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1
GENERAL INTRODUCTION

1.1 Colloids

In 1861, Thomas Graham coined the term colloid (”glue”in Greek) to describe Selmi’s
”pseudosolutions”[1]. Nowadays, colloid science is an interesting field with exciting
developments all over the world. A colloidal suspension is a type of inhomogeneous
mixture which consists of two separate phases: a dispersed phase and a continuous
phase. In the mixture, the dispersed phase is made of tiny particles, droplets or bub-
bles that are distributed more or less evenly throughout the continuous phase. The
size of the dispersed-phase particles range between 1nm and 1000nm in at least one
dimension.(i.e. in between the typical length scales of molecular systems and macro-
scopic bodies). There are many possibilities for the shape and constituent material
of colloidal particles and their dispersive medium. These include the classic col-
loids, surfactant systems, block copolymers, etc. It is clear that colloid science deals
with materials that are ubiquitous in our daily life. For example, yoghurt, paint,
detergents, personal care products are related to colloidal dispersions. The follow-
ing thesis presents model colloidal dispersions where interactions can be tuned by
changing the thermodynamic state of the solvent.

1.2 Colloids as a model system

In science, the interest in these dispersions originates from the fact that they can
simulate atomic fluids at larger scales of length and time[2, 3]. As in atomic sys-
tems, the interaction between the particles can be approximated by a potential of
mean force or effective pair potential. These potentials can be related to microstruc-
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ture and macroscopic thermodynamic properties using classical statistical mechan-
ics. Depending on the volume fraction, the colloidal systems can be found either
in the fluid, crystalline or glassy phases; or when an attractive interaction between
the colloidal particles is present, in a liquid phase[4, 5]. Since interparticle inter-
actions can be tuned, manipulated or modelled in several ways[6], transitions be-
tween different phases can be accessed experimentally more readily than in the case
in atomic systems[7]. The most apparent difference between atoms and colloids is
their characteristic length scale, which is microscopic (0.1-0.2nm) for atomic systems
and mesoscopic (1-104nm) for colloidal system. Hence light scattering is the most
appropriate technique to study the colloidal system. However, a large majority of
the common colloidal systems are opaque in the visible light range. Multiple scat-
tering therefore hampers a straightforward measurement of the dynamic structure
factor, that would yield the complete information about the system. The alternative
is to use shorter wavelengths, where contrast between the components is reduced
so far that multiple scattering is absent. The price to pay is a measurement of the
scattered intensity at low angles, close to the main beam. With the advent of high
brilliance X-ray sources at the synchrotron, small-angle X-ray scattering (SAXS) has
become a standard technique. Our results stem mainly from SAXS measurements
undertaken at the ESRF in Grenoble (chapter4). With this method we measured the
structure factor of an ensemble of particles, that were density matched. Microscopy
is used as a complementary experimental method. Using micron-sized particles, we
can use confocal microscopy to follow particle motions in real-time, albeit of a re-
stricted number of particles, index and not density matched with the suspending
liquid. Normal microscopy is used to characterize phenomenologically the phases
on a large scale with respect to the interparticle distances. Thus, we were able to
observe the stability with respect to gravitational force, and for example the coa-
lescence of droplets of a colloidal liquid in equilibrium with its gas phase. In this
way we could characterize the different phases of a colloidal system, tune both the
amplitude and range of attractive potentials by temperature alone.

1.3 Colloidal phase behavior

What do we expect for the phase behavior of attractive colloidal systems? Fig.1.1
illustrates three separate phase diagrams for the temperature-volume fraction plane
for colloids[8]. The first (Fig.1a) is a simple system of hard spheres. Entropy con-
siderations predict that these systems will form crystals if the volume fraction is
increased. Above the ’freezing’ volume fraction, φf = 0.494, it is entropically favor-
able if some spheres are in a crystalline geometry, but above the ’melting’ volume
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Figure 1.1: Phase diagrams. (a) for a purely hard-sphere system, only fluid (F) and crystalline (C) phases,
(b) potential with long range attraction. This leads to equilibrium between gas (G) and liquid (L) with
a phase line ending in a critical point and to crystal phases. (c), potential with short range attraction,
equilibrium between gas and crystal is found, but the liquid becomes metastable[8].

fraction, φm = 0.545, all spheres should be in the crystalline phase (Fig.1.1a). Only
the volume fraction controls the phase diagram. Introducing a long range attraction
results in three-phase equilibria, with a triple point and phase line between liquid
and gas ending in a critical point. This is the phase diagram we know from atomic
and molecular systems (Fig.1.1b). With shorter-range attractions the gas-liquid (or
fluidfluid) equilibrium becomes metastable (Fig.1.1c). This type of phase diagram
is encountered in protein systems[8, 9]. In this thesis, in chapter 4, we will show
that our colloidal system has a phase diagram that belongs to class (b). It is a charge
stabilized colloidal system suspended in a binary liquid mixture. In previous experi-
ments on these systems it was observed that the colloidal particles aggregated when
the binary solvent was brought close to the phase separation with the temperature as
the controlling parameter, the term flocculation was adopted for this phenomenon.
How can one distinguish aggregation or flocculation from a condensation into a sta-
ble liquid or solid state? What are the potentials that can induce flocculation and
what the potentials result in an observed class-b phase diagram? Many questions
are open in this weakly attractive colloidal system.

1.4 Interaction between colloidal particles

The forces that play a role in the interaction of colloidal particles are:
• Excluded-volume repulsion and entropic forces: These forces are always im-

portant, but in hard sphere systems these are the only forces that determine the
phase behavior.

• Screened Coulomb interaction: Charges on the surface of the colloidal parti-
cles are the source of a Coulomb force around the particle, which is screened
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by counter-ions in the solvent. It is repulsive and is one of the important stabi-
lizing forces of colloidal suspensions.

• Van der Waals forces: This is the force between interfaces that separate three
dielectric media. It is repulsive in the asymmetric case, attractive in the sym-
metric case. The last case holds for colloidal suspensions.

• Depletion forces: This force acts between the colloidal particles in a suspen-
sion, when polymers are added to the suspending liquid.

• Solvent-mediated force, or critical Casimir force: It acts between surfaces im-
mersed in a binary liquid mixture close to its critical point and arises from
the confinement of concentration fluctuations within the thin film of fluid sep-
arating the surfaces[10, 11]. For the different boundary condition, it can be
attractive (symmetric geometry) or repulsive (asymmetric geometry)[12, 13].

As for the stabilized colloidal system, we should consider the total interaction be-
tween the attraction and repulsion. The attractive Van der Waals interactions, also
called London- dispersion forces, are always present between particles of the col-
loidal dispersion. This force originates when a spontaneously formed electric dipole
on one molecule induces another dipole in a neighboring molecule which tends to
align itself with the first dipole. Considering two large spheres of radius R at a
center-to-center distance of r, the total non-retarded interaction energy is the result of
the integration over all possible pairs of constituent molecules and it is given by[14]:

UV dW (r) = −1

6
A

[
2R2

r2 − 4R2
+

2R2

r2
− ln(1 − 4R2

r2
)

]
, (1.1)

where A is the Hamaker constant which depends on the polarisabilities of both
the particles and the medium, and it is of the order of 10−20 ∼ 10−21J. In practice, an
estimate of the Hamaker constant is described by the formula[15]:

A =
3hν(n1 + n2)

2(n1 − n2)
2

16
√

2(n2
1 + n2

2)
3/2

, (1.2)

where h is Planck’s constant, ν is the characteristic frequency and n1 and n2 are
the optical refractive indices of the colloidal particles and the solvent, respectively.
When the refractive index of the particles is closely matched with the solvent, n1

∼=
n2, A ∼ 0 and the Van der Waals attraction is strongly suppressed. However, the
attraction does not completely disappear, because the matching is done in a certain
wavelength.

The van der Waals attraction diverges as the gap between the surfaces tend to
zero[16]

lim
r→2R

UV dW (r) = − A

12

R

r − 2R
. (1.3)
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This negative potential has near contact a finite value, but much larger than the
thermal energy kbT, leading in general to an irreversible aggregation of the colloidal
particles. The effect of the van der Waals forces is to create a primary minimum in
the potential near r=2R. Thus one needs to introduce some mechanism providing a
large positive potential barrier in order to prevent the particles from being trapped
in the primary minimum.

In most colloidal systems, charged stabilization is the common mechanism to pre-
vent flocculation. The Coulombic interaction between the charges acts as a repulsive
barrier against dispersion forces thus avoiding the irreversible aggregation of col-
loids which occurs at the primary minimum. In reality, the strong electric potential
resulting from the charge of the particles attracts free counterions, a fraction of which
get absorbed onto the surface forming a layer of condensed counterions[17]. The
remaining free counterions form the so-called electrical double layer that screens
the bare Coulomb repulsion between the charged colloidal particles and reduces
its range. This leads to an interaction potential that does not scale as 1/r, as for
two charges in vacuum, but rather exhibits an exponential decay, the Yukawa-type
form[18, 19]

Uc(r) =
(Z̃e)2exp(−κr)

4πε0εr
, (1.4)

where ε0 is the permittivity of vacuum, ε is the dielectric constant of the medium
and Z̃ is a charge incorporating the effect of the finite size of the colloidal particle:

Z̃ = Z∗
exp(κR)

1 + κR
, (1.5)

where R is the radius of the particle. The inverse Debye screening length κ is
given by[15]:

κ =

√
ρc(qe)2

ε0εkBT
, (1.6)

where ρc is the density of the free counterions and q their valence. Thus the
screened Coulomb potential decays exponentially with the characteristic Debye length
λD. The Debye length can be considered as the range of repulsive potential and cor-
responds approximately to the thickness of the diffuse electrical double layer. For the
charged colloidal system, the total energy between charged colloids is the sum of the
hard (Born) repulsion for r < 2R, the van der Waals attraction and the electrostatic
repulsion. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is a well-known
model for describing the interactions in a colloidal system[19].
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Figure 1.2: The schematic description of the DLVO interaction potential. The two dashed lines indicate
the separate contributions of van der Waals attraction and double-layer repulsion.The solid line represents
the total potential energy.

Fig. 1.2 displays qualitatively the different curves that may result from the DLVO
potential model. They are presented as a function of separation distance d such that
d = 0 corresponds to particle in contact. As contact is approached, the van der
Waals potential governs the electrostatic repulsion. As a result a deep primary mini-
mum occurs at d → 0. This primary minimum could explain most of the irreversible
aggregation and flocculation phenomena by adding the salt. At the larger separa-
tions, the screened coulomb repulsion dominates and a maximum in the interaction
potential results. This is important potential barrier for stabilizing the colloidal par-
ticles. Under certain conditions, Uc(r) decays much more rapidly than Uvdw(r) at
larger distances, it can exhibit a secondary minimum. These features are presented
in Fig.1.2.

1.4.1 Depletion attraction

A well known approach to inducing short-range attraction is by the addition of free
random-coil polymers into colloidal systems[20]. When two colloidal particles come
to close, polymers are expelled from the region in between. This is shown schemat-
ically in Fig. 1.3. The osmotic pressure due to polymers in the depletion region is
lower than that in the outer regions. This imbalance of the osmotic pressure results
in a an effective attractive interaction between the colloidal spheres. The range and
strength of depletion attraction is controlled by the size of polymer and the concen-
tration ratio between the colloid and polymer respectively. The phenomena of deple-
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tion attraction is well established experimentally in model colloids and detailed, di-
rect measurements exist of the potential of mean force for a variety of model systems
[21–23]. Additionally, there have been many studies of depletion driven phenomena,
especially phase behavior in model colloids ranging from charged colloids such as
polystyrene latex mixed with water soluble polymers[24–27], hard particle colloids
mixed with polymer[28, 29] and binary mixtures of spherical colloids[30, 31]. For
special geometries microphase separation is observed in mixtures. With binary mix-
tures of hard spheres this occurs for certain ratios of sphere diameters [32], and for
mixtures of rods and spheres microphase separation occurs for certain rod length to
sphere diameter ratios[33].

VXWZY�[O\%]	^.WZ_K` abYdcfeSWUg h"ikjd_

l_Am

Figure 1.3: A schematic illustration of the origin of the polymer-induced depletion attraction between
hard spheres. The centers of mass of the polymer coils with radius of gyration (rg) are excluded from a
thin shell surrounding each particle of radius R. There is no polymer in the lens-shaped region between
two nearby particles, leading to a net osmotic force pushing them together.

1.4.2 Solvent mediated attraction or the critical Casimir effect

In 1978, Fisher and de Gennes predicted that the confinement of critical fluctua-
tions of the order parameter in a binary liquid mixture near its critical demixing
point Tc gives rise to long-ranged forces between immersed plates or particles. In
particular, they pointed out that these long-ranged forces would eventually lead
to the flocculation of colloidal particles which are dissolved in a near-critical bi-
nary liquid mixture[11, 34]. In 1985, such a solvent-mediated flocculation was ob-
served experimentally for silica spheres suspended in the water and 2,6-lutidine
mixture[35]. However, the interpretation of these observations is still under de-
bate. Nevertheless, fluctuation-induced forces as predicted by Fisher and de Gennes
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certainly play a essential role to induce this flocculation. From a colloid physics
point of view, the solvent-mediated interactions between dissolved colloidal parti-
cles are important[36–38]. The fruitful physical properties of attractive system is
mainly based on the possibility to tune these effective interactions over wide ranges
of strength and form of the interaction potential. Traditionally, this tuning is ac-
complished by changing the chemical composition of the solvent by adding salt,
polymer, or other components[36, 37, 39]. The unique feature of solvent-mediated
attraction is that it can be controlled by the temperature. With this attraction, the
phase behavior of the colloidal system can be controlled continuously. It opens a
new way to study phase transitions in colloidal systems. The sketches of this at-
traction are presented in Fig.1.4. Recently, microscopic theory of solvent-mediated
long-range forces is developed[40–43]. The overlap between the adsorption layers
leads to a reduction of the free energy of the three particles, where they join into a
close knit group. The solvent-mediated interaction will be discussed in more details
in chapter 3.

The three attractive interactions can each lead to a primary minimum as out-
lined for the standard DLVO theory. In that case the colloidal system flocculates and
forms a dense phase, crystal or glass. For instance, when salt is added to a charge
stabilized colloidal solution, the Debye length shortens, the system is quenched
into the primary minimum. The depletion interaction and the solvent mediated
interaction have different origins. The lowering of the free energy is the driving
mechanism. They can be represented by an effective interaction. In the paper the
first measurements of a system of charge stabilized silica particles in a mixture of
2,6-lutidine/water by Beysens[35], the condensation of silica particles close to the
demixing line of the binary fluid mixture was described as aggregation. Fisher and
De Gennes also used the term flocculation to describe the process. Flocculation by
destabilization implies, however, an irreversible process. For phase diagram B to
exist, one expects condensation into the secondary minimum and a blockade of the
route of flocculation. This thesis will show the existence of phase diagram B for
colloids in binary liquids, it will show that the reversible aggregation can be conden-
sation into a liquid, crystalline or glass phase, and tries to identify the character of
the effective potential driving the transitions.

1.5 Scope of this thesis

In this thesis we will investigate colloidal phase behavior in a weakly attractive sys-
tem. This thesis is organized as follows

• Chapter 2: Experimental techniques used in this work are described and dis-
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Figure 1.4: A schematic representation of adsorption -induced attraction. The grey layer represents the
adsorption layer, the thickness of layer increases with temperature. The overlap of layers lowers the free
energy resulting in attraction. It is the reversible process, if one decreases the temperature, the particles
will disperse again. It indicates that the attraction occurs at the secondary minimum.

cussed. These include mainly small-angle x-ray scattering, dynamic light scat-
tering, and confocal microscopy. The standard sample preparation and particle
characterization technique are also presented .

• Chapter 3: We propose a mean field model of solvent-mediated interaction
to explain the observed condensation behavior. The proposed model is then
compared with our experimental results.

• Chapter 4: is dedicated to the experimental studies carried out on colloidal
phase behavior. First, the influence of gravity is shown to demonstrate the
advantage of a density matched system. Secondly, the evolution of the mi-
crostructure is followed by measurements of the structure factor using small-
angle x-ray scattering. We observe that the charge stabilized polystyrene par-
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ticles condense as the temperature approaches the coexistence temperature of
the binary mixture. We show the existence of liquid, face centered cubic crystal
and glass phases characterized by their structure factors. These phase tran-
sitions may be followed directly by tuning the temperature, leading to the
change in the interactions between the particles. On the basis of these mea-
surements we can map out the colloidal phase diagram. Combined with the
theory the experiments show that there are two important length scales in this
system: correlation length and Debye screening length. Measurements on sil-
ica particle in lutidine/water show the generality of the behavior, and some of
the discrepancies can be attributed to the influence of gravity.

• Chapter 5: The results of experiments using confocal microscopy are presented.
Especially, the study of fluorinated particles in a binary mixture. These parti-
cles are index-matched with the suspending liquid mixture with Van der Waals
interaction absent. We observe comparable condensation phenomena, which
now can only originate from the solvent mediated interaction.

• Chapter 6: The dynamics of crystallization is studied. The mechanism of the
nucleation and growth are discussed based upon measurements of the struc-
ture factor as a function of time. This was only possible because of the density
matching. The results compared well with the findings from previous studies
undertaken in the microgravity environment of space.

• Chapter 7: The hydrodynamics of two-droplet coalescence are presented in
this chapter. The evolution of the bridge between two droplets when they
come into contact are studied for different viscosity and constant surface ten-
sion and for two colloidal systems with ultra-low surface tension. The results
demonstrate the agreement between the experimental results and the proposed
analytical theory. From the coalescence measurements we also determine the
ultra-low interfacial tensions for the colloid/polymer and colloid in the binary
mixture. This is additional proof for the existence of a liquid phase in equilib-
rium with their colloid poor gas phases.



2
EXPERIMENTAL TECHNIQUES

In this chapter, we mainly present three experimental techniques for this study:
Small Angle X-ray Scattering, Dynamic Light scattering and Confocal Microscopy.

2.1 Small Angle X-ray Scattering

The fundamental mechanism behind X-ray scattering from materials is Thomson
scattering of X-ray photons from electrons[44]. The scattered intensity (Ie) is inde-
pendent of the wavelength of the X-rays (except near atomic absorption edges) and
is given by:

Ie = I0
r2
e

a2
(
1 + cos2 θ

2
), (2.1)

where re = 2.818× 10−15m is the classical electron radius, I0 is the incident beam
intensity per unit cross-section, a is the distance between the scattering electron and
the observation point, and θ is the scattering angle[45]. For small angles, equation
2.1 is simplified to Ie = I0(r

2
e/a2), which shows that the SAXS intensity is simply

related to the electron density of the sample.
Fig.2.1 depicts the scattering geometry of a typical SAXS setup. A highly colli-

mated and monochromatic X-ray beam with wave length λ , impinges on a sample
and the scattered intensity in the forward direction is recorded by a two-dimensional
detector. The scattering is fully elastic because of the high energy of the radiation as
compared to typical excitations in the sample. Therefore, the magnitudes of the inci-
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Figure 2.1: (a)Schematic plot of x-ray scattering geometry. Ki and Ks are the wave vector of incident
and scattered radiation, respectively. θ is the scattering angle, and q = Ks −Ki the scattering vector. (b)
example of SAXS 2-D image.

dent and scattered wave vectors are equal,

|ki| = |ks| =
2π

λ
, (2.2)

and the refractive index is close to unity. The momentum transfer or scattering
vector is

q = ks − ki, (2.3)

and its magnitude is

|q| =
4π

λ
sin(θ/2). (2.4)

The total scattering amplitude is the sum over all electrons with their correspond-
ing phase shifts, exp(−iq · r). It is the Fourier integral over the scattering volume
V:

A(q) =

∫

V

ρ(r)e−iq·rd3r, (2.5)

where ρ(r) is the electron density at position r in the sample. SAXS originates
from spatial inhomogeneities of the electron density. The total scattered intensity
is the square of the modulus of the total scattering amplitude. The experimental
investigation presented in this thesis was carried out using spherical particle in a
solvent. In this case, the intensity scattered by the particles can be written as[46, 47]:

I(q) = |A(q)|2 = Np(ρ
∗

p − ρ∗m)2V 2
p F (q)S(q). (2.6)

Therefore, the scattered intensity is proportional to the number of colloidal parti-
cles per unit volume Np. It is also proportional to the square of the contrast ∆ρ∗ =
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Material Formula M d (g/cm3) ρ∗(10−10 cm−2) n
silica SiO2 60.08 1.9-2.0 15 1.47

polystyrene latex C8H8 104 1.00-1.05 9.3 1.55
3-methylpyridine C6H7N 93 0.96 8.84 1.50

water H2O 1.8 18 9.4 1.33

Table 2.1: X-ray scattering lenght densities for typical materials studied in this thesis.

(ρ∗p − ρ∗m), where ρ∗

p and ρ∗m are the X-ray scattering density for the particle and sus-
pending medium, respectively. ρ∗ can be calculated from

ρ∗ =
nedN

M
, (2.7)

where ne is the number of electrons per molecule, d is the mass density of the
material, N is Avogadro’s number and M is the molar mass. The values of ρ∗ for the
materials used in this thesis are given in table 2.1.

For a dilute system, the interparticle correlations can be neglected. The structure
factor S(q) represents the correlations and equal 1 in the dilute limit. Then I(q)

depends only on the shape and size of particles described by the form factor F (q). In
the mathematical terms, F (q) is an integral of the phase shift factor exp(−iq · r) over
the volume of the particles. For a uniform spherical particle of radius R and volume
V

F (q,R) =

[
3 [sin(qR) − qRcos(qR)]

(qR)3

]2

. (2.8)

In more concentrated system, the interparticle correlations should be taken into
account. The interparticle correlations are described by the pair correlation function
g(r), defined as:

g(r) = 〈ρ̂(r)ρ̂(r′)〉N =

〈
∑

i,j

δ(r − ri)δ(r
′ − rj)

〉

N

, (2.9)

where 〈ρ̂〉 is the deviation of the density from its canonical average. In scattering
experiments we observe the phase shifts caused by the scattering particles integrated
over the scattering volume. Thus the structure factor is given by:

S(q) =
1

N

〈
∑

i,j

eiq·(ri−rj)

〉

N

, (2.10)

where ri and rj are the positions of particles i and j. From Eq.(2.9) and (2.10) it
is clear that the pair correlation functions are related by a Fourier transform. After
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some algebraic manipulations, the relation between the two functions can be written
as:

S(q) = 1 + 4πN

∫
∞

0

(g(r) − 1)
sin (qr)

qr
r2dr. (2.11)

The q = 0 limit of the structure factor is related to the isothermal compressibility
χT , as S(0) = NkbTχT [16]. Experimentally S(0) can be obtained from linearly ex-
trapolating the structure factor to q = 0 on a plot of S(q) versus q2, since it can be
shown that S(q) = S(0) + O(q2). According to the Ornstein-Zernike behavior[48],
the correlation length can be derived directly from S(0). In the chapter 4, we em-
ployed this experimental technique to study the colloidal phase behavior in a binary
mixture.

Figure 2.2 is a schematic layout of the high-brilliance beamline ID02 at the Euro-
pean Synchrotron Radiation Facility (ESRF) and a picture of sample position in the
hutch 2.
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Figure 2.2: (a): Schematic layout of the SAXS beamline ID02 at the ESRF. (b) A picture of sample position
in the measurement.

2.2 Dynamic light scattering

Electromagnetic radiation impinging on a sample is scattered by spatial inhomo-
geneities of the refractive index, such as a random assembly of colloidal particles
suspended in a fluid. The electric field amplitudes scattered by different regions
in the sample interfere and thus create an intensity distribution of dark and bright
regions in the far field, called a speckle pattern. The speckle pattern reflects the in-
stantaneous configuration of the scatterers. If the scatterer moves, for example as a
result of Brownian motion, the speckle pattern will change in time such that initially
dark regions become bright and vice versa. If one places a detector of the size of a
typical speckle spot at a particular point in the far field, the intensity measured at
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this point will fluctuate in time according to the movement of the scatterers. The
fluctuations are quantified by the intensity autocorrelation function[49, 50]:

〈I(q, t)I(q, 0)〉 = lim
T→∞

1

T

∫ T

0

I(q, τ)I(q, τ + t)dτ, (2.12)

where I(q, t) is the scattered intensity. For an ergodic system, the time average
implied by the bracket is equivalent to an ensemble average. In a photon correlation
spectroscopy experiment, a fluctuating signal proportional to I(q, t) is sent into a
correlator that calculates the normalized intensity correlation function in real time:

g2(q, t) =
〈I(q, 0)I(q, t)〉

〈(I(q)〉2 . (2.13)

Under the condition that the electric field amplitude E(q, t) is a zero-mean com-
plex Gaussian variable, g(q, t) is given by

g2(q, t) = 1 + β2 〈E∗(q, t)E(q, 0)〉2
〈I(q)〉2 = 1 + β2|F (q, t)|2, (2.14)

where F (q, t) is the normalized intermediate scattering function. It gives the cor-
relation of the density fluctuations in space and time. At zero time difference it is
equal to the static structure factor defined above. The contrast β2 depends on the
coherence of the beam, the coherence preserving properties of the optical elements
in the setup, and the number of coherence areas observed at the detector.

In a dynamic light scattering experiment, one is interested in the wave-vector
dependent decay of the normalized intermediate scattering function. In particular,
the initial decay of F (q, t) gives the collective short time diffusion coefficient D(q) of
the colloidal suspension[16], according to

lim
t→0

dlnF (q, t)

dt
= −D(q)q2. (2.15)

In a dilute system, the diffusion coefficient does not depend on q and the normal-
ized intermediate scattering function becomes single exponential,

F (q, t) = e−D0q2t, (2.16)

where D0 is the diffusion coefficient at infinite dilution.
The experimental setup and optical geometry for dynamic light scattering is shown

in figure 2.3.
In the experiments, we study the colloidal phase behavior in a binary mixture.

There are three components in the system. In the table 2.1, we see that the compo-
nents of the sample have quite different refractive indices. Multiple light scattering
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Figure 2.3: Schematic configuration of the dynamic light scattering setup and photograph for the setup.

may come up in a scattering experiment and spoil the direct connection with struc-
ture factor or intermediate scattering function. The theory we mentioned above only
holds in the single scattering limit. The condition for this to hold is:

ls � L, (2.17)

where ls is the mean distance between two scattering events and L the sample
size. In the dilute limit, the scattering mean free path is given by

ls =
1

Nσ
, (2.18)

where N is the number density of colloids and σ the scattering cross section

σ ∝ πR2|n1/n0 − 1|2. (2.19)

In these expression, R is the radius of the scatterers, n1 their refractive index, n0

is medium refractive index. The single scattering limit can be achieved by using di-
lute sample or when refractive index of scatterers is nearly matched to that of the
surrounding medium. In the interesting case of high particle concentration or high
contrast between particle and suspending fluid, where ls �L, multiple scattering
will arise. Then we use X-ray scattering to study this opaque system thus overcom-
ing multiple scattering. In x-ray scattering measurement, the interference pattern is
mainly from the electron density correlation.
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Figure 2.4: Intensity correlation functions of silica particle in the different composition of lutidine and
water mixture. The particle volume fraction is 0.001, T = 293K and F (q, t) of the silica particle in water
acts as reference.

Using very dilute samples of silica particles suspended in lutidine/water mix-
tures we observe two contributions to the light scattering. Some examples of the
intensity correlation functions displayed in figure 2.4 show a double exponential
decay. A correlation function of silica in pure water, that shows single exponen-
tial decay, is added as a reference. The amplitude of the second exponent increases
gradually by increasing the lutidine concentration to the critical concentration. Two
exponential decay is attributed to the diffusion of colloidal particles and fluctuation
of solvent composition respectively.

2.3 Laser scanning confocal microscopy

To study the colloidal phase behavior in the real space we use the laser scanning
confocal microscopy (LSCM). The image can be captured with rate of 120 frames
per second with a resolution of 512 by 512 pixels. A schematic setup of confocal
microscopy is shown in Fig.2.5. In contrast to conventional microscopy, where typi-
cally light is collected from a thick section of the sample, the confocal microscopy can
use the pinhole in front of the detector to block most of the out-of-focus signal. The
sample is scanned point by point. Fluorescent samples, further, give better contrast
because a filter can block out everything except the fluorescent wavelength[51].
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Figure 2.5: Schematic illustration of the optics of a confocal microscopy. The solid line is in-focus light, the
dashed line represents the out-of-focus light that is blocked by the second pinhole in front of the detector.

2.4 Sample preparation and characterization

In the experiments we used 3-methylpyridine (3MP), water and heavy water as sol-
vent mixture. 3-methylpyridine is a clear organic liquid. It can be used as a solvent,
and is completely miscible with water at room temperature. The chemical formula is
C6H7N . Both 3MP and heavy water were purchased from Aldrich Chemicals. The
water is deionized Millipore water (MilliQ). Three different charged colloidal parti-
cles were probed: polystyrene latex spheres, silica spheres and fluorinated spheres.
Table 2.1 shows the physical properties of the different particles we will refer to in
the thesis. We mainly fixed the composition of the binary mixture at C3MP = 0.25 by
weight fraction, because it is far from the critical composition C3MP = 0.32[52, 53],
the interference of density fluctuation close to critical point can be diminished. Dur-
ing the measurement, we prepared samples with different volume fractions of par-
ticles. Originally the particles were suspended in water. High volume fractions of
particles were obtained by centrifuging the initial stock suspension, removing the
supernatant, and adding the proper portion solvent. Then the concentrated sample
was systematically diluted to get the range of volume fractions. The samples were
contained in flat borosilicate capillaries with an optical path length of 0.5 mm, which
were flame sealed to avoid solvent evaporation. The glass surfaces were thoroughly
cleaned with chromic acid and rinsed with Millipore water to guarantee a clean OH
surface and to avoid contamination that might influence the phase behavior. The
capillary sample cell can be seen in Fig.2.6.

The size and polydispersity of the particles was determined by measuring the
particle form factor with small angle X-ray scattering (SAXS) at the ESRF. SAXS is
an idea tool for the characterization of colloidal particles. Fig.2.7 shows the intensity
profile for a dilute sample (φ=0.0005) in water. The data are fitted to the form fac-
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Figure 2.6: One of the glass capillaries used in the measurement (size: 0.4mm by 2mm by 40mm). Flame
sealed to prevent evaporation.

tor expression for spherical particle (Eq.2.8). The expression was convoluted with a
Schulz distribution for the particle radius to account for polydisperisity[54]. From
the data shown in Fig.2.7, we can determine the radius R =52.5 nm with a good fit.
The polydispersity can be estimated around 2.1%, which is very monodisperse.

Figure 2.7: Small-angle x-ray scattering intensity for a dilute sample of polystyrene in a binary mixture of
3MP and water. The solid line represents a fit to the data with form factor for spherical particles.

Electrophoresis was performed to estimate the surface charge density. Generally,
electrophoresis is the motion of dispersed particles relative to a fluid under the influ-
ence of an electric field. Electrophoresis occurs because particles dispersed in a fluid
almost always carry an electric surface charge. An electric field exerts electrostatic
Coulomb force on the particles through these charges. We could measure the elec-



20 CHAPTER 2

Material R(nm) κR ζ (mV )) σ(µC/cm2)
PS 52.5 5.5 -53 0.4

Table 2.2: Radius(R), inverse of Debye screening length κ , electrophoretic potential ζ, surface charge
density per particle σ.

trophoretic mobility of particles directly in the experiment. From the mobility data,
the zeta potential of the particle can be estimated. Electrophoresis gives you the zeta
potential (ζ) and the so-called electrokinetic charge density. This is not the same as
the total charge density, however we can qualitatively determine the order of mag-
nitude of the surface charge density. We employ the following formula derived by
Ohshima et al.[55]:

σ =
εκkT

e

[
exp

(
eζ

2kT

)
− exp

(
− eζ

2kT

)
+

4

κR

exp(eζ/2kT ) − 1

exp(eζ/2kT ) + 1

]
. (2.20)

The results are summarized in table 2.2.
We used the 3-methylpyridine, heavy water/water as the binary liquid mixture.

A close-loop coexistence curve for this two-component solution exemplifies the reen-
trant miscibility as shown in Fig2.8. The system is homogenous outside the loop and
partially miscible inside the loop. The upper and low extremals of this curve sig-
nify the upper and lower consolute points (TU and TL). In contrast to binary liquid
mixtures which display an upper consolute point TU , there are very few mixtures
that have a TL. Indeed, there are even fewer systems which possess both TL and
TU before boiling or freezing transitions hide them. A simple energetic and entropic
criterion cannot describe the reentrant miscibility. Due to the apparent increase in
entropy as a result of mixing, the lower miscible or mixed state implies higher con-
figurational entropy. This issue was successfully resolved by Hirschfelder et al. em-
ploying the notion of hydrogen bonding between unlike molecular species[56, 57].
The strong directional nature of hydrogen bonding hinders many rotational and vi-
brational degrees of freedom. The orientational entropy lost in this way is greater
than the compositional entropy gained by mixing. In addition, strong hydrogen
bonding lowers the total energy of the system, which has a major role in reducing
the free energy of the system and establishing the thermodynamic stability of the
mixed state at lower temperatures[52]. The loop size is given by the difference ∆T
between upper and lower consolute points The limit when ∆T = 0 marks a double
critical point. The advantage of using reentrant liquid mixtures to probe colloidal
phase behavior in a binary mixture is that tuning the ratio of heavy water and water
(and therefore the strength of the hydrogen bond) can tune the size of the loop, the
colloidal phase behavior can be studied even in the non-phase-separating mixtures
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No. C3MP X TL(◦C)

PLS1 0.25 0.17 68
PLS2 0.25 0.25 64.5
PLS3 0.25 0.5 53.5
PLS4 0.25 0.75 43
PLS5 0.32 0.25 61

Table 2.3: Details of the sample preparation for system 3MP + water + heavy water. C3MP is weight
fraction of 3MP. X is weight fraction heavy water in the water/heavy water mixture, TL(◦C) is low
consolute temperature. The critical composition of 3MP is 0.32.

and thereby eliminating the interfaces of bulk phase separation. There are several
accessible paths to approach the critical point for the critical behavior study. On the
other hand, by tuning the ratio of heavy water and water, the system benefits from
the density match between particle and binary liquid mixture, the true equilibrium
phase can be studied without the influences of gravity to disturb the phase forma-
tion.
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Figure 2.8: General phase diagram illustrating how the phase diagrams of binary liquid mixtures depend
on the ratio heavy water and water X. Every slice through the general phase diagram represents the phase
diagram of a mixture that has particular X which we used in our measurement.

Appropriate amounts of 3MP, water and heavy water were used to obtain the
system by controlling the quantity X (the weight fraction heavy water in the wa-
ter/heavy water mixture). Table 2.3 gives the details of the sample preparation for
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Suspension Radius(nm) density (g/ml) refractive index
PS 1000 1.05 1.58
Sil 500 1.93 1.47
FL 200 1.6 1.37

Table 2.4: Summary of the physical properties of the particles

the system 3MP + water + heavy water.
Three different particles are studied in the same binary liquid solvent (3MP/water/-

heavy water): Polystyrene latex spheres (PS), silica spheres (Sil) and fluorinated latex
particles (FL). Polystyrene and silica spheres were purchased from the Polyscience.
The fluorinated latex particles with a teflon core were acquired from Utrecht group.
The basic physical properties of the three particles are listed in table2.4.



3
MODELLING THE INTERACTION

FOR COLLOIDS IN A BINARY

MIXTURE

In this chapter, we manipulated a model to calculate the interaction for colloids in
a binary liquid mixture. The total interaction is calculated by adding the solvent-
mediated interaction and double-layer repulsion terms, where the Van der Waals
interaction was minimized by index matching particles and binary liquid. The pre-
dictions for both condensed temperature and structure are compared to recent ex-
periments in chapter 4 and 5.

3.1 Introduction

The standard way to describe the interaction between charge stabilized colloids is
the well known Derjaguin-Landau-Verwey-Overbeek (DLVO) theory[58]. It con-
tains both electrostatic repulsion and Van der Waals attraction. For example it could
describe the stability (the onset of flocculation) as a function of the amount of salt
added. Direct measurement of particle-particle and particle-surface forces conducted
by Israelachvili et al.[15] provided experimental proof of the theory. However, in
the past decade experimental evidence has emerged for the existence of long range
forces under special conditions[59–65]. For instance, at interfaces and in confined
geometries, condensation into ordered structures with open voids, and metastable
clusters were found. Not only at interfaces, but also in bulk systems, an attrac-
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tive interaction had to be invoked to account for the observed phenomena such as
vapor-liquid condensation, amorphous structures, and long lived metastable crys-
tallites. Even like-charged colloidal spheres sometimes attract each other under cer-
tain conditions[61]. Colloids suspended in binary liquids are another class. In these
liquids aggregation, flocculation or condensation into denser phases were observed
close to the phase separation line of the binary liquid mixture. Although several ten-
tative explanations attempted to clarify the mechanism of aggregation[66–70], it is
still a question open to debate. Nevertheless, the first measurement of the reversible
aggregation of silica particles in a lutidine-water mixture by Beysens and coworkers
has verified that this phenomenon was not an analogue of the flocculation by adding
salt. This process of aggregation is reversible by tuning the temperature, which sug-
gests that it occurs at the secondary minimum of the interaction potential as opposed
to the primary minimum in conventional aggregation[71–77]. It is intuitive that the
aggregation is induced by an interaction arising when close to phase separation of
the suspending binary fluid. All measurements to date show that the aggregation
temperature, in the homogeneous phase of the binary mixture, is of the order of 0.5
to 1.0 degrees below Tcx. Tcx is coexistence temperature of two components. This
strongly suggests that wetting/ adsorption plays a key role in the interaction, an
idea put forward first by Fisher and De Gennes in 1978[78]. A second important ob-
servation about the character of the interaction was made by Maher et al.[79]. They
suspended polystyrene particles with a different surface charge density in the luti-
dine/water mixture. The particles with the highest surface charge density preferred
the water-rich phase after phase separation of the binary liquid. In the one-phase re-
gion the particles were surrounded by an adsorption layer of excess water. Particles
with low surface charge density preferred the lutidine-rich phase, and the aggrega-
tion occurs at the lutidine-poor region. The phase diagram is sketched in Fig.3.1.

Flocculation is normally explained to be induced by a reduction of the Debye
screening length, for instance, which can be accomplished by adding salt. Thus, the
short-range Van der Waals attraction takes over and the colloidal particles floccu-
late. In the system where particle and solvent density are matched, we observe that
particles not just aggregate, but become denser liquid and solid phases, where the
distance between the particles is still longer than their Debye screening lengths[80].
This puzzling result led us to look into a system, where the Van der Waals interac-
tion was minimized by index matching particles and binary liquid. Without the Van
der Waals force we still observed the aggregation phenomena at comparable tem-
perature distances from the phase separation temperature. The solvent-mediated in-
teraction should account for this condensation. It acts against the repulsive screened
Coulomb interaction and gives rise to a minimum at distances longer than the Debye
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Figure 3.1: Schematic illustration of the colloidal phase diagram in a binary mixture. The solid line is
the coexistence curve for the solvent mixture Tcx. The dashed line corresponds to the line of aggregation
temperature Ta. CC

lut is critical composition of lutidine. C0
lut is the specific lutidine mass fraction used

in the experiment. In the high surface charge density, the particle preferred the water-rich phase and
aggregation occurs on the right side of phase diagram (B). In the low surface charge density, the lutidine-
rich phase is preferred; aggregation occurs on the left side of phase diagram (A).

screening length.

3.2 Interaction between the colloids

• Solvent-induced interaction: A simplified mean field description
At the boundary of a solid in contact with a non phase-separated binary liquid,
there is an adsorption layer with an excess of one of the components. The
excess concentration decays exponentially toward the mean concentration of
the bulk. Approaching the phase separation line, the adsorption layer will
change from a partial wetting into a complete wetting state.
In the mean field description, the evolution of the thickness of the adsorption
layer into the complete wetting state with a well defined film thickness is found
by minimizing the surface free energy function[81]:

σ =

∫ +∞

0

[
w(m(z)) + c2

(
dm(z)

dz

)2
]

dz + Φ(ms), (3.1)

where w = f(m)− f(m0)− µ(m−m0) is the grand potential per unit volume,
f is the free energy per unit volume, µ the chemical potential, m(z) the volume
concentration at position z, and m0 the concentration of the homogeneous bulk
phase. The function gives the free energy due to the presence of a solid wall.
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Figure 3.2: Schematic depiction of concentration profiles between two walls. In the middle of wall, it is
the superposition of the two concentration profiles (Eq.3.5).

Nakanishi and Fisher take[82]:

Φ(ms) = −h1ms −
g

2
m2

s, (3.2)

h1 is surface field, c is coefficient of the gradient. g is enhancement factor.
Where two conditions are implied by minimization,

dm/dz = ±2 (w(m(z))
1/2

/c, (3.3)

c (w(ms))
1/2

= ±dΦ/dms| = ±h1 + gm. (3.4)

Fisher and De Gennes showed that the density profile minimizing surface free
energy can be scaled exponentially in the mean field approximation if the dis-
tance is longer than the correlation length. The schematic depiction is shown
in Fig.3.2:

ms = m0(1 − 2exp(−l/ξ)), (3.5)

where ξ is the correlation length and l the distance from the solid wall to the
center of the adsorption profile. Fisher and De Gennes also made the conjecture
that in the central region between two walls the profile is a superposition of the
profiles at the two walls, and can be written as an exponential function:

m

(
D

2

)
≈

(
ξ0

D

)β/ν

exp(D/ξ) (3.6)
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where β and ν are normal critical exponent, ξ0 gives the amplitude of cor-
relation length in the asymptotic limit D/ξ → ∞. In this limit an effective
interaction potential per unit of surface V can be derived [81, 83, 84]:

V (D) = −Aexp(−D/ξ) + Bexp(−2D/ξ) + Cexp(−3D/ξ), (3.7)

where the first term is attractive, and the second and third are repulsive. A, B,
C represent the amplitude of different potential respectively. For our purpose
we will neglect the repulsive terms since we observe an attractive interaction
at relatively large separations. The amplitude A is determined by the surface
area at the walls. The amplitude is given as

A = 4γ = γαs − γβs, (3.8)

where 4γ is the difference in surface tension of component α with the surface,
and component β with the surface. To obtain an estimate of the sphere’s mu-
tual attraction, we make use of Derjaguin’s approximation in which the two
spheres have been replaced by parallel plates, the force law can be seen to be
simply related to Vplane per unit area of two planar surfaces[15],

Fsphere = 2πRVplane, (3.9)

with R the radius of the sphere, Vplane free energy between two planar surfaces.
The interaction between spheres is then given by

Vsphere(D) =

∫
FdD = −2πRξ∆γexp(−D/ξ). (3.10)

• Electrostatic Coulomb Interaction
For the screened Coulomb interaction we take Israelachvilli’s formula for low
surface charge[15]:

Vel(D) = (2πRσ2λ2
D/εε0)exp(−D/λD), (3.11)

where σ is the surface charge density, λD the Debye screening length and ε the
dielectric constant. This repulsion keeps the system stable against flocculation.
Our goal is not to study the stability limit, but to find a secondary minimum in
the interaction energy where the colloidal system may form a denser phase in
a reversible manner, stable or metastable.

• Total Interaction energy
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Dividing all lengths by R, energies by kBT , and invoking the assumption [85]
that ∆γ = kBT/ξ2, the total effective interaction can be rewritten as:

Wtot = Cλ2
Dexp(−D/λD) − (1/ξ)exp(−D/ξ), (3.12)

where

C = 2πσ2R3/εε0kBT. (3.13)

The potential is determined by two length scales ξ and λD, and the ratio of the
amplitudes of the two contributions. If the ratio of the amplitudes is given by:

F = Cλ2
Dξ, (3.14)

we can draw a diagram of F versus ξ/λD where all possible forms of interac-
tion energies are collected (Fig.3.3).

3

4

3

Figure 3.3: Schematic depiction of the different potential regions as function of the ratio ξ/λD . F is
the ratio of two potential amplitude (Double-layer repulsion and solvent-mediated attraction). ξ is the
correlation length and λD is Debye screening length. The arrow indicates the path of measurement.



MODELLING THE INTERACTION FOR COLLOIDS IN A BINARY MIXTURE 29

Below the line F = λD/ξ (solid line Fig.3.3) and for ξ/λD < 1 there is a maximum
in the potential, while above this line and for ξ/λD > 1 there is a minimum in the
potential. For F > 1 the suspension will remain stable. In the upper right quad-
rant a stable dense colloidal phase can be formed. For F < 1 the colloidal system
will flocculate. Only for systems in the lower left quadrant metastable phases are
possible. The correlation length ξ is directly proportional to the distance from phase
separation in either temperature, pressure or composition. The arrow indicates the
path along which a colloidal suspension approaches toward phase separation. For a
starting point with F > 1 we will always reach the upper right corner, where a stable
dense colloidal system may be formed. Starting below the F = 1 line, we may en-
counter flocculation before entering the stable corner. The above applies for systems
where the Van der Waals interaction between the colloids is negligible. If, however,
the Van der Waals interaction is pronounced, the qualitative picture does not change
dramatically, but there will always be a short-range attraction. Both maxima and
minima will remain but the amplitude and positions of the potential will change.

3.3 Results

At first, we employ this model to calculate the potential for a system of fluorinated
particles in 3-methylpyridine/ H2O/ D2O. The detailed experiment is presented in
chapter five. In this system the particles (R = 200nm) are refractive index-matched
with the binary liquid. The Debye screening length at room temperature is 2 na-
nometer. The screening length will change because of the adsorption around the
colloidal particle. It is a minor effect and does not change the qualitative picture,
as we will demonstrate as follows. The relevant range of the correlation length at
the off-critical composition is from 2 to 6 nanometers from room temperature to the
condensed temperature at the off-critical composition.

In Fig.3.4, we employed the model with the experimental data to calculate the
potential in the system of fluorinated particles in 3-methylpyridine/H2O/D2O. The
range of F from 30 (the starting point at room temperature) to a value of 90 corre-
sponds to the increased correlation length. The potential illustrates the evolution
from a repulsive potential to an attractive potential. We observe a well depth of
2.5kT at a value of ξ/R = 0.025, i.e. ξ = 5nm. The correlation length is a direct mea-
surement of the distance from phase separation. From the SAXS measurements, we
could determine the correlation length from the low-q region by using the Ornstein-
Zernike equation. The detailed characterization of which will be reported in chap-
ter 4. In Fig.3.5, the correlation length as a function of the reduced temperature,
(T −Tcx)/Tcx, is shown. The correlation length as a function of reduced temperature
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Figure 3.4: The calculated potential as function of separation distance at different ξ values. ξ is the param-
eter related to temperature difference from the Tcx (in fig3.5). The results are based on the experimental
data in the fluorinated particles in the mixture of 3-methylpyridine/H2O/D2O.

can be described as

ξ = ξ0∆t−ν . (3.15)

with exponent ν 1.1 at the large reduced temperature. For the non-phase-separation
system, the near doubling of the critical exponent ν (3D Ising value of ν = 0.63) was
reported in an earlier study[86].

The distance from phase separation is then 2.5◦C for this system. If a well depth
of 2.5 kT is sufficient to induce aggregation, the model without any adaptable pa-
rameters predicts the aggregation to take place in the observed temperature range.
We can clarify this model when the Debye screening length is varied. For three col-
loidal solutions of fluorinated particles in the binary mixture (φ = 0.003) with Debye
screening lengths of 2.0, 1.0, and 0.7 nm, we observed aggregation at Tcx − Ta =

4, 11 and 22◦C respectively. Ta is the aggregation temperature, Tcx is coexistence
temperature of binary mixture.

Fig.3.6 displays the calculation with our measured values. If we assume the well
depth at aggregation to be 2.5 kT , we derive that Tcx−Ta has the values of 2, 8.7, and
20◦C respectively. Since no approximation is required, a remarkable agreement with
experimental values is found. With a shorter Debye screening length, Ta is further
from phase separation. This is in agreement with all experiments studied so far. The
density of the formed aggregates can be derived from the position of the minimum
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Figure 3.5: The measured correlation length versus reduced temperature Tcx−T
Tcx

at C3MP = 0.25.

Figure 3.6: The minimum potential as function of the ξ/R at the different Debye screening length. The
dashed indicated the minimum potential at 2.5kT .

in the effective potential Dmin.
In Fig.3.7 the result of the calculation is shown as a function of ξ/R. The dashed

line in the figure indicate the range of the correlation length in the aggregation re-
gion, where the minimum in the potential is 2.5kT . If the systems are brought closer
to the phase separation line, i.e.larger ξ/R, the minimum does not change anymore
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Figure 3.7: The position of minimum potential as function of ξ/R compared with the different screening
length. The dashed line defines the range of the correlation length in the aggregation region.

except for the system with the longest Debye screening length, where a change of
20% is predicted by the model. We did not observe the change in density of formed
aggregates at the different Debye screening length in our measurement. In a non-
density matched system such as the fluorinated particles in 3MP/ water one does
not expect this change to be visible. Because, for these systems, one can argue that
these details are obscured by gravity, temperature, resolution, etc. It shows, how-
ever, the power of the method to make qualitative predictions. Had we set the
criterion for aggregation at 2kT , the uppermost curve would be on the steep part
of the curve. Then the density of the dense phase formed by the colloids would
have liquid-like densities which depend strongly on the temperature. For systems
with shorter screening lengths the potential decays rather abruptly. For systems with
the longest screening length, it goes smoothly, and one may expect different decay
to happen, provided gravity does not spoil the effect’s visibility. For the density
matched system of polystyrene particles we did observe a liquid phase, with a den-
sity that depends strongly upon temperature. The model is strictly not applicable
to these systems. The refractive index does not match and hence the Van der Waals
force is present. Qualitatively the predictions of the model hold, quantitatively there
are discrepancies. For example the aggregation/ condensation temperature shifts in
the right direction with the Debye screening length. The shift we observe, however is
much less than the model predicted. We observe a liquid phase, however not at the
point predicted by the model, as long as we use the model without a free parameter
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and without the Van der Waals interaction. Of course one can incorporate the Van
der Waals interaction into the model, then simplicity is gone and uncertainties are
introduced. The freedom one gains will certainly be able to describe the phenomena,
however physical insight and elegance are lost.

Figure 3.8: The calculated minimum potential of PS in 3MP/Water as function of screening length at the
different Debye screening length. The dashed line represents the characteristic ratio where all the systems
condensed into a solid phase.

A possibility to obtain more quantitative agreement within the model presented
is to use the amplitude ratio F(screened Coulomb versus Casimir) as a free param-
eter. In order to make this point clear, we calculated, without a free parameter, the
well depth for some of the systems of polystyrene in the 3-methylpyridine/ water
mixtures for the different Debye screening lengths (Fig.3.8). All these systems con-
dense into a solid phase around ξ/R 0.07 (indicated by the dashed line in the figure).
The effective potential of the system with λD/R = 0.02 would describe with small
variations in all the systems. By using the amplitude as a free parameter this is easy
to perform. The origin of the particular value of the amplitudes is far more difficult
to answer.

3.4 Conclusion

We can conclude that the effective attraction in the asymptotic limit suggested by
Fisher and De Gennes is the driving force of the observed phenomena. The effec-
tive potential is able to quantitatively describe systems without the Van der Waals
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attraction. Taking into account Van der Waals forces, the system turns more com-
plex to interpret the effective attraction. Nevertheless, the model already indicated
that fluctuation-induced forces as predicted by Fisher and de Gennes certainly play
a major role, although van der Waals force may also contribute.



4
COLLOIDAL PHASE BEHAVIOR IN

A BINARY MIXTURE

4.1 Introduction

The structure and dynamics of colloidal systems interacting via a (weakly) attractive
potential is a current topic of high interest. Theory and simulations point to phase
behavior not encountered in atomic or molecular systems. Examples are the pre-
dicted existence of critical points in the solid phase [87], and the existence of low-
and high-density glasses separated by a phase line ending in a critical point[88–90].
On the other hand, they may show phase behavior similar to what is observed in
molecular systems, a liquid phase in equilibrium with a gas phase. It all depends on
the strength and range of the attraction. However, experiments are scarce [90, 91].
The lack of a continuous control parameter together with the influence of gravity are
two, amongst others that slacken the pace of the experimentalist to verify the pre-
dicted phenomena of the simulators and theorists. An attractive interaction can be
induced in several different ways, most notably by adding a non-adsorbing polymer
to a hard-sphere repulsive colloidal system[16]. Size and concentration of the poly-
mer determine the range and strength of the interaction. The addition of polymer
cannot be considered as a continuously controllable parameter. Another scenario for
an attractive interaction is offered by charge stabilized colloidal particles in a binary
liquid mixture. More than twenty years ago, Beysens and Esteve[92] observed the
reversible ”aggregation”of colloids near the phase-separation temperature Tcx of the
suspending binary liquid, still in the one-phase region. The aggregation was obvi-
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ously induced by an attraction that could be controlled by the temperature. Revers-
ing the temperature away from the phase-separation line, the aggregate was resus-
pended to its original state. Gravity prevented an assessment of the state the particles
condensed into. At first, the authors contributed the phenomenon to the adsorption
layers formed on the colloidal particles when the phase separation line of the binary
mixture was approached. Provided one could density match the colloid with the
binary liquid, this system promised a continuous control over the potential with a
reduced influence of gravity. We found this system in charge-stabilized polystyrene
particles suspended in the quasi-binary mixture of 3-methylpyridine/H2O/D2O.

5�6 5�798 5

Figure 4.1: Schematic representation of the scenario leading to aggregation at Ta and subsequent
phase separation of the binary mixture at Tcx. For the polystyrene in the quasi-binary mixture of 3-
methylpyridine/H2O/D2O, 3-methylpyridine (dark shade) adsorbs preferentially onto the polystyrene
and prefers the 3-methylpyridine-rich phase after phase separation. 3MP and water are labelled black and
white, respectively. Ta and Tcx are the aggregation temperature and coexistence temperature of binary
liquid mixture, respectively.

The first paper of Beysens evoked a discussion about the nature of the attrac-
tion leading to the aggregation phenomenon. Many papers followed, experimental
and theoretical, to elucidate the process or establish the parameters determining the
process e.g[92, 35, 66, 68, 93, 94, 69, 95–99]. Beysens and others reported observa-
tions of aggregation phenomena in systems of colloidal silica dispersed in mixtures
of 2,6-lutidine and water in the one-phase region. They showed that aggregation
was related to the affinity of the colloidal surfaces for one of the solvent compo-
nents. They did measurements in a temperature range near the critical tempera-
ture in the two-phase region of the mixture. They related the aggregation to the
prewetting transition expected near the critical point of the binary-liquid mixture.
An alternative approach was to consider the aggregation as a phase separation in a
three-component system[94]. In this explanation, the main role of the colloids is to
couple to the degrees of freedom of the host liquid by preferring one of the liquid
species and thereby decreasing the local chemical potential. In the interface potential
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approach, Yeomans and coworkers considered the capillary condensation and the
subsequent bridging between the spheres as a possible mechanism for the wetting-
induced colloidal aggregation[100]. This mechanism of capillary condensation was
beautifully demonstrated by the experiments of Cannel et al. Recently, the initial
interactions in a stable suspension were modelled in terms of an improved DLVO
potential with the attractive dispersion interaction described by the Dzyaloshinskii-
Lifshitz-Pitaevskii (DLP) potential[92, 66]. In this model, the authors take into ac-
count the presence of an adsorbed layer to calculate the Van der Waals interaction
and the screened electrostatic potential. The result showed that the dominant factor
that modifies colloidal stability in the presence of an adsorbed wetting layer is the
change of the Debye screening length within the adsorption layer, which is different
from that in the bulk. This screening potential progressively weakens the repulsive
contribution to the DLVO potential as the thickness of the adsorption layer increases.
The model was applied to typical dilute suspensions of silica in 2,6-lutidine/water
mixtures. The aggregation sets in when the adsorbed layer thickness is about 12nm.
The particles can overcome the barrier, and the adsorbed layers of the two particles
merge. The inter-particle medium becomes lutidine-rich and the resulting interac-
tion potential has a high repulsive barrier which prevents the particles from coming
into direct contact with each other. The model is essentially an adaptation of the
classical description of the destabilization of a colloidal suspension by adding salt.
Here it is not the salt, but the dielectric constant of the adsorbed layer that deter-
mines the path of the flocculation. Most of the models neglected the proposal of
Fisher and De Gennes in 1978[78] that the overlap of the adsorption layers leads to a
lowering of the free energy or an effective attractive potential. The solvent-mediated
interaction to describe ”flocculation”of colloids in binary mixtures was part of a gen-
eral description of the interaction between interfaces in a medium close to a critical
point. The interaction results from the enhancement of order parameter fluctuations
near the critical point. The local perturbation caused by a particle is not screened
completely after a few atomic layers, but influences the system over an apprecia-
ble distance, i.e. the correlation length. The original proposal was worked out in
more detail by, amongst others, Krech and Dietrich[101, 38]. During this process, the
phenomenon lost its name, solvent-mediated interaction, and became known as the
critical Casimir effect. Experimentally, the effect has been observed by Rafai in flat
geometries. Dietricht and Hertlein[102] reported the direct measurement of a critical
Casimir force between a silica particle and a flat surface in a 2,6-lutidine/water mix-
ture. We will show in this chapter that the solvent-mediated interaction, or critical
Casimir effect, is the driving force in the observed phenomenon. Ideally one would
use a system where the normal Van der Waals attraction is absent. We found a sys-
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tem in fluorinated particles, with a high surface charge density, which are wetted by
water. The index of refraction is matched with the suspending fluid, their density,
alas, is not.

This chapter focuses on the systematic experimental study of the colloidal phase
behavior in the one-phase region T < Tcx. We show that the ”aggregation”observed
by Beysens and coworkers is in reality a reversible phase transition for the colloidal
system. Density matching between the particles and the suspending medium en-
ables us to observe stable gas-liquid and gas-solid equilibria. In a density matched
system the nuclei can - in principle - grow to macroscopic dimensions, while in a
non-density matched system gravity perturbs this growth process at a very early
stage, as observed in the measurement by Narayanan[103]. The phases are char-
acterized by synchrotron Small-Angle X-ray Scattering (SAXS). The complementary
techniques of visual observation (backscattering), laser-transmission measurement
(forward scattering), and microscopy are used to substantiate our findings from the
SAXS measurements. Measurements on the index matched system indicate that the
driving force of the condensation transitions is the critical Casimir effect.

4.2 Experimental Techniques

Experiments were carried out using two different charged colloidal particles: polysty-
rene and silica particles, suspended in a quasi-binary liquid mixture of 3-methylpyridine/-
H2O/D2O The composition of the binary mixture is C3MP = 0.25, CH2O = 0.5625,
CD2O = 0.1875. For this liquid mixture without colloids, Tcx is around 65◦C. The
water-to-heavy water ratio is chosen such that the density of the liquid mixture
closely matches that of the particles in the temperature region where the transition
occurs. On the other hand, this composition is far from the critical concentration of
the binary mixture (C3MP = 0.32) thus avoiding effects of solvent critical scattering.
At the same time, this concentration allows studies in the region of the phase dia-
gram where the colloidal condensation region is expected to be at its widest, where
the difference between the condensation temperature Ta and the demixing tempera-
ture of the solvent Tcx is largest (refer to the schematic phase diagram in Fig 4.1). The
particles have a diameter of 105nm with a polydispersity of 2.3%, determined from
the scattering form factor, and an effective surface-charge density of 0.4µC/cm2,
measured by electrophoresis. The 3-methylpyridine and heavy water were pur-
chased from Aldrich chemicals. The water is deionized Millipore water (MilliQ).
Six samples were prepared with particle volume fractions of φ = 0.0025, 0.0050,
0.0100, 0.0150 and 0.0500, and a reference sample without any colloidal particles at
all. The samples were put in flat borosilicate capillaries with an optical path length
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of 0.5mm, which were flame sealed to avoid solvent evaporation. The glass surfaces
were thoroughly cleaned with chromic acid and rinsed with Millipore water to guar-
antee a clean OH surface and to avoid contaminations that might influence the phase
behavior. The samples were studied by small-angle x-ray scattering (SAXS) at the
beamline ID02 of the European Synchrotron facility (ESRF). A thermostatted oven,
available at the beamline, ensured a temperature stability better than 2mK. We raised
the temperature in steps of 0.05K, waited for 5 min after each temperature increment
to let the system equilibrate, and recorded the scattered intensity. This corresponds
to an average heating rate of 10−4K/s. The measured 2-dimensional SAXS patterns
were normalized and azimuthally averaged to obtain the intensity I(q) as a function
of the amplitude of the scattering vector q = (4π/λ) sin(θ/2) with θ the scattering an-
gle and λ = 1Åthe wavelength of incident X-rays. Transition temperatures were also
verified by measurement of the sample turbidity. For direct visualized observation
the samples were placed in a thermostatted water bath, and pictures of the samples
were taken using a CCD camera.

4.3 Results

4.3.1 Two characteristic temperatures: Ta and Tcx

The aggregation temperature of the colloidal particles, Ta, and the phase separation
temperature, Tcx (subscript cx denoting the coexistence of 3MP-rich and 3MP-poor
phases), of the mixture were determined for each sample by both visual observation
and turbidity measurements. Fig.4.2 shows the typical evolution of the transmitted
laser intensity as a function of temperature at C3MP = 0.25 .

The first sharp decrease in transmission (Fig.4.2 curve b) indicates the condensa-
tion temperature. The following increase results from sedimentation of the particles.
Finally, the second sharp decrease at Tcx results from the solvent demixing. Curve
a is the transmission of the pure binary mixture. The samples were then placed in a
water bath to observe the macroscopic phase behavior by using the CCD camera.

The photographs in Fig.4.3 qualitatively illustrate the macroscopic state of the
suspension in the characteristic regions. At low temperature, the particles are ho-
mogenously distributed in the binary mixture (a). As the temperature increases, the
homogenous colloidal system separates into a dense (particle-rich) phase in the up-
per and a rare (particle-poor) phase in the lower sector of the sample cell (b). The
particle-rich phase starts to grow from the liquid-vapor interface downwards. Above
T=56.9◦C, the particle rich phase becomes unstable with respect to gravity and falls
down to the bottom of the sample cell (b

′

). When we increase the temperature further
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Figure 4.2: (A) Examples of laser transmission measurements. The temperature scan on both binary
mixture (curve a) and colloidal suspension in a binary mixture independently (curve b). (B) The sachemic
phase diagram of polystyrene particles in the mixture 3-methylpyridine/H2O/D2O. Ta and Tcx are the
aggregation temperature and coexistence temperature of binary liquid mixture, respectively.

Figure 4.3: A series of photographs representing the characteristic state of polystyrene particles in the
mixture 3-methylpyridine/H2O/D2O at ratio X=0.25 and the volume fraction φ = 0.01.

to Tcx, the binary suspending liquid finally separates into a 3MP-rich and a water-
rich phase with a sharp interface (c). Most of the particles assemble in the lighter
3MP-rich phase.

A small amount stays at the bottom as a dense phase. Upon shaking, practically
all colloidal particles are assembled into the upper 3MP-rich phase. The observed
phase behavior of the samples combined with turbidity measurements are collected
in a diagram (Fig.4.4), where the characteristic temperatures are plotted as a function
of volume fraction. The remarkable feature of this diagram is the large separation
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Figure 4.4: Temperature-dependent phase behavior as a function of volume fraction based on both visual
observation and turbidity measurements. The lower set of points are the condensation temperatures Ta,
the upper set the demixing temperatures Tcx.

between Ta, where the colloids condense, and Tcx, where the binary liquid mixture
phase separates. The temperature difference between the Tcx and Ta is much larger
than the one degree reported earlier. Here, the difference between Ta and Tcx is
approximately 6.5 degrees at a volume fraction of 0.015. The large temperature gap
rules out a possible relation between aggregation and the prewetting transition, or
capillary condensation.

4.3.2 Influence of gravity on the condensed state

The density of the suspending liquid can be tuned by the ratio heavy water to water,
X . Fig.4.5 shows the density of binary liquid mixture at different values of X . The
result is only applied at room temperature due to the different thermal expansion
of each component, however, we could estimate the density matched point at the
aggregation temperature directly by measurement. We studied three samples with
different ratios, X , keeping the concentration of particles constant at φ = 0.01. Table
2.3 gives the details of the sample preparation for the system polystyrene spheres in
the mixture of 3-methylpyridine/H2O/D2O.

In Figs 4.6-4.10, we demonstrate all types of colloidal phase behavior by macro-
scopic observation. We were able to do this only with the samples where the ratio
X = 0.5. In Fig.4.6, a colloidal-rich phase is formed in the middle of the capil-
lary. This phase remained stable for hours, no drift upwards or downwards was
observed. Hence, with this ratio the density of the fluid can be considered to match
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Figure 4.5: Density of binary liquid mixture at the different ratio heavy water and water. The result is
from the calculation at room temperature. The thick solid line represents the density of polystyrene.

Figure 4.6: The photographs are taken at different temperatures of time for polystyrene particles in mix-
ture 3-methylpyridine/H2O/D2O . The colloidal-rich phase is formed in the middle of capillary at
X = 0.5. Left: T=49.5◦C; Middle: T=50◦C; Right: T=50◦C, after 4 hours respect to state in the mid-
dle.

the density of the particles with their adsorption layers at Tcx. After four hours, the
macroscopic smooth appearance of the dense phase began to coarsen. A sponge-
like structure developed, as illustrated in Fig.4.7. The image was magnified ×100.
In order to characterize the sponge-like structure, we calculated the static intensity
correlation function, shown in fig.5.4. The two static intensity correlations at differ-
ent times show that the size of the denser regions, as well as the darker, less dense
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Figure 4.7: The coarsening stage of the dense phase. This image shows a magnification of Fig.4.6c. A
sponge-like structure is observed.

Figure 4.8: The static intensity correlations as function of time during the coarsening stage.

regions, increases with time. At a slightly higher temperature the coarsening de-
veloped to form the structures shown in fig.4.9. At the beginning, it is a connected
branch structure. Chains of irregular beads, with a high density of colloidal parti-
cles, are seen in a colloid-poor background. The beads coalesce to eventually form
droplets. The pattern is consistent with simulation result reported by Tanaka[104].
These droplets then remained stable for hours, not moving up or down. The droplets
have the signature of a liquid. Macroscopically this looks like the spinodal decom-
position into the liquid phase. What happens when these droplets move and collide
with each other can be seen in Fig.4.10. At the ratio X = 0.25, the particles firstly
condensed at the upper part of capillary. With time, the dense phase will settle down
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Figure 4.9: Structure evolution of polystyrene particles in the mixture 3-methylpyridine/H2O/D2O at
temperature close to Tcx and ratio X=0.5. (a) sponge-like structure, (b) loosely connected branch structure,
(c) droplet.

Figure 4.10: The state of polystyrene particles in a binary mixture at T=63◦Cand X=0.25. (a) The colloid-
rich droplet on the top of colloid solid (pillar shape). (b) Two colloid-rich drops contact. (c) Two droplets
start to merge.

because the colloidal-rich phase is heavier than the surrounding liquid at this ratio.
The corresponding states are displayed in Fig.4.3. Due to the slight mismatch in
density, we observe an interesting phenomenon at the low part of the capillary. One
free colloidal-rich droplet is merging with another droplet which is positioned on
top of a solid pillar. Fig.4.10 shows the sequence of coalescence of the two drops.
From the coalescence event we can determine the interfacial tension between the
colloidal-rich liquid and the colloidal-poor gas phase. A detailed description of the
coalescence events will be reported in chapter 7. We obtained an interfacial tension of
around 2.7×10−7N/m. This ultra-low interfacial tension verifies the coexistence of a
colloid-gas and colloid-liquid equilibrium. Apparently we have chosen the parame-
ters such that we are at the triple point of our colloidal system. Since gravity is acting
now we can not be sure if this is the true equilibrium triple point. The compressed
solid pillar may be a glass. The structure factor measurement by X-ray should give
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an answer to clarify. For the ratio X = 0.75, the particles condensed at the upper
part of the capillary and remained at the top. It is essential to study the equilibrium
phase behavior without sedimentation disturbing the process. Compared with the
previous works by Beysen[35], the similar phenomena which they defined as the ag-
gregation of the silica particles in a lutidine and water mixture barely identify the
true nature of ”aggregation”because of the limited time to investigate the equilib-
rium phase before the aggregates dropped out the sight.

We mainly focus on the condensation of colloidal dispersion at the one-phase re-
gion of binary mixture, however, the phenomena about the colloidal phase behavior
in the two-phase region of binary mixture is also worthwhile to explore. We ob-
served the partitioning of the particles into a preferred phase when the temperature
is quenched deeper into the two-phase region. Partitioning particles into preferred
phase is a technique which is used for the separation of polymers and biological
macromolecules[105, 106]. From the visual observation, we found that polystyrene
particles will partition into 3MP phase. The liquid-like structure of colloid is ob-
served in the 3MP-rich region after phase separation.

4.3.3 Evolution of the microstructure

We qualitatively studied the macroscopic condensed phase by the backscattering
and forward scattering in the previous section on a scale large in comparison with
the building blocks. Now we quantitatively characterize the phase by the structure
factor using the small-angle x-ray scattering. Typical SAXS intensity profiles of the
sample with volume fraction φ = 0.015 at temperatures around the condensation
temperature are shown in Fig.4.12. They are representative of the scattering profiles
of all the samples that form a colloidal solid from gas phase. Curve D is the scattering
intensity profile of a dilute sample with volume fraction 0.0005 at T = 25◦C. We con-
sider this to be the form factor of the particles. The examples shown are taken from
a run where we increase the temperature from room temperature to Tcx. We observe
that the form factor changes as temperature increases close to the coexistence tem-
perature of the binary mixture. The structure factor, obtained from intensity profile
by division with the measured form factor at the different temperature appears the
artificial peak at the q value where is the minimum of form factor. The form factor has
to be adapted at the different temperatures. The slight shift of the form factor may re-
sult from the adsorption layer on the particle when the temperature approaches the
coexistence temperature of binary mixture. Due to the low electron-density contrast
between polystyrene and the binary mixture, we could not qualitatively determine
the thickness of the adsorption layer as a function of temperature. A few degrees
before Ta, determined by the turbidity measurement, we let the system equilibrate
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for 5 minutes. We then increase the temperature in increments of 0.05◦C, wait for
120 seconds, and take a spectrum with an exposure time of 60 seconds. We repeat
this procedure until we reach Tcx. This amounts to an average rate of change of the
temperature of 10−4◦C/s. The spectrum A taken at T = 51.6◦C equals 1 after divid-
ing the form factor. It shows the features typical to a dilute gas phase. Within 0.3
degrees of Tcx we observe the appearance of pronounced peaks, indicating a phase
transition from gas to solid (B). We obtain the structure factor of the solid phase by
dividing the scattering function B by the measured form factor (Fig.4.12). We observe
peaks characteristic of a crystalline solid. Firstly, the height of the first maximum of
S(q) is above the static freezing criterion (∼ 2.85)[107]. The peaks are located at q-
values in the ratios
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bracket means these orders are not present here. These peak positions are character-
istic of the face centered cubic (fcc) lattice. From the absolute values of q (indicated
by ticks in Fig.4.12b) we calculate the lattice spacing to be 184nm. Fitting the peaks
with Gaussian functions with a full width at half maximum of ∆q = 0.005nm−1.
We calculate a size of the crystalline domains (lc) to be lc ≈ 2π/∆q = 1250nm.
The hexagonal symmetry of the diffraction peaks in the two-dimensional SAXS pat-
tern (in Fig.4.11) indicates that the fcc crystals are preferentially oriented with their
hexagonal close-packed planes parallel to the glass wall of the capillary [108].

Figure 4.11: 2D images of the scattered intensity. Several rings with the mixture of speckles and spot with
hexagonal symmetry.

With a particle radius of 52.5 nm, and a lattice spacing of 184nm, we calculate a
volume fraction of φ = 0.38 for the fcc crystal. For a hard sphere fcc solid, the vol-
ume fraction has a value of 0.54 at the melting point. From which we calculate an
equivalent hard sphere radius of 59 nm for our charged particles. In the crystal, we
determine the free space between the surfaces of the particles to be 22 nm[58]. This is
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Figure 4.12: (a) SAXS intensity profiles at the characteristic temperature for the volume fraction of particle
0.015. Curve D represents the fitted form factor based on the measurement of intensity at volume fraction
φ=0.0005. The intensity profile is shifted for the sake of clarity. (b) The corresponding structure factor for
curve B. The vertical ticks under the Bragg peaks indicate the expected positions of the lattice spacing s

of an fcc powder with a lattice parameter a of 184nm.

Figure 4.13: The development of S(qm) and qm as function of temperature at the volume fraction φ =

0.01

an order of magnitude larger than the thickness of the adsorption layer, which is ap-
proximately equal to the bulk correlation length. When the temperature approaches
Tcx, the adsorption layers could overlap, but the colloidal particles with their adsorp-
tion layers are still suspended in the same homogeneous liquid as the particles in the
gas phase from which the solid crystallized. However, the global composition of the
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suspending liquid inside the crystal is different from the gas phase, due to an at least
two orders of magnitude higher volume fraction of the particles. The suspending
liquid contains more 3-methylpyridine, still less than in the 3-methylpyridine-rich
phase, that is formed at a higher temperature when the suspending liquid phase
separates. We can sublimize the crystal when we decrease the temperature back to
T = 51.6◦C (line C). We can repeat this whole process several times. The transition
is reversible. Furthermore, we do not see any hysteresis, provided the temperature
is changed slowly. A peak in S(q) results from correlations in the positions of neigh-
boring particles, and its location provides a rough measure of the mean interparticle
distance. Fig.4.13 shows that the peak moves to low q and grows in height. The
qm shift to low q value and the amplitude increase of the peaks suggested crystal
growth. The time scale on which we change the temperature, should be compared
with the nucleation- and growth-rate of the crystal. The crystallization process will
be discussed in chapter 6 in detail.

Figure 4.14: 3D plot of intensity profile and structure factor as function of q vector and temperature for
the particle with the volume fraction φ = 0.05.

For the sample with a volume fraction 0.05, the colloidal phase behavior is differ-
ent from the low density samples. Fig.4.14 shows a 3D plot for the intensity profile
and structure factor as a function of temperature to show the characteristics of evo-
lution of structure. For the sake of clarity, some intensity profiles are shifted at the
characteristic temperature. In Fig.4.15 presents the evolution of SAXS intensity for
the sample of volume fraction 0.05, as the temperature was raised from room tem-
perature until T = 57.3◦C. The intensity profile (curve I) is similar to that of the
form factor, which was determined from a very dilute sample with volume fraction
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Figure 4.15: (a) SAXS intensity profiles in the vicinity of Ta. Curves I-IV present the characteristic tem-
perature intensity profile respectively. The curves have been displaced along the intensity axis for the
sake of clarity. The inset shows the 2-D scattering pattern corresponding to curve III. (b) Structure factors
corresponding to the intensity profiles I(q) in Fig.4.15(a). These demonstrate the transition from gas (I) to
liquid (II), and solid (III). The ticks at the bottom in (III) indicate the peak positions for an fcc crystal with
lattice constant d=181 nm. The solid line indicates the structure factor calculated for fcc crystals of size ∼

900nm.

0.0005. After subtraction of the background scattering due to the suspending fluid
and division by the form factor, we obtained the corresponding structure factor de-
picted in Fig.4.15(I). The structure factor is essentially 1 over the whole wave vector
range. When we raised the temperature by 0.2 ◦C, we observed the appearance of
a pronounced peak (curve II) as shown by the structure factor in Fig.4.15(II). This
structure factor is typical for a liquid or a dense fluid phase. With increasing tem-
perature, the height of the peak increased continuously until T = 59.5◦C (curve III),
where it suddenly jumped to a value above 2.85, the freezing criterion[68]. We also
observed that the peak narrows and higher order reflections appear: the liquid has
turned into a solid. When we lowered the temperature back to 57.3◦C, we obtained
spectrum IV which is indistinguishable from I: the solid melts and the suspension is
back in the gas phase. This whole process can be repeated several times. The tran-
sition is reversible and we do not see any appreciable hysteresis. The peaks in the
structure factor of the solid phase in Fig.4.15 b are located at q-values in the ratio√
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Figure 4.16: S(0) and S(qm) changes as function of temperature. The particle volume fraction is φ = 0.05.

tered cubic (fcc) lattice. The observed peaks correspond to (111): (200): (220): (311):
(222). From the absolute values of q indicated by ticks in Fig.4.15b (III) we calcu-
lated the cubic crystal lattice constant to be 181 nm. Using this lattice parameter and
the radius of the particle known from the form factor, R=52.5 nm, we determined
the volume fraction of particles φfcc= 0.406. The peaks in Fig.4.15b (III) can be fit-
ted with Gaussian functions with a full width at half maximum of ∆q = 0.007nm−1

which is significantly larger than the instrument resolution ≈ 0.003nm−1. The fitted
width corresponds to an average crystallites size of lc ≈ 2π/∆q ≈ 900 nm.

The q = 0 limit of the structure factor is related to the isothermal osmotic com-
pressibility. The S(0) and S(qm) (in Fig.4.16) defines the value of S(q) at q = 0 and
the first maximum. They are extracted from the structure factors in Fig.4.14. Al-
though we observe the changes of slope in both two curves, the continuity in S(0)

and S(q) suggest the phase transition does not have the character of the first-order
phase transition. However, in terms of slopes changes, it suggests the occurrence of
a second order transition. This may result from a too rapid increase of temperature
during the measurement.

One feature to be mentioned in Fig. 4.17 is the presence of an isoscattering point
at q ∼ 0.05 during the early stage of the phase transition, when the attraction is
already active but a static liquid peak has still not developed. Around this q-value
the scattered intensity is independent of temperature. This onset of phase transition
can be distinguished from sudden deviation from this isoscattering point.

This system also offers the opportunity to study the melting process because the
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Figure 4.17: An example of an isoscattering point in the scattered intensity profiles. The particle volume
fraction is 0.05.

transition process is reversible. Fig.4.18a shows that the intensity profile changes
when we decrease the temperature. The amplitude of peaks decreases and qm shifts
to low q (Fig.4.18b). There are less correlated particles and the mean interparticle
distance gets larger. They are signature that big colloidal crystallites become smaller.
This melting process can be controlled by temperature directly.

4.3.4 Phase diagram of colloidal dispersions in a binary mixture

The phase behavior that we observe with SAXS, turbidity measurement and visual
observation, is summarized in a tentative phase diagram for the colloidal system
in Fig.4.19, where we plot ∆T = Tcx − Ta versus the reduced volume fraction φ∗.
From all the data obtained for colloids in binary liquid mixtures, it is clear that this
temperature difference is the experimentally relevant parameter to describe the state
of the colloidal system. At low volume fractions, the colloidal system shows two
stable phases: fluid and crystal. At higher volume fractions, we observe equilibria
of gas and liquid, and liquid and solid.

We determine the volume fractions at the transitions in the following way. The
volume fraction of particles in the gas phase is set to the initial volume fractions of
the samples we prepared. The volume fraction in the solid phase is determined
from the crystal lattice constant and particle radius as described above. For the
volume fraction of the liquid, we fit the structure factor to an effective hard-sphere
model[109]. As a reference state we take the liquid in equilibrium with the solid un-
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Figure 4.18: (a) The intensity profile changes as function of q vector when the temperature decreases. (b)
S(qm) and qm vs temperature during the melting process. The particle volume fraction is 0.015.

der the assumption that the liquid-solid gap is the same as that of hard spheres[58].
With this reasonable assumption we came to the volume fraction of liquid and in-
dicated them by close circles in Fig.4.19. The similarity of the diagram presented in
Fig.4.19 with the diagrams suggested by Frenkel[87] for attractive colloidal systems
is striking. The existence of a gas-liquid coexistence region before the liquid-solid
coexistence proves that there is an attractive potential with a relatively long range.
Another observation for colloid-gas and colloidal-liquid coexistence is the ultra-low
interfacial tension between the colloid-rich and colloid-poor phases. We present one
example of coalescence events when two colloid-rich droplets merge in Fig.7.9. Fol-
lowing the width of the liquid bridge as function of time, we could determine the in-
terfacial tension between colloid-rich and colloidal-poor, the detailed mechanism of
which will be presented in chapter 7. The 1.1×10−7N/m interfacial tension strongly
verifies the colloidal-gas and colloidal-liquid equilibrium. Our experimental phase
diagram sheds a new light on weakly attractive colloidal systems.

4.3.5 The two length scales

From the model we proposed in chapter 3, two length scales play a crucial role to
explain the interaction. The repulsive part is from Coulumbic double-layer interac-
tion, which is characterized by the Debye screening length; the attractive part results
from either the solvent mediated interaction or the Van der Waals interaction. The
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Figure 4.19: Phase diagram of polystyrene spheres in the quasi-binary mixture 3-
methylpyridine/H2O/D2O. Triangles, solid circles and squares mark the temperatures ∆T = Tcx − Ta

versus volume fraction Φ for solid , liquid and gas phases .

solvent mediated interaction is characterized by the correlation length. Both light
scattering and X-ray small-angle scattering measurement are carried out to deter-
mine the correlation length independently. In the X-ray measurement, we measured
the binary liquid mixture without colloids and the same liquid mixture with col-
loids. The Ornstein-Zernike[48] relation predicts linear variation of the reciprocal
of the scattered intensity with the square of the scattering vector. This behavior is
clearly observed from sample of binary liquid mixture without colloids in Fig.4.20.
The correlation length ξ was determined by the intercept and slope of Fig.4.20b at
each (Tcx − T )/Tcx. We can determine the correlation length of binary liquid mix-
ture with colloids corresponding to the value of binary mixture at the same reduced
temperature to Tcx. In chapter 3, we mainly use this measured correlation length to
calculate the interaction.

1

Iq
=

1

I0
(1 + (qξ)2), (4.1)

where q = (4πn/λ) sin(θ/2), λ the wavelength of light, n the refractive index, I0

the intensity scattered at q = 0, and ξ the correlation length.
From dynamic light scattering measurement, we observed the double-exponential

correlation functions in the binary mixture with colloids. Fig.4.21 shows the normal-
ized g(2)−1 (intermediated function) for different temperatures. A feature of our data
is the presence of two relaxation process at all temperatures. Especially the shape of
double-exponential decay is more pronounced when the temperature approaches to
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Figure 4.20: (a) The reciprocal of the scattered intensity I as a function of the square of the scattering
vector amplitude q for binary mixture without colloids when the temperature approaches to coexistence
temperature of binary mixture. C3MP = 0.25. (b) The measured correlation length as function of the
reduced temperature.

the coexistence temperature of binary mixture. These curves can be fitted with two
exponential as suggested by Hair[110]. This expression also arises in a way from the
theoretical treatment of Anisimov[111].

g2(t) − 1 = Afastexp[−(Γfastt)] + Aslowexp[−(Γslowt)], (4.2)

The fast mode can be illustrated by the composition fluctuation of solvent; the slow
mode should represent the mutual diffusion of colloids. The composition fluctua-
tion decay rate: Γc = Dcq

2 gives value of the coefficient Dc that when reduced by
the Kawasaki-Stokes form, Dc=kBT/6πηξ∗, yielded a dynamic correlation length ξ∗

in qualitative agreement with the behavior expected for the static correlation length
ξ. η is the viscosity of solvent. From the independent measurements with the same
condition of binary mixture, we measure the viscosity in the rheometer at each cor-
responding temperature. Thus, the correlation length (ξ) of local concentration fluc-
tuations (in fast mode)can be determined. The correlation length obtained from the
dynamic light scattering is shown in Fig.4.22. The correlation length at reduced tem-
perature with respect to Tcx is well determined. It means the correlation length at
the aggregation temperature is well defined.

In Fig.4.4, we observe the polystyrene particles shift down the demixing temper-
ature of binary mixture. In order to estimate salt content of colloids in a binary
mixture, we put the salt with known concentration to binary liquid mixture. From
the equivalent of shift of Tcx, we can determine the salt content of colloids in a binary
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Figure 4.21: Temperature dependence of the correlation function for polystyrene particle in
3MP/water/heavy water mixture. Notice that with a single-exponential decay is found at the temper-
ature far away from Tcx.

Figure 4.22: Correlation length as function of deduced temperature for the polystyrene particle in binary
mixture by means of dynamic light scattering measurement.

mixture. Fig.4.23 showed the shift of Tcx as function of the salt concentration. From
this way, we can determine the salt content with this internal calibration. Thus, the
Debye screening length of binary mixture is determined by the salt concentration.
To accurately derive the λd, we have to take the different dielectron constant corre-
sponding to the solvent composition. The Debye screening length are derived at the
four different composition for our experimental purpose (Fig.4.23b). The pure wa-
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ter and 3MP are two reference state. The screening length at C3MP = 0.25 and 0.40

are estimated because our polystyrene particle and fluorinate particle measurement
mainly fixed the C3MP = 0.25 and C3MP = 0.4 respectively.

Now we can define the Debye screening length and correlation length for each
colloids in a binary mixture. These two length scaled were essential to understand
the origin of attraction, especially for quantitative calculation in chapter 3.

Figure 4.23: (a) The temperature difference between Tcx′ and Tcx as function of salt concentration. The
content of salt of colloids in a binary mixture are estimated by the calibration of same shift Tcx. (b) The
Debye screening length as function of salt concentration with different composition of 3MP.

4.3.6 Investigation around the critical point

The reentrant phase transitions in binary mixtures provide rich information because
they permit a multitude of paths by which a critical point can be approached.

A wide variety of phases become accessible in these systems by mere variation of
temperature, pressure, an additional component, isotope substitution, etc[86]. The
unique feature of the mixture 3-methylpyridine, water and heavy water is that the
loop of phase diagram ∆T can be tuned by controlling the quantity X (the weight
of heavy water divided by the weight of water+heavy water). The critical ratio
X = 0.17 could shrink ∆T to 0.25K[52], we probe the colloidal behavior in large one
phase region of binary mixture (in Fig.4.24a). The arrow indicates the measurement
path . Fig.4.25 shows the evolution of the transmitted laser intensity as a function of
temperature for the composition of solvent at C3MP = 0.25, X = 0.17. The colloidal
condensation temperature Ta is determined by the sharp jump at the transmission
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Figure 4.24: The schematic representation of phase diagram of binary mixture changes with X. (a) critical
ratio X=0.17 , shrink the loop to reach the double critical point. (b)X=0.25, C3MP =0.32, critical consolute
point.

curve. The volume fraction of particles in the initial fluid was 0.01. The transmitted
laser intensity for the pure solvent is shown in curve B as a reference. The temper-
ature difference Tcx- Ta is 12◦C. The value is 6◦C larger than the that of the same
concentration of particles at X=0.25. Fig.4.26 presents the SAXS results for this com-
position. The temperature-dependent structure factor is depicted in Fig.4.26a, we
observe that structure factor changes from flat to one with higher-order peaks. But
the temperature difference Tcx- Ta is 12◦C. The reason is that the correlation length
at the critical point is much larger than when off-critical. From the Ornstein-zernike
plot (Fig.d), we could calculate the correlation length to be around 38nm at the tran-
sition temperature Ta = 55◦C. However, the crystal does not grow continuously . At
high temperature and longer time, we observe that the position of the peak shifts to
low q, and the height of peak smears out (Fig.4.26c). The qm as function of temper-
ature is shown in Fig.4.26b. The qm shifts to low q, the mean interparticle distance
is larger, the colloid-rich phase expands gradually. it suggested the position at ratio
X = 0.17 is far away from the density matching condition. This observation again
proves the necessity for the density matching to observe the equilibrium states.
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Figure 4.25: Laser-transmission measurement as a function of temperature for the binary mixture without
polystyrene particle and without particle. X=0.17, φ = 0.01.

Now we probe the critical consolute point in Fig.4.24 b. The sample is made by the
C3MP = 0.32, X=0.25, concentration of particle φ=0.01. At this critical composition,
the correlation length is diverged close to the critical temperature. This can give rise
to a long-ranged interaction between the particles in analogy with Casimir effect.
In the spherical surface, few experiments were accessible to investigate the critical
behavior. The new result about the direct measurement of critical Casimir force was
presented recently[102]. Fig.4.27a illustrated the temperature-dependent intensity
profile for the sample at the critical consolute point. The evolution of microstructure
is illustrated by the structure factor in Figure4.27b, is obtained from the measured
intensity by dividing by the form factor. We only observe the liquid-like structure at
the temperature 4 degree below the Tcx. The peaks develops with the temperature,
the amplitude of peaks remains below 2.78. No crystal was observed. In fact, it
conflicted the observation from Beysens. They reported no ”aggregation”observed
at the critical point, the aggregation line is closed at the critical point. From our
observation, particles are still condensed when temperature approaches Tc.

4.3.7 Generality of the condensation phenomenon

The colloidal phase behavior in a binary mixture has been investigated in a vari-
ety of particles and different liquid mixtures. The general features have been ob-
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Figure 4.26: (a) Evolution of the structure factor as a function of temperature. (b) qm changes as function
of temperature. (c). 3D plot of intensity profile as function q vector and temperature. (d)Ornstein-zernike
plot at T=55 ◦C The ratio X = 0.176, φ = 0.01.

served in silica particles in 3-methylpyridine, water and heavy water[52]; Lutidine
and water[92], and surfactant 2-butoxyethanole (C4E1) and water[93]. The ideal sys-
tem should match the refractive index and density of particles with that of solvent
to avoid the sedimentation and multiple scattering side effect from an experimental
point of view. We have recently found that fluorinated particles in 3MP and water
provide a closely index-matched suspension with a tunable solvent-mediated inter-
action (in chapter 5).

We now illustrate some observations concerning the condensation of silica parti-
cles in a liquid mixture of 3-methylpyridine/water/heavy water. The mean radius
of the particles was 110 nm with a polydispersity of 6%. The volume fraction of
particles presented here is 0.023. Fig.4.28a shows the typical intensity profile before
and after the condensation. The detector was focused on the upper part of capil-
lary. The intensity dramatically dropped down when the dense phase formed due
to the gravity. In the meantime, the pronounced peak appears at q = 0.05, the peak
position slightly shifts to the low q value. Again, in the highly mismatched den-



60 CHAPTER 4

Figure 4.27: (a) SAXS intensity profile as function of temperature at the critical consolute. (b) The structure
factor corresponding to the intensity profile in (a). C3MP =0.32, φ=0.01.

sity condition, although we could observe the aggregation, but we are never able to
reach the equilibrium state. The gravity immediately disturbs the process of phase
transition.

4.4 Conclusion

In this chapter we have derived a colloidal phase diagram for a system of polystyrene
spheres in a binary liquid mixture of 3-methylpyridine, water and heavy water from
the measurements of the structure factor. We observed colloidal gas, colloidal liquid
and colloidal solid phases. In these experiments we varied the volume fraction of
the colloids and the Debye screening length. Essential point is also that we could de-
rive from the same experiment the Debye screening length at the temperature where
the transitions in the colloidal system took place, together with the other important
length scale, the correlation length. The first condensation occurs at a ratio of the
correlation length to the Debye screening length of ∼ 2. Furthermore we observed
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Figure 4.28: Microstructure evolution of silica particles in 3MP/water/heavy water. C3MP = 0.25 ,
φ = 0.023.

gas-liquid equilibrium. This is considerable proof of an attractive potential of a rel-
atively long range, longer than the Debye screening length. The screened Coulomb
potential is still there to prevent the colloidal system to collapse and flocculate. In the
solid phase the distance of closest approach between the surfaces of the particles is
25 nm, significantly larger than the correlation length of 8 nm and a Debye screening
length of 6nm. Capillary condensation or bridging between wetting layers can be
ruled out. In both cases the particles would be found in an environment that is rich
in 3-methylpyridine, would have a shorter Debye length and hence a much smaller
distance of closest approach. Moreover the interfacial tension of the condensed unit
is then that of the interface between a 3-methylpyridine-rich and a water-rich phase
with a much higher value than we found from the coalescence.

We are the first to observe the stable liquid and solid phases. Why did we succeed
where others groups failed? Measurements by other groups observe a condensa-
tion very closer to the demixing line of the suspending binary liquid, and hence a
larger ratio of correlation versus Debye screening length. Is this the same transi-
tion we observe at the large gap to Tcx? We can not give a definite answer to that
based on our result. There are no measurements to characterize the colloidal phase
these systems condensed into, only generally define as aggregation. The mismatch in
density between colloids and suspending liquid was always large, the units formed
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dropped out of sight. The condensate at the bottom of the cell could not be con-
sidered to form an equilibrium state. Density matching is an absolute necessity to
observe equilibrium phases and their transition temperatures. Our measurements
closer to the critical point make that clear. They proved to be unstable as soon as
they were formed, even with a density mismatch much smaller than in the systems
used by other groups. The condensation close to the phase separation line may be
due to capillary condensation. Experiments aboard the international space station
should give a definite answer to all these still open questions. Down on earth, not
all conditions can be satisfied simultaneously.

What is the origin of this attractive potential? According to Fisher and De Gennes[11]
the preferable adsorption of one of the liquids onto the surface of the colloidal parti-
cles close to phase separation of the binary liquid leads to a reduction of the free en-
ergy resulting from the overlap of the adsorption layers. This is the solvent-mediated
interaction, later coined ”critical Casimir effect”. The range of the attraction in this
model is then determined by the thickness of the adsorption layer which is of the
order of the correlation length of the binary solvent. In chapter 3 we performed the
calculations with this model for the systems discussed in this chapter. This model,
without any adjustable parameters, is able to describe qualitatively the observed
phenomena: the change in condensation temperature with a change in the Debye
screening length, the possible existence of liquid and solid phases, the relatively large
distance of closest approach. Quantitatively there are large differences. It does not
contain the Van der Waals interaction, which should be taken into account here.

Beysens and coworkers[66] took the Van der Waals interaction into account, but
not the critical Casimir effect. They suggested another explanation of the adsorption
induced aggregation. They used a model, where the Debye screening length of the
screened Coulomb repulsion is shortened by the change in dielectric constant of the
adsorption layer. Thus the stabilizing repulsive barrier is reduced, the Van der Waals
attraction takes over and the particles contract into the primary minimum in a 3-
methylpyridine rich environment. They calculate that an adsorption layer of 12nm
thick is enough to destabilize the suspension and hence lead to particle aggregation.
The model is a variation upon the classical theme of flocculation. It cannot explain
the large interparticle separation in the solid phase observed by us. It is also unable
to explain the phenomenon of aggregation if the particles are preferentially wetted
by water. Then no aggregation should take place. This model is not able to even
qualitatively describe the observed phenomena. On the basis of our experiments we
conclude that the critical Casimir effect is the primary force that drives the observed
transitions.

Whether Van der Waals forces play a major role in the condensation remains to
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be determined experimentally. A way to investigate this is to use colloidal particles,
which refractive indexes match that of the solvent. The suspensions of fluorinated
particles in 3MP and water provide a closely index-matched system. We observe
the qualitatively similar colloidal phase behavior. The details will be discussed in
chapter 5.
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5
DIRECT VISUAL OBSERVATION

OF COLLOIDAL PHASE BEHAVIOR

IN REAL SPACE

5.1 Introduction

In chapter 4, we have presented the evolution of the microstructure by measuring
the structure factor S(q). The results show unambiguously that colloids in binary
mixtures are another experimental realization of an attractive system that, like col-
loid/polymer mixtures, can be found in a liquid phase. In this chapter we try to pro-
vide some insight in real space using confocal microscopy. Three different colloidal
systems are investigated in the same binary liquid mixture. The real-space data on
silica and polystyrene confirm and illustrate the X-ray results. The refractive-index
matched fluorinated particles, where the Van der Waals force is minimal, provide us
insight into the nature of the attraction that drives the colloidal phase transitions in
binary mixtures. The temperatures where this system condenses could be predicted
by the model discussed in chapter 3. Moreover, this system condenses into glassy
and/or gel-like structures not observed in the other systems. In recent yeas the idea
that colloidal particles can form glassy structure has been established in a number
of very interesting experimental and theoretical works. Most attention has been fo-
cused on colloidal particle systems that are dominated by repulsive interactions for
which, at high packing fraction values, the glass represents an alternative packing to
the usually more favorable crystal structure[112]. Recently a new type of glass has
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Suspension C3MP XHW/(W+HW ) φc

PS0 0.25 0.24 0.001
Sil0 0.25 0.25 0.0005

FL01 0.40 0.5 0.0008
FL02 0.40 0.5 0.003
FL03 0.40 0.98 0.0002
FL04 0.40 0.95 0.0006

Table 5.1: Samples used in the experiments: weight fraction of 3MP (C3MP ), weight fraction of water to
the total amount of water (XHW/(W+HW )), and particle volume fraction (φc).

arisen as the focus of interest[113–115]. This has been called the attractive glass[116].
In our weakly attractive colloidal system, the observation of glass-like or gel-like
structure sheds new light to understand the attractive glass.

5.2 Experimental technique and data analysis

Samples of different particles in 3MP-water mixtures on both sides of the critical
point and with different particle volume fraction were prepared. These are described
in Table 5.1.

Refereing to the table2.4, PS and silica particles have relatively high refractive
indices compared with that of the solvent. We can not see deeper than two layers into
the bulk due to multiple scattering. Therefore, the study of these systems is restricted
to the first layer of cover slip. The fluorinated particles have a low refractive index,
which is close to that of the solvent. Hence, we can see deeper into the bulk. The
detailed sample preparation is listed in table 5.1. The suspensions were put into
glass capillaries 0.2mm deep, 4mm wide, 50mm long, and flame sealed to prevent
evaporation.

Figure 5.1: A picture of Zeiss Axiovert 200 confocal microscopy and thermal control stage. The sample
cell is glued to a Peltier element.
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For the confocal microscopy they were placed on a heated inverted microscope
stage with thermal paste in between (Fig.5.1). The stage heater had a tempera-
ture stability of 0.1 degrees. Our experimental setup consists of a ”Zeiss Axiovert
200”confocal microscope. The samples were imaged with a high magnification 100X
oil objective and a low magnification 20X objective. With the high magnification, it
is possible to see the individual particles. With the low magnification the particles
are about the size of one pixel. It is possible to see one solitary particle, but it is
impossible to distinguish them in a cluster.

The g(r) is essentially a statistical distribution function: it is equivalent to the
number of particle centers per unit area one is likely to find in an annulus {~a : r <

|~a− ~rj | < r+dr}, around any one particle center ~rj , normalized by the local average.
The g(r) can be calculated from experimental data by visualizing a plane of particles,
and determining the particle center distribution from the positions of all N particles
in view[117, 118]:

ρ(~r) =

N∑

j=1

δ(~r − ~rj) (5.1)

The g(r) is simply the pair correlation for this distribution, averaged over space
and angles:

g(r) =
1

n2
< ρ(~r∗ − ~r)ρ(~r∗) > (5.2)

where n, the number of particles per unit area. We will use the g(r) to characterize
the different phase .

We use the static intensity autocorrelation of the image to characterize the size of
the cluster.

g(x, y) =
〈I(x′, y′)I(x′ + x, y′ + y)〉

N2
. (5.3)

The definition of autocorrelation is to multiply the values of pairs of pixels sepa-
rated by a distance, and to average over all pairs.

5.3 Results

In the previous chapter, we reported the evolution of microstructure from measure-
ment of the structure factor by SAXS. Now we will discuss the colloidal phase be-
havior in a binary mixture as seen in the confocal microscope. A representative set
of images of the phase behavior for PS0 is shown in Fig.5.2. Images are of the first
layer adjacent to the glass wall at the bottom of the capillary. The sample looks the
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same within the temperature range from room temperature up to 58◦C. The sam-
ple was then gradually heated to 59◦Cand recorded during the heating process. An
initially homogeneous distribution of particles evolves into a heterogeneous distri-
bution with colloid-rich and colloid-poor phase, which then did not change signifi-
cantly any more. When the temperature reaches 60◦C, the ordering particle pattern
was observed. After much longer time, the structure is still stable till we cooled the
temperature, the particle then dispersed again to form the homogenous solution.
These series of images can be analyzed to calculate the g(r)(Fig.5.4 (a)). The appear-
ance of peak in g(r) indicated that dense phase was formed at T=59◦C. This process
can be repeated in the reversible way. The macroscopic observation is consistent
with the result from the small-angle x-ray scattering. This system provided a way to
study the freezing and melting process in a controlled manner.
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Figure 5.2: LSCM images of polystyrene particle PS0 in 3MP/water/heavy water at the different temper-
ature. (a) T=20◦C, homogenous phase. (b) T=59◦C, disordered dense phase, looks liquid-like structure,
(c) T=60◦C, order crystal structure, after waiting 30 mins. (d), T=55◦C, transient state when the system is
cooling.
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Silica particles Sil0 in the same binary liquid mixture are also studied. As we in-
crease the temperature from 20◦Cto 47◦C, we observe no significant change in the
behavior of our particles in the horizontal plane. At 48◦C, the colloidal system sepa-
rates into relatively dense and dilute phases. The transition is sudden, with groups
of particles contracting to clusters that move around in the plane before dispersing
again. After several minutes, the particles settle into a new equilibrium. The parti-
cle distribution function g(r) obtained from the image b illustrated that the colloidal
dense phase was formed. Around 54◦C, in the dense area, we observe the forma-
tion of what appear to be two-dimensional crystalline structures. As we increase
temperature further, we observe more layers being added to the structures, making
them three-dimensional. This indicates that the attraction between the particles be-
comes significant compared to the forces confining the particles to one plane. As we
increase the temperature beyond 64.5◦C, the phase-separation temperature of the bi-
nary liquid mixture, we observe (Fig.5.3d) the formation of spherical aggregates of
colloids or droplets.

Now we have to address the fluorinated particle. Because fluorinated particles
have an exceptionally low index of refraction of about 1.37, their refractive index
matches closely with that of 3MP-water mixtures. The index matched system is es-
sential to understand the attraction with negligible Van der Waals force, the only
appreciable attractive interaction left in the solvent mediated interaction. Visual ob-
servation showed that the fluorinated particles preferred the water-rich phase after
phase separation. Here the condensation occurs at the 3MP-rich side of the phase
diagram and water is adsorbed on the particle. Indeed, the surface charge density
of the fluorinate particle is higher than that of the polystyrene particle, the observa-
tion of condensation at the 3MP-rich side of phase diagram is consistent with earlier
study[119]. The structure of the condensed phase of the fluorinated particle system
is different from the polystyrene and silica sphere, but the condensation temperature
with respect to Tcx is similar and comparable to the PS and silica sphere.

We first present suspension FL03 with a particle volume fraction of 0.0002, which
was observed to aggregate at 36◦C. Fig.5.5 shows a representative set of time series
over one hour at 36◦C. From images one can see the clusters form initially in the
bulk and fall towards the bottom. They grow into branched structures over a time
scale, orders of magnitude longer than the denser samples. By focusing deeper, the
clusters were observed to lie in one plane along the glass wall. They did not reach
into the bulk. They were moving with Brownian motion, it indicated they do not
stick to the glass all. They were observed to collide with each other. Every observed
collision resulted in the clusters sticking together. No clusters or individual particles
were observed to separate from each other.
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Figure 5.3: LSCM images of silica particles Sil0 in 3MP/water/heavy water at the different temperature.
a. At 20◦C, a homogeneous suspension, b. At 48◦C, the system undergoes some changes. This cluster of
particles was moving rapidly through the plane. c.At 54◦C, we observe the formation of what appear to
be two-dimensional crystal structures. d. After phase separation, droplets are formed. Taken at 64.5◦C.

In order to assess the structure on the particle level, pictures of the clusters from
suspension FL04 were taken with the 100X objective after 15 minutes at 41◦Cas
shown in Fig5.6. The branches of the clusters are not made of single particles, but
are a few particles wide.

One may characterize the size of the structures with the intensity autocorrelation
of the image. The intensity of image autocorrelation of the time series in Fig.5.5 was
calculated. The first minimum as a function of time is plotted in Fig.5.7. This mini-
mum can be taken as a length scale of the clusters to estimate the evolution of cluster.
The size of cluster develops with the square root of time. Beysens[120] reported the
aggregation kinetics by light scattering measurements. The time evolution of aver-
age cluster radius R has a form: R ∼ t1/3.

Fig.5.8 shows the time evolution of the structure at the high volume fractions of
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Figure 5.4: The measured g(r) for particle in a binary mixture at the characteristic temperature corre-
sponding to the images. (a) polystyrene sphere, (b) silica particle.

particle (suspension FL01). The volume fraction of the particles are visibly higher
than the initial volume fraction of the particles of 1%, which may be due to sedimen-
tation. Taking many images consecutively at a high rate showed that the particles
in the homogenous phase were Brownian while the particles in the heterogenous
phase were not moving. This transition was observable when solution FL01 was
heated to a higher temperature of 55◦C. The transition from the unaggregated to ag-
gregated can be characterized by the static intensity autocorrelation function. Fig.5.9
shows the correlation of image of the unaggregate stage (Fig.5.8a) and the aggregate
state (Fig.5.8d). The correlation of the aggregated sample shows a minimum at 2µm.
An image of the aggregate taken at larger magnification is shown in Fig.5.10). The
particles appear to form a loose connected network of filaments, which are several
particles thick. We conclude that this heterogeneous structure is a gel.

The temperature control of the particle interactions allows us to reverse the aggre-
gation process and study fragmentation of the aggregate. To observe fragmentation,
suspension FL03 was first warmed to 36◦Cthen let to equilibrate 30 minutes. Then
it was quenched to 33◦Cand a time series was recorded (Fig.5.11). We observe that
the aggregates dissolve and the particles in the clusters suddenly diffuse away. At
even later times, individual particles are not seen any more. This is interpreted to be
melting of the clusters after crossing the aggregation temperature.

To test the effect of different screening lengths, several samples were prepared. A
sample with suspension FL02 was prepared. Then a suspension with 0.0025 mol/L
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Figure 5.5: Confocal-microscopy images of suspension FL03 at 36◦Cevolving over time. (a)t=0,
(b)t=7mins, (c)t=33mins, (d)=60mins.

NaCl was prepared with the same composition as suspension FL02. Another sus-
pension was prepared by putting suspension FL02 in a bottle, adding ion exchange
resin, an ion removing agent, and leaving it overnight. All three samples were put
on the confocal microscope, and the aggregation and phase separation temperatures
were determined by slowly heating the sample. The experimental results and two
lengths (correlation length and Debye screening length) are sum up in table 5.2.

Adding salt lowered the aggregation temperature by 13.5 degrees, and removing
ions raised it by 7 degrees. Now the effect of the presence of salt on the structure was
examined. Suspension FL03 was previously observed to aggregate into clusters after
45 minutes at 35◦C(Fig.5.12a). A sample of suspension FL03 with 0.0025 mol NaCl/L
was prepared, and it was warmed to 26◦Cand equilibrated. Then it was warmed to
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Figure 5.6: Confocal-microscopy images of suspension FL04 at 41◦Cwith 100X objective at 41◦C. The
percolated structure is formed at the low volume fraction of particle.

Figure 5.7: The size of cluster as a function of time calculated from the images in Fig.5.6. The size increases
with the square root of time.

30◦Cand after 45 minutes Fig.5.12b was taken. The structures are notably similar
indicating that the shorter length scales did not significantly alter the formation of
the clusters.

From the change in the phase separation temperature, we can derive the salt con-
centration in the temperature range, where we observe the aggregation. From this
we calculate the Debye screening length given in Fig.4.23 The other important length
scale in the system is the correlation length. Knowing the distance in temperature
from phase separation we derive the correlation length from the data. The values are
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Figure 5.8: Confocal-microscopy images of suspension FL01 at 43◦C(a) and 45◦Cafter (b) 6 seconds, (c)
12 seconds, and (d) 18 seconds.

given in the Fig.4.20. These values were used to employ the model. Although the
result can not foresee which phase the system condensed into, the model can pre-
dict the condensed temperature qualitatively. The detailed performance of model
calculation was reported in Chapter3.

5.4 Discussion and conclusion

In the real space, we demonstrated that polystyrene sphere, silica particle, fluori-
nated colloidal particles in 3MP/water/heavy water, provides a temperature de-
pendent attraction between the particles. This allows us to induce aggregation by
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Figure 5.9: The intensity correlation of images from Fig.5.8a. and Fig.5.8d.

Figure 5.10: Image taken with 100X objective of solution FL01 at 55◦C. The gel-like structure is formed at
the high volume fraction of particle.

Figure 5.11: Confocal microscope images of suspension FL03 at 36◦Cquenched to 33◦C. (a) 0 seconds, (b)
4 seconds, and (c) 8 seconds after changing the temperature setting.
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Tagg (◦C±1) Tcx(◦C±1) ∆T (◦C) λD (nm) ξ (nm)
added salt (.0025 mol NaCl/L) 33 55 22 0.75 1.9

normal 46.5 57 10.5 1.09 3.1
ion exchange resin 53.5 57.5 4 2.26 4.2

Table 5.2: Aggregation Taand coexistence temperatures Tcx ∆T = Tcx- Ta, λD Debye screening length
and ξ correlation length with added NaCl, without salt, and with ion exchange resin for the fluorinated
particle FL02.

Figure 5.12: Confocal images of suspension FL03 without salt at 35◦Cafter 45 minutes (a), and with 0.0025
mol NaCl/L at 35◦Cafter 45 minutes (b).

raising the temperature and to turn off interactions by lowering the temperature.
For the polystyrene sphere, silica particle, the phase behavior we observed in the

microscopy is consistent with the previous scattering measurement. The condensa-
tion occurs at the water-rich side and crystal is observed in the colloid-rich phase.

To choose the fluorinated particle because its refractive index almost matched
with the solvent, the Van der Waals attraction is negligible. We can figure out the
origin of the attraction. Aggregation was first observed on the 3MP-rich side of the
phase diagram, in contrast to the aggregation of polystyrene particles observed on
the 3MP-poor side. This confirms that it is possible for similar particles to aggregate
on different sides of the phase diagram. Suspensions with different volume frac-
tions of particles were studied by confocal microscopy. The structure of the aggre-
gates was surprisingly different from previous scattering studies, which observed
compact crystallites. Previous light scattering studies were limited to observing
the aggregates that were suspended in the solution. It may be possible that some
aggregates studied earlier had a similar non-compact structure after sedimenting.
The structure of aggregates with an initial volume fraction of a few percent have a
loosely-connected structure, like a gel. It is not clear if the particles first form discon-
nected clusters which fall down at a certain size, or whether the structure is dense
enough to form in a uniform way.
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The most dilute suspensions aggregated according to what appeared to be diffusion-
limited cluster aggregation, which is the established mechanism for salt induced
colloidal aggregation in the dilute limit. However, our kinetics study for the size of
clusters does not agree with the diffusion limited aggregation. The early aggregation
of the particles ten degrees from phase separation of the liquid is interesting because
it is more than was seen in previous studies. The 22-degree gap between aggrega-
tion and phase separation when salt was added is even more interesting. The gap
between Tcx and Ta are changed due to the screening length. The proposed model in
chapter 3 can predict the condensed temperature quantitatively. The almost perfect
agreement between the experimental result and calculation allows us to unveil the
origin of attraction. However, the model is restricted to foresee the phase where the
condensed particle into.

It is not clear why these fluorinated particles aggregate into loose structures that
previously were not seen. There are many parameters: surface charge density, prox-
imity to the critical point, size of the particles, index and density of the particles and
solvent, etc. It is also possible that these structures were not seen before because of
the different experimental procedures. The density matched system is appreciated to
study the equilibrium phase. The result from the polystyrene particle is more close
to the true phase behavior in equilibrium.

This system exhibits rich phase behavior and provides the opportunity for re-
searchers to study phenomena with greater control. The complementary techniques
x-ray scattering and microscopy allow us to study the system in the different length
scale. Denser colloidal systems such as gels and attractive glasses could be studied
in the future with temperature as a control parameter. This gives more control to the
experiment than with colloid-polymer systems. With a change in temperature one
can see effects without changing the composition of the sample, and changes are vis-
ible without having to take the sample off the microscope. Density matched particles
would make larger loosely-connected structures without collapsing. The transition
of repulsive glasses to attractive glasses could be studied by raising the temperature
in this system. The reversibility opens the possibility to study fragmentation dynam-
ics of aggregated clusters. The ideal refractive and density matched particles with
solvent are wanted for the further study .
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6
EXPERIMENTAL INVESTIGATION

OF CRYSTALLIZATION KINETICS

6.1 Introduction

Colloidal crystals are ordered, periodic structures of colloidal particles suspended in
a fluid. It is well known that the phase behavior of a colloidal system is analogous
to what is observed in atomic and molecular systems[8, 16]. Studies of the crystal-
lization of colloids benefit from the convenient length and time scales. The typical
range of sizes of colloidal particles (50nm - 1000nm) means that the length scales
can be probed using light scattering techniques and microscopy. The time scale for
crystallization is long enough to allow for a detailed investigation. Crystallization,
the disorder-order transition, from a metastable fluid to a crystalline solid has been
observed in a variety of systems such as dilute charge stabilized suspensions that
form bcc crystals similar to a Wigner crystals, more concentrated charge stabilized
particle suspensions that form fcc crystals, crystallization to close packed structures
driven by attractive depletion, flocculation and sterically stabilized particle suspen-
sions that exhibit ”hard sphere”crystallization[16]. When excluded volume inter-
action is the only interaction between the particles, as for hard spheres, colloidal
crystals can be formed through self-assembly by controlling the volume fraction of
particles[121, 122]. Colloidal crystals can also be formed when a long-range repul-
sive interaction is present, with other crystalline structures as a result[123, 124]. Still
other colloidal crystals are formed when a weak attractive interaction is induced be-
tween the particles through the addition of polymers or small particles by depletion
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interaction[2]. In addition, binary alloys of colloidal crystals can be formed when
two sets of different sized particles are mixed together. In this case, also packing
considerations determine the nature of the crystals that are formed. Crystallization
kinetics is studied as well, particularly on the hard-sphere system. Notwithstanding
the apparent simplicity of these systems, the results from independent experiments
on samples made from different particles do not always agree quantitatively[125–
129]. It has been suggested that some of the differences are due to the effects of grav-
itational settling. The colloidal crystals are typically higher in volume fraction, and
hence denser than the surrounding suspension; the sedimentation will disturb the
nucleation and growth of crystal at an early stage[130]. The study of colloidal crys-
tallization has even been performed in the microgravity environment of the Space
shuttle as an alternative way to escape the sedimentation effect[131].

From computer simulations, theory and experiment, we know that polydisper-
sity has a significant influence on crystallization kinetics[132–134]. In a Monte Carlo
simulation, Kofke and Bolhuis[135] concluded a solid crystalline phase of polydis-
persity exceeding 5.7% of the average sphere diameter cannot be precipitated from a
fluid phase, indicating the presence of an upper limit to the polydispersity tolerance
in a single hard-sphere crystal.

In this chapter we present a time-resolved scattering study of the crystallization
kinetics of colloidal particles in a binary liquid mixture. The density of the parti-
cles closely matches with that of solvent at the crystallization temperature, offering
the microgravity condition to study the kinetics of crystallization and avoiding the
influence of gravity. Another advantage of this system is that we can study the crys-
tallization with temperature as a control parameter. Hence the freezing and melting
are both accessible to study. The polydispersity determined by the form factor is
around 2.1% and 3.4%, which is quite monodisperse below the upper limit found by
Bolhuis. Ten Wolde and Frenkel suggest that near the critical point the system will
display large density fluctuations[136]. As the high-density regions created by these
fluctuations are at a larger supersaturation for crystal nucleation and will have a low
solid/fluid surface tension, the rate of crystal nucleation will be enhanced. While
nucleating rapidly, crystals will grow at a rate determined by the average density
and thus will be more highly ordered. In our system, the growth of peaks in the
structure factor over time was analyzed to yield the crystallinity, the average linear
crystal dimension, the number of crystals and volume fraction of the crystal phase.
The glass phase also was observed instead of formation of crystal due to the fast
quench rate similar to that of molecular glass. The result is very similar to what is
found by Chaikin et al.in an experiment performed in the Space Shuttle[131]. This
study shed new light on the kinetics of crystallization charged colloidal systems,
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Suspension Radius (nm) φ polydispersity (%) Freezing Temp (◦C)
PS0 52.5 0.015 3.4 51.3
PS1 52.5 0.05 2.3 59.5

Table 6.1: Description of particle properties and study temperature. φ is initial volume fraction of particle.

since there are less experimental results to date.

6.2 Experiments

6.2.1 Sample preparation and time-resolved scattering measurements

The particle suspensions used in this study consist of charge stabilized polystyrene
particles dispersed in the binary liquid mixture 3MP/water/heavy water. The de-
tailed characterization of particles is presented in chapter 2. The function of adding
heavy water is to match the particle and solvent density. It offers the opportunity to
study the crystallization as close as possible to the microgravity conditions in space.
The mean particle radius and polydispersity were determined by the analysis of
the measurement of the form factor (see chapter 2). At the freezing temperature,
time-resolved small-angle x-ray scattering measurements were performed to study
the kinetics of the crystallization. The intensity profiles were recorded every 20 sec-
onds. From this the structure factor is obtained after substraction of the solvent back-
ground and division by the form factor. Two samples with initial volume fractions
of 0.015 and 0.050 were used to investigate the crystallization. The properties of the
sample are shown in table 6.1.

6.2.2 Data analysis

From the peak S(q, t), the position qm(t) of its maximum, and its width ∆q(t) at half
maximum, the following quantities are obtained. Firstly, the crystallinity X(t) of the
sample converted from fluid to crystal is calculated from[137, 138]:

X(t) = c

∫ q2

q1

s(q, t)dq, (6.1)

where the constant c is chosen such that X(t → ∞) = 1.
Secondly, the average linear crystal dimension (in units of the particle diameter

2R) is given by[139]

L(t) = πk/δ(t)R, (6.2)
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where K = 1.155 is the Scherrer constant for a crystal of cubic shape.
Thirdly, the number density of (average-sized) crystal is

N(t) = X(t)/L3(t), (6.3)

The rate of addition of crystals, which we shall identify as the nucleation rate, is
given by Rc = dNc(t)/dt.

Fourthly, the volume fraction φ(t) of an fcc crystal is related to the location qm(t)

of the (111) reflection as follows:

φ(t) =
2

9π2
√

3
(qm(t)R)3. (6.4)

Since the volume fraction of the structure of the close-packed plane is independent
of the stacking arrangement, we interpret φ(t) as average volume fraction of the
crystal phase.

6.3 Results

First of all, we will address the gravitational influence. The particle Peclet number is
given by Pe = τs/τb, where τs is the time for a free particle to sediment one radius,
τs = U0/R ,where U0 is the dilute sedimentation velocity given by:

U0 =
2∆ρR2g

9η
, (6.5)

where ∆ρ is the difference in density between particle and solvent, g is accelera-
tion due to gravity, and η is the solvent viscosity. The Brownian time is τb = R2/D0,
where R is the average radius of the particle, and D0 is the free particle diffusion
coefficient. The Peclet value of PS0 and PS1 is 3.7 × 10−6. This value suggested that
the effects of gravity are negligible compared to the dynamics of the particles, so we
can consider the crystallization process in the microgravity condition.

Fig.6.1 shows the intensities I(q, t) measured by SAXS during the process of crys-
tallization for a suspension at the fluid/crystal coexistence region. The data are
from the sample PS1, where the liquid and solid transition occurs at the temperature
T = 59.5◦C. The crystalline features are clearly present in the structure factor S(q, t)

after subtracting the solvent background and division by the form factor (Fig.6.2).
We observe the pronounced peaks at the q-range from 0 − 0.3nm−1. The curve can
be fitted with the structure factor calculated for face centered cubic (fcc) crystals. The
amplitude of peak S(qm) at the two peak positions q = 0.058 and q = 0.131 are dis-
played in Fig.6.4. The two peaks behave qualitatively similar. Two distinct stages
appear during the crystallization process: slow mode and fast mode.
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Figure 6.1: Intensity profiles vs scattering vector at 20 seconds intervals. Data are shown for initial volume
fraction φ =0.05, T=59.5◦C.

Fig.6.5 shows the quantities that characterize the process of the crystallization de-
termined using equations 6.1-6.4. From the crystallinity X(t) as function of time, we
can identify two stages: an initial relaxation stage with increasing suspension con-
centration from t = 20s to about 260s, and a fast mode associated with nucleation
and growth for t > 280s.

When we plot S(0) as function of time during the crystallization process (Fig.6.3),
we observe a continuous change over the whole time span, no sudden jump oc-
curs. It suggests that the particles remain in the same state. The rapid crystallization
process can be described by power law, X(t) ∼ tα. The growth exponent α = 1, in-
dicates that interface limited growth is controlling this crystallization process. One
unexpected feature during the growth process is the jump from solid back to liquid
at t = 420s. Although at odds with the continuous change of the compressibility, a
similar observation was reported by Chaikin et al. in their measurements on hard
sphere systems in space[131]. They proposed the idea of interaction between crys-
tallites: growth and coarsening at the same time. It is opposed to the classical theory
for crystallization that assumes that growth and coarsening are independent stages,
one after the other. In Fig.6.5b, we see that from t = 260s to 420s and t = 520s to
640s, the size of the crystallites increases linearly, while the crystallinity X over this
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Figure 6.2: Structure factors as function of q vector for the corresponding intensity in Fig.6.1.

Figure 6.3: S(0) as function of time during the crystallization. S(0)is related to the osmotic compressibility.

interval increases at a rate less than L3. The number of crystallites decreases during
this period. The process can be described as ”simultaneous coarsening and growth”.
The small crystallites shrink and eventually disappear. As a result, the number of
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Figure 6.4: The amplitude of structure factor changes during the crystallization at different q vector with
respect to (111) and (202) plane. slow mode and fast mode are observed in the crystallization.

Figure 6.5: Extracted parameters from the data shown in Fig.6.2. (a) crystallinity. (b) average crystal size
L .(c) number density of crystal. (d) volume fraction of crystal
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crystallites decreases, while large crystallites keep growing, and the measured aver-
age crystallite size still increases with time[131]. Although the reproducibility of the
phenomena we report here should be tested in future work, the preliminary result
is promising to shed the light to understand the true mechanism of crystallization.
The volume fraction of the solid remains 0.43 during the crystallization process. For
charged particles, the freezing volume fraction of 0.43 is in reasonable agreement
with the prediction from simulation[133].

Figure 6.6: The structure factor evolution during crystallization at a volume fraction of 0.015, T=51.3◦C.

For the sample PS0, we observe the gas to solid instead of the fluid to solid tran-
sition for PS1. The process of crystallization is completely different. In Fig.6.6 we
show the evolution of the structure factor S(q) with time. The initial volume fraction
is φ = 0.015 and the structure factor is unity over the whole q-range at the room
temperature. The same analysis was carried out as before to present the quantities
that characterize the kinetics of the crystallization. In Fig.6.7, the initial fast stage
results from the nucleation and growth. The crystal size L ≈ 20 (b) remains con-
stant over time, although X(t) increases rapidly. This suggests that crystallization is
dominated by nucleation. Indeed, the number of crystallites increases at this stage as
can be seen in Fig.6.7(c). The slow stage at the long time results from the coarsening
of large crystals at the expense of the small crystals. The volume fraction of crystal
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Figure 6.7: Extracted parameters from the data shown in Fig.6.6.(a) crystallinity. (b) average crystal size
L .(c) number density of crystal. (d) volume fraction of crystal

increases from 0.365 to 0.385. The value is smaller than that of crystal formed from
liquid to solid.

As we mentioned before, there is initial relaxation period at the first stage to rear-
range the structure. The new experiment was performed to study the crystallization
at the deep quench. The measurement has been done with temperature increase
in steps of 0.5K instead of 0.05K, which corresponds to an average heating rate of
10−3◦C/s instead of 10−4◦C/s. The structure factors of the samples obtained with
both heating rates and measured at the same temperature are shown in Fig.6.8. We
found structure factor (A) at the higher heating rate, which does not show the char-
acteristic crystal peaks, but shows the signature of a glass: The height of the first
peak is 2.6, and the higher order reflections are less pronounced except the second
peak. Both structure factors remained constant in time when we stopped the temper-
ature rise. We conclude that at this higher heating rate, the system is ”quenched”into
a glassy state, analogous to glass formation in a molecular system. The reason for
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the glass formation could be, at the first stage, the initial relaxation stage is essential
because the concentration of suspension increases slowly to relax and dissipation of
any strongly asymmetric and thermodynamically unstable structure. If the system
are quenched very fast to neglect this relaxation time, the structure appear to form
the irregularly shape, which is characterized as glass phase[2].

Figure 6.8: The structure factor S(q) obtained with the different step of increase the temperature T =

56.0◦C. φ = 0.015, Curve A: quenching rate: 10−4◦C/s, Curve B 10−3◦C/s.

6.4 Conclusion

The dynamics of crystallization were studied by time-resolved structure factor mea-
surements, from which we calculated the amount of sample converted to solid, the
average linear crystal size, the number of crystals and the average volume fraction of
the crystal phases as function of time. Both gas to solid and liquid to solid transitions
are investigated. The two transitions show different scenarios for the crystallization
process:

For the liquid to solid transition, there is initial relaxation stage with slow increase
of suspension concentration. It is followed by a fast stage of nucleation and growth,
the growth is described in the linear of the elapsed time (interface limited growth).
Both coarsening and growth proceed spontaneously, in contrast to the classic theory
of the nucleation and growth of isolated crystallites. The average volume fraction
of crystal remains 0.43 in the crystallization process. For the gas to solid transition,
there is no initial relaxation stage, the fast conversion immediately occurs at the early
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stage, although the size of crystal does not increase at the fast conversion time, the
number of crystal increases at this stage. It suggested the process is dominated by
the nucleation. The coarsening stage at the longer time. The average volume fraction
of crystal slightly increases from 0.365 to 0.385. We also observe that a deep quench
from the gas phase leads to the formation of a glass, not a regular crystal.

We demonstrated the dynamics of crystallization in charged colloidal system us-
ing the temperature as a control parameter. The experiments, restricted in number,
indicate that interesting physics can be done and unexplained behavior can be ex-
plored in future.
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7
DROPLET COALESCENCE

We study droplet coalescence in a molecular system with a variable viscosity and
two colloidal systems with ultralow surface tensions. When either the viscosity is
large or the surface tension is low enough, we observe that the opening of the liquid
bridge initially proceeds at a constant speed set by the capillary velocity. In the
first system we show that inertial effects become dominant at a Reynolds number
of about Rec = 1.5 ± 0.5 and the neck then grows as the square root of time. For
the colloidal systems we show that decreasing the surface tension by a factor of 105

opens the way to a more complete understanding of the hydrodynamics involved.
The molecular systems are silicon oils with the same surface tension but different
viscosity. The systems with ultralow surface tension are colloidal liquids. One is
a colloid-polymer mixture that has phase separated into a colloid-rich liquid and
a colloid-poor gas phase. The second one is the colloidal system discussed in this
thesis: colloidal liquid droplets in equilibrium with its gas phase suspending in a
homogeneous binary liquid mixture. This chapter is based on the article entitled
”Hydrodynamics of droplet coalescence”, which appeared in PRL[140].

7.1 Introduction

Droplet coalescence occurs ubiquitously in many industrial mixing and separation
systems as well as in the environment. For example, it can be involved in the forma-
tion of raindrops to determine the distribution; drop impact on a fluid surface, the
separation of emulsion and sintering process. Recently, liquid droplet coalescence
has been brought into new light due to its application in micro-fluidic devices for bio-
chemical reactions[141, 142]. The last few years have witnessed a renewed interest
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in the breakup of free-surface flows under the influence of surface tension[143, 144].
Notably, significant progress has been made in the study of the hydrodynamic sin-
gularities that occur in these problems. For the coalescence of a droplet, at the mo-
ment of contact, a singularity occurs due to the inversion of one of its two radii of
curvature. Detailed theory[143, 145] and numerics[146] have been able to capture
these singularities, and an understanding of the hydrodynamics of the coalescence
has been developed. However, experimentally, because of the rapidity of the phe-
nomenon, very few quantitative studies of the initial stages of coalescence exist[147–
150].

In this chapter, we use an ultra-high speed video camera to study the coalescence
of pendent and sessile drops at different liquid viscosity. In the low viscosity regime,
the bridge of liquid contact is well described by a dynamic capillary-inertial model,
the distance of the neck develops with the square root of time. In the high-viscosity
regime, the neck initially grows in size at a constant velocity. The results are com-
pared with the theoretical predication to verify the power law behavior with a log-
arithmic correction. We succeeded in observing the linear dependence, not only by
increasing the viscosity considerably but also by decreasing the surface tension by 5
orders of magnitude. In this ultralow surface tension condition, we will demonstrate
two colloidal systems: colloid-polymer mixture and colloids in a binary mixture. We
will end with these two attractive colloidal systems by observing the coalescence
events in the regime of ultra-low interfacial tension.

7.2 Theory

When two liquid droplets approach each other with negligible initial velocity, the
Van der Waals force pulls the two droplets together and a liquid bridge is formed.
The interface dynamics are described by the Navier-Stokes equation:

Inertia︷ ︸︸ ︷
ρ
( ∂v

∂t︸︷︷︸
Unsteady

acceleration

+ v · ∇v︸ ︷︷ ︸
Convective
acceleration

)
= −∇p︸ ︷︷ ︸

Pressure
gradient

+ µ∇2v︸ ︷︷ ︸
Viscosity

+ f︸︷︷︸
Other
forces

(7.1)

The term on the left side represents the inertial force, the first term on the right
side the pressure (capillary) gradient, the middle term the viscous force and the last
term other body forces (gravity or centrifugal force). The viscous velocity is the
characteristic velocity when inertial is not important and is given by balancing the
viscous force and surface tension, i.e. by setting the capillary number Ca = ηU/σ,
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where η is the dynamic viscosity, which gives

υη =
σ

η
. (7.2)

The Reynolds number is the ratio of inertial forces to viscous forces and conse-
quently it quantifies the relative importance of these two type of forces

Re =
Inertialforce

V iscousforce
=

ρυsL

η
, (7.3)

where υs is the mean fluid velocity, L the characteristic length, η the (absolute) dy-
namic fluid viscosity, and ρ the density of the fluid. We can formulate the Reynolds
number in terms of the viscous velocity as

Re =
ρσL

η2
. (7.4)

When we set Re = 1, the inertial terms become dominant at lengths Lη

Lη =
η2

ρσ
, (7.5)

and at times tη

tη =
Lη

µ
=

η3

ρσ2
. (7.6)

• Model in the viscous-dominated regime
On purely dimensional grounds the balance between the surface tension and
the viscosity would predict a constant coalescence velocity as in Eq.7.1. the
asymptotic viscous theory by Eggers shows that:

R

R0
≈ − σt

πR0η
ln(

σt

ηR0
). (7.7)

R is radius of neck, R0 is the size of droplet.This asymptotic theory is suggested
to be valid for R/R0 < 0.03 and Re < 1. The only options to observe the
viscous regime are therefore to increase the viscosity or decrease the surface
tension. We will demonstrate our experimental results to compare with the
theoretical predications in the following section.

• Model in the inviscid regime
Eggers not only concentrates on viscous-dominated coalescence, but also in-
cludes a dimensional argument for the inviscid case, where he predicts that
the radial growth of the neck has a power law dependence on time. He as-
sumes that the interfacial stress driving this motion is σR0/R

2, where R0 and
R are the drop radius and the neck radius respectively. This stress should be
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balanced by the dynamic pressure ρυ2. By setting υ = dR/dt, the differential
equation for the radius can be given as

(
dR

dt

)2

∝ σR0

ρR2
⇒ dR

dt
∝ (

σR0

ρ
)1/2 1

R
, (7.8)

with the solution

R ∝
(

σR0

ρ

)1/4

t1/2. (7.9)

�+�
�t 

Figure 7.1: An image of the area close to the point of contact shortly after the drops have merged. R0 is
the radius of drop, R the radius of neck.

This power law is only valid for a neck radius smaller than the radius of the
drop. Thus, the progress of coalescence of two liquid drops consists of three
phases. Firstly, the two interfaces rupture at some point and build up the liquid
bridge in between (see Fig.7.1). Secondly, when R � lη , the flow near the neck
is in the Stokes flow regime and follows the Stokes equations (Eq.7.7). Thirdly,
when R � lη , the liquid can be considered inviscid and follows Eq.7.9.

7.3 Experimental technique and sample preparation

To study coalescence at different liquid viscosities, the experimental setup is de-
signed in such a way that the two liquid droplets are made to merge in air with
negligible initial velocity. Fig.7.2 sketches the setup to bring the two drops into con-
tact. The configuration of the pendent and sessile drops are shown in Fig.7.1. Due
to the contact angle hysteresis, an accurate translation stage was used to adjust the
relative position of the top needles, both to adjust the vertical spacing, as well as the
horizontal centering of the two drops. The size of the initial contact region of the two
drops is in the range of 10 microns. To accurately capture the initial motions, we use
a long distance microscopic objective. In the experiments, a magnification of 10 at
a distance of about 10cm was used. Drops are produced using a 2ml disposable sy-
ringe. The drop curvature can be adjusted by carefully changing its volume with the
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Figure 7.2: Schematic figure of sessile and pendent drops coalescence measurement setup.

material density (g/cm3) surface tension (dyn/cm) viscosity (cP)
water 0.098 72.7 1

silicon oil 0.97 20 5,20,50,100,300,500,1000,
ethanol 0.789 23.04 0.0012

Table 7.1: Properties of the materials used in the coalescence measurement.

syringe piston. Diffuse back lighting is used for illumination. A high speed camera
(phantom V7) records the dynamics of the coalescence. The full spatial resolution of
the camera is 1024*1024 pixels, which varies with the acquisition speed selected. We
took images at 12,000 frames per second and a spatial resolution of 256*256 and 10µs
exposure time. Experiments were carried out at room temperature.

Three different fluids are prepared: water, ethanol and silicon oil. The properties
involved in the coalescence process for each fluid are shown in table 7.1.

For one of the ultralow surface-tension systems, we prepare a mixture of colloids
- 50nm in diameter, fluorescently labelled poly(methylmethacrylate) latex particles
- and slightly smaller polymers (polystyrene of Mw=2.33 × 105g/mol from Fluka)
in decaline. Because of the depletion interaction this systems spontaneously phase
separates into a colloid-rich phase (a colloidal ”liquid”) and polymer-rich phase (a
colloidal ”gas”)[20, 151]. It then behaves as a two fluid system, with an extremely
small surface tension. In this system, the surface tension is 1.6× 10−7N/m. Droplets
are produced by simply shaking the container. For the other system we prepare the
colloids (52.5nm radius, polystyrene particles) in a mixture of 3MP/water/heavy
water, density matched to that of the colloids. Just before phase separation of the
binary liquid mixture at T=63◦C, this system forms liquid droplets where colloidal
liquid is in equilibrium with the colloidal gas phase (see chapter3). The slight mis-



96 CHAPTER 7

match in density causes the droplets to move and coalesce with each other. The fast
camera equipped with the microscope is used to capture these coalescence events.
The interval time for the measurement is 1ms per frame.

7.4 Results

Figure 7.3: Coalescence of two water drops: eight consecutive frames taken at 11,200 frames/s at a reso-
lution of 256*256 pixels. R0=2mm.

For each experimental run we start by manually creating two droplets of roughly
equal size and locate them closely together. We make use of a precision pump to
slowly grow the pendent droplet. When the two droplets surfaces are just close
enough, we switch off the pump and, because of the deceleration, the coalescence
event sets off with an approximately zero initial velocity. Fig.7.3 shows a typical
sequence of images taken within the first millisecond after two water drops merge.
Image processing software ”Image J”has been used to analyze a sequence of indi-
vidual frames. The neck size as function of time is shown in Fig.7.4a. As we men-
tioned in theory section, for the lowest-viscosity fluids, the liquid bridge of radius
R � lv , where lv = η2ρ/σ, is the viscous length. The inviscid theory can be applied
to fit the data with Eq.7.9. The observed t1/2 dependence agrees with the numeri-
cal simulations of an inviscid fluid by Duchemin et al.[146]. Our experimental data
fitted with the model gives the value of the prefactor to be 1.14. For the data in the
low-viscosity regime, the fluid inertia does become important as can be observed in

Fig.7.4. When we rescale the time with the inertial time τi =
√

ρR0
3/σ[143], all the
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data collapses onto a single curve (Fig.7.4(b)) and we find the prefactors: water, 1.14;
5 mPas silicon oil, 1.24; and 20 mPas silicon oil, 1.11; these are in agreement with
other experiments[147], but deviate from the numerical prefactor of the simulation
result of 1.62. The crossover between two regimes is clearly visible for silicon oil
with a viscosity of 50mPas, and happens at a crossover time of 450 ± 150µs, leading
to a crossover Reynolds number of Rec = 1.5± 0.5, thus, these experiments allow us
to determine Rec.

Figure 7.4: (a) The time evolution of the radius of the neck for low viscosity fluids. (b) The data collapses
after scaling with R/R0 and t/τi. the full line has a slope of 1.2. For the system of 50mPas the crossover
between the viscous and inertial regimes can be observed; the curve has been shifted upwards artificially
for the late-time behavior to coincide.

7.4.1 Coalescence of viscous drops

Measurements were made with silicon oil to study coalescence in the viscous regime.
Fig.7.5 shows a typical sequence of images taken during the liquid bridge evolving
in the viscous coalescence process. The most distinct difference is that the shape
of the neck becomes sharper. With lower viscosity a capillary wave-crest appears
to precede the neck region (in Fig.7.3. The radius of a neck as function of time is
shown in Fig.7.6(a). In Fig.7.6 (b) we have rescaled the radius with R0 and the time
with the viscous time τv = ηR0/σ. All experimental data are again collapsed as
scaling behavior. The slope of the line through the origin is 0.55 ± 0.06. From this
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Figure 7.5: Close-up images of two silicon oil drops during coalescence: the viscosity is 1000cP.

Figure 7.6: (a) The time evolution of the neck radius for the high-viscosity region. The data is fitted with
the theory predication with Equ.7.7. (b) The data collapses after scaling with R/Ro and t/τi.

we deduced the opening speed of the neck to be close to half the capillary speed.
Ideally, when two drops approach each other, the bridge should form as soon as
there is any contact between their two surface. However, in the viscous drop, we
observed in our experiment that the liquid bridge did not form immediately after
the drops came into contact. When two drops continued to approach each other, the
surface of both drops deformed slightly and their surfaces were in contact over a
certain area before coalescence occurs. This non-coalescence phenomena has been
studied in the literature[149, 152].
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Figure 7.7: LSCM images of droplet coalescence in a phase separated colloid-polymer mixture. Colloid-
rich droplets (R0 = 15µm) coalescing with their bulk phases.

Figure 7.8: The time evolution of the neck radius in a colloid-polymer mixture for colloid-rich liquid
droplets. Full lines are linear fits to the data.

7.4.2 Coalescence in the ultra-low surface tension regime

Fig.7.7 shows the coalescence for the colloidal liquid droplets with their correspond-
ing bulk phases observed directly by laser scanning confocal microscopy. Fig.7.8
shows the radius of the neck as function of time. A linear behavior is found, as one
expects for viscous coalescence. The opening speed is 2.1µm/s. For σ/η, we ex-
pect velocities of 5.22µm/s for the liquid droplets without taking the viscosity of the
outer fluid into account[140, 153].

Fig.7.9 presents another coalescence event for colloids in a binary liquid mixture.
In chapter 4, the colloidal phase behavior in a binary liquid mixture is studied mainly
by the structure factor to characterize the phase transitions. From the structure fac-
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tor, we observed the existence of a liquid phase. For the visual measurement, we
found the liquid as small droplets. By analyzing the evolution of the neck during
the coalescence of two colloid-rich droplets, we obtain the linear behavior to charac-
terize for the viscous coalescence in Fig.7.10. The interfacial tension 1.1 × 10−7N/s
can be determined from the opening speed. This ultra-low interfacial surface ten-
sion corresponds to the one found for the colloid-polymer mixture system. It is the
characteristic feature of coexistence colloidal-liquid and colloid-gas in equilibrium.
It is strong visual evidence for the colloidal gas and liquid transition we discussed
in chapter 4.

Figure 7.9: Coalescence for colloid-rich droplets in a binary liquid mixture. Six consecutive images taken
at 100 frames/s at a resolution of 256*256 pixels. The radius of the drop is approximately 200µm.

7.5 Conclusion

We have demonstrated experimentally that the coalescence dynamics of droplets is
driven by surface tension and slowed down by viscosity for low Reynolds numbers
and by inertia for high Reynolds numbers. In the viscous regime, the opening speed
is set by the capillary velocity σ/η, the results agree with theoretical predications of
the linear behavior. In the inertial regime, the speed can be determined by balancing
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Figure 7.10: The time evolution of the radius of the neck during the two colloid-rich droplet coalescence
corresponding to the image in Fig7.9. Full line is linear fit to the data.

the capillary and inertial forces with a proportionality constant very close to unity.
The experimental data are collapsed with the analytic calculation. By using different
fluids, we have illustrated that the fluid properties have little influence on the di-
mensionless scaling law prefactor, however, it does modify the shape of the interface
between the air and the drops near the liquid bridge. As the viscosity increases, the
curvature in the neck region becomes sharper. The energy cost to bend the surface
also should be taken into account to explain the coalescence behavior. Droplet coa-
lescence allows us for both colloid-polymer mixture and colloids in a binary mixture
to observe their ultralow interfacial tension. In this way, it gives us a direct way to
study the interparticle interaction in these weakly attractive systems.
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Symbols
β optical contrast
ξ correlation lenghth
λD Debye screening length
φ volume fraction
ρ Density
σ surface tension
η viscosity
ζ zeta potential
ρ Density
κ inverse of Debye screening length
ε dieletron constant
n refractive index
χ osmotic compressibility
ε0 permittivity of free space
N0 Avogadro’ constant
h Planck’s constant
k Boltzmann’s constant
e electronic charge
γ surface tension
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Abbreviations
ESRF European Synchrotron Radiation Facility
SAXS Small Angle X-ray Scattering
DLS Dynamics Light Scattering
CMS Confocal Microscope
DLVO Derjaguin-Landau-Verwey-Overbeek(DLVO)
SM Solvent Mediated
ID02 2

nd undulator beamline at the ESRF
PS Polystyrene Sphere
FWHM Full Width at Half Maximum
FFT Fast Fourier Transform
CCD Charge-Coupled Devices
3MP 3-Methylpyridine
FL Fluorinated Particle
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SUMMARY

In this thesis, we investigate the colloidal phase behavior in a weakly-attractive sys-
tem. To this end, we employ dynamic light scattering, small-angle X-ray scattering
and confocal microscopy to quantitatively characterize the different phases formed.
The result is a colloidal phase diagram with gas, liquid and crystalline phases.

The experimental system consists mainly of charge-stabilized polystyrene or flu-
orinated spheres suspended in a mixture of 3-methylpridine, water and heavy wa-
ter. The choice of this particular system is made because density matching - for
polystyrene -, or index matching - for the fluorinated spheres - between particle and
suspending liquid is possible. Furthermore, the pyridine/water system exhibits a
closed loop in the T -x phase diagram with an upper and lower consolute point. The
lower consolute point lies in the convenient range of 30 to 70 degrees centigrade.
The closed loop can be shifted, enlarged and shrunk by changing the ratio of water
to heavy water and the addition of salt. Thus we can control the repulsive interac-
tions, the Van der Waals potential and the gravitational field to study the effect of the
specific attractive interactions when the two-phase region of the suspending liquid
is approached : the solvent mediated interaction or the critical Casimir effect. The
existence of this attractive interaction was pointed out by Fisher and de Gennes, its
practical consequences Beysens and coworkers. They observed the reversible aggre-
gation of silica particles in a binary mixture of lutidine and water approaching its
bulk-phase coexistence temperature. Charge-stabilized colloidal particles in binary
mixtures have a unique feature that sets them apart from other systems. The temper-
ature can be used as external and continuous parameter to control the amplitude and
range of the attractive force. Thus, temperature offers a convenient means to study
the phase behavior of the colloidal system by external control. In this thesis we show
that the aggregation observed by Beysens is in reality a reversible phase transition
in the colloidal system. Density matching between the particles and the suspending
medium enabled us to observe for the first time to observe stable gas-liquid,gas-solid
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and liquid-solid equilibria. In a density matched system the nuclei of the next phase
can, in principle, grow to macroscopic dimensions, while in a non-density-matched
system gravity perturbs this growth process at a very early stage.

In chapter two, we describe three experimental techniques used in our study of
the colloidal phase behavior in real, and q-vector space. The characterization of par-
ticles and binary mixtures is treated in detail.

In chapter three we use the mean field model, proposed by Fisher and de Gennes,
to describe the interaction between the particles . In a calculation for the fluorinated
particles we can consider the Van der Waals force negligible, because the refractive
index of the particles is close to that of the solvent. Then only two contributions
remain for the interaction, one is the attractive critical Casimir interaction governed
by the correlation length of the binary mixture, the other is the repulsive screened
Coulomb interaction with a range determined by the Debye screening length. The
two length scales in the problem,the correlation length and Debye screening length
can be determined from the properties of the suspending binary liquid. The phase
diagram of the binary liquid sets the calibration and forms the matchsticks of the
length scales. With these length scales as input we obtain values for the condensation
temperature Ta that agree well with the observations. We concluded that the critical
Casimir effect is the dominant mechanism of attractive interaction in this colloidal
system.

In chapter four, we demonstrate how to determine the two characteristic temper-
atures Tcx and Ta by turbidity measurement and visual observation. We use small-
angle X-ray scattering to characterize these phases as colloidal gas, liquid, fcc crystal
and glass. The phase behavior that we observe with SAXS, turbidity measurement
and visual observation is summarized in a phase diagram for the colloidal system,
where we plot ∆T = Tcx − Ta versus the volume fraction φ in Fig.7.11.

From all the data obtained for colloids in a binary liquid mixture, it is clear that
this temperature difference is the experimentally relevant parameter to describe the
state of the colloidal system. At low volume fraction, the colloidal system shows two
stable phases: fluid and crystal. At higher volume fraction, we observe equilibria
of gas and liquid, and liquid and solid. The similarity of the diagram we obtain
in the experiment with the diagrams suggested by Frenkel for attractive colloidal
systems is striking. The existence of a gas-liquid coexistence region before the liquid-
solid coexistence suggests that there is a long-range attractive potential. The density
match between particle and solvent is essential to study the colloidal phase behavior
in a binary mixture. A small density difference disturbs the growth of the nuclei in
a very early stage. Only under microgravity the true nature of the colloidal phase
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Figure 7.11: Phase diagram of polystyrene spheres in the quasi-binary mixture 3-
methylpyridine/H2O/D2O. Triangles, solid circles and squares mark the temperatures ∆T = Tcx − Ta

versus volume fraction Φ for solid , liquid and gas phases .

reveals itself.

In chapter five, we investigate the colloidal phase behavior by microscope. Polystyrene
spheres, silica particles, and fluorinated particles are used to perform the measure-
ments. The observations on the systems with polystyrene and silica spheres are con-
sistent with the results from the SAXS measurements. The fluorinated particles show
similar, but in two aspects different behavior. Firstly, the condensation occurs on the
pyridine-rich side of phase diagram. This indicates that the fluorinated particles
prefer a water-rich adsorption layer as opposed to the polystyrene particles which
prefer a pyridine-rich adsorption layer. Hence the condensation takes place on the
water-rich side of phase diagram. Secondly, the structure of the condensed phase
is characterized as gel or glass-like structure as opposed to the crystal structure we
observe for the systems with polystyrene and silica particles. Nevertheless, the tran-
sition remains reversible. In this refractive index matched system the only remaining
attractive interaction is the critical Casimir effect. The difference in observed struc-
tures the system condenses into may be due to gravity.

In chapter six, the dynamics of crystallization is studied by means of SAXS mea-
surements. We observed two mechanisms with the different initial colloidal volume
fraction. The formation of the nuclei is dominant during the crystallization pro-
cess at the coexistence of gas and solid. At liquid-solid coexistence the formation of
nuclei and subsequent growth are observed . The crystallinity grows linearly with
time, typical of interface limited growth. The observation of spontaneous growth
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and coarsening is similar with result from the previous report by Cheng[131], where
they reported the dynamics of crystallization under true microgravity conditions in
the space shuttle.

In chapter seven, the hydrodynamics of droplet coalescence is discussed. We de-
scribe there the droplet coalescence in a molecular system with a variable viscosity
and two colloidal systems with ultralow surface tensions. When either the viscosity
is large or the surface tension is low enough, we observe that the opening of the liq-
uid bridge initially proceeds at a constant speed set by the capillary velocity. In the
first system we show that inertial effects become dominant at a Reynolds number
of about Rec = 1.5 ± 0.5 and the neck then grows as the square root of time. The
colloidal systems where the surface tension is lower by a factor of 105 open the way
to a more complete understanding of the hydrodynamics involved. The systems
with ultralow surface tension are colloidal liquids. One is a colloid-polymer mixture
that has phase separated into a colloid-rich liquid and a colloid-poor gas phase. The
second one is the colloidal system amply discussed in this thesis: colloidal liquid
droplets in equilibrium with its gas phase suspended in a homogeneous binary liq-
uid mixture. We conclude with two weakly attractive systems: a colloid-polymer
mixture and colloids in a binary mixture to complete this thesis.



SAMENVATTING

In dit proefschrift onderzoeken we het fasengedrag van zwak attractieve colloidale
systemen. Hiervoor gebruiken we lichtstrooiing, kleine hoek Roentgenstrooiing en
confocale microscopie om de verschiilende fasen te karakteriseren. Het resultaat is
een colloidaal fasediagram met gas, vloeistof en kristallijne fasen.

Het experimentele systeem bestaat voornamelijk uit ladingsgestabiliseerde poly-
styreen of gefluorideerde bollen gesuspendeerd in een quasi-binair vloeistofmeng-
sel van 3-methylpridine, water en zwaar water. De keuze voor dit syteem maakt
het mogelijk of de dichtheid te vereffenen - in het geval van polystyreen - of de bre-
kingsindex - in het geval van de gefluorideerde deeltjes. Bovendien vertoont het
pyridine/water systeem een gesloten kring in het fasendiagram met een bovenste
en onderste kritieke punt. De gesloten kring kan verschoven, vergroot en verkleind
worden door de verhouding water/zwaar water te veranderen of door zout toe te
voegen. Verder is het onderste kritieke punt makkelijk toegankelijk tussen de 30 en
70 graden Celsius. Op deze manier kunnen we de repulsieve interacties, de Van
der Waals potentiaal en het zwaartekrachtsveld controleren om zo de specifieke at-
tractieve interacties tussen de colloidale deeltjes te bestuderen, als het quasi-binaire
vloeistof systeem het tweefasen gebied nadert : de vloeistof geinduceerde interac-
tie ofwel het kritisch Casimir effect. Het bestaan van deze attractieve interactie was
gepostuleerd door Fisher en de Gennes, en later experimenteel aangetoond door
Beysens en medewerkers. Zij observeerden de reversibele aggregatie van silica deel-
tjes gesuspendeerd in lutidine/water mengsels in de homogene fase, een tot twee
graden verwijderd van de ontmengtemperatuur. Ladingsgestabiliseerde colloiden
in binaire vloeistofmengsels hebben een unieke eigenschap, die ze onderscheidt van
andere attractieve systemen. De temperatuur kan gebruikt worden als externe con-
tinue parameter, waarmee amplitude en dracht van de attactieve kracht gecontro-
leerd kan worden. De temperatuur is daarmee het middel om het fasengedrag van
colloiden te bestuderen via een externe controle parameter. In dit proefschrift laten
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we zien dat de aggregatie, beschreven door Beysens, in werkelijkheid een reversi-
bele colloidale fasenovergang is. Door het vereffenen van de dichtheid van deeltjes
en vloeistofkonden wij voor het eerst gas-vloeistof, vloeistof-vast en gas-vast even-
wichten in colloidale systemen observeren. Door de dichtheidsvereffening kunnen
de kernen van de volgende fase groeien zonder storing door het zwaartekrachtsveld.

In hoofdstuk 2 beschrijven we de experimentele technieken, die we in onze studie
gebruiken. De karakterisering van de colloiden en de vloeistofmengsels komt hier
uitgebreid aan de orde.

In hoofdstuk 3 gebruiken we het mean field model, voorgesteld door Fisher en
de Gennes, om de attractieve interactie tussen de colloidale deeltjes te beschrijven.In
een berekening van het gedrag van de gefluorideerde deeltjes kunnen we de Van
der Waals wisselwerking verwaarlozen , omdat de brekingsindices van suspende-
rende vloeistof en colloid nagenoeg hetzelfde zijn. In dat geval zijn de enige inter-
acties de repulsieve Coulomb wisselwerking met een dracht bepaald door de Debye
afschermlengte, en de attractieve kritische Casimir kracht met een dracht bepaald
door de correlatielengte van de vloeistof. De twee lengteschalen in het probleem, de
correlatielengte en de Debye afschermlengte, kunnen bepaald uit de eigenschappen
van de suspenderende vloeistof. Het fasendiagram van de vloeistof geeft de cali-
bratie en vormt de meetlat voor de lengteschalen van het colloidale systeem. Met
deze lengteschalen als invoer berekenen we waardes voor de condensatietempera-
tuur, die goed overeenstemmen met de waarnemingen. De conclusie is dan ook dat
het kritisch Casimir effect de bepalende interactie is in deze colloidale systemen.

In hoofdstuk 4 laten we zien hoe we de twee karakteristieke temperaturen Tcx and
Ta bepalen met behulp van turbiditeitsmeteingen en visuele waarnemingen. Kleine
hoek Roentgenstrooiing (SAXS) wordt gebruikt om de colloidale fasen te karakte-
riseren : colloidaal gas, vloeistof , fcc kristal en glas. Uit deze metingen volgt een
fasendiagram voor het colloidale systeem: ∆T = Tcx −Ta tegen de volumenfractie φ

van de colloiden. Het verschil tussen de overgangstemperatuur van het colloidsys-
teem en de ontmengtemperatuur van de suspenderende vloeistof is de relevante
parameter om de toestand van het colloidsysteem te beschrijven. Bij lage volumen-
fractie kan het ssysteem in twee stabiele fasen verkeren : vast en gas. Bij hogere
volumenfracties nemen we de gas-vloeistof en de vloeistof-vast evenwichten waar.
De overeenkomst tussen dit diagram en de berkende fasendiagrammen van Frenkel
voor attractive systemen is opvallend. Het bestaan van vloeistof-gas coexistentie ge-
bied voor de vloeistof-vast overgang geeft aan dat er attractie met een relatief lange
dracht werkt. De metingen geven aan dat dichtheidsvereffening essentieel is om het
fasengedrag te kunnen waarnemen. Een klein dichtheidsverschil is voldoende om
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de groei van de kernen te verstoren in een zeer vroeg stadium van hun groei. Al-
leen onder micrograviteitscondities laat het ware karakter van de nieuwe fase zich
waarnemen.

In hoofdstuk 5 onderzoeken we het colloidale gedrag d.m.v. de confocale mi-
croscoop. Polystyreen, silica en gefluorideerde deeltjes worden geobserveerd in de
metingen. De waarnemingen aan de silica en polystyreen systemen komen over-
een met de SAXS metingen. De gefluorideerde deeltjes vertonen overeenkomsten,
maar in twee aspecten verschillen. Ten eerste vindt de condensatie plaats aan de
pyridine rijke zijde van het fasendiagram. Dit duidt erop dat deze deeltjes door
water bevochtigd worden, in tegenstelling tot de silica en polystyreen deeltjes, die
een pryridine-rijke adsorptielaag prefereren. Om deze reden vindt de condensatie
plaats aan de waterrijke kant van het fasendiagram. Ten tweede condenseren de ge-
fluorideerde deeltjes in een gel of glasachtige structuur, in tegenstelling tot de andere
systemen, die naar de kristallijne fase overgaan. In dit systeem, waarin de brekings-
index vereffend is, is de enig overgebleven attractieve interactie het kritisch Casimir
effect. De verschillen in waargenomen structuur kunnen veroorzaakt worden door
de zwaartekracht

Hoofdstuk 6 is gewijd aan de dynamica van de kristallisatie. Dit is gedaan aan de
hand van de SAXS metingen. Twee mechanismes van kristalvorming zijn waarge-
nomen afhankelijk van de initiele volumenfractie. Vorming van kristallisatiekernen
is dominant bij het vast-gas evenwicht. Bij de vloeistof-vast coexistentie wordt de
vorming van kristalkernen en hun groei waargenomen. De kristalliniteit neemt line-
air toe met de tijd, karakteristiek voor grensvlak-gelimiteerde groei. Deze spontane
groei en verruwing komt overeen met de observaties van Cheng en anderen in hun
experimenten onder echte condities van micrograviteit in de space shuttle.

In hoofdstuk 7 wordt de coalescentie van druppels beschreven van een molecu-
lair systeem als functie van de viscositeit en twee colloidale systemen met een zeer
lage opervlaktespanning. Als de viscositeit groot genoeg is of de oppervlaktespan-
ning laag genoeg dan opent de vloeistofbrug tussen de druppels zich aanvankelijk
met constante snelheid, de capillaire snelheid. In de moleculaire systemen laten we
zien dat inertiele effecten dominant zijn tot Reynoldsgetallen van 1.5. Daarna groeit
de breedte van de vloeistofbrug met de wortel uit de tijd. De colloidale systemen
met een oppervlaktespanning, die 105 lager is dan die van de moleculaire systemen,
openen de mogelijkheid om te komen tot een beter begrip van de hydrodynamica
van dit proces. De systemen met de extreem lage oppervlaktespanning zijn colloi-
dale vloeistoffen. De eerste is een colloid-polymeer mengsel, dat fase gescheiden
is in een colloidrijke en een colloidarme fase. De tweede colloidale vloeistof is het
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colloid in een binair vloeistofmengsel, dat uitgebreid bediscussieerd is in dit proef-
schrift : druppels colloidale vloeistof in evenwicht met hun gasfase. We sluiten dit
proefschrift af met twee zwak attractieve systemen : een colloid-polymeer mengsel
en een colloidale vloeistof in een binair mengsel.
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