densities

and its reproducibility were also studied. However, above 1800 rpm (820×g) we found no

significant differences, and reproducible densities were obtained independently from the

centrifugation time (8 or 12 hours). After centrifugation all samples (with [LiNO3]≤500

µM) could be redispersed to stable dispersions via prolonged immersion in a ultrasonic

bath. When particle sediments, packed in absence of added salt, are left undisturbed,

the double-layer repulsions between charged particles cause a noticeable expansion of
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Figure 9.6. (A-B)Computer-generated snapshot of mechanical contraction simulation

of 800 spheroids with aspect ratio α=3.5 and α=1.5 compared with SEM pictures of real

packings of silica ellipsoids (C-D).

the sediments in time (see Fig. 9.11). Rate and extent of such expansion, which is largely

reduced when LiNO3 is present, varies with the particles shape, and it is maximal for

the sample with the highest aspect ratio (Fig. 9.2 and 9.11 ), as further discussed in

section 9.3.7.

9.3.3. Contrast variation

For an accurate particle tracking of the ellipsoids by confocal microscopy (see Sec-

tion 9.3.4) it is crucial to have a good matching between the refractive index of the

particles (np) and the one of solvent (ns) to reduce the scattering of light and therefore

the blurring of the confocal image. Contrast variation measurements (Fig. 9.7) were

performed by changing the optical contrast (np−ns) of dispersions containing identical

particle concentration, and recording the static light scattering intensity I at different

wave vectors K. The contrast was varied by changing the composition of a DMSO/DMF

mixture. Figure 9.7 shows that the scattering intensity in such mixtures, is minimal

for pure DMSO (ns= 1.4778), whereas the effective particle refractive index np can be

estimated by plotting the square root of the intensity I(K) versus ns and extrapolating
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Figure 9.7. Guinier plots resulting from contrast variation measurements on diluted

(1 wt%) dispersions of hollow ellipsoids in various DMSO/DMF mixtures (λ0=546.1 nm,

T=21.5◦C). Each curve is labeled by the mixture refractive index. (A) and (B) are pictures

of particle sediments in (respectively) ethanol and DMSO.

Figure 9.8. Extrapolation of
√

I(K)/ns to I(K)→ 0 for particles in DMSO/DMF for

three different K-vectors as indicated in the legend. The extrapolated lines cross the x-axis at

the match point n0 which is almost independent of scattering angle as expected for optically

homogeneous particles [21].

it to zero (I(K) → 0)) [21]. The resulting average particle refractive index (np=1.4799)

is a fairly high if compared to Stöber silica (typically n ∼ 1.45− 1.46), which could be

due to the adsorbed PVP which was used between each growing step during the particle

synthesis (c.f. Chapter 8). Moreover, the measured particle refractive index np is, in

good approximation, independent from the scattering angle (see Fig. 9.8), which only
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Figure 9.9. Optically matched packings of fluorescent core-shell ellipsoids in DMSO (A)

are imaged in 2D ”slices” of 21× 21µm2 by confocal microscopy (B). The corresponding 2D

radial distribution function g(r) (D) and the nearest neighbor angle distribution function (C)

(calculated analyzing the center coordinates of about 20000 particles) tell us that there is no

order in the samples, confirming that sediments in this study are indeed random packings.

occurs when the particles are optically homogeneous. Since we have hollow ellipsoids,

this means that the solvent permeates the particles rapidly on the time scale for SLS

sample preparation and measurements, and that cores always contain the same solvent

composition as outside the ellipsoids.

9.3.4. Confocal microscopy

The effective randomness of our particle packings (i.e. absence of nematic or higher

ordered phases) is confirmed by inspecting SEM images taken on dried sediments, show-

ing no sign of a preferential orientational order (see Fig. 9.6 C and D). A more quanti-

tative study on the packing microstructure can be done by pinpointing particle center

positions in a series of 2D confocal snapshots [136] taken on packings of fluorescently

labeled core-shell ellipsoids. Figure 9.9 B shows a representative confocal micrograph
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Table 9.1. Properties of silica ellipsoids.

Particle Particle sizea ρb φRCP
c (1-φ)3/φ2

Aspect Ratio [nm] [g/cm3]

long axis short axis

4.44 293±38 66±5 2.61 0.437±0.002 0.934

3.68 298±44 81±6 2.34 0.451±0.002 0.813

2.92 354±35 121±5 1.99 0.526±0.004 0.385

2.16 400±40 185±6 1.98 0.585±0.003 0.209

1.86 444±42 239±6 1.94 0.567±0.001 0.252

1.63 532±42 326±8 1.85 0.607±0.001 0.165

1 354±28 – 2.08 0.540±0.002 0.334

a TEM number-averaged size.
b Measured particle mass density.
c Raw experimental RCP volume fraction at 500 µM LiNO3.

for ellipsoids with aspect ratio 1.65 dispersed in DMSO (no salt added) and the corre-

sponding two-dimendional radial distribution function g(r) (Fig. 9.9 D). As expected

for a random packing, we observe a short translational correlation length compared to

particles size (ξT =374 nm: envelope of g(r) ∝ exp[−r
ξT

] ), and the first peak of g(r)

(489 nm) being in between the long and the short particle axis dimensions (respectively

l=502 nm and w=304 nm). When the sediments are allowed to relax in time or when

the ellipsoids are settled by gravity instead of rapidly quenched at 912×g, this first

peak broadens considerably and shifts to about 620 nm, indicating that the particles

are still slightly repulsive despite the presence of salt. However, for our systems this

relaxation time is of the order of 24 hours whereas the measurements are performed

within few minutes from centrifugation. Figure 9.9 C shows a nearly flat nearest neigh-

bor angle distribution function, which further demonstrates the absence of order in our

packings.

9.3.5. Packing densities

Measuring absolute values of particle volume fractions φ is not a trivial problem

since it requires knowing the correct mass densities ρp of the particles. Despite the fact

that colloidal dispersion densities ρd can in principle be accurately measured (within an

accuracy of 5 · 10−5 g/cm3), their weight fractions are always slightly underestimated

because they rely on measuring the weight fraction of dry particles (i.e. without the

hydrating solvent). In Figure 9.5 A we have compensated for this effect by scaling
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A B C

Figure 9.10. A 2D cross section (B) resulting from a ’virtual’ cut through a simulated

packing of ellipsoids (A), and a real 2D confocal image of core-shell ellipsoids (C) resemble

each other closely.

the experimental packing fractions (Table 9.1) on the random sphere packing density

of φRCP =0.64 for spherical particles packed at the highest salt concentration (Debye

length κ−1
s =1.7 nm). This also facilitates the comparison with computer simulation

results but, it should be noted, does not change the trend in the plot of Fig. 9.5 A

which clearly shows a maximum in the packing density for an aspect ratio around 1.6.

The influence of LiNO3 on the packing densities manifests in Fig. 9.5 with a lower

packing density for samples prepared in absolute ethanol with no added salt. As antici-

pated in Section 9.3.2 this is the result of extensive electric double layers which prevent

the particles from close packing and which tend to level off the maximum in Fig. 9.5.

9.3.6. Comparison to simulations

The experimental scaled volume fractions in Fig. 9.5 B match the simulations quite

well, especially near the volume fraction maximum. The volume fractions found from

simulations are slightly higher, which could be due to details of experimental packing

procedure. For spheres, a granular packings need to be tapped or vibrated to reach a

volume fraction of 0.64 [140,141] and it might be the case that sedimenting under high

g-force is not enough to reach the densest packing in spheroids but that here also some

tapping would be required to further compact the packing. A comparison of computer-

generated snapshots of the simulation with SEM (Fig. 9.6) and confocal (Fig. 9.10)

pictures of experimental particle packings shows in any case that the structure is very

similar in both local and global structure of the packing.

A characteristic feature of simulated packings, on the other hand, that is difficult

to reproduce is the steep increase in packing density very close to the sphere shape at

α=1 (Fig. 9.5). It has been pointed out [129] that, in fact, the sphere random packing

density represent a singularity. This becomes clear when both prolate (Fig. 9.5) as

well as oblate deviation from the sphere shape are considered, showing that spheres are

located at a local minimum in the form of a non-differentiable cusp [129]. There are
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Figure 9.11. Expansion ∆ of sediments in time (no salt added) due to the electrical

double-layer repulsion between the spheroids. For the marked aspect ratio effect, see text.

at least two reasons why such singular behavior is difficult to observe for our colloidal

spheroids. First, particles with aspect ratio’s in the range 1< α ≤1.5 (Fig. 9.5) need to

be prepared which is practically impossible via our silica growth procedure as explained

in the discussion of Fig. 9.3. Second, even a very small polydispersity in particle size

and shape (unavoidable, whatever colloid synthesis route one employs) will blur the

steep gradient in packing density on approach of the sphere shape.

9.3.7. Sediment expansion

The rapidly quenched ellipsoid sediments (Fig. 9.2) are actually non-equilibrium sys-

tems: they slowly swell in time as shown in Fig. 9.11. This expansion, driven by

inter-ellipsoid double-layer repulsions, will continue until a sedimentation-diffusion equi-

librium is reached in which the swelling osmotic pressure is balanced by gravity. Figure

9.11 shows that the expansion rate of the sediments strongly depends on the particle

aspect ratio. This dependence can be qualitatively understood from the fact that the

expansion is resisted by liquid flow along the ellipsoids and that the flow velocity will

be given by Darcy’s law [7] as:

~u = −k

η
~∇p . (9.6)

Here ~u is the average flow velocity of an incompressible liquid with viscosity η through

a porous medium (here a random particle packing), driven by an average hydrostatic
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pressure ~∇p. The Kozeny-Carman (KC) relation for the liquid permeability is:

k =
1

C

(1− φ)3

φ2
A−2

g , (9.7)

in which Ag is the specific surface area of the solid phase composing the porous medium

with a solids volume fraction φ, and C is the so-called Kozeny constant [142]. The KC

relation is known to be quite accurate for dense random packings, for spheres [82] as well

as non-spherical particles, with a typical value of C = 5 ± 1 for the Kozeny constant,

irrespective of particle shape [7].

Taking in Fig. 9.11 the expansion of the random sphere packing (α=1) as reference,

it is seen that the expansion rate becomes minimal for a particle shape (α=1.6) near

the density maximum. This must be primarily due to the volume fraction term in the

liquid permeability of Eq. (9.7) which is minimal at the density maximum: for the

α=1.6 spheroids (φ=0.607) we find (1-φ)3/φ2 ≈ 0.165 whereas for spheres (φ=0.54) the

value is 0.334 corresponding to a liquid permeability which is twice as large. Beyond

the maximum at α=2.9 the sediment volume fraction is comparable to the random

sphere packing (Fig. 9.5). Nevertheless, the expansion rate for α=2.9 in Figure 9.11

is still below the sphere-value, presumably because the specific surface area Ag in Eq.

9.7 is higher for the α=2.9 spheroids which increases the hydrodynamic friction. For

even higher aspect ratio’s Ag increases further, but now the packing density is dropping

significantly such that the net effect for aspect ratio α=4.4 in Fig. 9.11 is a faster

expansion than for spheres.

9.3.8. Effects on dynamics

The shape-dependent density maximum (Fig. 9.5) in the random packing of nearly-

spherical colloidal ellipsoids must also have a significant effect on the viscosity of such

colloids. If colloids are arrested in a highly viscous, glassy phase because of geometrical

constraints, is very likely that a small change in colloid-shape (at constant colloid

concentration) will lower the viscosity substantially such that the glass ”melts” to a

fluid in which the particles can escape from their arresting cages. This melting would

be a consequence of the concentration dependence of the relative viscosity ηr which for

high concentrations of randomly oriented particles follows the scaling [143]:

ηr = (1− φ

φmax

)−2 , (9.8)

where φmax is the colloid volume fraction at which the viscosity diverges. The precise

form of the concentration dependence in Eq. 9.8 is not relevant; the argument here

only requires a very steep viscosity increase on approach of φmax which is approximately

(presumably somewhat below) the random packing density. The prediction from Eq. 9.8

is that the viscosity of a sphere fluid will decrease when the spheres are deformed

at constant colloid density until the aspect ratio is reached which has the maximum
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Figure 9.12. Conversion of maximum packing densities from Fig. 9.5 to relative viscosi-

ties as a function of aspect ratio using Eq. 9.8 for various particle volume fractions. The

density maximum corresponds to a pronounced viscosity minimum. In the plot the symbols

are obtained from experimental densities (Fig. 9.5) and the curves are derived, again using

Eq. 9.8, from random packing densities from computer simulations.

packing density (Fig. 9.12). The viscosity will rise upon further elongating the colloids,

and will continue to do so in the limit of thin rods where the random packing density

follows the asymptotic result [128,133]:

φmaxα ∼
c

2
; α � 1 , (9.9)

where c ≈ 10 is the average contact number per rod [133, 134]. The viscosity change

for aspect ratio’s near the packing density maximum will be modest for colloid volume

fractions below about φ ≈ 0.4, but quite significant for dense fluids (Fig. 9.12). The

effect of aspect ratio on viscosity has been verified experimentally for thin fibers (see

review in Ref. [133]). However, we have not been able to verify yet the viscosity change

for dense fluids of our silica ellipsoids; it is difficult to measure high viscosities for such

small samples (Fig. 9.2) and, moreover, it is not trivial to prepare samples with constant

volume fraction.

9.4. Conclusions and outlook

In conclusion, we have quantitatively analyzed the random packing densities of ellip-

soidal silica colloids as function of their aspect ratio, and compared them with recent

computer simulations. Our findings show that prolate colloids randomly pack denser

than spheres when their aspect ratio it is lower than about 2.5. Confocal microscopy

on a typical packing of (optically matched) ellipsoids, prepared by rapid sedimentation,
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shows that there is no long range positional and orientational order: the silica ellipsoids

very much randomly pack as in the computer simulations of the packing process. The

colloidal stability of the ellipsoids is not only demonstrated by the reproducibility of

the packing experiments but also by the slow expansion of the sediments against grav-

ity. The trend in the expansion rate as function of particle aspect ratio manifests the

random packing density maximum and the density decrease at higher aspect ratio’s.

The existence of the density maximum also suggests a drastic viscosity-change (melting

of glass) which can occur by slightly deforming the spherical shape in a sphere-glass.
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APPENDIX: Crystallization of ellipsoidal particles induced

by a magnetic field

The weak magnetic properties of the hematite cores (c.f. Chapter 7) allow forcing the

spatial orientation of the silica ellipsoids by exposing them to a strong magnetic field.

Experimentally this effect can be easily demonstrate by letting slowly sediment the

particles under gravity in the proximity of a magnet. After typically a week (this is

certainly influenced by the field strength) the sediments crystallize manifesting Bragg

reflections which can be clearly observed illuminating the sample as illustrated in Fig.

9.13 C. It is important to notice that without the magnetic field the same sample does

not show any sign of crystallization.

Beside visual observations, the alignment of the ellipsoids can be directly imaged by

electron microscopy (SEM) drying a sediment in an homogeneous magnetic field. Since

the solvent evaporation it’s relatively fast compared to the sedimentation experiment,

and therefore the particles have less time to orient themselves, we needed a much

stronger field (2 Tesla) to observe an appreciable effect. In Fig. 9.13 A and B we show

two examples of sediments exposed to a homogeneous 2 Tesla field with orientation

respectively perpendicular and parallel to the images.

⊗

A B C

Figure 9.13. Silica ellipsoids with an hematite core are influenced by an external mag-

netic field. In (A) a dispersion immersed in an homogeneous magnetic field was dried in air

and further analyzed by SEM. Clearly most of the ellipsoids shows a preferred orientation

perpendicular to the plane of the picture, such that from this top view the particles look

spherical. In (B) the field is rotated 90◦ and correspondingly the ellipsoids now lay parallel

to the plane (the arrow indicates the orientation of the magnetic field). (C) On a macroscopic

sample the crystallization induced by a magnetic field manifests itself by Bragg reflections

(black arrow). Color version on page 150.
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Preparation and unusual phase behavior of

rod-like β-FeOOH colloids: evidence for a

nematic-lamellar phase transition

Abstract
We document in this explorative chapter, the unexpected phase behavior ob-
served in concentrated dispersions of colloidal β-FeOOH (akaganéite) rods with
average aspect ratio of 15. The rods were isolated after 48 hours as precur-
sors of large cubic hematite particles prepared by aging a ferric hydroxide gel
at 100◦C. A preliminary study of the phase behavior of the system reveals
the existence of an isotropic-nematic phase transition which has not been ob-
served for monodisperse β-FeOOH with smaller aspect ratio. Moreover we
report experimental evidence of a lamellar-type structure which is apparently
in equilibrium with the isotropic and nematic phase in highly concentrated
samples.
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10.1. Introduction

Colloidal dispersions of uniform rod-shaped particles are fascinating systems for both

fundamental studies as well as practical applications because their bulk properties such

as viscosity and thermodynamic state can be varied already at low particle concentra-

tion. Their rich phase behavior was, in particular, an inspiration for many theoretical

investigations which started in 1949 with Onsager’s theory that first explained the for-

mation of a nematic phase in systems of hard rods. The efforts on preparing colloidal

rods comprise research in inorganic as well as biological chemistry [144,145]. However,

polydispersity, low particle yield and laborious synthesis and purification procedures

are still common issues in the preparation of colloidal rods.

In this work we report a simple and rapid method for the preparation of colloidal

rod-like β-FeOOH which was meant to yield particles in large amounts. The system

we have prepared turns out to be quite interesting for studying rods phase behavior as

well as for templating silica rods. The first results of this investigation are documented

in this final chapter.

10.2. Experimental

Materials. Anhydrous iron(III) chloride 98% (FeCl3, Acros), sodium hydroxide p.a.

(NaOH, Merck), lithium nitrate 99+% (LiNO3, Acros) were used as received. Solutions

were prepared in Millipore water.

Preparation. β-FeOOH (akaganéite) rods were prepared as follows. To 100 mL of

a FeCl3 solution (2.0 M) in a Pyrex bottle was slowly added under constant stirring 100

mL of a 5.4 M NaOH solution. The sealed bottle containing the Fe(OH)3 gel was placed

in a laboratory oven preheated to 100◦C and aged for 48 hours. The precipitate was
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Figure 10.1. (A) Representative TEM image of the β-FeOOH rods and (B) their X-ray

diffraction pattern.
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Figure 10.2. A flowing concentrated dispersion of rods (here flowing in a tilted bottle)

clearly shows birefringence when observed through crossed polarizers. Color version on page

150.

then quenched at room temperature in a water bath and centrifuged, the supernatant

was removed by decanting and was replaced with demi-water. This washing procedure

was repeated for at least three times after which the stable dispersion was dialyzed

against demi-water for about a week until the conductivity of the supernatant reached

3.5 µS/cm. The purified dispersion with particle concentration c=2 %wt was stored in

water at a pH of 4.8.

To monitor the phase behavior of rod dispersions, several concentrated samples were

prepared by centrifugation of weighed amounts of stock dispersion. When necessary

the ionic strength was adjusted by replacing the supernatant with an aqueous LiNO3

solution at known concentration. Concentrated samples were sealed in thin capillaries

(0.4×4.0 mm, VitroCom Inc.) and stored at 20◦C in a thermostatted dark room.

Characterization. Transmission electron microscopy (TEM) was performed by

using a Philips TECNAI 12 microscope operating typically at 120 kV. TEM-samples

were prepared by drying drops of diluted dispersion on a glow-discharged formvar-coated

copper grid. Scanning electron microscopy (SEM) analysis were performed on a Philips

XLFEG30 operating at 5 kV. Prior to analysis SEM-samples were sputter-coated with a

7 nm thick layer of a Pt/Pd alloy. X-ray diffraction (XRD) measurements were carried

out at room temperature on a Bruker-AXD D8 Advance powder X-ray diffractometer,

using Cobalt Kα1,2 radiation (λ=1.79026 Å). XRD-samples were obtained by drying

the water-based β-FeOOH dispersion at 60◦C under a continuous nitrogen flow.
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~5 nmA

B

Figure 10.3. Adjustable silica shells can be deposited on the rods yielding hollow casts

when treated with acid (c.f. Chapter 8). However, in the experimental conditions the rods

seem to experience a weak attraction which causes most of them to pair at a surface-to-surface

distance of approximately 5 nm (see insert in B).

10.3. Results and Discussions

10.3.1. Rod preparation

Sugimoto and Sakata [146] showed that micron-sized monodisperse pseudo-cubic hematite

particles can be produced in large quantities (with a yield close to 100 %) by aging at

100◦C a highly condensed ferric hydroxide gel for 8 days. We have found that reduc-

ing the aging time to 48 hours allows isolating akaganéite (known to be the hematite

precursor [147]) in a form of relatively uniform nano-rods (Fig. 10.1). The synthe-

sis, which is highly reproducible, yields rods with dimensions of typically L=141±42

nm and W=9±2 nm (Fig. 10.1). The initial precipitate usually contains also a small

amount of large cube-like hematite particles which can be efficiently removed during the

purification steps because of their fast sedimentation rate (cubes are typically 1µm or

larger) compared to the thin rods. After purification from hematite and residual elec-

trolytes, stable dispersions are obtained with yields of 50 % or higher such that from the

200 mL reaction described above we obtained about 9.2 g of purified rods. Figure 10.1

shows a representative TEM image of the particles and their X-ray diffraction pattern

which matches well the JCPDS data for synthetic β-FeOOH. At a first sight TEM pic-

tures seem to odds with the presence of single rods since they predominantly show pairs

or larger units. However, we cannot draw conclusions by TEM analysis only because

during the sample preparation drying effects such as capillary forces and concentration

gradients inevitably influence the observed particle structures. The use of specially

glow-discharged grids or the addition of small nano-particles as ”spacers” improve the

spreading of rods on the TEM grid showing more single units but the outcome is not

conclusive and many clusters are still visible.
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Figure 10.4. A microscopic image (taken between crossed polarizers) of the birefringent

interface clearly shows tactoids precipitating from the top isotropic phase and coalescing at

the inteface.

A more elucidating observation with respect to possible rod clustering came indi-

rectly while attempting a silica coating of our rods following a procedure similar to the

one adopted in Chapter 8 for hematite spindles. By depositing thin silica layers on

top of the particles, in fact, we aimed to fabricate hollow silica-rods which could be

refractive index matched in DMSO, facilitating the optical study of the system’s phase

behavior. Unfortunately Figure 10.3 shows that the silica deposited on particle clus-

ters, demonstrating their presence in the original dispersions. However, a closer look at

the TEM pictures reveals that in all clusters the rods are separated by a silica layer of

approximately 5 nm (see Fig. 10.3 B). This is more evident after etching the β-FeOOH

cores with HCl because it leaves ”hollow” silica casts with rod-shaped cavities clearly

separated by silica walls (Fig. 10.3 A and B). This could not have happened if the

rods would have been ”fused” together as suggested by the TEM picture in Fig. 10.1

A. These observations suggest that in situ the particles experience a weak attraction

due to the depth of the secondary minimum of the inter-particle potential and that

this attraction well exceeds the energy of Brownian motion when the rods are close

compared to their sizes. It is important to notice, and it will be recalled in the next

section, that such attractive minima could have a significant role in the particle phase

behavior as was already suggested by Maeda et al. [148] on similar β-FeOOH systems.
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Rods in demi-Water, Conc %wt :Rods in Water (15mM LiNO3), Conc %wt :

35.4 29.6 28.3 27.0 20.7 17.9 15.3 13.417.124.8 21.3

Rods in demi-Water, Conc %wt :Rods in Water (15mM LiNO3), Conc %wt :
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A B

Figure 10.5. The isotropic-nematic phase transition observed between crossed polarizers.

In series (A) the ionic strength is 15 mM. In series (B) the samples are dispersed in demi-

water. Particle concentrations are indicated on top of each capillary and are in mass fraction

%. Color version on page 151.

10.3.2. Phase behavior and characterization

Despite being strongly light absorbing, we observed that concentrated dispersions of

rods clearly manifest flow birefringence when illuminated between crossed polarizers (see

Fig. 10.2). This led us to monitor the phase behavior of rod dispersions as a function of

particle concentration and ionic strength. Initially we prepared a concentration series

of rods in demi-water, and we let the samples equilibrate, monitoring them regularly

for several weeks. We noticed that already within a few hours from sample preparation,

in all samples with rods concentration c>13.4 %wt a lower birefringent phase appeared

as documented in Fig. 10.5. Depending on the particle concentration in the sample,

the birefringent phase grows in time fed by tactoids separating from the isotropic phase

and clearly visible in Fig. 10.4 coalescing at the interface. After two days no visible

changes in the system were further observed and therefore we refer to Fig. 10.5, showing

the samples (between crossed polarizers) after a week from their preparation, as their

equilibrium state. Gravitational settling, monitored on a diluted dispersion, has no

appreciable effect within a time scale of a month.

The viscosity of rod dispersions is noticeably affected by the repulsive interactions

between the diffuse electric double layers, such that particle concentration above 20.7

%wt are virtually inaccessible. Screening repulsive interactions by adding 15 mM LiNO3
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Figure 10.6. SEM analyses on the samples which shows the coexistence of three phases

(c(rods) =29 %wt, 5mM LiNO3), reveal a clear isotropic-nematic transition and an unexpected

lamellar-like phase. In the lowest SEM image the white bar is 5 µm, in the other two pictures

single rods are visible, with a length of approximately 140 nm. Color version on page 151.

(i.e. a Debye screening length of κ−1=2.5 nm) decreases the effective particle volume

allowing to prepare samples with concentrations up to 35.4 %wt as shown in Fig. 10.5 A.

Salt concentrations up to 25 mM were occasionally used without loss of particle stability.

Similar to samples in demi-water, rods in 15 mM LiNO3 phase separate within hours

from preparation but now only for rod concentrations c>21%wt. Moreover, a close look

(Fig. 10.5 A) at the sample with c=35.4%wt clearly reveals a second interface at about

half centimeter from the bottom of the capillary suggesting the coexistence of a third

phase.

Maeda et al. [148] showed that monodisperse rods can form a smectic phase directly

from isotropic suspensions without experiencing the nematic phase, and they demon-

strate experimentally the absence of such isotropic-nematic transition in systems of

β-FeOOH rods with aspect ratio between 3.6 and 7.0. On the other hand, theoretical

predictions [149] and experimental work on different rod-like colloidal particles [150]

showed that a stable nematic phase does only appear for aspect ratios higher than 10.

To clarify the nature of the birefringent phases which we observed in our samples, we
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A B

C D

E F

Figure 10.7. A detailed analysis of the lower birefringent phase from Fig. 10.6 shows

that rods have organized in parallel sheets equally spaced which extend for the full length of

the analyzed sample (in A and B the field of view is about 250 µm). Each sheet is assembled

from bundles of rods lying horizontally in-plane (see F). Moreover, at the regular distance of

about 4 µm ”bridges” seems to drip to interconnect the layers (see arrows in D and E). In D

the white bar is exactly 1 µm.

studied their microstructures by SEM. Minimization of drying effects on the sample

is essential and it was achieved by first quenching the capillaries in liquid nitrogen,

and then isolating the phases by cut them frozen. Finally the thin capillary glass was

peeled off and the frozen sol was freeze-dried and metal-coated. The analysis reveals

(see Fig. 10.6) that the original rod dispersions experienced a clear isotropic-nematic
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phase transition but, more surprisingly, also manifests a third distinct phase associ-

ated with the second interface observed in highly concentrated samples such as the

one showed in Fig. 10.5 A. SEM images (Fig. 10.7 A-F) show that this unexpected

phase comprises regularly spaced parallel layers (approximately 500 nm thick and 4 µm

spaced) formed by bundles of rods laying horizontally. These layers seem to have been

originally interconnected by vertical ”bridges” located at a regular distance. Some of

those connections are still visible and are highlighted in Fig. 10.7 D and E whereas

the large majority seem stretched broken presumably during the sample preparation.

This unexpected finding reminds of the lamellar phases observed by Dogic et al. [151]

in suspensions of rod-like fd virus in presence of a depleting polymer. We conjecture

that in our system a sufficiently deep secondary minimum in the inter-particle potential

plays a role similar to the depletion attraction described in Ref. [151]. At this point no

quantitative conclusion can be drawn and we leave to further investigations the task

of further elucidating these findings. In particular it will be essential to verify that

these lamellar-type structures are real equilibrium states by monitoring their evolu-

tion/formation in time. Non-invasive analysis such as SAXS experiments could be an

interesting option to study those phases in situ and eliminating the drying step neces-

sary for electron microscopy. Moreover, adjusting the particle interactions from slightly

attractive (as apparently occur in our system) to repulsive, would ultimately allow to

grow single rods with a thin layer of silica. Further dissolution of the core would yield,

as for the particles of Fig. 10.3, hollow silica rods with clear benefits for the optical

properties of the system. Finally, the absence of the lamellar phase for hollow silica

rods would support our conjecture on the role of the secondary attraction well which

will disappear with the dissolution of the iron oxide core. Mimicking the strategy as

adopted in Chapter 9 of tuning the silica shell thickness, we could further study the

phase behavior of these rods as a function of the aspect ratio.

10.4. Conclusions

In conclusion, we have shown that inorganic rod-like colloids can be prepared in large

quantities by simply aging a Fe(OH)3 gel at 100◦C for 48 hours. The resulting β-FeOOH

particles appear to be very suitable to study the phase behavior of rods, as demonstrated

by the observation of a clear isotropic-nematic transition and by experimental evidence

for a lamellar-type phase which, at the time of writing, we have not found in literature

for inorganic rods.
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Summary

In this thesis, novel synthetic strategies for the preparation of well-defined model col-

loids via emulsion and inorganic templating are studied. We have specifically focused

on developing preparation routes meant to facilitate design and fabrication of complex

multi-shell composite colloids with tunable optical, magnetic and morphological proper-

ties. The resulting colloidal model systems and their physical properties are extensively

characterized and some of their potential applications in fields such as colloidal crys-

tallization, particle diffusion and particles packing efficiency are further investigated.

Part I of this thesis is entirely devoted to emulsion-based colloids. In Chapter 2

we report a microemulsion synthesis pathway to obtain monodisperse fluorinated la-

tex spheres with radii between 17 and 50 nm, sizes which cannot be obtained using a

single-step emulsion polymerization reaction. The particles are in particular suitable

for experimental studies of the structure and dynamics of colloidal sphere dispersions

on account of their stability, monodispersity, and their refractive index (1.37) being

close to that of water (1.33), allowing to index-match the aqueous latex dispersions.

Dynamic light scattering, electron microscopy and electrophoretic measurements are

used to characterize the fluorinated particles, which can be purified efficiently from free

surfactants by cross-flow diafiltration. In Chapter 3 we explore the possibility of ob-

taining stable emulsions replacing molecular surfactants (used in Chapter 2) by iron

oxide nanoparticles. We show that under appropriate conditions, mixtures of oil, water,

and nanoparticles form thermodynamically stable oil-in-water emulsions with monodis-

perse droplet diameters in the range of 30-150 nm. This observation challenges current

wisdom that particle-stabilized emulsions (often referred as Pickering emulsions) are at

most metastable, and points to a new class of mesoscopic equilibrium structures. Ther-

modynamic stability is demonstrated by the spontaneous evolution of binary droplet

mixtures towards one intermediate size distribution. Equilibrium interfacial curvature

due to an asymmetric charge distribution induced by adsorbed colloids explains the

growth of emulsion droplets upon salt addition. Moreover, the existence of a mini-

mal radius of curvature with a concomitant expulsion of excess oil is in close analogy

with micro-emulsions. Chapter 4 demonstrates that such spontaneous emulsification

is quite generic with respect to the composition of the nano-particles adsorbing at

the oil-water interface. Moreover, we provide additional experimental evidence for the

thermodynamic stability of these meso-emulsions, including spontaneous oil dispersal

imaged by confocal microscopy and monitored in situ by time-resolved dynamic light
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scattering. We discuss the possibility that thermodynamic stability of the emulsions

is provided by a negative tension of the three-phase line between oil, water and ad-

sorbed colloids. The findings reported in Chapters 3 and 4 are exploited in Chapter

5 to prepare monodisperse magnetic polymethylmethacrylate (PMMA) latex spheres

with a well-defined core shell morphology comprising a centered magnetic core and

an adjustable PMMA latex outer shell. Such composite latex colloids exhibit magnetic

field-induced colloidal crystallization to exotic morphologies controlled by the geometry

of the gradient. Because the scattering from the latex shell dominates light absorption

by the magnetic cores, visible Bragg reflections of the magnetic crystals can be clearly

observed. Concentrated nearly white latex fluids may exhibit near a magnet the warped

equilibrium menisci known from the usually dark magnetite ferrofluids. Of the many

possible applications we briefly discuss the subsequent growth and melting of crystals

by a slowly oscillating gradient, the formation of radial lattices, and the formation of

ordered magnetic dots in PMMA latex films. Chapter 6 merges together findings of

the previous chapters in a generic single-step synthesis of monodisperse latex colloids

with an inorganic core that solely relies on self-assembly of all components involved.

Spontaneous emulsification of ”core droplets” induced by inorganic nano-particles is fol-

lowed by radical polymerization of the cores which simultaneously triggers the growth

of a latex shell fed by a methylmethacrylate phase floating in the aqueous solution. The

method can be easily adapted to change the inorganic content of the core (magnetite,

cobalt ferrite, silica) as well as the composition of the shell (polystyrene, amorphous si-

lica), and yields stable dispersions of non-aggregated model colloids, with a reproducible

core and shell dimensions. Part I of this thesis ends with Chapter 7 which reports on

the spontaneous formation of monodisperse oil-in-water emulsions-droplets stabilized

by single ellipsoidal hematite colloids. The emulsification mechanism comprises partial

hydrolysis of the oil phase promoted by the alkaline surface of the particles stabilized

by tetramethylammonium hydroxide. These novel emulsions, which are stable for at

least several months, can be polymerized by radical initiation, to yield latex-like parti-

cles with interesting optical and magnetic properties due to their anisotropic hematite

cores. Moreover, we show that complex composite core-shell colloids can be prepared

by PMMA growth and silica deposition on polymerized emulsion droplets. Finally, as

an example of a possible application for our system, we measure translational and ro-

tational diffusion coefficients of hematite-stabilized oil droplets by depolarized dynamic

light scattering. The latter technique is also employed to monitor the spontaneous

emulsification in time.

Part II deals with the preparation of non-spherical silica colloids using inorganic

templates and their use, among other things, in random close packing experiments.

Chapter 8 reports on the preparation of monodisperse, fluorescent hematite-silica

core-shell ellipsoids, with adjustable shapes ranging from spindles to nearly spheres. A
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convenient feature of the hematite-silica particles is the rapid dissolution of the iron

oxide core by acid, producing hollow silica ellipsoids that can be optically matched to

near transparency. The control of shape and size of the silica ellipsoids, their optical

properties, and the fairly high yield in comparison to other preparation methods for non-

spherical model colloids, make the ellipsoids very suitable for quantitative studies. As

a case in point we have measured the rotational diffusion coefficient of fluorescent ellip-

soids with rotational fluorescence recovery after photobleaching (rFRAP). In Chapter

9 we study the random packing density of these ellipsoidal model-colloids as a function

of their aspect ratio, to find for a colloidal system the first experimental observation for

the density maximum (at an aspect ratio near 1.6) previously found only in computer

simulations of granular packings. Confocal microscopy of ellipsoid packings, prepared

by rapidly quenching ellipsoid-fluids via ultra-centrifugation, demonstrates absence of

orientational order and yields pair correlation functions very much like those for random

sphere packings. The density maximum, about 12% above the Bernal random sphere-

packing density, also manifests itself as a maximum in the hydrodynamic friction that

resists the swelling osmotic pressure of the ellipsoid packings.

Part III concludes the thesis with the explorative Chapter 10, which documents the

unexpected phase behavior observed in concentrated dispersions of colloidal β-FeOOH

(akaganéite) rods with average length-to-width ratio of 15. This preliminary study

shows the existence of an isotropic-nematic phase transition which was not observed

for monodisperse β-FeOOH with smaller aspect ratio. Moreover, we report experimen-

tal evidence for a lamellar-type structure which is apparently in equilibrium with the

isotropic and nematic phase in highly concentrated samples.
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• Magnetic-Latex Crystals: Chapter 5

ML 1ML 2ML 3

Photograph showing (from left to right): ML3, ML2, and ML1 samples [0.1g/ml].

The increase in the particle latex shell thickness clearly suppresses the light

absorption from the magnetic inner core.
(a) (b)

Figure I. (A) From left to right: ML3, ML2, and ML1 samples [0.1g/ml]. The increase

in the particle latex shell thickness clearly suppresses the light absorption from the magnetic

inner core. (B) ML3 dispersion exhibits, near a magnet, a deformed equilibrium meniscus.

The insert shows a TEM view of ML3 spheres. (Figure 5.3, Chapter 5)

Magnet

Figure II. Selective separation in a colloidal binary mixture of magnetic and non-

magnetic latex spheres. On the right bottle is also possible to observe how gravity- and

magnetic field-induced crystals grow independently in different orientations. (Figure 5.9 A,

Chapter 5)
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Magnet

BA C

2 cm

Figure III. For core-shell magnetic-latex spheres with large shells (here 50 nm) the light

absorption from the magnetic core is largely dominated by the light scattering from the

latex shell, allowing visible Bragg reflections. In (A) and (B) we see a magnetic colloidal

crystal illuminated from different angles showing red and green reflections. When the crystal

is placed near a permanent magnet (C) it manifests variation in Bragg colors due to the

inhomogeneous field gradient which compresses or relaxes the crystal lattice. (Part of Figure

5.9 B, Chapter 5)

N

S

1 cm

Figure IV. Example of magnetic field induced crystal growth. (Part of Figure 5.4 A,

Chapter 5)
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N

N

S

N

A B

Figure V. This sequence shows the effect of a magnetic field on a capillary contain-

ing an initially homogeneous dispersion of magnetic latex particles (R=100 nm, prepared

as described in Chapter 5). When the capillary is placed between the poles (N-N) of two

permanent magnets, the particles rapidly migrate and crystallize according to the local mag-

netic field gradient maximum. Switching the field geometry from (N-N) to (N-S) results in a

rearrangement of the crystal (right). (Part of Figure 5.4 B, Chapter 5)

A B

0.5 cm

M
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Figure VI. Similarly to what is described above, here we show another example of mag-

netic field induced crystallization.
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• Emulsion-based Colloids: Chapters 6

a b

c d

100 nm

200 nm

Figure VII. Morphology of cores and core-shell particles. Magnetite-stabilized TPM-

emulsion polymerized with (c,d) and without (a,b) MM present. EM pictures show that

when no MM is present the TPM-emulsion polymerizes leaving magnetite exposed on the

droplet surface (visible as dark spots on the TEM image (a) and as bright spot on the droplet

surface in the SEM image (b)). Conversely, when MM is added, the emulsion droplets are

embedded into a smooth PMMA latex shell (c, d). Insert of figure (c) shows the excess of

MM floating on top of the emulsion (the yellowish color is due to the presence of a fluorescent

dye). (Figure 6.2, Chapter 6)
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50 nm

Magnet

1 cm

A B

Figure VIII. Magnetic core-shell silica particles and their magnetic field induced crys-

tallization. Polymerized TPM emulsion droplets form stable dispersions in ethanol, were

they are also excellent seeds for silica deposition via Stöber method. In (A) 50 nm TPM

emulsion droplets with adsorbed cobalt ferrite nanoparticles are embedded into a 22 nm silica

shell. Such outer shell confers optical properties such that Bragg-reflections can be visually

observed when the particles crystallize under influence of gravity or (B) by a magnetic field

gradient. (Figure 6.3, Chapter 6)

• Silica Ellipsoids: Chapters 8 and 9

A B

500nm

A

500 nm

Figure IX. (A) CLSM snapshot of close packed ellipsoids (FITC-labeled) in DMSO/DMF

mixture. (B) Dried sediments of FITC-labeled ellipsoids imaged by SEM (the insert shows

the particles dispersed in DMSO/DMF and illuminated with a UV light source). (Figure 8.8,

Chapter 8)
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A B C

⊗
Figure X. Silica ellipsoids with an hematite core are influenced by magnetic fields. In (A)

a dispersion immersed in an homogeneous magnetic field was let dry and further analyzed by

SEM. Clearly most of the ellipsoids show a preferred orientation perpendicular to the plane

of the picture, such that from this top view the particles look spherical. In (B) the field

is rotated 90◦ and correspondingly the ellipsoids now lay parallel to the plane following a

main directrix (black arrow). (C) On a macroscopic sample the crystallization induced by a

magnetic field manifest with Bragg reflections (black arrow). (Figure 9.13, Chapter 9)

• β-FeOOH Rods: Chapter 10

Figure XI. A flowing concentrated dispersion of rods (here flowing in a tilted bottle)

clearly shows birefringence when observed through crossed polarizers. (Figure 10.2, Chapter

10)
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20.7 17.9 15.3 13.417.124.8 21.3

Rods in demi-Water, Conc %wt :Rods in Water (15mM LiNO3), Conc %wt :

35.4 29.6 28.3 27.0 20.7 17.9 15.3 13.417.124.8 21.3

Rods in demi-Water, Conc %wt :Rods in Water (15mM LiNO3), Conc %wt :

35.4 29.6 28.3 27.0

A B

Figure XII. The isotropic-nematic phase transition observed between crossed polarizers.

In series (A) the ionic strength is 15 mM. In series (B) the samples are dispersed in demi-

water. Particle concentrations are indicated on top of each capillary and are in mass fraction

%. (Figure 10.5, Chapter 10)
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Figure XIII. SEM analyses on the samples which shows the coexistence of three phases

(c(rods)=29 %wt, 5mM LiNO3), reveal a clear isotropic-nematic transition and an unexpected

lamellar-like phase. In the lowest SEM image the white bar is 5 µm, in the other two pictures

single rods are visible and have a length of approximately 140 nm. (Figure 10.6, Chapter 10)
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