
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Phase transitions and interfaces in temperature-sensitive colloidal systems

Nguyễn, V.Đ.

Publication date
2012

Link to publication

Citation for published version (APA):
Nguyễn, V. Đ. (2012). Phase transitions and interfaces in temperature-sensitive colloidal
systems. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/phase-transitions-and-interfaces-in-temperaturesensitive-colloidal-systems(65349a7a-3cd6-4381-8085-ad77b88aef8c).html


1 

 

 

 

 

Chapter 1 

Introduction 

 

 

1.1 Colloids 

Colloids are widely used because of their exceptional properties. Beside their importance 

for wide range applications in foods, petrol, cosmetics and drug industries, photonic 

crystal, optical filters and chemical sensor, they are also known as powerful model 

systems to study molecular phase behavior [1]. Particles are regarded as colloids when 

their diameter a is in the range of nanometer to micrometer, although any such definition 

is inevitably imprecise. The lower limit comes from the requirement that the particles be 

significantly larger than the molecules of the suspension medium. The upper limit ensures 

that the particles exhibit significant Brownian motion leading to equilibrium phase 

transitions and particle self-assembly, and that their motion is not dominated by 

extraneous effects such as gravitational and convection. Typically, the diameter of a 

colloidal particle is 10
3
 -10

5
 times larger than that of an atom. This disparity of size has 

several important consequences. Firstly, since the surface tension is proportional to a 

typical energy / a
2
, interfacial tensions of colloidal phases are roughly 10

6
 – 10

10
 times 

smaller than that of the atomic counterparts (Fig.1.1). The weakness of the colloidal 

surface tension means that the interface of the colloidal system can be easily deformed and  
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Figure 1.1: Schematic of the particle domain.  

(a) The typical particle size scale. (b) The corresponding surface tension scale. 

 

thermally induced fluctuations become large and directly observable. Secondly, because 

the time the particle needs to diffuse by its own radius is of the order of a fraction of a 

second, processes can be followed with great time resolution. The large diffusion time 

means that once disrupted or melted a colloidal system will take a macroscopic time 

(seconds, minutes or even hours) to rearrange. This brings a big convenience to investigate 

the evolution of the thermodynamic process in the system. Another important difference 

between atoms and colloids concerns the particle size distribution. The atoms (of one 

isotope) of a particular element are identical. However, with the possible exception of 

some biological materials, colloidal particles inevitably have some distribution of size or 

‘polydispersity’ this size distribution can be tailored to study glass formation and particle 

assembly. 

 

1.2 Colloidal phase behavior 

Over the last few decades, the phase transitions in soft matter have been extensively 

studied. The most outstanding examples are colloidal systems in which the sizes, 

polydispersity and interactions of colloidal particles can be precisely set. For example, a 

rich colloidal phase behavior results from different type of repulsive and attractive 
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interactions (see Fig. 1.2) [2]. The simplest model system to mimic the phase behavior of 

simple atomic liquids and solids is the colloidal hard sphere system. Hard spheres are 

defined as impenetrable spheres that cannot overlap in space and they are non-interacting 

as long as they do not touch. A schematic of the hard sphere phase diagram is shown in 

Fig. 1.2a. The particle volume fraction  is the only parameter to control the phase 

behavior. The system behaves like a fluid as  is lower than 0.494. At 0.494 <  < 0.545, 

fluid and crystalline phases coexist in the system. Above  ~0.545, the crystal phase 

becomes thermodynamically stable. The addition of long-range attractions result in three-

phase equilibria, with a triple point and phase line between liquid and gas ending in a 

critical point, Fig.1.2b. This is the phase diagram we know from atomic and molecular 

systems. For short-range attractions, equilibrium between gas and crystal is found, but the 

gas-liquid equilibrium becomes metastable, Fig.1.2c. In spite of the various forms of these 

phase behaviors, many of their properties have common origins, such as a large number of 

internal degrees of freedom, weak interactions between structural elements, and a delicate 

balance between entropic and enthalpic contributions to the free energy. These properties 

lead to large thermal fluctuations, sensitivity of equilibrium structures to external 

conditions, macroscopic softness, and metastable states.  

 

Figure 1.2: Colloidal phase diagram.  

(a) Purely hard-sphere system, (b) long-range attraction system, and (c) short-range attraction system. 

 

http://en.wikipedia.org/wiki/Entropy
http://en.wikipedia.org/wiki/Enthalpy
http://en.wikipedia.org/wiki/Helmholtz_free_energy
http://en.wikipedia.org/wiki/Thermal_fluctuations
http://en.wikipedia.org/wiki/Softness
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1.3 Interactions in soft matter 

1.3.1 Screened Coulomb and van der Waals forces 

 Well-know Derjaguin-Landau-Verwey-Overbeek (DLVO) theory considers the total 

interaction between stabilized colloids as a sum of attraction and repulsion. The attractive 

Van der Waals interactions, also called London- dispersion forces, arise from the 

interactive forces between instantaneous multi-poles in molecules without permanent 

multi-pole moments. The total potential energy of two spheres of radius R at a center-to-

center distance of r is given by [3]; 

       
 

 
 [

   

      
  

   

  
   (  

   

  
)]  (1.1) 

where A is the Hamaker constant which depends on the polarisablilites of both the 

particles and the solvent. In practice, an estimate of the Hamaker constant is given by [4]: 
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where h is Planck’s constant, v is the characteristic frequency and n1 and n2 are the 

refractive indices of the colloids and the solvent, respectively. When the refractive index 

of the colloidal particle is closely matched with that of solvent, the Hamaker constant is 

infinitely small and the van der Waals attraction is reduced. However, complete 

elimination of van der Waals forces is impossible, since the simultaneous refractive index 

matching at all wavelengths is impossible. Usually, the matching of refractive indices 

occurs at visible wavelengths 

The van der Waals attraction diverges as the gap between the surfaces tend to zero [4] 

           ( )   
 

  

 

    
    (1.3) 

This negative potential has near contact a finite value, but becomes 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. 
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Colloids are mostly charge stabilized leading to repulsive Coulomb interaction between 

them. These repulsive forces act against dispersion forces thus avoiding the irreversible 

aggregation of colloids. 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  

 

Figure 1.3: 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. 

 

counterions [5]. 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 [6] 

  ( )  
(  )    (   )

      
,      (1.4) 

where ϵ0 is the permittivity of vacuum, ϵ is the dielectric constant of the medium and Z is a 

charge incorporating the effect of the finite size of the colloidal particle: 

    
    (  )

    
 ,      (1.5) 

where R is the radius of the particle. The inverse Debye screening length κ is given by [4]: 

  √
  (  )

 

      
        (1.6) 
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where c is the density of the free counterions and q their valence. Thus, the screened 

Coulomb potential decays exponentially with the characteristic Debye length D. The 

Debye length can be considered as the range of repulsive potential and corresponds 

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 

repulsion for r < 2R, the van der Waals attraction and the electrostatic repulsion (Fig. 1.3). 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is a well-known model for 

describing the interactions in a colloidal system [7]. 

 

1.3.2 Polymer mediated depletion attraction 

Depletion interaction between colloids is induced by adding polymer to a colloidal system. 

When partial or complete depletion of macromolecules occurs between colloids and 

surfaces, the osmotic pressure difference between the bulk and gap regions produces an 

effective attractive potential between the colloids (Fig. 1.4) [8]. The attractive nature of 

this potential can be understood either from a force balance as particles and surfaces being 

pushed / pulled together from the integrated pressure or from an energetic perspective as 

the free energy associated with negative adsorption being minimized by closing the gap 

between particles and surfaces. The range and the strength of the attraction are controlled 

by the size and the concentration of the polymer, respectively. The above-mentioned phase 

behavior of attraction particles (Fig. 2b and c) has been experimentally explored using 

depletion interaction. 

 

Figure 1.4: A schematic illustration of the origin of the polymer-induced depletion attraction between hard 

spheres (spheres). A volume (circles) exists around each sphere into which the center of the polymer coil 

(sketch) cannot penetrate.  
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1.3.3 DNA-mediated attraction 

DNA-functionalized colloidal systems have been recently introduced in soft matter; Due 

to the specificity of the DNA interaction these systems are expected to be a powerful tool 

for guiding the self-assembly of nanometer-and micrometer-sized particles. The 

interactions originate from binding of complementary single-stranded DNA “sticky ends” 

which are coated on the surfaces of the colloids. These “sticky ends” on two different 

colloids either bind directly to each other via complementary sequences or via a ssDNA 

linker sequence introduced in solution. The strength of binding depends on the 

temperature, pH and ionic strength of the solution [9, 10].  

 

Figure 1.5: DNA- driven assembly can either be initiated by the addition of a linker DNA (3-strand system) 

or colloids can be coated with fully or partially complementary ssDNA directly (2-strand system). 

 

1.3.4 Solvent mediated attraction or the critical Casimir forces 

When fluctuating fields are confined between two walls, long-range forces arise. A well-

known example is the quantum mechanical Casimir effect, where vacuum fluctuations of 

the electromagnetic field confined between two conducting plates cause attraction between 

these plates (Fig. 1.6a) [11]. It was predicted by Casimir in 1948 [12], but experiment 

could only confirm in 1980s and 1990s when atomic force microscopy had enough 

sensitivity [13].  A thermodynamic analogue is the critical Casimir force being realized in 

1978 by Fisher and de Gennes [14]. This force arises due to the confinement of 

concentration fluctuations of a solvent close to its critical point (Fig. 1.6b). This force is 

attractive if the boundary conditions are symmetric and repulsive if the boundary 

conditions are asymmetric. The strength and range of this force depend sensitively on the 

solvent correlation length set by the temperature, as recently demonstrated by Bechinger et 

al with direct measurements of the critical Casmir force [15].  The authors used total 

internal reflection microscopy to measure directly the critical Casimir force between a  
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Figure 1.6: (a) Confinement of vacuum fluctuations leads to Casimir forces. (b) Confinement of 

composition fluctuations close its critical point leads to critical Casimir forces. 

 

single colloidal sphere and a flat silica surface immersed in a mixture of water and 2,6 

lutidine near its critical point. 

In this thesis, we use attractive critical Casimir forces between colloids to induce colloidal 

phase transitions, and assemble the particle with temperature as a control parameter. We 

determine the particle pair potential directly and study gas-liquid transition quantitatively 

by tuning the strength and range of the critical Casimir interaction with temperature.  

 

1.4 Solvent phase diagram 

A binary mixture of water (D2O/H2O) and 3- methylpyridine (3-mp) exhibits 

concentration fluctuations when the temperature approaches the critical point of the 

mixtures. A schematic illustration of the solvent phase diagram is shown in Fig. 1.7. 

Outside the loop, water and 3-mp are well mixed and form a homogenous solvent, while 

within the loop, they are separated into water rich phase and 3-mp rich phases. The two-

phase region ends at the critical point with 3mp concentration Cc. For the mixture used in 

this thesis Cc = 0.31. However, the shape and the width of the loop depend on the ratio of 

D2O/H2O in the mixture. The two phase region is maximal when the mixture has no D2O 

and it shrinks with increasing fraction of heavy water concentration [16].  
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By approaching the critical point line from below, the correlation length increases. The 

resulting long-range fluctuations give rise to critical Casimir forces between the particles 

that are suspended in the solvent. These forces cause the particles to aggregate. 

Aggregation appears at the right hand side of the critical point Cc if colloids prefer water 

and at the left hand side when colloids prefer 3mp. In this thesis, we use particles that 

prefer 3-mp and therefore aggregation occurs on the left hand side of the critical point. 

 

Figure 1.7: Schematic illustration of the solvent phase diagram. The solid line is the coexistence curve for 

the solvent mixture Tcx. The gray regions are the colloidal aggregate regions, corresponding to aggregate 

temperature Ta. Ccritical is critical composition of 3mp. When the particle preferred the water-rich phase 

aggregation occurs on the right side of the critical composition (dark gray), and when the particle preferred 

the 3mp-rich phase aggregation occurs on the left side of the critical composition (light gray). 

 

 

1.5 Scope of this thesis 

In this thesis we investigate two major subjects; in the first part, we investigate the crystal-

fluid transition and free energy at colloidal crystal-fluid interface. In the second part, we 

study colloidal phase transitions induced by critical Casimir forces.  

Chapter 2: We describe and discuss the experimental techniques used in this thesis. The 

main techniques are confocal microscopy, dynamic light scattering, temperature gradient 

and particle tracking. The standard sample preparation and particle size behavior are also 

presented.  
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Chapter 3: We present a new temperature-gradient method to grow colloidal crystals using 

thermosensitive particles, and provide a direct microscopic observation of colloidal crystal 

growth. We tune the volume fraction of the colloidal suspension by temperature, and then 

use the temperature gradient to grow colloidal crystal from a colloidal fluid. We use 

confocal microscopy to follow directly the heterogeneous crystal nucleation and the 

advancing interface. We measure the growth velocity of the crystal, diffusion coefficient 

of fluid particles and use them to determine the chemical potential difference between 

crystal and fluid phases. We investigate the effect of impurities on the advancing interface 

and determine the critical force needed to overcome impurity particles from the local 

interface curvature. 

Chapter 4: In this chapter we focus on the equilibrium crystal-fluid interface. We visualize 

the structural transition from the long range order crystal to short range order fluid by 

measuring the possible packing configurations of particles in different phases. We 

establish a direct link between structure and interfacial energy by measuring the free 

energy change across the interface from the 3D particle configurations. The free energy is 

determined directly from the particle configurations. Moreover, we measure the anisotropy 

of the crystal-fluid interfacial tension directly from the thermally excited fluctuations of 

the interface. 

Chapter 5: We perform experimental and simulation studies of colloidal phase transition 

induced by critical Casimir forces. We use confocal microcopy to observe these phase 

transitions directly. We show that by approaching the solvent phase separation 

temperature, colloidal gas condenses into a liquid and a crystal phase. The particle pair 

distribution function and, therefore, the particle pair potential are measured directly from 

the confocal images. The temperature-dependent range and amplitude of critical Casimir 

attractive force are determined. We use the particle pair potential and van der Waals model 

to examine the gas-liquid transition and compare it with the direct observation. We also 

use the measured particle pair potential as input for Monte Carlo simulation to fully study 

colloidal phase behavior. We find a good agreement between the simulation and the 

experimental results. 

Chapter 6: In this chapter we mainly focus on visualization of colloidal liquid nucleation 

and growth induced by critical Casimir forces. First, liquid nucleation and growth are 

investigated by dynamic light scattering. We find three distinctive regimes: initial 
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nucleation, surface limited growth and diffusion limited growth. We then use confocal 

microscopy to follow directly the nucleation and growth process. We measure the density 

profile of liquid clusters and define the critical size of nuclei. The distribution of the 

cluster size is used to determine the cluster free energy barrier, and compare with classical 

nucleation theory predictions. We measure the interfacial tension and the chemical 

potential difference between gas and liquid particles and we find that these quantities are 

directly related to the degree of supersaturation. 

Chapter 7: In the last chapter we study the morphology of fractal structures by combining 

experimental control of critical Casimir forces and Monte Carlo simulations of diffusion-

limited aggregation. Experimentally, using temperature-quench we assemble particles into 

aggregates with well-defined morphology. We elucidate the relation between their fractal 

dimension and the depth of temperature quench directly by imaging the resulting 

structures at the particle scale. In the simulation, we use Monte Carlo simulations of 

diffusion-limited aggregation with finite particle dissociation probability to model the 

aggregation process, and relate the resulting structures directly to the attractive potential 

strength.  
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