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

applications in food, petrol, cosmetics and drug industries, photonic, optical filters and 

chemical sensor, they are also known as powerful model systems to study molecular phase 

behavior. In this thesis, we have examined both aspects of colloids using temperature-

sensitive colloidal systems to fully investigate colloidal phase behavior and colloidal 

assembly. The thesis contains two major subjects; in the first part, we have investigated 

the crystal-fluid transition and the free energy at colloidal crystal-fluid interfaces. In the 

second part, we have studied colloidal phase transition and assembly induced by critical 

Casimir forces.  

The direct observation of the crystal-fluid interface is difficult because it is buried between 

two dense phases of closely similar densities, but different structural order. We overcome 

this difficulty using a refractive-index matched system, containing pNipam colloids and 

water, and recent confocal microscopy techniques. Since the size of the pNipam particles, 

and therefore, the volume fraction of the suspension change with temperature, large 

crystal-fluid interfaces are achieved by using a temperature-gradient technique. We use 

confocal microscopy to follow directly the heterogeneous crystal nucleation, the 

advancing interface and the stationary interface at the particle scale. For the advancing 

interface, we measure the growth velocity of the crystal and 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 
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determine the critical force needed to overcome impurity particles from the local interface 

curvature. 

For the stationary interface, we follow the changes from the short-range order of the fluid 

to the long-range order of the crystal. Our result is in very good agreement with simple 

atomic systems; the maximum short-range density of the fluid is achieved with icosahedral 

configurations. These icosahedral units exhibit five-fold rotational symmetry that is 

incompatible with a periodic filling of space. This incompatibility leads to a first-order 

transition that separates crystal and fluid phases. At the interface to the crystal, the number 

of possible packing configurations of the fluid is reduced with respect to the bulk fluid, 

resulting in a loss of configurational entropy that provides the dominant contribution to the 

interfacial energy.  

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

change across the interface from the 3D particle configurations. The 3D imaging allows us 

to directly measure the free volume and the free surface area available for insertion of 

additional particles; thus the interfacial free energy and the interfacial tension of crystal-

fluid interfaces are determined. Because of its structural origin, the interfacial tension 

depends on the direction of the interfacial plane with respect to the crystal lattice and is 

anisotropic. This anisotropy plays an important role in crystal nucleation and the 

morphological stability of crystal growth; however, its direct experimental measurement is 

prohibitively difficult, and this anisotropy has mostly been inferred from macroscopic 

measurements. We used thermally excited interface fluctuations to measure the interfacial 

tension and its small anisotropy. The measured interfacial tensions, from both methods, 

agree well with simulation values of hard spheres and slightly soft spheres, while the 

anisotropy is surprisingly larger than that found in simulations.  

In the second part of the thesis, we demonstrated the active assembly control of 

equilibrium and out-of-equilibrium phases using attractive critical Casimir forces. These 

forces arise due to concentration fluctuations of the critical binary solvent, and therefore, 

the magnitude and range of this attraction is set by the solvent correlation length, and can 

be adjusted with temperature. Using a low quench rate, we guide the colloidal particles 

into analogues of molecular liquid and solid phases via exquisite control over the particle 

interactions. We measure the pair distribution and pair potential of the particles directly by 

following density fluctuations in the colloidal gas. This allows us to elucidate the 



Summary 

 

 

103 

 

applicability of continuum models to the colloidal assembly process. We apply the van der 

Waals model of molecular liquefaction to show that the colloidal gas-liquid condensation 

is accurately described by the Van der Waals theory, even on the scale of a few particles.   

The microscopic insight of the experiment provides direct input for simulations to 

investigate the full phase behavior of colloids induced by the critical Casimir forces. We, 

therefore, use experimentally measured particle pair potentials and Monte Carlo 

simulations to fully investigate the phase behavior of colloids in binary liquid solvents. 

This combination allows us for the first time to simulate phase equilibria due to critical 

Casimir forces. We locate colloidal gas, liquid and solid phases as a function of 

temperature and colloid volume fraction. The resulting colloidal phase diagram agrees 

well with experiment and has the characteristic topology associated with molecular 

potentials like the Lennard-Jones, but occurs over a very narrow temperature range due to 

the strong temperature dependence of the critical Casimir interactions. 

The homogeneous nucleation of a liquid from its vapor is of fundamental interest to our 

understanding of the formation of phases in first order transitions. Despite its importance, 

direct observation of the nucleation of the liquid phase is prohibitively difficult at the 

molecular scale. Here, we show that the application of critical Casimir forces on a 

colloidal gas provides direct images of liquid nucleation in real time and on the single 

particle level, allowing us to visualize the effects of thermal fluctuations in the nucleation 

fluctuations. We implement a new way to measure the free energy of the liquid cluster, 

surface tension and chemical potential difference between gas and liquid phases directly 

from the cluster size distribution. We also determine the surface tension directly from the 

particle pair potential and structure of liquid cluster at different degrees of supersaturation. 

These results provide a unique opportunity to test the applicability of nucleation theories. 

Finally, we study in detail the morphology change of fractal structures by complementing 

experimental control via critical Casimir forces with Monte Carlo simulations of diffusion-

limited aggregation. On the one hand, with high quench rate we quench the particles into a 

state of high attraction and assemble them into aggregates with well-defined morphology. 

We elucidate the relation between the fractal dimension and the potential depth by 

imaging the resulting structures. On the other hand, we use Monte Carlo simulations of 

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

aggregation process, and relate the resulting structures to the particle dissociation 
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probability and, therefore, to the attractive potential strength. A good agreement between 

simulations and experiments allows us to conclude that the diffusion limited aggregation 

exhibits universal properties, being independent of the nature of the interaction and the 

dimensionality. 

Our results confirm that the temperature-sensitive colloidal system, on the one hand, is a 

powerful model system to study molecular phase behavior, and on the other hand, opens 

up new possibilities in the active assembly of micro and nanostructures. 


