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ABSTRACT
SOFT-MATERIALS: FROM COLLOIDS ON TEMPLATES TO POLYMERS IN
NEMATICS
Jian Zhang

Advisor: Arjun G. Yodh

We describe two major experimental studies on colloidal systems.

We demonstrate that square two-dimensional grating templates can drive the growth
of three-dimensional, face-centered-cubic (fcc) colloidal crystals by convective assembly.
The square symmetry [i.e. (100) planes parallel to the substrate] of the underlying tem-
plates was transferred to the colloidal crystals and maintained throughout their growth of
~ 50 layers. We characterized crystals grown on flat and on templated substrates using
electron microscopy and small-angle x-ray scattering (SAXS). SAXS measurements of
the templated samples clearly revealed four-fold diffraction patterns that arise from fec
domains without stacking faults.

In a different vein, we investigated how polymers behave in colloidal nematic liquid
crystals. Semi-flexible polymers with persistence lengths varying from 0.05 to 16 um
were dissolved in a nematic liquid crystal of rod-like virus fd. The polymers were directly
visualized with fluorescence optical microscopy and their fluctuations were quantitatively
analyzed. A coil-to-rod transition of the semiflexible polymers was observed when the
background phase evolved from isotropic to the nematic phase. We found that semiflex-
ible filaments’ long wavelength fluctuations were the result of the tight coupling to the
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background nematic field’s fluctuation. The Odijk deflection length and the elastic con-
stant of the background nematic phase were extracted from our experimental data.

In addition to the experimental work described above, we have developed a wide range
of particle synthesis capabilities in the laboratory. While all of these procedures were
based on previous work, in many cases we developed techniques to improve yield and/or
generate new kinds of colloidal particles. We used emulsion polymerization and sol-gel
process to synthesize organic PMMA colloid particles and inorganic silica and Zinc Sul-
fide (ZnS) colloid particles. For the PMMA (polymethyl methacrylate) particles, we used
surfactant free emulsion polymerization to achieve highly monodispersed particles with
sizes larger than 250 nm; for sizes below 250 nm, we turned to emulsion polymerization.
For the preparation of silica beads, we largely followed Stober method. For ZnS, we used a
controlled homogeneous precipitation of zinc and sulfide ions to fabricate monodispersed
submicron particles. Finally we obtained ellipsoidal organic particles with the method of

mechanical stretching.
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Chapter 1

Introduction

This thesis is concerned with a subfield of soft condensed matter physics, namely complex
fluids and colloid science. Advances in complex fluids and colloid physics touch on a
variety of problems at the meso- and nano-scale. These problems are relevant to cell

biology on the one hand, and nanotechnology on the other.

Colloid refers to a suspension of particles with size ranging from 10 nm to 10 micron.
Colloid science originated from observations of the behavior of such minute particles in
nineteenth- and early twentieth century. This movement is referred to as Brownian mo-
tion. Nowadays interest in colloids has resurrected because of requirements from both
academics and industry. We have learned to directly measure the size, shape, concentra-
tion of the suspended particles, as well as the forces between particles. Monodispersed
colloidal particles can be synthesized and are used as model particles for systematic re-
search into self-assembly and statistical physics. In industry, colloids have played a role

1



in enhanced oil recovery, the development of new fuels, environmental pollution, food

products, paints, ceramics fabrication, and biotechnology.

Most recently, colloid science and complex fluid research has become an extremely
active field. There are many reasons for this increase in activity, but most are experi-
mental. First, we are readily able to directly visualize particle motion with optical mi-
croscopy; three-dimensional (3D) confocal microscopy further enable us to reconstruct
the 3D configurations of assemblies in suspension. Secondly, sophisticated software has
been developed to digitize these optical microscopy images of colloidal particles, and
then tracking the particles is possible. The tracking methods offer an opportunity to quan-
titatively describe the colloidal suspension [1], and to investigate the kinetics of various
phase behaviors, such as colloidal crystallization [4], gelation [3], and glass formation [2].
Thirdly, the development of a broad range of self-assembly has made colloidal crystals an
attractive candidate for “bottom-up” synthesis of photonic bandgap (PBG) materials. PBG
materials, in turn, have broad high-tech application potential. Finally, substantial cell bi-
ology and biotechnology research overlaps with colloid science because micro-organisms,
organelles and related structures are in the same size range as colloidal particles, and in

some cases exist under similar conditions.



1.1 Brief Review of Thermal Colloids

In the “thermal” colloid world, the equilibrium state of the suspension is the state of min-
imum free energy. When the interactions between colloidal particles are hard-core repul-
sive, then the equilibrium phases have maximum entropy, and the phase behavior is tem-
perature independent. Because of steric repulsion and finite size effects, there is always a
region around each particle which is inaccessible to the centers of the other particles. This
region of space is referred to as excluded volume. Packing entropy is connected to the
excluded volume effect. For example, in order to create more free space for themselves,
suspended particles might spontaneously organize into a lattice structure. Packing en-
tropy generally favors ordered phases. Another kind of entropy is mixing entropy, which
favors disordered phases. In a colloidal suspension, when the particle concentration is

sufficiently high, the system’s packing entropy will dominate its mixing entropy [5].

Thus ordered phases (such as face-centered-cubic (fcc) crystals) are produced in sim-
ple hard-core systems, and entropy is simultaneously maximized. Because the free energy
difference between the fcc structure and the hexagonal closed packed (hcp) structure is
so tiny, people usually observe random closed packed (rcp) structures in practice [4]. For
a monodispersed system of hard spheres, however, these problems have been extensively
studied and the detailed phase behavior is as follows. When the sphere volume fraction is
below 0.494, a liquid state is the stable phase; when the sphere volume fraction is between
the range of 0.494 to 0.545, there exists a coexistence of liquid and solid states; when the
volume fraction is above 0.545 and below 0.63, the stable state is fcc crystal, and there
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