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ABSTRACT 

 

            Solid-stabilized emulsions, often refer to as Pickering Emulsions, have the 

ability to provide a simple and convenient experimental template to meet various 

requirements, such as changing property of solid particles, oil phase viscosity and 

interfacial curvature. The confocal laser scanning microscope (CLSM) is a useful and 

convenient tool to investigate the dynamics of particles at emulsions interfaces. Here 

we have employed Pickering emulsions as an experimental template and confocal laser 

scanning microscopy as a tool to study the dynamics of solid particles at liquid-liquid 

interfaces.  

            In Chapter 4.1 and 4.2, the diffusion behavior of colloidal particles at oil-water 

interfaces is studied using Pickering emulsions as templates. The solid particles are 

sulfate modified polystyrene microparticles with diameters of 1.1 × 10-6 m and the oil 

phase is polydimethylsiloxane oil (PDMS) or octamethyltrisiloxane with different 

viscosities. The confocal laser scanning microscopy is used as a tool to observe the 

dynamics of microparticles at emulsions interfaces. The main discussion focuses on the 

effects of interfacial curvature, cluster size, and oil phase viscosity on the diffusive 
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behavior of solid particles at oil-water interfaces.  

            In Chapter 4.3 and 4.4, both of one-particle microrheology and two-particle 

microrheology are used to investigate the microrheologiccal data at the poly 

(dimethylsiloxane) oil-water interfaces. The dynamics of charged microparticles are 

observed using confocal laser scanning microscopy (CLSM) at the liquid-liquid 

interfaces. The experimental template is Pickering emulsions. For one-particle 

microrheology, the different sub-microparticles are used as tracers and mobility of the 

sub-microparticles depend largely on the viscoelastic properties of the oil phase and the 

wettability of the solid particles. However, those phenomena can be ignored in 

two-particle microrheology. In addition, the potential of microrheology at liquid-liquid 

interfaces is also developed in both two methodologies. The apparent loss modulus, 

storage modulus, and relaxation time of the oil-water interfaces are gathered at the 

liquid-liquid interfaces. Finally, the difference between the results of one- and 

two-particle microrheology is compared. 
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CHAPTER I 

INTRODUCTION 

 

Many interesting aspects are highly related to the colloidal particles at 

liquid-liquid interfaces, such as structural formation of microparticles1, the mobility of 

colloidal microparticles2, 3, the formation and collapse of colloidal crystals4, the 

dynamics of aggregation3, the structural formation of nanoparticles5, and 

microrheology at the liquid-liquid interfaces6, 7. These interfacial phenomena have been 

both of long-standing fundamental and practical interests for diverse applications.8-14 

However, the detailed mechanism of the mobility, aggregation of colloidal particles, 

and rheological property at liquid-liquid interfaces remains unclear. Here, we employ 

solid-stabilized emulsions as an experimental template to investigate the dynamics of 

microparticles and microrheology at the oil-water interfaces using a confocal laser 

scanning microscope (CLSM). 

A solid-stabilized emulsion was discovered by S. U. Pickering in 1907.15 

Solid-stabilized emulsions, often referred as Pickering Emulsions, are composed of two 

immiscible liquids in which one exist as droplets in the other one. In Pickering 
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emulsions, the droplets are stabilized by solid particles and together form a metastable 

state. Besides that, solid-stabilized emulsions have various applications in many 

industrial processes.16-22 Recently, a growing interest has been paid toward Pickering 

emulsions because of the ability to open new avenues of emulsion stabilization23-25, 

bio-relating application26, 27, encapsulate novel material development26, and other 

numerous practical applications.1-3, 26, 28-36   

Furthermore, Pickering emulsions provide a basic template to observe the 

microparticle dynamics at the liquid-liquid interfaces.1-4 There are many advantages for 

using Pickering emulsions as a template, such as an easily changeable interface 

curvature, oil viscosity, particle size, surface charge, and surface chemistry. More 

importantly, the adsorption of solid particles is considered an irreversibly process at the 

emulsion interfaces. Therefore, the only possible particle movement is along the 

droplet contour according to the ultra-high desorption energy.1, 2, 37    

Confocal laser scanning microscopy (CLSM), developed in 1957 and patented 

in 1961 by Marvin Minsky, is a useful technique for capturing high resolution optical 

images at  two-dimensional space.38, 39 However, the demand of point light source 

limits the wide applications until the 1980s.39 Originally, CLSM was developed for 

biological science research to observe the structure of living cells.40 Through 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

3 
 

eliminating the unfocused reflective light, the interfacial phenomena can be easily and 

clearly observed. In recent years, there has been an increasing amount of interest of 

applying CLSM to study soft materials.  

Rheology is an important property in many industrial applications as well as 

natural materials.41, 42 Traditional rheological characterization is experimentally 

performed using either controlled-stress or controlled-strain rheometers.42 By imposing 

an oscillatory or steady stress, we can obtain linear and/or non-linear rheological 

properties of the matters investigated.41, 42 However, traditional rheology has 

limitations, especially when applied to biological materials or systems, which stimulate 

the development of microrheology.43 The recently developed one-particle 

microrheology and two-particle microrheology have the advantages of working on 

extremely small sample sizes, investigating heterogeneity, and probing higher 

frequency responses, which are suitable for biomaterials and complex fluids.43, 44 For 

example, one-particle microrheology, developed by T. G. Mason and D. A. Weitz, and 

two-particle microrheology, developed by J. C. Crocker et al., have been employed to 

track different tracer particles in the Filamentous actin (F-actin).43, 44  

In this dissertation, we use different polystyrene microspheres as solid 

stabilizers. The immiscible liquids are water and oils. The oils are poly 
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(dimethylsiloxane) or octamethyltrisiloxane. All the liquid phases are very stable 

materials. In addition, the density of the polystyrene microparticles is 1.055 × 103 

kg/m3 which is fairly close to water and oil phases, so the influence of the gravity force 

can be neglected in the experiments.2 Finally, the assembled polystyrene particles move 

freely along the contour of the oil droplet.1, 2, 37 The particle concentration is low 

enough to avoid the interferences of other particles at the same interface.  

Our research mainly focuses on the dynamics of microparticles and 

microrheology at liquid-liquid interfaces. The experiments of particle dynamics focus 

on the diffusive behaviors of single microparticle and multiparticle clusters. The 

relationship between time interval (τ) and mean square displacement (MSD) is the most 

important way to describe the diffusive behavior of microparticles.45-48 Besides, we 

also study the effects of interfacial curvature, cluster size, and oil phase viscosity on the 

diffusive behavior of solid particles at oil-water interfaces.   

On the other hand, the particle tracking microrheology technique has been 

applied to three-dimension (3-D) bulk systems.6, 7, 49-51 In this dissertation, we focus on 

developing and understanding a model two-dimensional (2-D) system, specifically, at a 

poly (dimethylsiloxane)-water interface. The rheology at the poly 

(dimethylsiloxane)-water interface is an important property in many applications, such 
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as interfacial self-assembly52, 53, membrane stability54-57, emulsion stability17, 58-60, and 

lubrication61. However, there are limited experimental techniques to probe 2-D 

rheology.6, 7, 62-64 One experimental technique developed by Fuller’s group uses a 

magnetic needle/rod to probe interface’s resistance to deformation.62, 63, 65, 66 Through 

particle tracking technology, we report the work at the poly (dimethylsiloxane)-water 

interfaces using Pickering emulsions as templates. The rheological information, such as 

the storage and loss modulus, plays an important role in revealing local compositional 

and structural heterogeneity.44, 49, 67, 68 Those properties are often complicated and 

mysterious in many 2-D systems such as membranes, Langmuir-Blodgett films, and 

etc.6, 7   

Confocal laser scanning microscope (CLSM) is used to collect the necessary 

particle tracking data to validate one- and two-particle microrheology at the 

liquid-liquid interfaces. Unlike traditional fluorescence microscopes, CLSM has the 

ability to provide clear and precise two dimensional images at different focal planes.38, 

39 These images are used to calculate the corresponding rheological data through mean 

square displacement (MSD) or distinct mean square displacement (MSDD) for 

one-particle and two-particle microrheology.44, 49  

One-particle microrheology is capable of providing the localized rheological 
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behavior of materials, unlike the traditional rheology which only detects the average 

rheological properties over the whole material.43, 49, 68 However, the results of 

one-particle microrheology consist of the information only with single-particle traces.69, 

70 Often, the results are not consistent as used particle size69 and/or surface chemistry70. 

To eliminate the influence of tracer particles, two-particle microrheology was 

developed.44, 67 Two-particle tracking is based on the cross-correlated motions driven 

by the local thermal forces.44 In results, mean square displacement (MSD) is the 

“superposition of a long-wavelength motion described by distinct mean square 

displacement (MSDD) in two-particle microrheology plus a local motion in a cavity.”44 

Therefore, two-particle microrheology provides intrinsic rheology of the materials 

studied. 

Furthermore, the experiments of microrheology are mostly focusing on 

detecting the rheological properties of bulk phases.49-51, 71, 72 Very little efforts are made 

to perform at two dimensional experiments, such as liquid-liquid interfaces. However, 

the rheological data at the liquid-liquid interfaces play an important role in many 

different phenomena, such as lubrication73, 74, membrane stability54-57, emulsion 

stability59, 60, 75, and interfacial self-assembly52, 53. The rheological properties at 

liquid-liquid interfaces are successfully detected by one-particle tracking 
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microrheology. Like one-particle microrheology at the bulk complex materials, the 

rheological data at the liquid-liquid interfaces show different responses for different 

tracer particles.69, 70 In two-particle tracking microrheology, the effect of surface 

chemistry and diameter of tracer particles can be reduced.44  

The microrheology at liquid-liquid interfaces has been performed using 

Pickering emulsions as an experimental template with the different viscosity of oil 

phases.6, 7 The rheological information, such as storage and loss modulus, is obtained 

from both one- and two-particle microrheology at the liquid-liquid interfaces. The 

microrheology at the liquid-liquid interfaces can probe local heterogeneity of the 

material structure.44, 49 The rheological properties are complicated and important in 

many two dimensional systems such as Langmuir-Blodgett films. Through the different 

tracer particles, the rheological data at the different viscosities of poly 

(dimethylsiloxane) oil-water interfaces have been successfully detected. 
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CHAPTER II 

BACKGROUND 

 

2.1 Pickering Emulsions 

2.1.1 Introduction 

    Emulsion composes of two immiscible liquids in which one is stabilized as a 

droplet in the other. An emulsion is typically stabilized by a third species, called 

emulsifying agents, to form a stable or metastable state. The immiscible liquid while in 

the format of droplets is called as the disperse phase and the other is called as the 

continuous phase. Different kinds of emulsifying agents, also called emulsifiers, are 

used to stabilize emulsions, and they can be divided into three categories. According to 

the emulsifying agents, emulsions can be classified into surfactant-stabilized, 

polymer-stabilized, and solid-stabilized. The different emulsions are shown in Figures 

2.1 to Figure 2.3, respectively. All of them can go through a series of phase separation, 

including creaming, coagulation, sedimentation, flocculation and coalescence, which 

leads to the final stage of two layers of immiscible liquids shown in Figure 2.4. Here we 

focus on solid-stabilized emulsions, often refer to as Pickering emulsions, following the 
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first systematical made study by S. U. Pickering in 1907.15 In Pickering emulsions, 

microsize polystyrene sphere23, metal oxide76, clay mineral77-80, silica particles25, fat 

crystal16, 17 or metal81, 82 are used as the solid stabilizers depending on the various 

industrial and experimental needs. Moreover, the widely used Pickering emulsions 

should have been noticeable in the various industrial applications, such as cosmetics20, 

27, 83, food16, 17, pharmacy26, crude oil recovery, waste water treatment18, waste water 

separation, and cleaning of oil.19, 21, 22  

 

2.1.2 Solid Particles at Liquid-Liquid Interfaces 

In a Pickering emulsion, the solid particles adsorb and remain at the 

liquid-liquid interface, which is the most important phenomena.81, 82 These solid 

particles form a thin layer at liquid-liquid interfaces to provide a steric hindrance, 

preventing the coalescence which leads to phase separation.81 According to the surface 

chemistry and physical properties of the solid particles, solid particles can be used to 

stabilize different types of emulsion such as the oil-in-water type or the water-in-oil 

type emulsions.15, 84, 85 For example, the wettability of the solid particles is often related 

to and quantified as the three-phase contact angle among two immiscible liquids and 

solid particles. The oil-in-water type of Pickering emulsions will be formed when the 
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three-phase contact angle is less than 90º.24, 37, 86, 87 On the other hand, the water-in-oil 

type of emulsions will be formed when the three-phase contact angle is larger than 

90º.24, 37, 86, 87  

Other than the three phase contact angle, there are also other properties that can 

affect the behavior of solid particles at liquid-liquid interfaces, such as particle size23 

and concentration88, 89. In many cases, the thin layer formed by the solid particles at the 

liquid-liquid interfaces is the most important component in the stabilization of 

Pickering emulsions.81 The amount of solid particles directly determines the possible 

coverage at the liquid-liquid interfaces which controls the efficiency of the thinly 

formed layer.90, 91 The closely packed configuration provides a denser thin layer at 

liquid-liquid interfaces. At higher concentrations of solid particles, solid particles 

interact with each other and provide better resistance to prevent coalescence between 

different globules.  

Other than the amount of solid particles, the size of solid particles also has an 

influence on the adsorbed phenomenon at liquid-liquid interfaces.23 In Pickering 

emulsions, the larger solid particles have difficulty in assembling onto the liquid-liquid 

interfaces of disperse phase droplets, especially when they have comparable sizes or 

smaller sizes of disperse phase droplets.92 On the other hand, the smaller solid particles 
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also have their own issue to assemble at the liquid-liquid interfaces of all sizes of 

disperse phase droplets.28 The smaller sizes of solid particles cannot provide enough 

energy barriers to stabilize at the liquid-liquid interface.28, 92 The relationship between 

particle size and energy of detachment is shown in Figure 2-5.87 Moreover, there are 

also other factors which affect the assemble phenomenon of solid particles at 

liquid-liquid interfaces, such as pH value21, 93-95 and ion strength21. 

In 1985, S. Levine and E. Sanford tried to study the mechanism of stabilization 

for Pickering emulsions from the point of thermodynamics.92 Although the 

experimental emphasis was on the phenomena of emulsion stabilization, the behavior 

of solid particles at liquid-liquid interfaces has also been considered. Through 

minimizing Helmholtz free energy, they theoretically calculated the situation that solid 

particles can be assembled at liquid-liquid interfaces. More than the theoretical 

calculation, they also used experiments to discuss the influence of solid particles. With 

the increasing amount of solid particles, the size of the disperse phase droplet became 

smaller. Besides, the size of solid particles is also an important factor which ranges 

from tens of nanometers to several micrometers.92 Moreover, S. Levine and E. Sanford 

predicted that the solid particle should fully cover the liquid-liquid interface. From 

recent research, Vignati and his coworkers pointed out that even the solid particles still 
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have the ability to maintain stability for partially covering the droplet interface.90, 91 

From a suggestion made by Vignati et al, they found that only 5% coverage can provide 

the ability for the emulsions to gain stability.91  

Under the assumption of previous work and knowing the contact angle of solid 

particles, θ, the next step is to calculate the energy that a spherical solid particle 

transfers from either one liquid to the liquid-liquid interface. Following the work done 

by Menon and his coworkers96-100, Levine et al., who also considered van der Waals 

force and capillary force101, develop the energy equation of solid particles assembled at 

water-oil interfaces based on statistical thermodynamics in 1989.102 Under their 

assumption of neglecting the gravity forces, the chemical potential of solid particle 

adsorption can be represented by the following equation: 

E = πrs
2γow(1 ± cosθ)                                                                                                              2.1 

where E is the adsorption energy of solid particles with neglecting size assembled at 

liquid-liquid interfaces, rs is the radius of solid particle, γow is the interfacial tension 

between the aqueous phase and oil phase. The positive sign and negative sign inside the 

parenthesis represent the contact angle less than 90º and that larger than 90º, 

respectively. θ is the contact angle which is measured from the aqueous phase.  

            The phenomena for solid particles assembled at liquid-liquid interfaces are also 
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important because of the capillary force. From the assumption made by Levine and his 

coworkers, the capillary force arises from the liquid bridge between different solid 

particles at the curvy interfaces with the neglect of gravity force.101 In 1992, Denkov et 

al. tried to elucidate the role of capillary force of the drainage effect.103 Based on the 

consideration of solid particles monolayer, the stability of emulsion should be 

determined by the maximum value of capillary force that depends on the immersion 

depth of the solid particles.  

Furthermore, V. B. Menon and D. T. Wasan who used clay particles as solid 

stabilizers reviewed several factors affecting the behavior of solid particles at the 

liquid-liquid interfaces, including the influence of contact angle, particle size, particle 

interactions, and surfactants.99 According to their research, they believed that the coarse 

particles are much more effective for providing steric hindrance than smooth particles 

at the liquid-liquid interfaces. On the other hand, they also posted some conclusions 

which are similarly compared to the previous work. The clay particles provide steric 

hindrance to prevent phase separation through some connecting network between clay 

particles at liquid-liquid interfaces. The similar results are also posted by Tsugita et al 

using sodium montmorillonite clay particles.79 The connecting network between solid 

particles is also showed by Abend et al and Thieme et al.80, 104  
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2.1.3 Recent Research in Pickering Emulsions 

Even though the phenomenon of Pickering emulsions has been discovered more 

than a century ago15, there are still much more fundamental and applicative questions 

waiting to be elucidated. In the past two decades, there have been more efforts made to 

solve problems. The new techniques also provide new avenues for observing Pickering 

emulsions with different viewpoints. 

From 1991 to 1995, Tambe and Sharma did a series of research to discuss the 

mechanism controlling the behavior of Solid particles.21, 105-107 They used water and 

n-decane as two immiscible liquids and various solid particles. From their results, 

giving the steric hindrance and changing the interfacial properties are two important 

reasons that solid particles can stabilize emulsions. For the steric hindrance, the process 

of coalescence between droplets has been prevented which depend on the particle 

concentration, wettability, and etc. On the other hand, rheological data of the interfacial 

layer is an important factor which controls the drainage effect between two separate 

liquid droplets. Based on the experiment of the rheology at liquid-liquid interfaces, the 

solid particles assembled at liquid-liquid interfaces, called colloid-Laden interfaces, 

reveal a viscoelastic behavior. The value of pH and ion strength108 in the aqueous phase 
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also has influence on the interfacial properties, especially in the oil-in-water type of 

Pickering emulsions. This viscoelastic behavior effectively increases the stability of 

Pickering emulsions by slowing the rate of the drainage effect. Other than that, they 

also study the mechanism of demulsifiers. Another report shows the similar influence 

of pH value which has also been showed by Sjoeblom early in1990.109  

In 1999, Thieme et al used the transmission X-ray microscopy, which provides 

better resolution than the optical microscope, to investigate Pickering emulsions.104 The 

clay mineral and magnesium aluminum hydroxide are mixed and used in the 

paraffin-water emulsions. The aggregation and distribution of solid particles at 

paraffin-water interfaces are observed to explain the stability of Pickering emulsions. In 

their conclusion, solid particles provide better stability of emulsions when solid 

particles form a network at the paraffin-water interfaces. 

 Binks and Kirkland used scanning electron microscopy to study the interfacial 

structure of solid-stabilized emulsions at a low temperature field in 2002.110 In their 

experimental system, solid stabilizers are either sub-micron SiO2 or polystyrene latex 

particles and oil phase is cyclohexane, toluene, or triglyceride. The solid polystyrene 

latex show a closely-packed monolayer and the sub-micron SiO2 particles tend to 

aggregate at the oil-water interface. Besides this work, Binks and his coworkers also 
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did a lot of works of Pickering emulsion in many aspects, such as stability of silica 

particles89, phenomenon of phase inversion111, stability of laponite clay particles112, 

influence of particle wettability24, effects of latex particle size23, and the rheological 

behavior113. 

     Fuller and his coworkers found an interesting phenomenon of Pickering 

emulsions in 2005.30 In the experiment, they used water and decane as two immiscible 

liquids, stabilized by paramagnetic material - carbonyl iron. Instead of ultrasonic 

processor or homogenizer, carbonyl iron stabilized emulsions were prepared by the 

magnetic generating field. Like general Pickering emulsions, the size distribution of 

decane droplet is a function of particle concentration. This Pickering magnetic 

emulsion has easily controllable stability by applying external magnetic fields. Besides, 

they also use Pickering emulsions as templates to study the particle-Laden interface.31, 

114 In this experiment, the mechanical response is the symbol of the relationship 

between internal pressure and droplet volume. This relationship, combined with 

Young-Laplace equation, can be used to measure the surface pressure isotherm. 

            Tarimala and Dai also showed that the charged polystyrene microparticles can 

form a closely-packed monolayer at poly (dimethylsiloxane) oil-water interface with 

the assistance of confocal laser scanning microscope in 2004.1 In the experiment, they 
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mixed different polystyrene microparticles, which are hydrophobic and hydrophilic at 

the same time. The most interesting discovery is that both of the polystyrene 

microparticles can be assembled at the poly (dimethylsiloxane) oil-water interface 

simultaneously. Other than confocal laser scanning microscope (CLSM), Dai et al. also 

used the environmental transmission electron microscopy (E-TEM) to investigating the 

structure of assembled nanoscale dodecanethiol-capped silver particles in 2005.5 The 

multilayer adsorption at the water-trichloroethylene interface has been shown.  

            Carl et al. tried to use atomic force microscopes and reflection interfere contrast 

microscopes to study the mechanical properties of Pickering emulsions which is 

important to the emulsion stability.115 In their work, the atomic force microscope is the 

tool to study the deformation behavior at the liquid droplets fully covered with solid 

stabilizers. The simultaneous observation is achieved by their design. They use water 

and perfluoroctane as two immiscible liquids and different kinds of solid stabilizers 

such as silica particles and bionanoparticles.  

 

2.1.4 Applications of Pickering Emulsions  

Today, the application of Pickering emulsions is easy to find in various 

situations. In the beginning, the ore flotation is the earliest phenomenon of Pickering 
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emulsions, which are studied by scientists in the industry.116, 117 Through the 

understanding of the mechanism, the application in Pickering emulsions are also 

developed both in the academic and industrial field, such as cosmetics preparation 

industry20, emulsion polymerization118, food emulsions16, 17, pharmaceutical26, novel 

material synthesis26, 119, drug delivering26, 27, waste water treatment18, crude oil 

recovery, separation, and the cleaning of oil.19-22  

            In 2002, Dismore et al. found an interesting application based on the Pickering 

emulsions which have high potential on the application of dug delivering in the field of 

pharmacy.26 They produce colloidosomes which have selective and permeable capsules 

composed of colloidal particles. In their experiment, the colloidal particles attach to the 

oil-water interface and form a dense monolayer. Water is the disperse phase which 

contains the releasing materials. The continuous phase is oil which provides the solid 

particles to assemble around the disperse phase. The monolayer formed by colloidal 

particles is an elastic shell that can adopt into different applications through controlling 

the size, permeability, mechanical strength and compatibility. A similar template can be 

used to produce hollow spheres which can also be synthesized by Pickering emulsion 

polymerization.   
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2.2 Diffusion in Transport Phenomena 

2.2.1 Introduction 

    Transport phenomena are important in many different applications as well as 

fundamental research.120 In general, transport phenomena can be divided into three 

different categories based on different transport materials. They are momentum transfer 

(fluid dynamics)120, energy transfer (heat transfer)121, and mass transfer122. In all of 

them, mass transfer is the most important phenomena related to the chemical 

engineering field.120, 122 In the field of mass transportation, diffusion can be further 

divided into several different phenomena according to the various situations, such as 

state of medium or driving force.122 The system is either at a steady (diffusion) or 

unsteady state (convection).120, 122 Two common driving forces include thermal or 

pressure driving forces.120, 122 Brownian motion is a very important physical 

phenomenon which was discovered in the early nineteenth century and highly related to 

the diffusion behavior.123, 124 On the other hand, Fick studied diffusive behavior of 

single components mathematically in the middle of the nineteenth century which is 

called as Fick’s law.122 For the recent research, Brownian motion and Fick’s law are 

combination together to apply in the different field, such as particle tracking 

microrheology or fractal dimension. 
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2.2.2 Brownian Motion and Diffusion Behavior 

In 1827, a Scottish botanist, named Robert Brown, occasionally found that 

pollen grains can suspend themselves in the water under the observation of a 

microscope.123, 124 According to his observations, those pollen grains were not only 

suspended in water, but also went through a series of random movements. Although he 

didn’t explain this phenomenon correctly, this behavior of particle dynamics in the 

water is called as Brownian motion to honor his discovery. In 1888, a French physicist, 

Louis Georges Gouy, gave his explanation of Brownian motion as a random walk 

behavior which highly lies on the thermal motion from the molecules in the fluids.123  

Rather than the physical meanings, Adolf Eugen Fick developed two 

fundamental descriptions to describe diffusion behavior in the medium in 1855.122, 123 

The two fundamental descriptions are called Fick’s first law and Fick’s second law of 

diffusions to honor his contribution. In Fick’s first law, the law is described as the rate 

of material transfer per area is proportional to the gradient of material concentration 

which is normal to the section, or in the math type,   

J = 
dt
dn  = - DA

x
c

                                                                                                                   2.2                                   

where J is the diffusive flux, 
x
c

  is the concentration gradient of material, A is the cross 
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section, D is the diffusion coefficient, and 
dt
dn  means the amount of material diffusing 

through the cross section during a time interval. Based on Fick’s first law, the net 

change of flux can be calculated.  This result is Fick’s second law of diffusions. If D is 

constant, Fick’s second law of diffusions can be expressed by following equation 

           
t
c

  = D 2

2

x
c




                                                         
                                                         2.3 

            Based on the previous study, Brownian motion had drawn a lot of attention in 

1908.123, 125 Albert Einstein and Marian von Smoluchowski tried to explain Brownian 

motion from a different point of view.126 Through different strategies, they get the 

similar conclusion of Brownian motion. From the point view of Einstein, he uses 

kinetic molecular theory to explain Brownian motion. In his treatment, he assumed 

total influence of collisions between molecules and Brownian motion was considered 

as a statistical physics problem.127, 128 On the other hand, Smoluchowski elucidate 

Brownian motion from the collisions between a suspended particle and the molecules 

in the fluid.123 Even they explain Brownian motion from different methods; they get the 

same conclusions based on a probability density function. Unlike the point view of 

probability, Paul Langevin describes Brownian motion from the consideration of single 

particle movement.129 Through different assumptions, all of them can conclude to the 

same results. From statistical theory, the conclusion from Einstein and Smoluchowski 
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can be expressed as Einstein-Smoluchowski equation123: 

2x  = 2nDt                                                                                                                     2.4 

where n is the dimension of the space, D is the diffusion coefficient, 2x  is the mean 

square displacement. Or in the Langevin’s point of view, the Langevin equation can be 

expressed by following equation: 

           2x  = 2
m
TkB [t - 


1

(1 - e -ζt)]                                                           2.5 

where T is the temperature in Kelvins, kB is the Boltzman constant, ζ is the fiction 

coefficient, m is the mass of the particle, and t is the time interval. Through the 

Nernst-Einstein, the Langevin equation can be simplified to Einstein-Smoluchowski 

equation which can be presented by the following equation: 

            D = 
m
TkB                                                                        2.6 

            In the physical view, Brownian motion is the random movement of particles 

which are suspended in the fluids, such as air and water. This random movement is a 

stochastic process of continuous time domain and caused by the collision between 

particles and molecules. A suspended particle undergoes many forces from different 

directions. Those forces are caused by the thermal fluctuations based on the molecular 

level. The moving direction of a suspended particle is the resulting total forces of the 

molecular level. The movement of a suspended particle can only be affected by the 
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temperature and the size of the suspended particle. In the view of statistical physics, 

Brownian motion is the reflection of probability of the distance of diffusive molecule 

traveling, especially in the statistical thermodynamics. 

 

2.2.3 Particle Tracking Technology 

Based on Brownian motion, the basic principles of particle tracking techniques 

are very simple, but widely used in the quantification of the diffusive behavior and 

transport properties. There are several different methodologies to capture the images, 

such as laser deflection particle tracking49, 130, diffusing wave spectroscopy68, 131, 132, 

and digital video microscopy44, 72, 129, 133, 134. Among them, digital video microscopy 

particle tracking technology is a very useful methodology to study the particles 

dynamics at liquid-liquid interfaces, such as confocal laser scanning microscope 

(CLSM).2-4 More than the interfacial phenomena, the behavior of diffusive particles 

can reflect the environmental structure on the molecular level based on the theory of 

Brownian motion.49 The molecular level motion can be described as “a stochastic, 

time-fluctuating strain field, characterized by a spectral density that depends on 

frequency and spatial wavelength.”44 Collecting data of Brownian particles results in 

the elapsing time and positions of observing particles. The observing data are captured 
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from the video capture technique, so the resolution of tracking particles positions and 

the interval of recording time highly rely on the ability of the video. Recently, there are 

some efforts to increase the resolution of observing tracking particles and the ability of 

fast capturing technology.47, 48, 71, 135, 136 

Brownian motion is a statistical random process, so to capture enormous data 

for the analysis of particles is important.45-47 Particle tracking techniques are usually 

used in observing the behavior of spherical particles and non-spherical materials, 

including colloid, single particles, and biomaterials such as DNA, protein, and cells 

with fluorescence.137 Rather than applying Brownian motion, the particle tracking 

techniques can be also used in the sedimentation process and measurement of fluid 

velocity. Recently, there is more application of particle tracking in the different fields. 

The dynamics of different membranes, including polymers and cells, are observed 

through particle tracking including Brownian motion and non-Brownian motion.44, 49, 68, 

138-142 Microrheology, which provides the viscoelastic data of complex fluids, such as 

polymers and biomaterials, is also an important application of particle tracking 

technique. Besides, the particle tracking technology can also be used to observe the 

process of gelation.   
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2.3 Particle Dynamics at Liquid-Liquid Interface 

2.3.1 Introduction 

   The dynamics of two dimensional phenomena are mostly introduced at air-liquid 

interfaces because of the limitation of technology in most of the cases.9, 143, 144 However, 

the fine solid particles in Pickering emulsions are strongly adsorbed at the liquid-liquid 

interfaces which provide a convenient and easy template to observe the particle 

dynamics at two dimensional levels, such as oil-water interfaces2-4. Recently, the 

diffusive phenomena at the liquid-liquid interfaces were discussed through confocal 

laser scanning microscope (CLSM). From its design, confocal laser scanning 

microscope (CLSM) provides the high resolution image for different focus planes.38, 39 

Through the model of Pickering emulsions, many interesting two-dimensional 

phenomena can be further discussed. According to the different morphology of 

particles, different experiments can be performed to comparing both experimentally 

and theoretically. For example, the number and cluster size of particles at the 

liquid-liquid interfaces can be easily changed for different experiments by controlling 

the concentration of solid particles and procedure of preparing processes. In recent 

years, these phenomena have been of long-standing fundamental as well as practical 

interest for diverse applications for physical, chemical, and biological purposes.8-14  
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2.3.2 Single Particle Dynamics at Liquid-Liquid Interface 

Particle dynamics based on Brownian motion is a useful behavior to explain 

different physical phenomenon. With the assistance of the Langevin equation, the 

particle dynamics are the result of the all the different forces being applied on the 

observed particle which obeys Newton’s law of motion.145-147 So the particle dynamics, 

which are expressed by the mean square displacement and interval time, can show the 

mechanism which causes Brownian motion.2, 3 In general, particle dynamics can be 

used to study the particle mobility2, formation and mechanics of particles aggregation 

at liquid-liquid interface3, the rheological behavior at bulk phase or interface at two or 

three dimensions6, 7, or colloidal lattices at liquid-liquid interfaces4.    

The beginning of the study at interface for particle dynamics is from the 

gas-liquid interface. Radoev et al. did a series of experiments to discuss Brownian 

motion at gas-liquid interfaces at different conditions, including free surfactant, 

surfactant, and insoluble surfactant.144, 148-151 The microparticles as tracers reside at the 

interface and the movement is recorded as position and time interval. The quantified 

diffusion coefficient is comparable to the value from the theoretical prediction. Cheung 

et al. used a hard sphere to discuss the particle dynamics in the free-standing soap film 
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based on the behavior of self-diffusion and relative diffusion.152 The particles dynamics 

in the interfacial experiment is different compared to that in fluids. The difference come 

from the additional drag force caused by the surfactant layer at the air-water interface 

which increase in shear viscosity.  

Danov et al. proposed the issue concerning about the particle dynamics at 

liquid-liquid interfaces.153 Danov and his coworkers studied the particles dynamics 

from different points of view. The numerical method and theoretical model are used to 

study the viscous drag of solid spherical particles at curvature interface between two 

immiscible liquids. They theoretically found that the diffusive behavior of immerged 

solid particles at liquid-liquid interfaces have different particle dynamics depending on 

the viscosity of the liquid phase, the interfacial curvature, and the immerged depth 

which can refer to the contact angle of solid particles. They also studied the behavior of 

spherical particles which are trapped in the thin film or monolayer through particle 

dynamics at a considerable surface viscosity and elasticity.52, 154 Furthermore, they 

provide the possibility of discussion in the hydrodynamic interaction between the solid 

spherical particle and liquid-liquid interface which depends on the liquid phase 

viscosity.   

Lipowsky and his coworkers used particle dynamics to study the dislocation in 
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grain-boundary scars.35 At the liquid-liquid interfaces, most of the polystyrene 

microspheres can form hexagonal structure with other pentagonal or heptagonal 

structure. The particle dynamics is used to determine the elastical response and quantify 

the disturbance of individual dislocation.  

    Particle dynamics can also be used in the understanding of flow dynamics, a 

passive method. Merkak et al. investigated particles dynamics in a yield stress fluid 

flowing in a pipe.155 Fedosov et al. used particle dynamics to study the polymer 

depletion and migration in the dilute polymer solution which flow in the 

micro-channels and nano-channels.156  

 

2.3.3 Cluster Aggregation and Fractal Dimensions 

The dynamics of microparticle clusters is another topic in the discussion of 

mechanism for the cluster aggregation which is interesting and important in many 

processes. Meakin, Vicsek, and Family have already shown that the cluster size 

distribution strongly depends on the diffusion of multiparticle clusters in two and three 

dimensions.157-160 Under their assumption, the relation between cluster size and 

diffusion of multiparticle clusters can expressed as following equation 

       DN = D0Nγ                                                                                                                                                                                       2.7 
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where DN is the diffusion coefficient of the N-particle cluster, D0 is a constant, N is the 

number of particles in a cluster, and γ is the diffusivity exponent. The simulation shows 

that the cluster size distribution goes through a monotonic decay to a bell-shaped curve 

occurring at a critical γ.159 

Through capturing the different sizes of microparticle clusters, the gathering 

diffusion behavior reflects the different mechanism. There are two different types of 

mechanisms which are diffusion limited cluster aggregation (DLCA)161 and reaction 

limited cluster aggregation (RLCA)159. In the diffusion limited cluster aggregation 

(DLCA), the diffusive particles collide with each other at the liquid-liquid interface 

leading to an irreversible process of aggregation.161 In the reaction limited cluster 

aggregation (RLCA), the collision between different diffusive particles doesn’t lead to 

the permanent aggregation.159 Both aggregation mechanisms can be described by 

fractal dimensions. Cluster aggregation is an important phenomenon and applications 

in the growth of crystals, diverse physical, chemical, and biological applications.158, 162  

The concept of fractals was noticed in the early twentieth century by a French 

mathematician, Gaston Maurice Julia, who also offered a type of fractal figures named 

the Julia set.163 However, in that age, he lacked the ability to express his idea more 

broadly because of the requirement of advanced computer technology. In 1967, Benoît 
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B. Mandelbrot, who worked for IBM at the Thomas J. Watson Research Center, gave 

the idea of fractal dimensions at the coast of England.164 Until the middle of 1970, he 

formally used the word, fractals, to describe this kind of self-similar curve.158, 165, 166 

Fractal dimension means that a rough or fragmented geometric shape that can be 

subdivided in parts, each of which is (at least approximately) a reduced-size copy of the 

whole shape (self-similarity). Because of the complicated nature of fractal geometry, 

the development is much more dependent on the progress of computer technology. He 

also defined the concept of fractal - a fractal is a shape made of parts similar to the 

whole in some way.158, 165, 166 Besides, Fractal dimension means a rough or fragmented 

geometric shape that can be subdivided in parts and each of them is at least 

approximately a reduced-size copy of the whole shape. This characteristic is called 

self-similarity. Because of the complicated nature of fractal geometry, the development 

is highly and extremely dependent on the computer technology. In the point of view of 

mathematics, fractal dimensions are described as a set of points whose dimensions 

exceeds the topological dimensions. So, the fractal concept is based on the 

self-similarity of the complex structures and the mathematic expression is defined as: 

Df  = 
)log(
)log(

MF
NP

                                                                                                            2.8 

where NP is the number of self-similar pieces and MF is the magnification factor. 
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Based on fractal dimensions, people can easily distinguish between diffusion 

limited cluster aggregation (DLCA) and reaction limited cluster aggregation (RLCA) 

through the video macroscopic technique. To understand the aggregation kinetics and 

cluster morphology, the process of measuring the fractal dimension is necessary. 

However, the direct measuring of fractal dimension is not easy. In three dimensions 

(3-D), the diffusion coefficient of the multiparticle cluster is associated with the fractal 

dimension through following equation: 

            DN = D0Nγ = D0N-1/Df                                                                       2.9 

Where Df is the fractal dimensions.  

 

2.4 Rheology 

2.4.1 Introduction 

Rheology is the subject focusing on the deformation and fluids flow, which is a 

function of frequency or reciprocal of time interval.41, 42 Under an external field of force, 

such as shear stresses or extensional stresses, materials will respond to this applied field 

of forces in the terms of deformation for the solid-like materials or flow for the 

liquid-like materials. This subject is a subdivision of fluid dynamics and solid 

mechanism. In the fluid dynamics, rheology can be used to describe the dynamics of 
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non-Newtonian fluid. In the solid mechanism, rheology describes the material which 

contains viscoelastic property. This conception was first mention by Eugene C. 

Binghan, an American scientist, under the suggestion made by Markus Reiner in the 

1920s.167 They introduced this brand new subject, rheology, which means “the science 

of the deformation and flow of matter.”167 This phenomenon is considered as an 

important subject for engineering, chemistry and physics and is highly related to all of 

them. After the efforts of eighty years, rheology now plays an important role in many 

industrial fields, as well as scientific research. In the industrial applications, rheology is 

highly related to the polymer, rubber, painting, and food industry in different process, 

such as extrusion or material transport.42 For scientific research, rheology is also 

earning a lot of attentions in colloidal science.17, 168, 169 In recent years, rheology has 

been connected to medical fields, pharmaceutics and biology through various 

applications.51, 170-173  

In viscoelastic materials, the stress-strain relationship is important to describe 

the behavior of different materials.41 For a Newtonian fluid, the viscosity of the 

material is constant.  So, this kind of material behavior, like water and molten metal, 

can be described by the following equation: 

τyx = - μ
dy
dvx                                                                                                                2.10 
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where τyx is the applied force per unit area, minus sign means the force direction, μ is a 

constant of the liquid phase viscosity, and xdv
dy

 is the X-direction velocity gradient along 

the Y-direction. Equation 2.10 is called Newton’s law of viscosity. For the portion of 

Hookean elastic solids, the behavior can be described by the following equation and 

called Hook’s law: 

          F = - kx                                                                                                                        2.11 

where F is the applied force on the material, minus sign means the direction of applied 

force, k is the spring constant and x is the deformation of material. The typical material 

which follows Hook’s law is a spring. Actually, most of the materials have different 

behaviors, but are between the behaviors of Newtonian fluids and Hookean elastic 

solids.  

Most materials have both Newtonian fluid and Hookean elastic behaviors. 

These materials are called viscoelastic material. There are many different models to 

describe the behavior of viscoelastic materials. In most easy explanations, there are 

four different linear viscoelastic models which include Maxwell model, Kelvin-Voigt 

model, generalized Maxwell model, and generalized Kelvin-Voigt model.41 Among all 

models, the viscoelastic behavior can be basically described and divided into two basic 

components. One is the dashpot which represents the behavior of Newtonian fluids and 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

34 
 

the other is the spring which represents the behavior of Hookean elastic solids. The 

different models represent the different ways of connection between these two 

components. The Maxwell model is described by the dashpot and spring devices 

connecting in series. So the applied external force in the Maxwell model is the same 

between two components. On the other hand, Kelvin-Voigt model is described by 

dashpot and spring devices connecting in parallel. So the deformation in the 

Kelvin-Voigt model is the same between two components. These models can only 

explain few materials, but easily understandable. The diagrams of Maxwell model and 

Kelvin-Voigt model are shown in Figure 2-6 and Figure 2-7, respectively.  

For more complicated cases, the generalized Maxwell model is used and 

represented by several Maxwell models connected in a parallel fashion. The similar 

case is the generalized Kelvin-Voigt model which is represented by several 

Kelvin-Voigt models connected in series. The dashpot component is represented by the 

following mathematic equation to describe the physical behavior: 

σ = η                                                                                                                         2.12 

where σ is the applied force per unit area called shear stress, η is the viscosity. Finally, 

  is the first order derivation of the shear strain as a function of time and called shear 

rate. The spring component is represented by the following mathematic equation to 
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describe the physical behavior: 

     σ = Eγ                                                                                                                            2.13 

where E is the modulus of elasticity or Young’s modulus.  γ is the deformation 

corresponding to the length of characteristic direction and called shear strain. On the 

bases of equation 2.12 and 2.13, the different model is easily expressed and discussed in 

the mathematical form related to the physical behavior. 

 

2.4.2 Rheological Property 

In rheology, there are several measurable properties which are critically 

important in the industrial or scientific applications. The rheological properties can be 

measured by two different designs. One is the experiment with controlled strain (γ) and 

the other is the experiment with controlled stress (σ).41, 42 Furthermore, several designs 

are also used in the rheometer according to the working principles and applications, 

such as cone and plate, capillary, and rotational rheometer.42 The measureable 

rheological properties are used as a reference to properly apply different materials to 

the various natural and/or industrial processes. In general, the rheological properties are 

distinguished into two different categories: modulus (G) and compliance (J).   

The stress relaxation modulus (G(t)), complex modulus (G*(ω)), storage 
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modulus (G´(ω)), and loss modulus (G (̋ω)) are in the terms of modulus (G). The set of 

modulus properties are measured with controlled stress (σ) rheometers. On the other 

hand, the rheological properties can also be expressed by compliance (J) with the 

controlled strain (γ) rheometer. The set of compliance properties are the creep 

compliance (J(t)), complex compliance (J*(ω)), storage compliance (J´(ω)), and loss 

compliance (J (̋ω)). Both the stress relaxation modulus (G(t)) and creep compliance 

(J(t)) are time dependent. On the other hand, all the other properties are frequency 

dependent functions as custom. Besides, the frequency (ω) is proportional to the 

reciprocal of the time domain (t). The expression of modulus and compliance are 

different according to different models. The stress relaxation modulus (G(t)) is 

expressed as the following equation with a controlled stress (σ) rheometer: 

G(t) = 


 )(t
                                                                                                                2.14 

where σ(t) is the applied force per unit area as function of time. So the stress relaxation 

modulus G(t) is the response of shear stress corresponding to a constant strain (γ) in the 

physical conception.  

A viscoelastic material has both the storage modulus (G´(ω)) and loss modulus 

(G (̋ω)) which are highly related to each other. The storage modulus (G´(ω)) is used to 

describe the behavior of energy storage in the viscoelastic material according to the 
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physical conception. On the other hand, the loss modulus (G (̋ω)) describes the 

behavior of energy dissipation in the viscoelastic material. Both the storage modulus 

(G´(ω)) and loss modulus (G (̋ω)) are measured at a shear varying with the sinusoidal 

function and are expressed as the following equations: 

G´(ω) = 



cos(δ)                                                                                                         2.15 

and 

G (̋ω) = 



sin(δ)                                                                                                        2.16 

where δ is the loss tangent. The loss tangent (δ) is also expressed by the relationship 

between storage modulus (G´(ω)) and loss modulus (G (̋ω)): 

            
tan δ = 

G
G


                                                                                                                2.17 

            Besides, the complex modulus (G*(ω)) is expressed as function of storage 

modulus (G´(ω)) and loss modulus (G (̋ω)) by the following equation: 

            G*(ω) = G´(ω) + iG (̋ω)                                                                                            2.18 

           So the value of complex modulus is calculated by the following equation 

           
 G*(ω) =                                                                                     2.19 

Except above relations, the storage modulus (G´(ω)), loss modulus (G (̋ω)) and 

stress relaxation modulus (G(t)) can also be related to each other by Boltzmann 

superposition principle. The deformation of viscoelastic material caused by the external 
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applied force is independent of each other according to Boltzmann superposition 

principle. So, the total deformation of the viscoelastic material is the summation of each 

deformation independently provided by material. In other words, the deformations are 

linearly correlated. Therefore, the storage modulus (G´(ω)) and loss modulus (G (̋ω)) 

are expressed by the following equations according to Boltzmann superposition 

principle, respectively41, 42: 

            G´(ω) = Ge + ω∫[G(t) - Ge]sin(ωt)dt                                                                          2.20 

and 

G (̋ω) = ω∫[G(t) - Ge]cos(ωt)dt                                                                                  2.21 

where Ge is the equilibrium value of G(t) when t approach to the infinity. The 

compliance properties are also calculated through the similar procedure with a 

controlled strain (γ) rheometer. Finally, the relationship between complex modulus 

(G*(ω)) and complex compliance (J*(ω)) are 

J*(ω) = *

*




 = 
)(

1
* G

                                                                                                2.22 

with the value of loss tangent (tanδ), the relations between modulus and compliance are 

easily transferred from each other. 
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2.4.3 Applications of Rheology 

The beginning of rheology is to explain and solve the engineering phenomena 

which are not simply elucidated by the traditional conceptions. So, rheology is highly 

related to the engineering applications such as polymer science, solutions containing 

colloidal suspensions and food science.17, 42, 60, 73 In the recent years, the conception of 

rheology becomes more and more important in many applications. This trend is clear 

with the development of interesting new materials, such as liquid crystal polymer.174, 175 

Moreover, the rheology is also used to understand the bioscience material, especially 

with the increasingly interesting bio-related materials.176, 177  

Polymer science is one of the major interests in the rheological application, such 

as polymer fibers and polymer extrusion. The rheological properties have critical 

influence in the polymer synthesis, polymer processing, and related polymer 

production.42 For example, the various polymers own their special rheological data 

which require different designs to process for different purpose, such as injection 

molding and extrusion.175 In food science, rheological properties are also important 

topics related to emulsions.172 For example, butter can be a solid-like material at low 

temperatures and become more liquid-like depending on environment of room. Finally, 

rheology also shows the importance in many bio-related fields based on the 
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development of bioscience, such as hemorheology.173, 178-180 Apart from hemorheology, 

the rheological data of some biomaterials are also interesting and important topics, 

especially for some very expensive biomaterial.44, 49  

In summary, rheology is an important subject in many applications, such as 

biotechnology, food science, polymer science, physics and engineering. In recent years, 

rheology has drawn more attention than before through the development and 

application of different fields, especially in the bio-related materials.  

 

2.5 Microrheology 

2.5.1 Introduction 

Microrheology is a newly developed technology used to overcome the 

inconvenience and limitations of traditional rheology, such as small sample volume 

requirement and higher frequency range.44, 49, 171, 181 Recently, both of passive 

microrheology and active microrheology have been developed. Both of them are 

basically following the assumption of Brownian motion. Furthermore, different 

experimental methodologies are used to observe and track Brownian motion. Optical 

tweezers measurement182, 183, atomic force microscopy184, 185, and magnetic 

manipulation171, 186 are major experimental equipments in active microrheology. On the 
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other hand, diffusing wave spectroscopy43, 131, 132, laser deflection49, 130, and digital 

video microscopy44, 72, 133, 134 are major experimental equipments in passive 

microrheology.  Although conventional rheology and microrheology are different in the 

experimental methodology, the major measuring rheological properties are the same. In 

general, passive microrheology is used for the softer or heterogeneous materials and 

active microrheology are used in stiffer materials.  

Generally speaking, the development of microrheology answers and solves the 

problem where traditional rheology meets the limitations.49, 68 Because of the design of 

conventional rheometers, high frequency ranges of rheological data are hard to measure. 

At high frequency ranges, the inertial effect plays an important role in conventional 

rheology. This phenomenon prohibits the accurate measurement of rheological 

properties at high frequencies. However, the inertial effect can be neglected in the 

experiment of microrheology until it reaches the range of megahertz.43, 49, 68, 171, 187, 188 

In addition, traditional rheology also requires larger samples to execute the experiments 

of rheometers. Large samples are not a serious issue for most daily used materials, such 

as polymers or emulsions. However, bio-related materials are often very expensive to 

produce. So, the experiment of traditional rheology is not efficient to perform on the 

most biomaterials. Last but not least, microrheology uses different sizes of tracers, such 
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as microparticles or sub-microparticles, to detect the local structure response rather 

than the conventional rheology which only detects the average response of whole 

materials.44, 49 At these limitations and inconveniences, microrheology was developed 

to conquer the weakness of traditional rheology.  

In the assumption of microrheology, the motion of microparticles within the 

media reflects the influence of the surrounding by the displacement either providing 

from the observation of moving microparticles or the change of the surrounding 

structure.44, 49 There are two different approaches for microrheology. One is the passive 

microrheology67, 181 and the other is active microrheology171, 185, 189, 190. Depending on 

the needs, both the passive and active methodologies have their own benefits. Many of 

the investigated systems have shown their viscoelastic properties, determined by 

microrheology, are in a good agreement with those measured by traditional bulk 

rheology.44 

 

2.5.2 Active Microrheology 

In active microrheology, the microparticles are chosen according to the different 

type of external force applied.171 For example, the magnetic particles are qualified as 

magnetic force.171, 191-193 The response is the diffusive behavior of the microparticles 
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under the applying force and used to calculate the corresponding rheological properties. 

The applied external forces in the active microrheology are provided by atomic force 

microscope tips184, 185, magnetic tweezers186, 194, 195, or optical tweezers182, 183. 

Furthermore, the applied external force can be oscillatory or constant like traditional 

rheology. The applied external force is directly acting on the whole material in 

traditional rheology. However, the applied external force acts on the microparticles in 

active microrheology and is used to measure the local linear and nonlinear rheological 

behaviors.44, 49 Furthermore, active microrheology detects more solid-like materials 

through the controlled applied force. Finally, the design is complicated to capture the 

images of displacement as well as to control the external applied force in active 

microrheology. 

The magnetically induced active microrheology is the earliest developed 

methodology in microrheology in the year of 1920.171 Generally speaking, the 

paramagnetic particles are embedded in the detected materials and the applied external 

force is generated by a magnetic field.192, 193 The displacement of paramagnetic 

particles is recorded under the influence of a magnetic field. Thereby, the recorded data 

of paramagnetic particle displacement is converted into the rheological data. Like other 

methodologies of microrheology, magnetic induced microrheology requires less 
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sample size and reaches a higher frequency range compared to traditional rheology. 

Rather than the bulky rheological data, magnetically induced microrheology is mostly 

used in the bio-related materials, such as filamentous actin.191  

Other than magnetic fields, atomic force microscopes can also provide applied 

external force in active microrheology.184, 185 Different from the applied magnetic field, 

atomic force microscope use the probing tips, cantilever, to provide the necessary 

mechanical force at thin samples and/or surface of materials. In atomic force 

microscopes, there are two different detecting modes: one is the constant force mode; 

the other is the tapping mode. The constant forcing mode is considered as a constant 

force and the tapping mode is an oscillatory force in the application of microrheology. 

The response detected by the cantilever provides the information that can be converted 

to the rheological data. In general, the local image and rheological data can be obtained 

at the same time. This technology is widely used in the biomaterials where local images 

are required.  

Finally, optical tweezers use highly concentrated light or laser sources to detect 

rheological data of biomaterials.182, 183 The light sources provide the scattering force or 

radiation force acting on the dielectric particles with proper particle size. Like the other 

methodologies of active microrheology, the applied external force can be oscillatory or 
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constant. The oscillatory force creates through a series of equipment design, including a 

steerable mirror or a laser controller. The recorded displacement of dielectric particles 

reflects the local rheological properties under the influence of optical tweezers. 

Compared to the other two active ways of microrheology, the optical tweezers provide 

higher frequency ranges with a lower range of rheological response.171 Besides, active 

microrheology may be affected by the local thermal induced perturbation which is the 

driving force used in passive microrheology.44, 49  

 

2.5.3 Passive Microrheology 

            Apart from active microrheology, passive microrheology is also a useful and 

powerful methodology for the experiment of microrheology.171 In passive 

microrheology, microparticles are embedded inside the medium to detect the 

rheological properties. Different from the external applied force provided in the active 

microrheology, the recorded motion of microparticles is only driven by the thermal 

fluctuation in the passive microrheology.44, 49 The thermal fluctuation has the energy 

level of kBT where kB is the Boltzmann constant and has a value of 1.38 × 10-23 J/K and 

T is Kelvin temperature. At normal temperature and pressure condition, the energy 

level of thermal fluctuation is approximately 4.15 × 10-21 J. Furthermore, the motion of 
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embedded microparticles is undergoing a mechanism of Brownian dynamics which is 

affected by the surrounding medium.44, 49 Therefore, the response provided by the 

embedded microparticles reflects the medium as the form of microparticles 

displacements.  The displacement data are converted into mean square displacement 

(MSD) and used to calculate the rheological properties. The data can be gathered by 

different experimental methodologies, such as laser deflection49, 130, diffusing wave 

spectroscopy131, 196, 197, and digital video microscopy44, 72, 133, 134. Different from active 

microrheology, passive microrheology are restricted for the experiments of more 

liquid-like materials because of the limitation of diving force.44, 49  There is another 

benefit: passive methodology is a non-destructive method.67, 181 

 Diffusing wave spectroscopy (DWS) is first developed in 1988 by D. J. Pine and 

his coworkers.196 In the beginning, DWS is used to study the diffusive behavior of 

particles in an opaque medium which cannot be simply explained by the single light 

scattering. With the development of microrheology, mean square displacement (MSD) 

is used to calculate the rheological data. T. G. Manson and D. A. Weitz apply DWS to 

gather diffusive behavior of particles in 1995.43 The data provide mean square 

displacement (MSD) of mono-disperse colloidal particles in a complex fluid system. 

Diffusing wave spectroscopy (DWS) detects the rheological data up to mega hertz 
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depending on the speed of photon collector electronics. Like other methodologies of 

microrheology, diffusing wave spectroscopy (DWS) is widely used in the biomaterials. 

 Rather than active microrheology, laser technology can also be used in the 

methodology of passive microrheology.49, 130 Laser deflection technology shares the 

similar experimental setup compared to the experiment of optical tweezers in active 

microrheology. Different from optical tweezers, the power of the laser source is small 

enough to neglect in the laser deflection particle tracking experiment. In conclusions, 

thermal fluctuation is the only source of driving force on the microparticles. This 

technology of laser deflection particle tracking is mostly used in the biomaterials, such 

as F-actin network. Besides, it provides better resolution than digital video microscopy 

for small particle displacement at extremely small time intervals.49  

Apart from the laser deflection and diffusing wave spectroscopy (DWS), digital 

video microscopy is the other useful technology in the passive microrheology, such as 

confocal microscopy, bright field microscopy and conventional microscopy.72, 133, 134 

The methodology of digital video microscopy is developed by J. C. Crocker and D. G. 

Grier in 1996.136 In the digital video microscopy, the movements of particles are 

directly recorded by digital video microscopy and easily converted into mean square 

displacement (MSD). Different from the laser deflection particle tracking, the highest 
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frequency range is limited by the speed of digital video which is less than 100 Hz. 

However, the digital video microscopy provides the ability to track multiple particles at 

the same time. Like other methodologies of microrheology, this method is also widely 

used in different biomaterials. Besides, the digital video microscopy provides direct 

observation of displacement which can be further analyzed by one- and two-particle 

microrheology.44, 49  

To calculate the rheological properties, the movement of tracer particles 

recorded by the digital video microscopy reflects the rheological response through the 

diffusive behavior.44, 49 The diffusive behavior is described by either mean square 

displacement (MSD) or cross-correlating motion of pairs. In one-particle 

microrheology, mean square displacement (MSD) is a key component to describe the 

rheological behavior. On the other hand, the diffusive behavior is described by the 

cross-correlating thermal motion in two-particle microrheology. Instead of mean square 

displacement (MSD), two-particle microrheology uses distinct mean square 

displacement (MSDD) to describe the diffusive behavior reflecting the rheological 

properties.  

These two methodologies share the same fundamental conceptions on the bases 

of Brownian motion, the generalized Langevin equation, and the generalized 
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Stokes-Einstein Equation.43, 188 The behavior of microparticles in mediate, such as 

colloid solution or bio-related materials, is described by generalized Langevin equation. 

Besides, the recorded behavior can be transferred into rheological data through the 

generalized Stokes-Einstein equation, including the storage modulus G´(ω) loss 

modulus G˝(ω) and complex modulus G*(ω). 

 

2.5.4 One-Particle Microrheology 

One-particle microrheology is a new and useful experimental technology 

developed in the recent years, especially in measuring the rheological properties of 

complex materials.49, 51, 68, 198 The fundamental is the observation of single particle 

movement inside the medium. The illustration is shown in Figure 2-8. The movement 

of a single particle is described by Brownian motion. The tracking data of a single 

particle reflect the rheological properties, viscoelastic response, from the tracer 

mediating surrounding environment.49  

The most important ability is to probe the local heterogeneity of the materials in 

one-particle microrheology, especially for biomaterials. On the other hand, traditional 

rheological experiments only probe the averaged bulk responses. Besides, the required 

sample size is extremely small in microrheology compared to traditional rheological 
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experiments. This is also an important factor in the biomaterial experiments. Apart 

from the mentioned advantage, microrheology detects the frequency range which 

traditional rheological techniques cannot reach. 

On the base of Brownian motion, the most important physical property is mean 

square displacement (MSD) of particles as a function of time intervals. In the 

experiments of one-particle microrheology, there are several different ways to measure 

the displacement of particles, such as diffusing wave spectroscopy43, 131, 132, laser 

deflection49, 130, and digital video microscopy72, 133, 134. By taking digital video 

microscopy as an example, confocal microscopy is the most prevailing microscopic 

equipment employed to observe the motion of the fluorescent labeled particle tracers, 

especially for the liquid-liquid interface2, 3. The location of tracer particles is recorded 

by a digital video and restored as a function of constant time interval which is limited 

by the speed of the digital video camera. According to theory, the displacement of 

tracer particles generating from the position of tracer particles is the reflection of the 

viscoelastic properties of the surrounding medium.49 So, the time averaged mean 

squared displacement (MSD) is gathered and translated into a 

time/frequency-dependent shear modulus of the materials where the tracer particles 

exist. The relationship is calculated by the generalized Stokes-Einstein relationship 
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(GSER).  

The mean square displacement (MSD) can be described by the following 

function: 

<Δr2(τ)> = <│ r(t + τ) - r(t)│2>t                                                                               2.23 

where Δr(τ) is the displacement vector between time interval τ whose components are 

dependent on the dimensions. r(t) and r(t + τ) are position vectors at times equal to t and 

t + τ, respectively. The symbol <…> is the average and the subscript at lower position 

means the average through all the different t which called as time average. Once mean 

square displacement (MSD) is gathered, the other rheological properties are easily 

calculated through the generalized Langevin equation and generalized Stokes-Einstein 

relationship (GSER) at (ω)-frequency domain. 

The methodology of one-particle tracking microrheology is first mentioned by 

T. G. Mason and his coworkers in 1997.49 The colloidal tracer particles are used to 

detect the response of concentrated DNA solution. The laser deflection particle tracking 

(LDPT) is the technique to measure the mean square displacement (MSD) in the design. 

The frequency-dependent Stoles-Einstein equation is a bridge to connect the 

relationship between the rheological properties and trajectory of colloidal tracer 

particles. In the result, one-particle tracking microrheology provides a parallel 
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rheological methodology compared to the mechanical one. Rather than the mechanical 

method, the diffusing wave spectroscopy (DSW) is also agreed with one-particle 

tracking microrheology.49 

In recent years, many materials have been testified for the validity of 

one-particle microrheology, such as Filamentous actin (F-actin) network, biopolymer 

network, micelles solution, DNA solution, polymer solution, and polymer network.69, 

171, 176, 199-201 Although most cases are agreeable between the conventional rheology and 

one-particle tracking microrheology, there are still disagreements in some materials. 

From the experiments done by J. L. McGrath and his coworkers, the surface chemistry 

plays an important role in the sample of Filamentous actin (F-actin).70 With further 

discussion, they can use specially modified particles to avoid the problems. On the 

other hand, B. R. Dasgupta et al uses polyethylene oxide (PEO) as the material in which 

different surface chemistry of particle has no apparent effect for the experiment of 

one-particle microrheology.132  

M. L. Gardel and his coworkers compared the results between different sizes of 

tracer particles in one-particle microrheology.69 The Filamentous actin (F-actin) 

solution is the complex fluid to testify the influence of different sizes of tracer particles. 

In their results, the different particle sizes have a slight influence on mean square 
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displacement (MSD) in one-particle microrheology. For 4.2 × 10-7 and 3.2 × 10-7 m 

diameter tracer particles, mean square displacement (MSD) are almost the same and 

only deviate from each other at the longer time interval, low frequency range. However, 

the smaller tracer particles give totally deviating mean square displacement (MSD) 

compared to the curves from 4.2 × 10-7 and 3.2 × 10-7 m tracer particles. The deviation 

is more obvious at short time interval or high frequency ranges. In the long term, the 

difference of mean square displacements (MSD) becomes smaller, but still very 

obvious when compared to each other. The difference is directly reflected on the 

rheological properties, such as storage modulus (G´(ω)) and  loss modulus (G (̋ω)).  

Rather than work done by M. L. Gardel et al69, I. Y. Wong and his coworkers did 

a series experiment of one-particle microrheology to discuss the influence of tracer 

particle size.202 In their experiment, the Filamentous actin (F-actin) which has different 

mesh sizes are used. With the different mesh size, a series of mean square displacement 

(MSD) is measured through constant tracer particle size. The results show the 

interactions between tracer particle size and sample mesh size which directly reflects 

on mean square displacement (MSD). For the similar length between tracer particle size 

and sample mesh size, the diffusive behavior is not the direct response from the 

material but highly influenced by the mesh structure.202 With the different sizes of 
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tracer particles, the similar results are observed as a function of the ratio between tracer 

particle size and sample mesh size. In summary, the tracer particle must be chosen very 

carefully at the consideration of the mesh size of material.69, 202  

In addition, one-particle tracking microrheology is also applied at the 

two-dimensional interface rheology in the different fields.6, 7, 138 In biology, 

one-particle tracking is used to investigate the diffusion behaviors of embedded 

particles at the surfaces of membrane which is very helpful to reveal the mechanism, 

dynamics, and rheology of the membranes of these living cells.189, 203 Moreover, 

liquid-liquid interfaces, such as oil-water interfaces, are also two-dimensional systems. 

The knowledge of interfacial rheological behaviors can provide understanding of the 

molecular interactions at the interfaces.66 For example, the usage of polymers phase 

provide the insight into polymer chain dynamics, such as the induced chain orientation, 

chain entanglements, chain relaxation, among others, in the confined two dimensional 

geometry.6, 7 

In practical applications, the rheological properties at liquid-liquid interfaces 

play a very important role in the membrane stability, emulsion stability, lubrication, and 

interfacial self-assembly.53, 204-207 Even the interfacial rheology is such an important 

topic in many applications, there are very few works to discuss the dynamics and 
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rheology at the liquid-liquid interfaces. One successful experimental technique 

developed by Fuller’s group is to use a magnetic needle/rod to probe the interfacial 

resistance to deformation.62, 177  

 

2.5.5 Two-Particle Microrheology  

Microrheology is a new subject to measure the rheological data of materials 

which is not suitable for the conventional rheological experiments. In microrheology, 

two-particle tracking is one of the newest technologies to detect the rheological data 

which is showed in Figure 2-9. Different from one-particle microrheology, two-particle 

microrheology uses distinct mean square displacement (MSDD) instead of mean square 

displacement (MSD) in the generalized Stokes-Einstein relationship (GSER).44 For 

two-particle microrheology, the cross-correlation function is the key which focuses on 

the interactive movement between pairs of tracer particles.135 Compared to mean square 

displacement (MSD) in one-particle microrheology, this cross-correlation function in 

two-particle microrheology is considered as the response which reflects the mediating 

environment rather than local environment or interaction between racer particles and 

the environment.44, 49  

For distinct mean square displacement (MSDD), the expression is defined by 
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the following equation44: 

<Δr2(τ)>D  = 
a
r2 D~ rr(r,s)                                                                                             2.24 

where <Δr2(τ)>D is the symbol of distinct mean square displacement (MSDD), a is the 

radius of tracer particle, r is the distance between two tracer particles, D~ rr(r,s) is the 

Laplace transform of Drr(r,τ). Drr(r,τ) is the radical-radical component of ensemble 

averaged tensor product in the spherical coordinate. The distinct mean square 

displacement (MSDD) is based on the cross-correlation relationship.44 The 

cross-correlation function describes the relationship between two random time series, 

such as Brownian motion. The Brownian tracer particles provide the random time 

series by pairs. Both particles in pairs undergo Brownian motion in two-particle 

microrheology. The position vectors of tracer particle are the same compared to the 

one-particle microrheology and expressed as r(t) and r(t + τ) at time scale is t and t + τ, 

respectively. Furthermore, the Drr(r,τ) is represented by Δr(t) between time interval τ.  

So, Drr(r,τ) expresses as following equation44: 

            Dαβ(r,τ) = <Δr i
α(t,τ)Δrj

β(t,τ))δ[r – Rij(t)] >i ≠ j, t                                                           2.25 

where the subscript i and j denote the different particles, the subscript α and β denote 

the coordinate axes. δ[r – Rij(t)] is the delta function and equal to the unity when the 

distance, r , is the distance between two particle tracers at certain time t, Rij(t). Finally, 
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<… >i ≠ j, t denote the ensemble averaged tensor product over the symbol inside the 

basket. The non-diagonal component is considered as zero in most cases.44 Besides, 

two displacement vectors are provided by different tracer particles as pairs. The value 

of ensemble averaged tensor product decays with the increasing distance between 

tracer particles as a reciprocal relationship.44, 67, 176, 208 Finally, the equation 2.24 and 

2.25 are combined together as the following equation: 

            <Δr2(τ)>D= 
a
r2 <Δr i

α(t,τ)Δrj
β(t,τ))δ[r – Rij(t)] >i ≠ j, t                                                2.26 

Equation 2.26 is considered as the equivalent property compared to the mean square 

displacement (MSD). Finally, the results directly used in the generalized 

Stokes-Einstein relationship (GSER) calculate rheological properties.44 

     In 2000, J. C. Crocker and his coworkers developed two-particle tracking 

microrheology.44 The tracking mechanism depended on the diffusive behavior between 

different pairs of tracer particles. In the results, two-particle tracking microrheology 

eliminated the influence caused by the interactions between the particles and the 

environmental medium.44 Furthermore, the size of the tracer particle is also not an 

influence on the distinct mean square displacement (MSDD).44 From the point view of 

physics, “the mean square displacement (MSD) as a superposition of a long wavelength 

motion described by distinct mean square displacement (MSDD) plus a local motion in 
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a cavity.”44 In summary, one- and two-particle microrheology shows different curves of 

loss modulus and storage modulus.69, 176, 208 Two-particle microrheology successfully 

predicts the rheological data measured by the traditional rheology, but one-particle 

microrheology cannot predict. Other than the experiment of Filamentous actin (F-actin) 

done by J. C. Crocker and his coworkers44, many other complex fluids, such as living 

cell and semi-dilute solution of λ-DNA, also get in agreement with conventional 

rheology.69, 209-211  

M. L. Gardel and his coworkers compared the results between one- and 

two-particle microrheology including the influence of particle size.69 In the 

experiments, the Filamentous actin (F-actin) solution is used to testify both 

methodologies with different sizes of tracer particle. The different particle size has a 

slight influence on mean square displacement (MSD) in one-particle microrheology.69 

Mean square displacement (MSD) of tracer particles with 4.2 × 10-7 and 3.2 × 10-7 m is 

almost the same and only different at a longer time interval. However, the smaller tracer 

particles, such as 2.3 × 10-7 m, show more deviation from the mean square 

displacement of larger tracer particles. On the other hand, the different tracer particle 

sizes give almost the same distinct mean square displacement (MSDD) as function of 

time interval in two-particle microrheology.69, 176 The tendency is more obvious at short 
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time intervals. The difference directly reflects to the rheological properties, including 

storage modulus (G´(ω)) and loss modulus (G (̋ω)).  

Two-particle tracking microrheology, like one-particle tracking microrheology, 

is also applied at the two dimensional case recently. In 2006, V. Prasad and his 

coworkers discussed the quasi-two dimensional viscous systems with the methodology 

of two-particle microrheology at the air-water interfaces.209 In general, two-particle 

microrheology is a young but useful technology for different applications of 

microrheology.  

 

2.6 Motivation  

2.6.1 Motivations of Particle Dynamics at Liquid-Liquid Interfaces 

            In the recent two decades, the phenomenon of particle dynamics at liquid-liquid 

or air-liquid interface have been of long-standing fundamental as well as practical 

interest for diverse applications in  physical, chemical, and biological areas.8-14 Those 

phenomena can be easily studied by Pickering emulsion as a template, such as particle 

aggregation1, 5, dynamics and mechanism of aggregation growth2, 3, and mobility of 

particles at the two dimensional level2, 4. On the bases of Pickering emulsions, a 

convenient and easy template is provided to study the interfacial phenomena at the 
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different liquid-liquid interfaces, such as oil-in-water or water-in-oil type of Pickering 

emulsions. Moreover, Pickering emulsions can easily justify themselves to provide 

different template to fit various requirements for discussions, such as changeable 

interfacial curvature, liquid phase viscosity, and interfacial properties.2-7, 212 Those 

parameters provide different point view to study the fundamental issue of interfacial 

phenomenon. For the particle dynamics at liquid-liquid interfaceS, Pickering emulsions 

also provide the ability to discuss different phenomenon, including single particle and 

multiple particle clusters.3 Through these various conditions, the data is easy to 

compare and develop the fundamental theory.  

In this dissertation, the particle dynamics of single particle and multiple 

particles clusters are investigated at poly (dimethylsiloxane) oil-water interfaces by 

confocal laser scanning microscopes (CLSM). For example, the particle displacements 

are detected and recorded as a function of time interval in different poly 

(dimethylsiloxane) oil phase viscosities. Confocal laser scanning microscope (CLSM) 

provides the direct observation of fluorescent microparticles at poly (dimethylsiloxane) 

oil-water interface at high resolution and particle tracking technique records the precise 

particle movement. Those efforts help to understand the fundamental theory in the 

application about stable mechanisms of Pickering emulsions, particle dynamics at 
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interface and colloidal crystal formation. 

The influence of liquid-phase viscosity on the mobility of multiparticle clusters 

is intuitive to many studies. Particle mobility is closely related to the aggregation and 

structural formation of solid particles at liquid-liquid interfaces, which are of 

tremendous interest and are important to various processes. From the experimental 

observations, the structural formation of microparticles at liquid-liquid interface is 

described by the diffusion-limited cluster aggregation (DLCA) rather than 

reaction-limited cluster aggregation (RLCA). During the observations, every collision 

of the particles at the oil-water interface leads to the aggregation of particles. The 

fractal dimension is important for understanding the aggregation kinetics and cluster 

morphology; through the relationship DN = D0Nγ = D0N–1/Df. However, fractal 

dimension is not easy to measure directly because of the relatively small interface area. 

On the other hand, Brownian motion is a possible way to gather data for fractal 

dimension. Other than that, the relationship is derived from a three-dimensional case, 

the applicability to a two-dimensional case is still unknown.  

Another research topic is for the easily changeable interfacial curvature 

between the oil-water interface. Through observing the mobility of single particles on 

emulsion droplets with different oil droplet diameters, the influence of interfacial 
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curvature was studied which suggests a confinement effect153 on the diffusive behavior 

of single particles. The confinement effect can also be called as the recirculation effect 

or a finite volume effect.153 The recirculation effect can be described as the flow inside 

the droplet, which has influence on the polystyrene particles assembled at the 

interface.153 This phenomenon becomes more and more obvious when the ratio of the 

emulsion droplet (R) radius to the solid particle radius (a) is relatively small. In addition, 

the recirculation effect also depends on the location of the particles at the liquid-liquid 

interface: the deeper in the enclosed phase, the larger the effect.153 The reason causing 

this phenomenon is that the flow inside the droplet is looped and significantly increases 

the hydrodynamic drag friction and transferred to the solid particles at the liquid-liquid 

interface.153 This confinement effect153 is calculated by a theoretical simulation work, 

followed the Stokes-Einstein equation. For the experiment of different oil viscosity, this 

confinement effect153 show the different extents of effect in the behavior of single 

particle mobility.  

            Another important fundamental issue is the mobility of multiparticle clusters in 

two-dimensional levels. For this issue, Pickering emulsions can easily provide the 

suitable template for different cluster sizes. Based on earlier efforts, several simulation 

works pointed out that the suitable cluster size and distributions strongly depend on the 
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diffusion of multiparticle clusters in two- and three-dimension spaces.14, 157, 159, 160 From 

our experiments, the diffusion of the clusters at liquid-liquid interface is significantly 

hindered compared to that of a single particle; however, the hindrance in diffusivity is 

not linearly proportional to the cluster size which may support the simulation 

assumption of the power law dependence.3  

Rather than the experimental models, many fundamental aspects of colloidal 

crystals remain unexplored; in particular, their dynamic properties are much less 

understood when compared to their equilibrium structure and mechanism. Using 

Pickering emulsions as a template, the dynamics of colloidal lattices at liquid-liquid 

interfaces have been successfully investigated by the experiment.  

 

2.6.2 Motivation of Validating One- and Two-Particle Microrheology at Liquid-Liquid 

Interfaces 

The one- and two-particle microrheologies are newly developed techniques and 

have broad applications in advanced materials, biotechnology, and nanotechnology.44, 

49, 171 However, to the best of our knowledge, these techniques have only been applied 

to bulk systems until the pioneering of the work presented in this dissertation. The 

major question is whether or not the one- and two-particle microrheologies can be 
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validated for study of liquid-liquid or liquid-gas interfaces. On the other hand, the 

rheology, such as storage modulus, loss modulus, and relaxation time at the interfaces, 

is important in interfacial self-assembly, membrane stability, emulsion stability, and 

lubrication. Unfortunately, there are limited experimental techniques to probe 2-D 

rheology. One experimental technique developed by Fuller’s group uses a magnetic 

needle/rod to probe the interface’s resistance to deformation.62 The interfacial 

microrheology, if developed, will be an addition to this important field and more 

importantly, will reveal local compositional or structural heterogeneity, which are often 

complicated and mysterious in many two-dimensional systems such as membranes, 

Langmuir-Blodgett films, etc.    

            After investigating the fundamentals of particle dynamics at liquid-liquid 

interfaces for several years, we hypothesize that microrheology at liquid-liquid 

interfaces may be validated by employing Pickering emulsions as experimental 

templates and confocal laser scanning microscopy (CLSM) as particle-tracking 

instrumentation.1-5, 212 Pickering emulsion composed of droplets of one immiscible 

liquid in another liquid. The droplets are stabilized by solid particles. Recently, there 

has been a growing interest in Pickering emulsions because it opens new avenues of 

emulsion stabilization1, 5 and has various practical applications2-4, 212. In addition, 
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Pickering emulsions also provide a convenient and potentially unique experimental 

model system to investigate the dynamics of microparticles at liquid-liquid interfaces3, 4, 

212. The particles are self-assembled to the liquid-liquid interface during the preparation 

process of the emulsions. The particles strongly adhere at interfaces because of 

ultra-high desorption energy.102 The experiment of particle dynamics has been reported 

under the influences of oil phase viscosity, interfacial curvature and cluster size on the 

diffusive behavior.3 To validate microrheology and probe the viscoelasticity at the 

liquid-liquid interfaces, we have employed smaller tracer particles which are 2 × 10-7 m 

in diameter. Different from the traditional microscope, the confocal laser scanning 

microscope has the ability to provide clear and precise two-dimensional images at the 

different focal plane to calculate the corresponding rheological data through mean 

square displacement (MSD) or distinct mean square displacement (MSDD) for 

one-particle microrheology and two-particle microrheology, respectively.38, 39 

Theoretically, the gathered experimental results and information can be further 

transferred to reveal the storage modulus, loss modulus, and the relaxation time of the 

liquid-liquid interfaces. 

Finally, although microrheology has been demonstrated to be a powerful and 

important technique, the application is not a matured technique and many fundamentals 
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are yet to be fully explored.44, 49, 69 For example, as discussed previously, one-particle 

microrheology is a methodology which is easily affected by the particle size and 

surface chemistry. The question of complexity in the potential microrheology at 

liquid-liquid interfaces and necessary adjustment is still intuitive. The true rheological 

responses of the liquid-liquid or liquid-gas interfaces need to be properly probed. To 

address these questions, a systematic investigation of the surface chemistry of the tracer 

particles, viscosity of the oil phase, and their effect on apparent interfacial 

microrheology have been performed during the progress of this work. 
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Figure 2-1 Schematic illustration of surfactant-stabilized emulsion. The light blue is the 
continuous phase, the dark blue is disperse phase, and black line is the surfactant at 
liquid-liquid interfaces. 
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Figure 2-2 Schematic illustration of polymer-stabilized emulsion. The light blue is the 
continuous phase, the dark blue is disperse phase, and black curve is the polymer 
disperses between continuous phase and disperse phase. 
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Figure 2-3 Schematic illustration of solid-stabilized emulsion. The light blue is the 
continuous phase, the dark blue is disperse phase, and black solid circle is the solid 
particle at liquid-liquid interfaces. 
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Figure 2-4 Process of phase separations 
 
 
 
 
 
 
 
 

Creaming 

Sedimentation 

Flocculation 

Phase Separation Coalescence 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

71 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 2-5 The relationship between particle size and energy of detachment plotting on 
a log-log scale which use equation 2.1.   
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Figure 2-6 The schematic illustration of Maxwell model. The Maxwell model can be 
represented by a purely viscous damper and a purely elastic spring connected 
consecutively. 
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Figure 2-7 The schematic illustration of Kelvin-Voigt model. The Kelvin-Voigt model 
can be represented by a purely viscous damper and purely elastic spring connected in 
parallel.  
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Figure 2-8 The schematic illustration of one-particle microrheology. The particle was 
entangled between the polymer molecules. 
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Figure 2-9 The schematic illustration of two-particle microrheology. The pairs of 
particle were entangled between the polymer molecules. 
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CHAPTER III 

EXPERIMENTAL METHODOLOGY 

 

3.1 Materials 

3.1.1 Microparticles 

In this dissertation, the FluoSpheres® microspheres with different properties 

are used as solid stabilizers, such as particle size and surface chemistry. FluoSpheres® 

microspheres are purchased from Molecular Probes, Inc.. The fluorescent particles 

were stored in the refrigerator with temperatures controlled from 2 to 6ºC and free light 

environment. Besides, FluoSpheres® microspheres are made of high-quality and 

ultra-clean polystyrene and had different dyes for fluorescence applied to various laser 

sources. The polystyrene particles are coated with different functional groups at the 

surface of polystyrene particles such as sulfate, amine or carboxylate. The different dye 

had corresponding excite/emit wavelengths. The laser sources helped people to 

recognize the different particles under the confocal laser scanning microscope (CLSM). 

Furthermore, polystyrene particles preserved at distilled water contain 2 × 10-3 M 

sodium azide to prevent particle aggregation. The solid concentration in the 2 × 10-3 M 
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sodium azide distilled water is approximately 2% in weight percentage.  

The polystyrene particles were sulfate-modified microspheres with diameters of 

1.10 ± 0.026 × 10-6 m (cat. No. F-8852) in the experiments of microparticles dynamics 

at poly (dimethylsiloxane) oil-water interfaces.1 The dye, used at the surface of 

sulfate-modified micropheres, has excitation/emission wavelengths in 505/515 nm 

showing as yellow-green fluorescence. An Argon-ion laser (blue) with 488 nm spectral 

line is the efficient and exceptional laser source to fluoresce. The density of polystyrene 

is 1055 kg/m3 and fairly closes to the density of aqueous and oil phase.  So, the 

influence of different densities was neglected. The concentration of sulfate-modified 

polystyrene particles was 4.5 × 10-2 M.   

The FluoSpheres® microspheres used in experiment of particle tracking 

microrheology had a diameter in 2.0 × 10-7 m.6, 7, 212 Three different modified 

polystyrene particles were used in the one- and two-particle tracking microrheologies 

depending on the surface chemistry and surface dye. The sulfate-modified 

microspheres had diameters of 2.3 ± 0.1 × 10-7 m (cat. No. F-8848).6 The dye had the 

excitation/emission wavelengths in 505/515 nm. The Argon-ion laser with 488 nm 

spectral line is an efficient and exceptional laser source to fluoresce. The density of 

polystyrene particle is 1.055 × 103 kg/m3 and the concentration of sulfate-modified 
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polystyrene microparticles is 5.2 × 10-3 M.   

The carboxylate-modified microspheres are also used in the one- and 

two-particle tracking microrheologies and the diameters were 2.1 ± 0.2 × 10-7 m (cat. 

No. F-8809).6 The dye used in carboxylate-modified microspheres have the 

excitation/emission wavelengths in 540/560 nm. The Helium-Neon laser with 543 nm 

spectral line is the efficient laser source to fluoresce. The density of polystyrene particle 

was 1.055 × 103 kg/m3 and the concentration of carboxylate-modified polystyrene 

microparticles was 6.5 × 10-3 M. Finally, amine-modified microspheres also used in the 

one- and two-particle tracking microrheologies experiments and had diameters of 2.1 ± 

0.1 × 10-7 m (cat. No. F-8763).6 The dye used in amine-modified microspheres had the 

excitation/emission wavelengths of 580/605 nm. The Helium-Neon laser with 543 nm 

spectral line is the efficient laser source to fluoresce. The density of polystyrene particle 

is 1.055 × 103 kg/m3, and the concentration of carboxylate-modified polystyrene 

microparticles is 6.5 × 10-3 M. The summary data of tracer particles are listed in Table 

3.1. 

 

3.1.2 Continuous and Disperse phase 

In the composition of Pickering emulsions, except the solid stabilizers, there are 
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two major different phases. One is the continuous phase and the other is the disperse 

phase. The continuous phase (aqueous phase) is HPLC graded water, which was 

purchased from Fisher Scientific (residue after evaporation < 1 ppm, cat. No. W5-1). 

The pH vale of HPLC water is approximately 6.98 after analyzing the sample. The 

disperse phase (oil phase) is either poly (dimethylsiloxane) (Rhodorsil® Fluid, 47V 

Series) or octamethyltrisiloxane (Dow Corning 200(R) Fluid) which have different 

viscosities. The viscosity of octamethyltrisiloxane is 1.22 × 10-3 Pa·s at 25°C. 

Furthermore, the viscosity of poly (dimethylsiloxane) is 5.49 × 10-3, 2.14 × 10-2, 3.61 × 

10-1, 1.03, 5.14, 1.03 × 101, 2.26 × 101, 5.14 × 101 and 6.17 × 101 Pa·s at 25°C. The poly 

(dimethylsiloxane) is 47V series, 47V5, 47V20, 47V350, 47V1000, 47V5000, 

47V10000, and 47V60000 which were purchased from Silicones Plus, Inc.. The 2.26 × 

101 and 5.14 × 101 Pa·s poly (dimethylsiloxane) were prepared by mixing 47V10000 

and 47V60000. The octamethyltrisiloxane, which was stored in the flammable liquid 

storage cabinet, were from Dow Corning Corporation. The detailed oil and aqueous 

phase data are listed in Table 3-2. On the other hand, the interfacial data between oil and 

aqueous phase data are in Table 3-3. The picture of Krüss 100 Tensiometer is in Figure 

3-1. 
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3.2 Preparation the Experimental Samples 

3.2.1 Preparation of Pickering Emulsions. 

Oil-in-water type Pickering emulsions were prepared by the ultrasonic 

processor with an ice-water bath during the preparation process. The ultrasonic 

processor was kept inside a cabinet to minimize the noise from the ultrasonic processor. 

For the different viscosity of oil, the amplitude and time period of ultrasonic process 

were different to allow sulfate-modified polystyrene microparticles properly go into the 

oil-water interfaces. Generally speaking, the ultrasonic process needs longer time and 

higher amplitudes when the viscosity is increased. The samples were prepared at an 

ambient temperature ~ 22 to 25°C.  

An ultrasonic processor (Sonics VibraCell 500 w, 20 KHz ultrasonic processor) 

was used to prepare emulsions. The small tip of the ultrasonic processor is 3 × 10-3 m in 

diameter and designed for sample sizes ~ 1.0 × 10-6 to 1.0 × 10-5 m3 in volume. The 

limitation of amplitude values for a small tip ranges from 21% to 40%. Usage of the 

ultrasonic processor for mixing two immiscible liquid is known. The ultrasonic wave 

transmits energy into the oil and aqueous phase and break oil phase into millions of 

globules. Most of them range from one-tenth of a micrometer to hundreds of 

micrometers in diameter which create particles with different surface curvatures. The 
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detailed setup of the ultrasonic processor is shown in Figure 3-2. The vials (cat. No. 

03-339-27A, tooled neck, with PE plug) were purchased from Fisher Scientific and 

used for preparing Pickering emulsions. Finally, the vials were 1.5 × 10-2 m in diameter 

and 4.5 × 10-2 m in height  

Prior to the preparation of Pickering emulsions with sulfate-modified 

polystyrene microparticles, the FluoSpheres® were sonicated in an ultrasonic water 

bath (Branson 2210 model) suggested by the product information. Then, the 

sulfate-modified polystyrene microparticles were transferred into a vial which was 

cleaned by acetone and dried by nitrogen gas. The HPLC graded water was added into 

the vial and mixed with sulfate-modified polystyrene microparticles. To disperse 

sulfate-modified polystyrene microparticles and give each particle even probability to 

assemble at poly (dimethylsiloxane) oil-water interfaces, the solution was sonicated at 

amplitude of 21% for 10 seconds. Then the proper amount of poly (dimethylsiloxane) 

oil was added into the water solution containing sulfate-modified polystyrene 

microparticles. In general, the ratio between poly (dimethylsiloxane) oil and water are 

1:9 in weight percentage. The weight of poly (dimethylsiloxane) oil is 1.25 × 10-4 kg 

and of HPLC graded water is 1.125 × 10-3 kg per sample. The concentration of 

sulfate-modified polystyrene microparticles is different dependent on the needs. The 
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experiment of single particle dynamics requires lower sulfate-modified polystyrene 

concentration than others. The weight percentage of sulfate-modified polystyrene 

microparticles is less than 0.02% in the experiment of single particle dynamics. For the 

experiment of multiparticle clusters, the weight percentage of sulfate-modified 

polystyrene microparticles is ~ 0.02 to 0.04%.  

The procedure of ultrasonic process has influence in the morphology of 

sulfate-modified polystyrene microparticles at poly (dimethylsiloxane) oil-water 

interfaces. The most important step is Pickering emulsion preparation. Typically, the 

ultrasonic process is 21% for one second in the experiment of single particle tracking. 

For the experiment of multiparticle clusters, the ultrasonic process is 21% from 1 to 3 

seconds in the increments of one second. The shorter time is suitable for the situation of 

single microparticle assembled at the poly (dimethylsiloxane) oil-water interfaces. The 

longer time can help the sulfate-modified polystyrene microparticles aggregate with 

each other, forming clusters of different sizes at poly (dimethylsiloxane) oil-water 

interface. The ultrasonic process is the same in both of the experiments in all three 

different viscosities. 

The particle tracking experiment is more difficult compared to the experiments 

of particle dynamics. Because of the high viscosity of oil phase, the poly 
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(dimethylsiloxane) oil and water phase were mixed in advance to make an emulsion 

sample. The pre-mixing minimizes possible microparticle aggregation during the 

ultrasonic process. In addition, the high oil viscosity makes it difficult to control the 

oil-water ratio and to break the poly (dimethylsiloxane) oil into droplets. In general, the 

mixing sample is under the process of an ultrasonic processor for 35% in amplitude and 

three seconds for a certain amount of time until the sample becomes opaque. Prior to 

the preparation of Pickering emulsions with sulfate modified, carboxylate modified, or 

amine modified polystyrene microparticles, the FluoSpheres® were sonicated in an 

ultrasonic water bath (Branson 2210 model). Then, the sulfate-modified, carboxylate 

modified, or amine modified polystyrene microparticles were added into the sample. 

The required concentration of different type of polystyrene microparticles is very low 

either for the experiment of one-particle microrheology or for the experiment of 

two-particle microrheology. In general, the concentration of polystyrene microparticles 

is less than 0.01%. To introduce the polystyrene sub-microparticles into the 

liquid-liquid interfaces, the process of the ultrasonic processor ranges from 20% to 35% 

in amplitude from one to three seconds. For the sample of higher viscosities, the 

required amplitude is higher and the required time is longer. On the other hand, the 

longer time may cause sub-microparticle aggregation. 
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3.2.2 Preparation of Bulk Phase 

The tracer particles kept in distilled water contain 2.0 × 10-3 M sodium azide. 

Prior to preparing the sample of bulk poly (dimethylsiloxane) oil, the tracers need to be 

dried as described below. The tracer particles first move to the vial, which is purchased 

from Fisher Scientific (cat. No. 03-339-27A, tooled neck, with PE plug). In general, we 

avoid droplet contact to the edge of the vial. Then, the vial was put into an isothermal 

vacuum oven (Isotemp® Vacuum Oven, Model 282A), purchased from Fisher 

Scientific and shown in Figure 3-3, to dry the liquid phase. In general, this process took 

about eight hours. Finally, the poly (dimethylsiloxane) oil phase was added and mixed 

with tracer particles by stirring rode. 

 

3.3 Confocal Laser Scanning Microscopy for Imaging Dynamic and Particle Tracking  

   Experiments   

3.3.1 Confocal Laser Scanning Microscopy 

A confocal laser scanning microscope (CLSM), Olympus FV300, was used to 

study the dynamics of charged microparticles. The microscope is composed of several 

parts, including the laser source, scanning unit, microscope, external transmitted light 
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source, photomultiplier, system control board, objective lens, and a computer loading 

Fluoview® software. Two different laser sources are equipped in the confocal laser 

scanning microscope. One is the Argon laser which is blue and has a wavelength of 488 

nm; the other is the Helium-Neon laser which is green and has a wavelength of 543 nm. 

The Argon laser fluorescent sulfate-modified microsphere is observed as a 

yellow-green sphere in the screen. The Argon laser source has an output laser power of 

1.0 × 10-2 W. On the other hand, the carboxylate and amine-modified microspheres is 

fluoresced by the Helium-Neon laser and was observed as a red sphere in the screen. 

The Helium-Neon laser source has the output laser power in 1.0 × 10-3 W. Besides, the 

output laser intensity can be adjusted by two controllers. One is controlled by the dial 

position of the neutral density filter which has six choices (0, 1.5, 6, 20, 50, and 100); 

the other is controlled by the software, Fluoview®, which can be adjusted from 0 to 

100%. Fluoview® is the soft interface connecting the microscopic hardware and a 

computer. Finally, three different objective lenses are equipped in the confocal laser 

scanning microscope (CLSM) system. Objective lenses are 10x, 40x, and 60x in the 

magnification. The 60x is the oil immersion objective lens with a numerical aperture of 

1.4.  Figure 3-3 is the image of the Olympus FV300.   
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3.3.2 Imaging Experiment of Particle Dynamics  

The particle dynamics experiment used 1.10 ± 0.03 × 10-6 m sulfate-modified 

microspheres. The tracer particles have excitation/emission wavelengths in 505/515 nm 

showing yellow-green fluorescence, so the Argon laser with a blue wavelength of 488 

nm is the proper exciting laser source. In the microparticle dynamics experiment, the 

recording properties are the X-Y position of microparticles and the time interval. The 

60x oil immersion objective lens is used as the best choice to reach high resolution in 

the data analysis. Each pixel represents 4.59 × 10-8 m in both X and Y coordinates at the 

highest resolution. 

A glass cover slip (cat. No. 12-545-87, built-in moisture resistance, 24 x 40 mm 

size) and glass slide (cat. No. ER-203, Special order number A700-29353) were 

purchased from Fisher Scientific. The slide has three wells on one side. Each well has a 

diameter of 1.3 × 10-2 m and depth of 6.5 × 10-5 m measured by the digital micrometer. 

Pickering emulsion droplets were laid on the glass slide with a pipette (5 ¾〞Disposable 

Pasteur Pipets: Cat. No. 13-678-20B). The droplets were sealed by a cover slip on the 

top and taped on the edge. The specimen was placed under a 60x oil immersion 

objective lens. Immersion oil was filled on the top of the cover slide. Through the 

ocular lens, the sulfate-modified microspheres can be observed. Generally speaking, 
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microparticles move much more slowly at the oil-water interface than in the water 

phase. So the image can be easily distinguished between them. On the other hand, the 

X-Y-Z image also can provide the evidence for the location of microparticles.  

For dynamics of microparticle experiments, four different choices are used to 

record data via a confocal laser scanning microscope. They are X-Y images, X-Y-Z 

images, X-Y-t images, and X-Y-Z-t images. For particle tracking, the mode to gather 

images is the X-Y-t mode. The X-Y provides the position of fluorescent sulfate-modified 

microparticles and the t provides the time intervals. The minimum time interval is 1.08 

seconds between each frame. For the experiment of microparticle dynamics, the 

number of stacking image frames is about 100 to 300 maximum, which allow for 108 to 

324 seconds image collection. To avoid the other influence, oil droplets were controlled 

at 1.5 × 10-5 m - 2.0 × 10-5 m or no larger than 4.5 × 10-5 m.  

 

3.3.3 Imaging Experiment of Particle Tracking Microrheology  

The sulfate-, amine-, and carboxylate-modified polystyrene microparticles 

were used as tracers in experiments of particle tracking microrheology. The tracers are 

2.0 × 10-7 m in diameter with different excitation/emission wavelengths. The different 

laser sources were used to excite the corresponding fluorescent microspheres. The 
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recording properties are the X-Y position of microparticles and the recording time 

interval in particle tracking microrheology experiment. Furthermore, 60x oil 

immersion objective lens is the best choice to reach the highest resolution in the data 

analysis. Each pixel represents 4.59 × 10-8 m in both X and Y coordinates at the highest 

resolution. 

The specimen preparation and imaging capture process are the same as above.  

However, the particle tracking microrheology experiment requires longer observation 

time. The stacking image is limited at 700 frames due to the limitation of computer 

equipment. The experimental time allowed for image collection is around twelve to 

thirteen minutes. Finally, the oil droplets are controlled between 2.0 × 10-5 m to 4.5 × 

10-5 m in diameter. 

  

3.4 Rheology for Bulk Phase 

The viscoelastic properties of bulk poly (dimethylsiloxane) samples were 

investigated by an ARES rheometer (TA Instruments). The ARES rheometer showed in 

the Figure 3-4 and equipped with two torque transducers distinguished by torque 

capacity: 20 and 200 kg·m. All of the rheological characterizations were performed by 

parallel plates with 5.0 × 10-3 m diameter and a gap of 1.0 × 10-3 m. The existence and 
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extent of the linear viscoelastic regime were determined by the dynamic storage 

modulus (G´(ω)) and loss modulus (G (̋ω)), as a function of strain (0.1 ~ 100%) at an 

angular frequency with 10 rad/s. The viscoelastic linear modulus was measured as a 

function of frequency (ω), spanning 0.1 to 100 rad/s at the typical experimental 

temperature, 21°C. The bulk oil phase has no detectable elasticity within the 

experimental frequency range until the kinetic viscosity reaches 1.03 × 10-1 Pa·s. 

 

3.5 Particle Tracking Technology 

3.5.1 Analysis of Particle Dynamics Experiment 

            The microparticles are connected to each other, so the images analyses between 

different particles are hard to distinguish. Even adjusting the contract and brightness, 

the particles can only be separated by a small distance. So, there are two possible 

methods to handle this kind of data. One is manual; the other is automatic. In the 

manual method, the X and Y position are measured at the centroid point in every slice. 

For the automatic method, the times series images must clean one by one to erase the 

unwanted microparticles. The time series image, than, is preceded by ImageJ® to get 

distinguishable data. The proceeded data from ImageJ® is used to calculate mean 

square displacement of polystyrene microparticles in the two dimensions by using 
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SigmaPlot®. 

When using ImageJ® software, the times series image is opened by the function 

File --> Open. The opened time series image is the original image which has more area 

than required. There is a function Image--> crop can be used to select the necessary 

area to process the analysis. Before analyzing, the scale set up uses the function 

Analyze--> Set Scale. The time series image must change to the 8-bit binary image by 

the build in function Image--> Type--> 8-bit, Process--> Binary--> Make Binary or 

Image--> Adjust--> Threshold. Finally, the converted time series image can be 

analyzed by the function Analyze--> Analyze Particles. After analyzing, there are two 

files which are result and summary. The result file contains data including the particles 

size, circularity, x position, and y position. The summary file contains data including 

the numbers of images and tracking particle numbers in each slice. Sometimes, there 

are unwanted microparticles which diffuse in the water phase but show up at the 

observation area. ImageJ® provides the capability to erase those particles.  

 

3.5.2 Analysis of Particle Tracking Microrheology Experiment 

ImageJ® is also used as the software to clean the series images in particle 

tracking microrheology experiments. ImageJ is provided by the National Institute of 
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Mental Health (NIH) ® as a Java application and free software. The original confocal 

images saved as *.TIF files (Tag Image File Format) which controlled by Adobe 

Systems and well accepted by other companies for image storage format. Finally, the 

IDL program is applied as the software to analyze images in particle tracking 

microrheology. 

The saved images files are opened and the scale bar is measured by ImageJ®. In 

general, the maximum resolution of confocal images is provided at 1.0 × 10-5 m for 218 

pixels in Olympus FV300. Most confocal images of time series are recorded as 

maximum resolution. Before the IDL process of particle analysis, the ImageJ® software 

cleaned the time series images. Furthermore, several options helped the cleaning 

process, such as brightness, contract and threshold. These options reduced the noise and 

unwanted microparticles to the minimum. ImageJ® software opened the times series 

image through function File  Open. Function Image crop used to select the 

necessary processing area. Function Analyze Set Scale set up the relationship 

between real distance and the pixel number. Time series image changed to 8-bit binary 

image by the built-in function Image Type 8-bit, Process Binary Make Binary 

or Image Adjust Threshold. Finally, the series image use IDL to analyze and 

calculate the distinct mean square displacement (MSDD). 
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ImageJ® is the software which used to clean the time series images for 

one-particle and two-particle tracking. The software is a Java application and free 

software which is provided by the National Institute of Mental Health (NIH). The 

original confocal images are *.TIF files (Tag Image File Format) which are controlled 

by Adobe Systems and well accepted by other companies for image storage format. The 

IDL program is the software to analyze images in both one-particle and two-particle 

tracking microrheology. 

When using ImageJ® software, the times series image is opened by the function 

File  Open. The opened time series image is the original image which has more area 

than required. There is a function Image crop can use to select the necessary area to 

process the analysis. Before Analyzing, the scale set up uses the function Analyze Set 

Scale. The time series image must change to the 8-bit binary image by the build in 

function Image Type 8-bit, Process Binary Make Binary or Image Adjust 

Threshold. After this step, the series image data can use IDL to analyze and calculate 

distinct mean square displacement (MSDD). 

Three common IDL programs are applied in one- and two-particle tracking 

microrheology. One specialized program uses one- particle tracking microrheology and 

two specialized programs apply in two-particle tracking microrheology. The common 
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programs are epretrack, read_gdf, and track. The specialized program for one- particle 

tracking is msd. The two specialized programs for two-particle tracking microrheology 

are msd2pnt and msdd. In general, the program epretrack is to gather every particle in 

the series image and the program read_gdf is to read the result of epretrack. Finally, the 

program of track is to relate the series of particles and delete the discontinuous tracer 

particle. For the program of epretrack, there are several options that can be selected 

according to the experimental setup, such as the size of tracer particles and the 

brightness of tracer particles. The program of track provides the ability to select the 

length and quality of time series. For one-particle microrheology, the program of msd 

can be directly used to calculate the mean square displacement (MSD). Mean square 

displacement (MSD) uses Excel to calculate the corresponding rheological data. On the 

other hand, two-particle microrheology needs to step to calculate distinct mean square 

displacement (MSDD). The program of msd2pnt calculates the portion of particle 

displacement and interparticle distance. Then, these data are used to calculate distinct 

mean square displacement (MSDD) through the program of msdd. Finally, distinct 

mean square displacement (MSDD) is used to calculate the corresponding rheological 

data through Excel.  
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3.6 Error of Particle Tracking Technology 

3.6.1 Static Error 

Several reasons caused the uncertainty of the particle tracking techniques, such 

as the resolution of microscopes.67 In general, errors can be divided into two different 

categories. One is the static error and the other is the dynamics error.47 The static error 

arises from the measurement of static particles. A simple experiment can be used to 

justify static error. The original particle solution was first diluted to a ratio of 1:9. Then, 

the diluted solution transferred into a slide. The sample was used in an isothermal 

vacuum oven (Isotemp® Vacuum Oven, Model 282A) to dry the diluted solution. Then 

the slide was placed under the confocal laser scanning microscope (CLSM). The 

theoretical static solid particles were tracked after the balance time. The results are 

shown in Figure 3.6 and suggested a mean square displacement (MSD) from 

10-19~10-18 in a short time interval to 10-17~10-16 m2 in long time interval. The 

calculated diffusion coefficient was from 4.01 × 10-20 to 2.06 × 10-19 m2/s. In our 

experiments, the minimum displacement is the sample with oil phase viscosity of 6.17 

× 101 Pa·s which gives the order of 10-16 in short term and 10-14 in the long term. So, the 

influence of static error was negligible or directly minus from the calculation.47 
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3.6.2 Dynamic Error 

Other than static error, dynamic error was another important error factor in 

particle tracking technology.47, 71 The dynamic error arises from the process and 

equipments of measurements. For example, the longer exposure time lead to an 

observation of particle movement during the particle tracking.71 So, the dynamic error 

is highly related to the resolution of microscope.67, 136, 213 The maximum resolution of 

Olympus FV 300 is 1.0 × 10-5 m in 218 pixels. So, the best resolution is approximately 

4.58 × 10-9 m per pixel. In general, a microscopic image provides the sub pixel 

resolution in the image analysis.47, 136, 213 Expect for the image resolution, the signal to 

noise ratio (SNR) is also an important factor in dynamic error.214 The ideal detectable 

displacement is proportional to the wavelength and reciprocal to the SNR and 

numerical aperture (NA) in a laser detecting system.215 The value of SNR is magnified 

by controlling the gain on and off in a confocal system.171 In most of the images, the 

SNR are large based on the calculation of the Matlab program. According to the work 

done by Helseth and Fischer, the minimum displacement that can be detected is 

(285/SNR) × 10-9 m which reaches sub nanometer resolution.135, 215, 216 In our 

experiments, the minimum displacement is the sample with oil phase viscosity of 6.17 

× 101 Pa·s which give the average displacement of several tens of nanometer. Other 
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than SNR, the exposure time of capturing images is another important factor in 

dynamic error.67, 71 In the suggestion from Savin and Doyle, the influence of exposure 

time related to the diffusion coefficient, resolution, and the exposure time.47, 71 The 

exposure time depends highly on the different scanning system and directly relates to 

the scanning speed. The scanning speed is 512 × 512 during a time period of 1.08 sec in 

Olympus FV300. So, the dynamic error is also very small according to the extremely 

small spatial resolution and large SNR value.    
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Table 3-1 Property of FluoSpheres® Microspheres 
Catalog 
Number 

Surface 
Chemistry 

Diameter 
 (m) 

Particle Concentration 
(M) 

F-8852 Sulfate 1.10(±0.03) × 10-6  4.49 × 10-2  

F-8848 Sulfate 2.3(±0.1) × 10-7  5.15 × 10-3  
F-8809 Carboxylate 2.1(±0.2) × 10-7  6.48 × 10-3 
F-8763 Amine 2.1(±0.1) × 10-7  6.48 × 10-3  
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Table 3-2 Physical properties of liquid phase using in the dynamics experiment 
Liquid Viscosity (Pa·s)a Density (g/cm3)b Surface Tension (mN/m)c 
Water 0.997 0.998 72.8 

 1.22 × 10-3d 0.82 17.4 
 5.49 × 10-3 0.91 19.7 
 2.14 × 10-2 0.93 20.4 

3.61 × 10-1 0.97 21.1 
1.03 0.97 21.1 

PDMS Oil 5.14 0.973 21.1 
 1.03 × 101 0.973 21.1 
 2.26 × 101e 0.973 21.1 
 5.14 × 101e 0.973 21.1 
 6.17 × 101 0.973 21.1 

a Viscosity are from the MSDS provided by supplier and verified  
b Density are from the MSDS provided by supplier 
c Surface tension are measured by Krüss 100 Tensiometer at 25°C 
d Octamethyltrisiloxane 
e Mixing from 1.03 × 101 and 6.17 × 101 Pa·s poly (dimethylsiloxane) oil 
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Table 3-3 Interfacial tensions of oil-water systemsa 
System Oil Phase Viscosity (Pa·s)b Interfacial Tension(mN/m) 

Water/PDMSc 1.22 × 10-3 40.5 ± 0.1 
Water/PDMS 5.49 × 10-3 42.7 ± 0.0 
Water/PDMS 2.14 × 10-2  41.8 ± 0.0 

 
a Interfacial tension are measured by Krüss 100 Tensiometer at 25 °C. 
b The viscosity is provided by supplier at 25 °C. 
c Octamethyltrisiloxane 
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Figure 3-1 The picture of Krüss 100 Tensiometer. 
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Figure 3-2 The picture of ultrasonic processor (Sonics VibraCell 500 w). 
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Figure 3-3 The programmable isothermal vacuum oven used in the experiments. 
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Figure 3-4 Images of confocal laser scanning microscope (CLSM). 
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Figure 3-5 The Image of Rheometer 
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Figure 3-6 The static error of particle tracking in confocal laser scanning microscope 
(CLSM) 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Dynamics of Single Particle at Oil-Water Interface  

            Understanding the dynamics of single microparticles at the liquid-liquid 

interface is very important in many industrial applications in which ore flotation is the 

most general example.116, 117 The single particle dynamics also play a very important 

role in understanding cluster formation and its growth dynamics at two dimensional 

levels.3 These phenomena have drawn a lot of attention for a long time both for 

scientific and practical purpose. With the increasing efforts and interests to understand 

the fundamental and practical questions, Pickering emulsions provide an easy and 

convenient experimental template for observing the dynamics of single microparticle at 

liquid-liquid interfaces.2-4, 212 Furthermore, confocal laser scanning microscope (CLSM) 

is used to provide direct and precise observations of single-particle diffusive behavior 

at the liquid-liquid interfaces.  

            The microparticles adsorption process at liquid-liquid interfaces is consider as 

an irreversible mechanism since the adsorption energy is high enough to be an energy 
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barrier preventing the process of desorption during the period of experiments.2, 101, 102 

This means that microparticles are only allowed to move along the contour over the 

interfaces of globules formed by the disperse phase.2 With this assumption, 

single-particle dynamics was investigated with surface treated microparticles and a 

wide range of oil viscosity.    

            In this study, sulfate-modified polystyrene micro-spheres with diameter 1.10 ± 

0.03 × 10-6 m were used.  The micro-spheres fluoresce when excited by an Argon laser 

at wavelength 488 nm. Octamethyltrisiloxane and a wide range viscosity of poly 

(dimethylsiloxane) were used as oil disperse phases. Moreover, the influence of ion 

strength at the water phase and water interfaces has been shown.108, 217 So, the HPLC 

graded water is used to avoid possible influence. The HPLC graded water is almost 

neutral in pH value and contains extremely small salt concentration. Therefore, we can 

minimize the possible influence of ion strength in the water phase. On the other hand, 

the ion strength can be ignored according to the low dielectric constant. Because of the 

various requirements, the concentration of sulfate modified microspheres was used at a 

range from 0.03% to 0.01% as a solid stabilizer in the Pickering emulsions. The 

diffusive behavior is recorded by a confocal laser scanning microscope (CLSM) with 

the time interval at 1.08 seconds per frame. ImageJ® data process software was used for 
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post-image analysis. Microparticle position at the X and Y trajectory and the mean 

square displacement (<Δr2>) was then calculated.  

            Based on the Einstein-Smoluchowski equation123, 128:  

            <Δr2> = 2nDt                                                                                                                 4.1 

where n is the dimension of the space, D is the diffusion coefficient, and t is the 

corresponding time intervals (Δt). Equation 4.1 is the most general form of the 

Einstein-Smoluchowski equation. So, the Einstein-Smoluchowski equation can be 

expressed as the followed in a two dimensional case: 

            <Δr2> = 4Dt                                                                                                                    4.2                                                                              

where the diffusion coefficient (D) is the slope of the mean square displacement (<Δr2>) 

versus corresponding time intervals (Δt). Furthermore, the diffusion coefficient (D) is 

also represented by Stokes-Einstein equation which is based on Stoker’s Law and the 

hydrodynamical theory resulting from the Nernst-Einstein equation.120 So, the 

Stokes-Einstein equation has the following form: 

     D = 
a

TkB

6
                                                                 4.3                                                                     

where kB is the Boltzman constant, T is the Kelvin temperature, a is the radius of solid 

particles, and η is the liquid phase viscosity. On the bases of the Stokes-Einstein 

equation, Brenner and Leal discussed the movement of solid particles at the 
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liquid-liquid interfaces.218, 219 According to their suggestion, the assembled solid 

particle can be described as a modified Stokes-Einstein equation:  

            D = 
af

TkB


                                                                                                                    4.4                                                                                                  

where f is the friction factor “which is a complicated non-linear function of contact 

angle of the particles with the two immiscible liquid phases.”218, 219 

 

4.1.1 Effect of Interfacial Curvature  

Theoretical discussion of microparticles diffusive behaviors at liquid-liquid 

interfaces have been reported by Danov and his coworkers.153 In their prediction, the 

interfacial curvature of the disperse phase droplet plays an important role for diffusive 

behavior. The interfacial curvature denoted as the ratio R/a where R is the radius of 

liquid droplet and a is the radius of spherical solid particles. The smaller ratio means 

higher interfacial curvature (R/a) and the larger ratio means lower interfacial curvature 

(R/a). For the diffusive behavior of spherical solid particles at the liquid-liquid interface, 

they assumed that a recirculation effect, i.e. a finite volume effect, has influence on the 

diffusive behavior of the assembled spherical solid particles at liquid-liquid 

interfaces.153 The recirculation effect generates a flow field within the liquid droplets. 

The flow field enfolded by the interface slows down solid particle diffusivity.  This 
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phenomenon will decrease with decreasing interfacial curvature (R/a) and become 

insignificant once the value of interfacial curvature (R/a) exceeds 50.153 As the value of 

R/a exceeds 50, the curvature of the interface could be considered as a flat plane when 

the viscosity ratio of the two liquid phases approaches one.153 For larger immersion 

depth, Danov et al. think that the diffusivity of solid particles tends to be hindered by a 

looped flow due to the recirculation effect caused by the increasing volume.153  

A typical image of sulfate modified polystyrene microparticles under confocal 

laser scanning microscope (CLSM) is shown in Figure 4-1. The tracer particle is clearly 

fluorescent by the Argon laser. The Brownian motion trace of a single particle at the 

interface of HPLC grade water and 1.22 × 10-3 Pa·s octamethyltrisiloxane oil is shown 

in Figure 4-2. Finally, the diffusive behavior of a single particle calculating from the X 

and Y trajectory positions, and plotting as a function of time intervals (Δt) is shown in 

Figure 4-3. The slope in Figure 4-3 represents the corresponding diffusion coefficient 

(D). Finally, the calculated diffusion coefficient (D) from the different size of the oil 

droplets is plotted as function of interfacial curvature (R/a) in Figure 4-4. With the 

constant radius of sulfate modified polystyrene microspheres (1.1 × 10-6 m in diameter), 

the interfacial curvature (R/a) is only related to the size of oil droplets. Although some 

scattering in diffusion coefficient (D) is observed in Figure 4-4, there is still a 
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distinguishable tendency where the diffusion coefficient (D) becomes smaller with the 

increasing interfacial curvature (R/a). Because of the extent of scatter in the original 

data, it is difficult to extract the exact relationship between the interfacial curvature (R/a) 

and diffusion coefficient (D). The scattering data may be caused by the nature of 

Brownian motion. In Brownian motion, the diffusive behavior is considered as a 

statistical process.123, 124 So, a long enough diffusive process can be divided into several 

independent diffusive behaviors. The original diffusive process provides one diffusion 

coefficient (D); however, the other subdivided diffusive behavior also has diffusion 

coefficients (D). All of them can be different or the same. Therefore, the diffusion 

coefficient (D) of a constant interfacial curvature (R/a) have different value which 

induce the scattered data source. Moreover, the space between the cover slip and slide 

may affect the diffusive behavior. This issue can be solved by using a smaller tracer, but 

it increases the difficulty to measure the particle movement. The smaller particles move 

too fast to observe at the liquid-liquid interfaces, especially at lower liquid phase 

viscosity. Besides, the immersion depth of tracer particle is also difficult to control. 

None the less, from the qualitative point of view, this study confirms the influence of 

interfacial curvature (R/a) on the diffusion coefficient (D) at the PDMS oil-water 

interfaces.  
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4.1.2 Effect of Oil Viscosity 

Theoretical discussions of the effect of oil phase viscosity on diffusive behavior 

have been reported by Danov and his coworkers.153 At a system where oil and water 

have equal viscosity, the recirculation effect153 increases with an increasing interfacial 

curvature (R/a). As the viscosity ratio of oil to water increases to 1.5, the recirculation 

effect153 becomes even weaker. With a decrease in the interfacial curvature (R/a), this 

recirculation effect153 tends to be hindered and becomes constant. Furthermore, the 

recirculation effect153 is defined as a reduced friction factor ( f ). The reduced friction 

factor, denoted by f , is defined as f/f0 where f0 = 6πηa is the Stokes drag coefficient.153 

Their predictions are comparable with our experimental results.  

The calculated diffusion coefficients (D) are plotted as a function of interfacial 

curvature (R/a) for three different oil phase viscosities, 1.22 × 10-3, 5.49 × 10-3, and 2.14 

× 10-2 Pa·s and shown in Figure 4-5. Looking at some of the data scattering, there are 

three distinguishable tendencies shown in Figure 4-5. With the increasing oil phase 

viscosity at same regional interfacial curvature (R/a), the diffusion coefficient (D) is 

reduced. The diffusion coefficient (D) also becomes smaller when the value of 

interfacial curvature (R/a) decreases with the constant oil phase viscosity. For 1.22 × 
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10-3 Pa·s octamethyltrisiloxane oil-water interfaces, the increasing value of interfacial 

curvature (R/a) goes with a rapidly increasing diffusion coefficient (D) and the R2 value 

is 0.7078. For 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-water interfaces, the 

increasing value of interfacial curvature (R/a) goes with a slower increasing diffusion 

coefficient (D) and the R2 value is 0.538. Finally, 2.14 × 10-2 Pa·s poly 

(dimethylsiloxane) oil-water interfaces shows an increasing value of interfacial 

curvature (R/a) with almost non-variable diffusion coefficients (D). From Figure 4-5, 

there are two factors affecting the diffusion coefficient (D). One is the oil phase 

viscosity and the other is the interfacial curvature (R/a). The recirculation effect153 has a 

stronger influence at lower oil phase viscosity and higher interfacial curvature than that 

at higher oil phase viscosities and lower interfacial curvatures.  

The experimental data3 and theoretical predictions153 show a similar trend in 

qualitative point of view, but the quantitative analysis is limited. This may be related to 

the limitation of the experiment design. Since the measurement of contact angle for 

each microparticle is not easy to proceed in the experiments which forbid the 

comparison between microparticles with different immersion depth. The experiments 

of interfacial curvature (R/a) are also restricted by the thickness of sample space. To 

avoid the influence from the slide and cover slip, the oil droplet diameter should not 
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exceed around 4.0 × 10-5 to 5.0 × 10-5 m. According to Danov and his coworkers, the 

recirculation effect tends to decrease with higher values of interfacial curvature (R/a), 

which is the same comparing to the experimental results at the series of lower oil phase 

viscosity.153 The agreement between experimental data3 and theoretical simulation153 

can be concluded that the increasing viscosity of one phase lead to the increasing 

reduced friction factor ( f ), which lead to a decreasing of the diffusion coefficient (D). 

With viscosity of the immiscible liquid at 5 times the other one, the recirculation 

effect153 can still be observed in the experimental results.3 However, at higher ratio 

between viscosities of two immiscible liquids, the recirculation effect153 is not obvious 

in the experimental results. This phenomenon can contribute to the increasing oil phase 

viscosity slowing the looped flow inside the disperse phase and the movement of 

microparticles. 

 

4.2 Dynamics of Multiparticle Clusters 

Understanding the dynamics and mechanisms of particle cluster formation and 

aggregation at liquid-liquid interfaces provides significant contributions to improve 

physical, chemical, and biological processes in many industrial applications.8-10, 12-14, 220 

A series of experiments were performed to evaluate the dynamics of multiparticle 
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clusters at various conditions including the cluster size and oil phase viscosity. The 

influence of oil phase viscosity for single particles has been studied in the two 

dimensional level at liquid-liquid interfaces in section 4.1 and used in section 4.2 for 

comparison. Sulfate-modified polystyrene microspheres with diameters of 1.1 × 10-6 m 

are used as tracer. A range of concentrations from 0.02% to 0.04% and ultrasonic 

process is used to control cluster size.   

Fractal dimensions are the most important property to understand in the 

dynamics and mechanisms of multiparticle clusters.158 From the work done by Meakin, 

Vicsek, and Family, they have already shown that the diffusion coefficient of 

multiparticle clusters (DN) strongly depends on the size of the microparticle clusters at 

two or three dimensional level.14, 157, 159, 160 Under their assumption, the relation 

between cluster size (N) and diffusion coefficient of multiparticle clusters (DN) can be 

expressed in following equation14: 

     DN = D0Nγ                                                                 4.5                                                             

where DN is the diffusion coefficient of the N-particle cluster, D0 is a constant which 

represents the diffusion coefficient of single particles, N is the number of particles in a 

cluster, and γ is the diffusivity exponent. Their simulation work also shows that “the 

cluster size distribution goes through a monotonic decay to a bell-shaped curve 
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occurring at a critical γ.”14 

Through the different sizes of microparticle clusters at the liquid-liquid 

interfaces, one can collect and analyze the interfacial diffusive behaviors which are 

used to reflect the different aggregation mechanisms.158 The diffusive behavior can be 

divided into two possible types of aggregation mechanisms: diffusion limited cluster 

aggregation (D-LCA)161 and reaction limited cluster aggregation (R-LCA)159. On the 

bases of D-LCA mechanism, the diffusive particles or clusters collide at the 

liquid-liquid interfaces leading to an irreversible process of aggregation.161 On the 

other hand, R-LCA mechanism doesn’t necessarily lead to permanent aggregation.159 

Both aggregation mechanisms can be distinguished by fractal dimensions with different 

values provided by literature.158 In this section, the experiment of multiparticle cluster 

dynamics had been studied as a function of cluster size and oil phase viscosity at two 

dimensional levels. 

To understand the aggregation kinetics and cluster morphology, it is necessary 

and important to calculate fractal dimensions. On the base of the resulting fractal 

dimensions, the different mechanism can be easily distinguished between D-LCA and 

R-LCA. However, the measurement of fractal dimensions is not easy to do. In three 

dimensional levels, the diffusion coefficient of the multiparticle cluster is associated 
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with fractal dimensions through the following equation159: 

    DN = D0Nγ = D0N-1/Df
                                                                                                       4.6                                                                

where Df is the fractal dimension which represents the type of aggregation. However, 

the applicability in the two dimensional case is still unknown. In this section, we 

applied interfacial experiment of multiparticle clusters dynamics to study the 

aggregation mechanism at two dimensional levels on the template of Pickering 

emulsions. 

 

4.2.1 Effect of Cluster Size 

From the work done by Meakin, Vicsek, and Family, it has already been 

predicted that the diffusion coefficient of multiparticle clusters (DN) strongly depends 

on the size of microparticle clusters (N) at the two or three dimensional levels.157, 160 

Moreover, the relationship is an exponential function rather than a linear function. 

Therefore, the parameter, γ, is called the diffusivity exponent. The previous study has 

shown an obvious conclusion that the interfacial curvature (R/a) has an important 

influence on the diffusion coefficient (D) of a single particle. So, the controlling droplet 

size is necessary and important. In this set of experiments, the droplet size has been 

chosen carefully so that interfacial curvatures (R/a) are between 13 and 22. The 
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disperse phase is a 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil. The continuous phase is 

HPLC graded water. The cluster size was controlled by the frequency of ultrasonic 

application and the concentration of sulfate-modified polystyrene microparticles. The 

particle size is around 1.1 × 10-6 m in diameter. The diffusion coefficient of 

multiparticle clusters (DN) is calculated by averaging the diffusive behavior of several 

individual particles within the multiparticle cluster. This particle selection depends 

highly on the size and geometric symmetry of the cluster.  

The diffusion coefficients of the multiparticle cluster (DN) are shown in Figure 

4-6 as a function of cluster size. From the experiments, the tendency is obvious that the 

diffusion coefficient of multiparticle clusters (DN) decreases with the increasing cluster 

size. Besides, the relationship also shows an exponential decay. Moreover, the 

observation of cluster formation provides the evidence that the aggregation mechanism 

inclines to the diffusion limited cluster aggregation (D-LCA) which leads to particle 

and cluster aggregations at poly (dimethylsiloxane) oil-water interface.161 Based on the 

different assumptions, three different lines are shown in Figure 4-6. The solid line is the 

fitting data from Equation 4.6. The direct fitting gives a good correlation with a R2 

value of 0.88. It generates a calculated D0fit which is 1.34 × 10-13 m2/s, and γ is -0.37. 

The red long and green short-dashed lines are hypothetical lines based on Equation 4.6 
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using D0fit is 1.34 × 10-13 m2/s and γ is -0.5 and -0.69, respectively. The same data and 

fitting line are shown in Figure 4-7 in a log-log scale with an error bar.  

The experimental value, D0exp, is approximately calculated as 1.23 ± 0.18 × 

10-13 m2/s from the data of section 4.1. Both experimental diffusion coefficients (D0exp) 

and calculated diffusion coefficients (D0) are close to each other. The value of the 

diffusive component, γ, is much less than 1; according to the simulation.160 Therefore, 

the aggregation mode is dominated by small clusters that “die out by joining together 

and building up large clusters,” which are consistent with experimental observations.160 

However, the diffusive component, γ, is much larger than the predictive value which is 

equal to -0.69.  

 

4.2.2 Effect of Oil Viscosity 

With the disagreement of diffusive components (γ) between the experimental 

results3 and simulation work160, the influence of oil phase viscosity had been discussed 

to verify the consistency of diffusivity of the component (γ). The experimental 

conditions and poly (dimethylsiloxane) oil are the same as described in previous 

sections. The interfacial curvature (R/a) was controlled in a range from 13 to 22 for 

most of experiments except for the largest cluster is 29.4. This restrictive oil droplet 
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size minimize the possible influence from interfacial curvature (R/a) on the base of 

previous work.  

The experimental results with an error bar are shown in Figure 4-8. The 

diffusion coefficients of multiparticle clusters (DN) are plotted as a function of 

microparticle cluster size (N). Furthermore, Table 4-1 includes the fitting value of 

diffusion coefficient for the single particle, D0fit, and diffusivity exponent, γ. The data 

range was calculated with 95% confidence intervals for all three viscosities on the base 

of all data points. Experimental value of diffusion coefficients (D0exp) from the 

dynamics of single particles and the values of fitting parameters, R2, are also listed in 

Table 4-1 

Comparing the diffusion coefficients (D) of single particle dynamics at the 

octamethyltrisiloxane or poly (dimethylsiloxane) oil-HPLC water interfaces, all of 

them have reasonable agreements between experimental and fitting data at 95% 

confidence intervals. The data also show that the diffusion coefficient of multiparticle 

clusters, DN, decreases with increasing viscosity of the oil phase viscosity (η) and 

cluster size (N). The diffusivity exponents γ, -0.43 and -0.37, are also close to each 

other between different series which imply the insensitivity of the oil phase viscosity 

over the experimental range. The values of R2 which is shown in Figure 4-8 are on the 
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base of all of the raw data, not just the averaged data points.  

 

4.2.3 Fractal dimension 

The interesting thing is that the diffusivity exponents (γ) agree with each other 

in different oil phase viscosities. The similar diffusivity exponent (γ) will lead to the 

similar fractal dimensions (Df) with the negative reciprocal relationship. So, we defined 

a new symbol “Df” which is used to represent the two dimensional experimental fractal 

dimensions from our experiments and compare it to the well accepted three 

dimensional fractal dimensions, Df. In this study, the two dimensional experimental 

fractal dimensions (“Df”) are also listed in Table 4-1. The value was calculated with 

95% confidence interval. From the fitting data, the experiments suggest a fractal 

dimension larger than 2 which exceeds the original dimensions. It is meaningless from 

physical conception viewpoint.  

Figure 4-6 also shows other curves calculated by Equation 4.6. Two Df values of 

2 and 1.45 and a D0, 1.34 × 10-13 m2/s, were used to calculate these curves. From Figure 

4-6, the experimental data largely deviates from the hypothetical curves. So, the 

acceptability of three dimensional formula using in two dimensional cases creates an 

important issue. From the experiments of different oil phase viscosities, the diffusion 
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coefficient of a multiparticle cluster (DN) decreases with the increasing cluster size. 

From the observation of cluster formation, the in-situ aggregation processes belongs to 

the diffusion limited cluster aggregation (D-LCA)161, which means every collision 

between the particles cohering at the 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-water 

interface leads to aggregations between clusters or particles. So, the well accepted and 

widely suggested Df in the literature, is 1.45 from both of the theoretical and 

experimental data of diffusion limited cluster aggregation (D-LCA)161. 

The exceeding dimension is meaningless from the point view of physical 

conception.  So, the transferring between three and two dimensional cases cannot be 

directly used. In the experiments of three series, experimental fractal dimensions, “Df”, 

are 2.33 and 2.67 for the different viscosities of oil-water interface which largely 

deviate from the suggested value from the literature reviews and agree with each other. 

The previous discussion gives an obvious tendency which is similar between 

different oil viscosities. These data suggest that Equation 4.6 may be used for two 

dimensional systems with a correcting factor, a. So the diffusion coefficient of the 

multiparticle cluster (DN) can be expressed with the following equation3: 

             DN = D0Nγ = D0N-1/αDf
                                                                                                   4.7                                              

According to the preliminary experimental data, α is suggested where the values 
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are 1.61 or 1.84. The first number is from the experimental fitting of 1.22 × 10-3 and 

2.14 × 10-2 Pa·s and the latter one is from the experimental fitting of 5.49 × 10-3 Pa·s. 

Although the diffusion limited cluster aggregation (D-LCA)161 is independent of 

specific particle-particle interactions, this suggestion is only valid for the investigated 

systems and the applicability is unclear for the universal standard. Moreover, the 

reciprocal value of α is comparable to the value obtaining from the adjusting power law 

exponent from two dimensions to three dimensions. Adjusting power law described the 

relationship between the numbers of possible configurations (CN) for two contacting 

clusters in a lattice model.221, 222 According to the simulation work performed by Jullien 

and Kolb, the number of possible configurations is proportional to the number of 

occupied lattice sites, N, with a power component, λ.222 This relationship can be 

presented with the following expression: 

CN ~ Nλ                                                                                                                         4.8                                                          

and the value of power component, λ, are 0.74 and 1.16 for the two dimensional and 

three dimensional systems, respectively. The transferring factor is easy to calculate 

which gives the relationship between them is 1.57. The significance of α in Equation 

4.7 is that it may provide an alternative way to experimentally quantify the aggregation 

morphology of solid microparticles at the two-dimensional level other than the 
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conventional method. In the conventional method, the equation used to describe the 

aggregation morphology of solid particles at two dimensions has the following 

relationship12: 

            Rg(N) ~ N1/Df                                                             4.9 

where Rg(N) is the radius of the cluster. 

The experimental fitting “Df” is also shown in Table 4.1 and is insensitive to the 

absolute diffusion of multiparticle clusters. This experimental result may support the 

simulation work when the mobility of the clusters has a minor influence on the fractal 

dimension as a static rather than dynamic property.157 Finally, there is no difference in 

the aggregation structure of multiparticle clusters between the 5.49 × 10-3 and 2.14 × 

10-2 Pa·s oil phase viscosity according to the experimental observations. With an 

increase in the solid particle concentration, there is also no difference between them and 

only more poly (dimethylsiloxane) oil droplets with multiparticle clusters.   

 

4.3 One-Particle Tracking Microrheology 

4.3.1 One-Particle Tracking Using a Confocal Laser Scanning Microscope 

One-particle tracking microrheology is a new and useful experimental 

technology developed in the recent years, especially in the aspect of complex 
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materials.49 The fundamental theory of particle tracking microrheology is observing the 

movement of tracer particles inside the medium.171 The movement of each tracer 

particle reflects the characteristic of the medium where the tracer particle mediates.49 

Besides, the tracer movements are considered as Brownian motion inside the medium.  

Unlike traditional rheology, one-particle tracking microrheology probes the 

local heterogeneity of the materials, especially for the bio-related materials and/or 

complex fluid.49 This type of experiments requires very small amounts of materials 

which become very important tools for developing expensive bio-related materials.43, 49, 

68 In addition, one-particle tracking technique provides the rheological properties at 

high frequency range where the traditional rheological technique cannot reach or fails 

to detect.171 

Based on the theory of Brownian motion, the most important physical property 

is the mean square displacement (MSD).43, 49, 68 MSD is described as a function of time 

interval (τ). In the experiments of one-particle tracking, video microscopy is used to 

record the tracer movement.171 Finally, we used confocal laser scanning microscopy 

(CLSM) to observe the movement of the fluorescent labeled tracer particles at the bulk 

liquid phase and liquid-liquid interfaces.  

The recorded data were restored as two-dimensional X-Y position images with 
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resolution up to 5.0 × 10-9 m. The special design of the confocal laser scanning 

microscope (CLSM) provides the high resolution of images at the different focus plans 

in the poly (dimethylsiloxane) oil bulk phase.38, 39 The recording time interval (τ) 

transfers into frequency domain in rheology. The upper limit of recording frequency 

depends highly on the speed of the digital video camera.  The position vectors at time t 

and t + τ are represented by r(t) and r(t + τ), separated by a constant time intervals (τ). 

The mean square displacement (MSD, <Δr2(τ)>) is derived from the position vector and 

described by the following function: 

<Δr(τ)> = <|r(t + τ) - r(t)|>t                                               4.10 

where Δr(τ) is the displacement vector between time interval (τ). The symbol < >t is the 

time average and the subscript at lower position means the average through all different 

initial time t. Besides, the vector components depend on the dimensions and 

coordinates. In our experiments, MSD was expressed as the following form: 

Δr(τ) = [r(iδt+nδ)-r(iδt)]                                                                                               4.11 

where n is an positive integer which determines the size of time increments. δt is the 

minimum time interval between two consecutive frames. The minimum time interval is 

determined by the speed of video cameras and design of microscopy. In our 

experiments, the minimum time interval was 1.08 seconds. The total time intervals (τ) 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

127 
 

are nδt. The time dependent trajectory of the tracer particles at the liquid-liquid 

interfaces converts into two-dimensional mean square displacement (MSD, <Δr2(τ)>). 

The converting equation uses the following equation:  

< Δr2(τ)> = <∑(r(iδt+nδt) - r(iδt))2> 

       = <∑[(x(iδt+nδt) - x(iδt))2+(y(iδt+nδt) - y(iδt))2]>                                           4.12 

where i and n are both positive integers. The symbol of (x(iδt), y(iδt)) and (x(iδt+nδt), 

y(iδt+ nδt)) represents the starting position and the final position after an increment of 

time interval (nδt). Finally, the range of calculating time interval (τ) starts from 1.08 and 

ends at 110 seconds.  

Brownian motion as a random process requires many data to confirm the 

experimental results. To achieve high statistical accuracy of mean square displacement 

(MSD), the number of acquired frames should be large enough to minimize the 

stochastic uncertainty. Accordingly, at least 3.0 × 104 data points is required to compute 

MSD at each given time interval (nδt) to achieve a relative small error around 0.58%, 

estimated by √(3 × 104).45-48 Therefore, the experiment is gathered from several 

different tracers. For each tracer, several repeating observation is also made. 

Meanwhile, the inherent noise of the camera also causes error in the position of tracer 

particles and the apparent sub-diffusion.47  
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In the experiments of one-particle tracking microrheology, we recorded at least 

700 frames for each tracked particle. Furthermore, we also performed many repeating 

observations for the same tracer particle. Based on the calculated MSD, the two 

dimensional diffusive behavior is expressed by Einstein–Smoluchowski diffusion 

equation: 

     <Δr2(τ)> = 4Dτ                                                                                                               4.13 

or in three dimensional diffusive behavior of Einstein–Smoluchowski diffusion 

equation: 

<Δr2(τ)> = 6Dτ                                                                                                            4.14 

Meanwhile, MSD provides the necessary data to estimate the corresponding 

rheological data. According to the theory of one-particle tracking microrheology, MSD 

is the reflection of the viscoelastic properties where tracer particles mediate.49 So, MSD 

translates into time/frequency-dependent shear modulus and reveals the rheological 

response where the tracer particles mediate. 

 

4.3.2 Converting Particle Tracking Data to One-Particle Microrheology  

In one-particle tracking microrheology, the most important step is relating MSD 

to the rheological properties. For the various mediums, tracer particles reflect the 
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characteristics of medium property through MSD as a function of time interval (τ). On 

the other hand, the generalized Langevin equation elucidates the behavior of Brownian 

motion.145 On the bases of single particles, the generalized Langevin equation provides 

a connection between diffusive behavior and viscosity function.68  

Brownian motion is explained by many ways via a wide variety of means. 

One-particle tracking microrheology focuses on the motions of single tracer particles. 

The tracer motions are properly modeled by the Langevin equation. In the Langevin 

equation, Newton’s second law describes Brownian motion of single tracer particle in 

the medium. In Newton’s second law, the behavior of particles is proportional to the 

external applied force and reciprocal to the mass of particles. The expression of the 

relationship between external forces and particle mass is the acceleration of particles. 

Based on the description of Newton’s second law and assumption of Langevin, the 

independent diffusive behavior of Brownian motion represents as the following 

equation43, 68: 

ma = - ζν + F                                                             4.15 

where ζ is the viscosity and -ζν is the viscous force. Equation 4.15 is called the 

Langevin equation. Based on equation 4.15, the generalized Langevin equation is 

represented as the following equation68, 146: 
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ma = fR(t) - ∫ζ(t - τ) v(τ)dτ                                                  4.16 

where v(t) is the velocity function of observing single particles, fR(t) is the summation 

of total external force applied on the single particle, ∫ζ(t - τ) v(τ)dτ is the applied force 

upon the viscoelastic materials, and ζ(t) is the memory function of viscoelastic 

materials.  

To transfer the original time domain to Laplace (s)-frequency domain, the 

Laplace transform applies to the generalized Langevin equation (equation 4.16).68 After 

a simplification process, the Laplace transformed Langevin equation is expressed as the 

form of ensemble time average68: 

< )0()(~ vsv > = <
)(~

)0()0()(~ 2

sms
mvvsf


 >                                                                           4.17 

The thermal fluctuation term, ( f~ (s)v(0)), is zero according to the assumption of 

Brownian motion which is independent of position.123, 124 Furthermore, The driving 

force which induce the movement of tracer particles, mv(0)2, is kBT where kB is the 

Boltzman constant and T is the absolute temperature. So, Equation 4.17 is further 

reduced to the following equation: 

< )0()(~ vsv > = kBT <
)(~

1
sms 

>                                                                                 4.18 

In Equation 4.18, the first term < )0()(~ vsv > is called the velocity correlation 

function and expressed as a function of mean square displacement (<Δr2(τ)>).49 The 
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<ms> represents the term of inertial force and is neglected until extremely high 

frequency ranges, such as in the range of megahertz.208, 223 So, Equation 4.18 further 

reduces to the following equation for three dimensional case: 

<Δ r~ 2(s)> · s2 = 6 · 
)(~ s

Tk B


                                                                                               4.19 

From equation 4.19, ( )s  is the only unknown factor and provided from 

generalized Stokes-Einstein equation. However, the generalized Stokes-Einstein 

relation (GSER) connects the relationship between mean square displacement (MSD) 

and viscosity function. The generalized Stokes-Einstein equation is derived from the 

Stokes-Einstein equation which describes the relationship between the diffusion 

coefficient and viscosity.43 The Stokes-Einstein equation is expressed as the following 

equation: 

     D = 
a

TkB

6
                                                                                                                    4.20 

where D is the diffusion coefficient, a is the radius of tracer particle, and η is the 

viscosity of the bulk material where the tracer particle mediates. The diffusion 

coefficient (D) is calculated by Einstein–Smoluchowski diffusion equation and 

described by Equation 4.14 in a three-dimensional space. However, Equation 4.20 is 

only adequate for the fluid of constant viscosity (η). Therefore, the generalized 

Stokes-Einstein relation (GSER) develops and uses to describe the relationship 
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between diffusive behavior and the viscosity function.43 So, the derived generalized 

Stokes-Einstein relation (GSER) is transferred from time domain and represented by 

the following equation in Laplace (s) frequency domain49: 

    ( )( )
6
s sG s

a




                                                            4.21 

Combine Equation 4.19 and Equation 4.21 

G(s) = 
 )(~2 sras

TkB


                                                     4.22 

For the complex viscosity spectrum 

      G(s) = s
~

(s)                                                             4.23 

    So, Equation 4.22 can be further expressed as  

     G(s) = s
~

(s) = 
 )(~2 sras

TkB


                                                                                   4.24 

where < 2~r (s)> is the Laplace transformation of the mean square displacement (MSD), 

G(s) and ( )s  are the term of Laplace frequency (s)-dependent shear modulus and 

viscosity function, respectively. So, mean square displacement (MSD) is translated into 

the frequency-dependent shear modulus through the combination of the generalized 

Langevin equation and the generalized Stokes-Einstein equation. In general, the loss 

modulus (G''(ω)), storage modulus (G'(ω)), and complex modulus (G*(ω)) are the 

rheological information through particle tracking microrheology.  

Equation 4.24 describes the Laplace transformation of the generalized 
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Stokes-Einstein relationship (GSER) and further transfers into Fourier (ω)-frequency 

domain to compare the traditional rheological data. The (ω)-frequency domain of 

generalized Stokes-Einstein relationship (GSER) is expressed as the following 

equation130: 

    
2

( )
( )

B

u

k TG
i a F r

  
     

                                                                                          4.25 

where Fu[Δr2(τ)] is the expression of MSD in Fourier transformation.  

However, one-particle tracking microrheology has its limitations. For example, 

the complex fluid with extremely high viscosity is inadequate to perform passive 

microrheological experiments. The small magnitude of displacement induced by the 

thermal driving force is hard to track.  V. Breedveld and D. J. Pine theoretically predict 

and report the limitations of microrheology.181 The accessible maximum values of 

viscosity and modulus are considered in the passive microrheology technique. The 

predicted resulting equation is expressed in following equation181: 




 2max 3 a
TnkB                                                           4.26 

2max 3 a
TnkG B                                                                4.27 

where  is the spatial resolution. In the experiments, the used polystyrene particles are 

around 2.0 × 10-7 m in diameter and the estimated 0.1 pixel resolution of  is around 5.0 

× 10-9 m. The upper accessible values of shear viscosity (ηmax) and shear modulus (Gmax) 
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are 337 Pa·s and 312 Pa in our experiments. The accessible values of shear viscosity 

(ηmax) and shear modulus (Gmax) are much larger than the coresponding maximum 

values of poly (dimethylsiloxane) oil. Since the measurable shear viscosity (ηmax) and 

shear modulus (Gmax) increase with the increasing time interval (τ), the resulting 

viscoelastic properties for all experimental samples employing the passive 

microrheology technique is confident. 

 

4.3.3 One-Particle Microrheology in Bulk PDMS Oil 

Microrheology has been proven as a useful methodology for soft materials, 

such as polyethylene oxide and F-actin network.49, 132 However, some limitations have 

prevailed in different researches, including tracer particle size69, 202 and surface 

chemistry of tracer particles70. Besides, there are relative fewer efforts on the 

two-dimensional experimental template. In our system, one-particle tracking 

microrheology is firstly used in the bulk phase of poly (dimethylsiloxane) oil and 

applies to poly (dimethylsiloxane) oil-water interfaces in this dissertation. Since the 

medium and tracer particles play a critical role in one-particle tracking microrheology, 

we testified a wide range of poly (dimethylsiloxane) oil phase viscosities and different 

tracer particles with the same diameter in our experimental system. The polystyrene 
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tracers used in the one-particle tracking experiments were 2.0 × 10-7 m in diameter. The 

different surface chemistry is treated as sulfate-modified, amine-modified, and 

carboxylate-modified polystyrene microparticles. 

On the other hand, the recorded X and Y positions substituted into Equation 4.10, 

4.11, 4.12 and 4.13 to calculate mean square displacement (MSD). On the bases of 

calculated MSD, the generalized Stokes-Einstein relation (GSER) described the 

relationship between diffusive behavior of tracer particles and the viscosity function at 

two dimensional: 

   G(s) = s )(~ s  = 
 )(~3

2
2 sras

TkB


                                                                4.28 

   G*(ω) = 
])([3

2
2   rFai

Tk

u

B                                                                                   4.29 

where the value 2:3 is the ratio factor transferring from two dimensional to three 

dimensional mean square displacement (MSD). This is because of the isotropic 

medium of poly (dimethylsiloxane) oil.6, 7 The microrheology of bulk phase at the 

two-dimensional levels calculates through the sequence process – tracer displacement, 

MSD, and complex modulus (G*(ω)). 

            The two dimensional X–Y coordinate trajectories of 2.0 × 10-7 m diameter 

sulfate-modified polystyrene particles are shown in Figure 4-9. Three different poly 

(dimethylsiloxane) oil phase viscosities were used, including 3.61 × 10-1, 5.14, and 2.26 
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× 101 Pa·s. From Figure 4-9, the diffusive area is increasing with the decreasing poly 

(dimethylsiloxane) oil phase viscosity. This phenomenon follows the general 

assumption of Brownian motion. The diffusive area and the viscosity of medium (η) 

have the reciprocal relationship.  

The diffusive behaviors based on the different poly (dimethylsiloxane) oil phase 

viscosities are shown in Figure 4-10. The mean square displacement (MSD) is plotted 

as a function of time interval (τ) and the slope represented as the corresponding 

diffusion coefficient (D). In Figure 4-10, the MSD is descending with increasing poly 

(dimethylsiloxane) oil phase viscosity. These results follow the predictions made by 

Stokes-Einstein equation. In the Stokes-Einstein equation, the diffusion coefficient (D) 

is proportional to diffusive area and reciprocal to the viscosity of medium (η). The 

similar diffusive behavior had been observed through the different tracer particles, 

including sulfate-modified, amine-modified, and carboxylate-modified.  

The influence of surface chemistry at 2.26 × 101 Pa·s poly (dimethylsiloxane) 

oil phase viscosity are shown in Figure 4-11. For the different tracers, mean square 

displacement (MSD) has a slight deviation at the end of the curve. This observation 

suggests that surface chemistry of tracer particles only has little influence on their 

diffusive behaviors in the bulk poly (dimethylsiloxane) oil phase. For the experiment of 
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lower poly (dimethylsiloxane) oil viscosity, the tracer particles easily move outside the 

focus plane, which significantly increased the difficulty of performing the experiments.  

Furthermore, the curve of mean square displacement (MSD) in a viscoelastic 

mediate is considered as a function of time interval (τ). The relation is based on the 

local power law assumptions (<Δr2(τ)> ~ τα).43 Besides, the slope of the curve, α, 

should fall between 0 and 1 in a log-log diagram. The value of slope indicates the 

materials viscoelastic behavior. The material has high elasticity as the value of slope 

close to zero or, at the other extreme; it would behave more viscously if the value close 

to unity.43 After applying the local power law (τα), the mean square displacement (MSD) 

further transferred into the complex modulus (G*(ω)) through the unilateral Fourier 

transformation of the generalized Stokes-Einstein relationship (GSER). The 

transformation is shown in Equation 4.29. The unilateral Fourier transformation of 

mean square displacement (MSD) is simplified through the gamma function. 

According to the work done by Manson et al. and Dasgupta et al., the loss modulus 

(G''(ω)) and storage modulus (G'(ω)) is calculated through the complex modulus 

(G*(ω)) by using the following equation: 

           
    2

*
1 1 ( ) 1 ( ) 2

Bk TG
a r


     


   

                                                  4.30     
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where α΄(ω) and β΄(ω) are the local first- and second- order logarithmic derivatives of 

the complex modulus (G*(ω)). 

The bulk microrheological properties are shown in Figure 4-12. The part (a) of 

Figure 4-12 expresses the loss modulus (G''(ω)) of three tracers in 5.14 and 2.26 × 101 

Pa·s poly (dimethylsiloxane) oil. The loss modulus (G''(ω)) successfully detected by 

one-particle tracking microrheology. However, the storage modulus (G'(ω)) was not all 

detectable. The results of storage modulus (G'(ω)) in 5.14 and 2.26 × 101 Pa·s poly 

(dimethylsiloxane) oil are shown in Figure 4-12 (b). Different from the case in 5.14 Pa·s 

poly (dimethylsiloxane) oil, both of the loss modulus (G (̋ω)) and storage modulus 

(G'(ω)) were detectable by one-particle tracking microrheology for all tracer particles. 

Since different tracer particles have similar results, the sulfate-modified particles use as 

major tracers in the experiments of bulk poly (dimethylsiloxane) oil in different oil 

viscosities to verify the methodology of one-particle tracking microrheology.  

The results of microrheology and traditional rheology were compared with each 

other and shown in Figure 4-13. In 3.61 × 10-1 Pa·s poly (dimethylsiloxane) oil 
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viscosity, we detected the loss modulus (G (̋ω)) by traditional rheology. In poly 

(dimethylsiloxane) oil viscosity of 5.14, 2.26 × 101, and 6.17 × 101 Pa·s, we detected 

both of the storage modulus (G'(ω)) and loss modulus (G (̋ω)) via the traditional 

rheology. As experimental results, one-particle tracking microrheology successfully 

detected the loss modulus (G (̋ω)) in bulk poly (dimethylsiloxane) oil. However, the 

storage modulus (G'(ω)) was only detected at high frequency region in 2.26 × 101 and 

6.17 × 101 Pa·s, showing in Figure 4-13(b).   

According to the experimental results of bulk poly (dimethylsiloxane) oil phase, 

one-particle tracking microrheology in a two dimensional experimental template is 

successfully applied with an additional transferring factor between two and three 

dimensions. So, we confidently applied one-particle tracking microrheology to the 

experiments at the liquid-liquid interfaces.  

 

4.3.4 The Dynamics and One-Particle Microrheology at Liquid-Liquid Interfaces using 

2.0 × 10-7 m Sulfate Particles as Tracers        

            In one-particle tracking microrheology, the tracer particles mediate the 

surrounding and reflect the characteristics of environments through the diffusive 

behavior.49 For diffusive behaviors, the tracer particles still undergo a typical two 
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dimensional Brownian motion at the poly (dimethylsiloxane) oil-water interfaces.46, 171, 

191 Like the bulk phase experiments, the influence of drift and a directed diffusion is 

carefully handled to avoid the bias. Besides, the microrheology at the poly 

(dimethylsiloxane) oil-water interfaces calculated through the same sequence 

comparing to the bulk poly (dimethylsiloxane) oil phase – tracer displacement, mean 

square displacement (MSD), and complex modulus. However, different from the 

isotropic movement of bulk poly (dimethylsiloxane) oil phase, the liquid-liquid 

interface only provides two dimensional movements described in X-Y coordinates.6, 7 

Without the consideration of movement in the Z coordinate, mean square displacement 

(MSD) was described by two dimensional Einstein–Smoluchowski diffusion equation 

(Equation 4.13). Finally, after the measurement of mean square displacement (MSD) at 

two dimensions, we applied Equation 4.25, 4.30, 4.31, and 4.32 to calculate the 

microrheological data at the poly (dimethylsiloxane) oil-water interfaces. 

Microrheological data are the loss modulus (G''(ω)), the storage modulus (G'(ω)), and 

the complex modulus (G*(ω)).  

The diffusive behaviors of tracer particles at the poly (dimethylsiloxane) 

oil-water interfaces are shown in Figure 4-14. Figure 4-14 gives the X-Y trajectory of 

sulfate-modified tracer particle at poly (dimethylsiloxane) oil-water interfaces. Like the 
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experiments of bulk sample, the diffusive area is descending with increasing poly 

(dimethylsiloxane) oil phase viscosity. The additional water phase seems to give equal 

influence on the tracer particle at different oil phase viscosities.  

The X-Y trajectory of sulfate-modified tracer particle is transferred into mean 

square displacement (MSD) as a function of time interval (τ). The relationships are 

shown in Figure 4-15. In Figure 4-15, mean square displacements (MSD) is plotted as a 

function of time interval (τ) in the log-log diagram and the slope fits on the base of 

linear relationship. For the lower poly (dimethylsiloxane) oil viscosity sample 

including 3.61 × 10-1, 1.03, and 5.14 Pa·s, the slopes of the curve are 1.0 and linear 

relationship over the whole experimental time scale. However, the slope is smaller than 

1.0 in the shorter time interval (τ) and approach to 1.0 at the longer time interval (τ) in 

the sample of higher poly (dimethylsiloxane) oil phase viscosity including 2.26 × 101 

and 6.17 × 101 Pa·s. In the samples with lower poly (dimethylsiloxane) oil viscosity, the 

diffusive behavior tends to show the pure viscous behavior through the 

sulfate-modified tracer particles.  

Moreover, diffusive behavior at liquid-liquid interfaces or other two 

dimensional cases are usually described by two dimensional Einstein-Smoluchowski 

diffusion equation with other correlations.209, 224 Here, we start with the easiest case. To 
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compare the diffusive behavior, the first ten points of mean square displacement (MSD) 

as a function of time interval (τ) for the sulfate-modified polystyrene particles are 

shown in Figure 4-16. The short term diffusion coefficient (D) is calculated from the 

linear fitting of mean square displacement (MSD) versus time interval (τ). The short 

term of diffusion coefficient (D) also followed the prediction of generalized 

Stokes-Einstein relationship (GSER). The relationship between the oil phase viscosity 

(η) and diffusion coefficient (D) is reciprocal to each other. Finally, we listed the 

calculated short term diffusion coefficient, D, and the slope of curve, α, in Table 4.2 

with their R2 value.  

Similar to Figure 4-16, the short term diffusion coefficients (D) as function of 

tracer size and oil phase viscosity2 are compared in Figure 4-17. The tracer particles 

size are 1.1 × 10-6 m and 2.0 × 10-7 m in diameter. According to the prediction of 

generalized Stokes-Einstein relationship (GSER), the smaller particles diffuse faster at 

the poly (dimethylsiloxane) oil-water interfaces. Other than that, the lower oil phase 

viscosity also allows the tracer to do fast movement. In addition, the more obvious 

diffusive behavior of tracer particles provides the ability to study the rheological 

behavior at the liquid-liquid interfaces with higher accuracy. This factor plays a more 

important role in the experimental sample with higher viscosity liquid phase.47, 48, 181 
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Moreover, diffusion coefficient (D) of sulfate-modified polystyrene particles at the 

poly (dimethylsiloxane) oil-water interfaces only slightly deviates from the 

Stokes-Einstein relationship. The deviation of diffusion coefficient (D) is, however, 

significantly hindered with the increasing of oil phase viscosity. This phenomenon is 

contributed to the detectable elastic property at higher oil phase viscosity.153, 218, 219 So, 

the diffusive behavior of the tracer particles reflects the increasing influence provided 

by the poly (dimethylsiloxane) oil phase.  

On the other hand, if the detected material is purely elastic, the value of mean 

square displacement (MSD) is independent of time or frequency and the resulting 

plateau is given by46: 

<Δr2> = 
Ga
TnkB

3
                                                              4.33 

where G is the storage modulus of the medium. In practice, most of the fluid medium 

usually exhibits both viscous and elastic response. The viscous or elastic property is 

dominated in different frequency ranges. The corresponding mean square 

displacements (MSD) grow according to a power law as a function of time interval (τ) 

and an exponent relationship should range between 0 and 1.43 Accordingly, the 

diffusion coefficient (D) is also time-dependent and expressed as:  

 

 D (τ) = 
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                                                                                                4.34  
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After gathering the mean square displacement (MSD) of different poly 

(dimethylsiloxane) oil phase viscosity, we used Equation 4.25, 4.30, 4.31, and 4.32 to 

convert the diffusive behavior into the corresponding rheological behavior. Since the 

particle movement is at two dimensions, no transferring constant is used to adjust from 

two dimensions to three dimensions. So, we used Equation 4.24 and 4.25 to directly 

apply at the poly (dimethylsiloxane) oil-water interfaces.  

The relationship between shear modulus and frequency of 3.61 × 10-1 Pa·s poly 

(dimethylsiloxane) oil-water interface are shown in Figure 4-18. The two dimensional 

microrheology measurements were compared with corresponding bulk poly 

(dimethylsiloxane) oil from traditional rheological and microrheological measurements. 

The microrheological property at poly (dimethylsiloxane) oil-water interfaces shows 

slightly higher values of complex modulus (G*(ω)) and loss modulus (G (̋ω)) 

compared to the bulk poly (dimethylsiloxane) oil. However, there are no detectable 

storage modulus (G'(ω)) in all measurements. Considering the lateral movement of 

tracer particles along the curvature at two dimensions, the observed higher loss 

modulus (G (̋ω)) from one-particle tracking microrheology measurement seems to be 

reasonable. Finally, the poly (dimethylsiloxane) oil-water interfaces maintain a nearly 

identical frequency dependence of complex modulus (G*(ω)) and loss modulus (G (̋ω)) 
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comparing to the bulk poly (dimethylsiloxane) oil phase with a slope of unity.  

The results in higher poly (dimethylsiloxane) oil phase viscosity are shown in 

Figure 4-19. Compared to Figure 4-18, the results are very similar to that in lower poly 

(dimethylsiloxane) oil viscosity. The microrheological property at poly 

(dimethylsiloxane) oil-water interfaces show higher values of complex modulus (G*(ω)) 

and loss modulus (G''(ω)) compared to the bulk poly (dimethylsiloxane) oil. Moreover, 

we also successfully detected the storage modulus (G'(ω)) in the higher poly 

(dimethylsiloxane) oil phase viscosity sample at high frequency range. Finally, the poly 

(dimethylsiloxane) oil-water interfaces maintain a similar frequency dependence in 

complex modulus (G*(ω)) and loss modulus (G (̋ω)), as  compared to that in the bulk 

poly (dimethylsiloxane) oil phase at a slope of unity. 

The loss modulus (G (̋ω)) and storage modulus (G'(ω))  including 3.61 × 10-1, 

1.03, 5.14, 2.26 × 101, and 6.17 × 101 Pa·s poly (dimethylsiloxane) oil phase viscosity 

are shown in Figure 4-20. In general, there are no detectable storage modulus (G'(ω)) in 

low viscosity poly (dimethylsiloxane) oil smaller than 5.14 Pa·s. On the other hand, the 

poly (dimethylsiloxane) oil-water interfaces start to show the response of storage 

modulus (G'(ω)) once the poly (dimethylsiloxane) oil phase viscosity larger than the 

5.14 Pa·s. In these poly (dimethylsiloxane) oil-water interfaces, all of them have a 
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higher detectable modulus (G*(ω)) and loss modulus (G (̋ω)) compared to that in the 

bulk poly (dimethylsiloxane) oil phase. The detectable storage modulus (G'(ω)) only 

observed at the higher frequency region. Since the only difference is the viscosity of 

poly (dimethylsiloxane) oil, this phenomenon believes to be related to the 

viscoelasticity of poly (dimethylsiloxane) oil phase.   

Other than experimental results, we also provided an explanation from 

mathematical model point of view.6, 7 A single relaxation-time Maxwell model41 was 

used to explain the observed liquid-liquid interfacial viscoelasticity and described by 

the following equations:  

1
)(' 2

0
2

2
0

2

0 





 GG                                                       4.35 

1
)( 2

0
2

0
0 





 GG                                                    4.36 

where G0 is the equilibrium modulus at the frequency close to infinity and 0 is the 

relaxation time. This assumption allows us to elucidate the interfacial relaxation time 

by fitting. The single relaxation-time Maxwell model41 is applied to the experimental 

data for storage modulus (G'(ω)) and loss modulus (G''(ω)). The resulting relaxation 

time of poly (dimethylsiloxane) oil-water interfaces and pure poly (dimethylsiloxane) 

samples are presented in Figure 4-21. The poly (dimethylsiloxane) oil-water interfacial 

relaxation time is nearly one-order magnitude larger than that in the poly 
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(dimethylsiloxane) oil bulk phase. Since the poly (dimethylsiloxane) oil phase is the 

same, the only difference is the water phase. So, this unique larger relaxation time 

attributes to the water phase or poly (dimethylsiloxane) oil-water interfaces.  

 

4.3.5 Effects of Tracer Particles on One-Particle Microrheology of Liquid-Liquid 

Interfaces 

            In the experiments of bulk poly (dimethylsiloxane) oil phase, the diffusive 

behaviors have little difference between different tracer particles. However, surface 

chemistry on tracer had been shown a significant influence on the diffusive behavior, 

especially in the biological systems or complex fluid.70 Liquid-liquid interfaces can be 

considered as one kind of complex fluid.225 So, the different tracer particles were used 

in one-particle tracking microrheology at the poly (dimethylsiloxane) oil-water 

interfaces. 2.0 × 10-7 m sulfate-modified, amine-modified, and carboxylate-modified 

polystyrene particles with same diameters are used as tracer particles. Finally, a series 

of experiments with various viscosity of poly (dimethylsiloxane) oil phase also has 

been performed to testify the application of one-particle tracking microrheology and 

the influence of surface chemistry.  

Many factors have influence on the diffusive behavior of tracer particle at the 
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liquid-liquid interfaces. Brenner and Leal suggest a method to explain diffusive 

behavior at the liquid-liquid interfaces, so Brownian diffusion of a solid particle at the 

liquid-liquid interfaces is described by the modified Stokes-Einstein relationship218, 219: 

D = 
af

TkB


                                                               4.37 

where f is the so-called friction factor which is “a complicated nonlinear function of the 

contact angle of a particle in liquid mediate”.226 In the experiments, we controlled the 

changing parameters as surface chemistry depending on the tracer particles and the 

poly (dimethylsiloxane) oil phase viscosity. The surface chemistry is directly related to 

the wettability of the tracer particle and describing by the three-phase contact angle or 

immersion depth. The influence of three-phase contact angle is a significant factor on 

the friction factor (f) and affects the diffusion coefficient (D). Moreover, the different 

poly (dimethylsiloxane) oil phase viscosity also affects on diffusive behavior of tracer 

particles at the poly (dimethylsiloxane) oil-water interfaces and results of 

microrheology.3  

The influence of tracer particles and the poly (dimethylsiloxane) oil phase 

viscosities is shown in Figure 4-22. The diffusive behavior of tracer particles at the poly 

(dimethylsiloxane) oil-water interfaces is expressed by mean square displacement 

(MSD) as a function of time interval (τ) in a log-log scale. Four poly (dimethylsiloxane) 
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oil phase viscosity and three tracer particles were used in our experiment. The different 

oil phase viscosities are 3.61 × 10-1 Pa·s shown in Figure 4-22(a), 5.14 Pa·s shown in 

Figure 4-22(b), 2.26 × 101 Pa·s shown in Figure 4-22(c), and 6.17 × 101 Pa·s shown in 

Figure 4-22(d). The polystyrene tracer particles are sulfate-modified (black circles), 

carboxylate-modified (red squares), and amine-modified (green triangles). So, the 

discussions are divided into two aspects. One is the effect of poly (dimethylsiloxane) 

oil phase viscosity and the other is due to the surface chemistry of tracer particles.  

For the sample of 3.61 × 10-1 Pa·s poly (dimethylsiloxane) oil-water interfaces, 

mean square displacement (MSD) only shows a slight difference between tracer 

particles in the log-log plots. Sulfate-modified polystyrene particle shows the smallest 

values of mean square displacement (MSD) among all tracer particles. The largest 

value of mean square displacement (MSD) is the tracking data of carboxylate-modified 

polystyrene particles. Finally, mean square displacement (MSD) of amine-modified 

polystyrene particle is between the other two tracer particles. 

Mean square displacement (MSD) still shows the similar tendency between 

different tracer particles in the other samples of 5.14, 2.26 × 101, and 6.17 × 101 Pa·s 

poly (dimethylsiloxane) oil-water interfaces. However, the difference of mean square 

displacement (MSD) between tracer particles becomes larger with the increasing poly 
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(dimethylsiloxane) oil phase viscosity. In other words, the theoretically smallest 

particle displacement gives the largest deviation according to the different tracers. The 

increasing poly (dimethylsiloxane) oil phase viscosity not only slows down the 

diffusive behavior but also shows of the influence of surface chemistry. This 

phenomenon suggests an influence based on the interaction between the surface 

chemistry and poly (dimethylsiloxane) oil phase viscosity. The influence will be 

obvious with increasing poly (dimethylsiloxane) oil phase viscosity. So, the sample 

with higher poly (dimethylsiloxane) oil phase viscosity is more sensitive to one-particle 

tracking microrheology. 

In the sample with higher poly (dimethylsiloxane) oil phase viscosity, the 

sulfate-modified polystyrene particle always has the smallest values of mean square 

displacement (MSD) among all tracer particles. On the other hand, the largest value of 

mean square displacement (MSD) is always provided by the carboxylate-modified 

polystyrene particle. Finally, mean square displacement (MSD) of the amine-modified 

polystyrene particle is always between the other two tracer particles. This phenomenon 

also holds with the increasing poly (dimethylsiloxane) oil phase viscosity. As a result, 

the mean square displacement (MSD) at the poly (dimethylsiloxane) oil-water 

interfaces shows a dependence on the surface chemistry of tracer particles which  agree 
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with the work done by McGrath et al70 and Chae et al131. Furthermore, The resulting 

mean square displacements (MSD) can be described by the modified Stokes-Einstein 

equation.49 The friction factor, f, should be a function of surface chemistry. 

Finally, the mean square displacement (MSD) tracked by the same tracer 

particles shows a reciprocal relationship of poly (dimethylsiloxane) oil phase viscosity. 

For the sulfate-modified polystyrene particles, the MSD decreases with increasing poly 

(dimethylsiloxane) oil phase viscosity. The same phenomenon is observed in the 

experiments when carboxylate-modified and amine-modified polystyrene particles 

were used. This observation follows the suggestion of the modified Stokes-Einstein 

relationship shown in the Equation 4.37.  

The loss modulus (G (̋ω)) and storage modulus (G'(ω)) at the poly 

(dimethylsiloxane) oil-water interfaces tracked by carboxylate-modified polystyrene 

particle are shown in Figure 4-23. Like the sample of pure poly (dimethylsiloxane) oil 

phase, the same procedure developed by Weitz et al. still applied to address the 

microrheology at the liquid-liquid interfaces.44, 68, 132 The results of 3.61 × 10-1 and 2.26 

× 101 Pa·s poly (dimethylsiloxane) oil phase viscosity are plotted in a log-log scale and 

shown in Figure 4-23(a) and 4-23(b), respectively. In Figure 4-23(a), all of them show 

the loss modulus (G''(ω)). The storage modulus (G'(ω)), however, is not detectable in 
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the whole frequency range. Except in the sulfate-modified tracer particles, the storage 

modulus (G'(ω)) was detected at 2.26 × 101 Pa·s poly (dimethylsiloxane) oil-water 

interfaces. The similliar phenomenon cannot be observed by the amine-modified and 

carboxylate-modified polystyrene particles at 2.26 × 101 Pa·s poly (dimethylsiloxane) 

oil-water interfaces.  

Since the rheological data are transferred from the mean square displacement 

(MSD), the difference is related to the mean square displacement (MSD). The short 

term diffusion coefficient (D) is calculated by the linear regression and shown in Figure 

4-24. This purpose is to elucidate the phenomenon from the point view of mean square 

displacement (MSD). In Figure 4-24, the short term diffusion coefficient (D) plots as 

function of poly (dimethylsiloxane) oil phase viscosity based on the tracer particles. 

The diffusion coefficient (D) of sulfate-modified polystyrene particles shows a 

different tendency comparing to the carboxylate-modified and amine-modified 

polystyrene particles. The short term diffusion coefficient (D) of sulfate-modified 

polystyrene particles shows a negative deviation. However, the deviation is positive in 

the carboxylate-modified and amine-modified polystyrene particles. Since the most 

difference of tracer particles is their surface chemistry, this phenomenon may rely on 

the surface property as the suggestion of McGrath et al70 and Chae et al131.   
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Furthermore, the most difference is the surface chemistry of different particles 

in the same viscosity of poly (dimethylsiloxane) oil-water interfaces. According to the 

modified Stokes-Einstein relationship218, 219, the faster diffusive behavior of the 

amine-modified and carboxylate-modified polystyrene particles shows a lower friction 

factor. The higher viscosity phase will slow the diffusive behavior, so the 

amine-modified and carboxylate-modified polystyrene particles are dominated by the 

water phase. Therefore, the viscous behavior is more apparent. On the other hand, the 

sulfate-modified polystyrene particles show the diffusive behavior mostly affected by 

the poly (dimethylsiloxane) oil phase. So, the elastic behavior is observed with the 

sulfate-modified polystyrene particles.  

Finally, all the results of one-particle tracking microrheology at the poly 

(dimethylsiloxane) oil-water interfaces are shown in Figure 4-25. Three tracer particles 

are used in each poly (dimethylsiloxane) oil phase viscosity. In Figure 4-25(a), the oil 

phase viscosity is 3.61 × 10-1 Pa·s and all three tracer particles give the similar results in 

the storage modulus (G'(ω)) and loss modulus (G (̋ω)). In Figure 4-25(b), the oil phase 

viscosity is 5.14 Pa·s. The storage modulus (G'(ω)) is still undetectable and the 

different tracer particles give different response of loss modulus (G (̋ω)). In Figure 

4-25(c), the oil phase viscosity is 2.26 × 101 Pa·s. The storage modulus (G'(ω)) is 
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detectable only in the sulfate-modified polystyrene particles. The different tracer 

particles give different response of loss modulus (G (̋ω)) with the same tendency. In 

Figure 4-25(d), the oil phase viscosity is 6.17 × 101 Pa·s. The sulfate-modified 

polystyrene particles successfully detected the storage modulus (G'(ω)) and loss 

modulus (G (̋ω)). However, the other tracer particles only detected the response of loss 

modulus (G (̋ω)). The differences in loss modulus (G (̋ω)) become larger with 

increasing oil phase viscosity. 

There are different types of microrheological behavior depending on the tracer 

particles in one-particle tracking microrheology which had also been suggested by 

other groups.69, 70 One is detected by the sulfate-modified polystyrene particles; the 

other is tracked by the amine-modified or carboxylate-modified polystyrene particles. 

We observed the difference from the mean square displacement (MSD) and diffusion 

coefficient (D). The higher MSD means a rapid movement which indicates the more 

wetted portion in the water phase. So, the sulfate-modified polystyrene particles are 

more immerged in the oil phase indicating a relative hydrophobic property.89, 218, 219 On 

the other hand, amine-modified and carboxylate-modified polystyrene particles are 

more immerged in the water phase indicating a relative hydrophilic property.89, 218, 219 

The lateral movement along the curvature is the combination of response from both of 
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water and oil phase. So, the location of tracer particles at the interfaces causes the 

difference between mean square displacements (MSD).     

            For the sulfate-modified tracers, the particle immerges deeper in the poly 

(dimethylsiloxane) oil phase. So, the mean square displacement (MSD) and the 

corresponding rheological property express the characteristic of oil phase rather than 

water phase.69 On the other hand, amine-modified or carboxylate-modified polystyrene 

particles immerse deeper in the water phase.69 So, the mean square displacement (MSD) 

and the corresponding rheological property express the characteristic of water phase 

rather than oil phase.  

            Besides, water is an extremely viscous fluid120 and poly (dimethylsiloxane) oil 

is viscoelastic material41. The elastic property of poly (dimethylsiloxane) oil is 

increasing with decreasing oil phase viscosity. Although the elastic property is 

increasing, the viscous of poly (dimethylsiloxane) oil is always larger in the 

experimental frequency range. In results, the rheological responses at poly 

(dimethylsiloxane) oil-water interface are the combination of viscous and elastic 

behavior explained by single-relaxation Maxwell model41 and the viscous property is 

dominating in most interfaces.  
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4.4 Two-Particle Tracking Microrheology 

4.4.1 Two-Particle Tracking Using a Confocal Laser Scanning Microscope 

Two-particle tracking is the latest developed methodology in the field of passive 

microrheology.44, 171 This methodology is developed by J. C. Crocker and his 

co-workers in 2000.44 Two-particle tracking microrheology is based on the work of 

one-particle tracking microrheology.44, 49 However, distinct mean square displacement 

(MSDD) is introduced as a new term instead of mean square displacement (MSD).44  

Similar to one-particle tracking microrheology, two-particle tracking 

microrheology also focuses on the rheological properties of complex materials or 

bio-related materials.44 The fundament relies on the observation of tracer particle 

movement between pairs in the mediating surroundings.44, 49 In the pairs of tracer 

particle movement, each tracer particle is described as Brownian motion, individually. 

The tracking data from two-particle tracking microrheology reflect the rheological 

properties of the surrounding environment.171 Furthermore, the particle size and the 

surface chemistry of tracer particles have limited influence on the experimental results 

in two-particle tracking microrheology of bulk materials.69   

The response of one particle tracking reflects not only the cave effect of 

medium but also the interaction between tracers and medium.69, 208 On the other hand, 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

157 
 

two-particle tracking microrheology only probes the local rheological properties.44 So, 

the possible interaction between tracer particle and medium is eliminated, including the 

surface chemistry and tracer particle size.44, 69, 176 In addition, the required sample size 

is extremely small in two-particle tracking microrheology.44, 69 This benefit provides a 

convenient way to detect the expensive bio-related materials.44, 49 Apart from these 

advantages, two-particle tracking microrheology can also provide the experimental 

response at megahertz frequency range.44 This high frequency range is the area where 

the traditional rheological technique cannot reach or fail to detect.171 

In this dissertation, two-particle tracking microrheology is applied to both of the 

bulk poly (dimethylsiloxane) oil phase and poly (dimethylsiloxane) oil-water interfaces. 

In particular, we used two-particle tracking microrheology at higher poly 

(dimethylsiloxane) oil phase viscosity sample. At similar conditions, one-particle 

tracking microrheology has an apparent disagreement between different tracer particles 

at the poly (dimethylsiloxane) oil-water interfaces.6, 7 The experiments in bulk poly 

(dimethylsiloxane) oil are performed via traditional rheology and two-particle tracking 

microrheology. Finally, we used 2.0 × 10-7 m polystyrene as tracer particles which have 

been treated with different surface properties, including the sulfate-modified, 

amine-modified, and carboxylate-modified ones   
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Rather than mean square displacement (MSD), the cross-correlation 

relationship uses as a key component in two-particle tracking.44, 208 Cross-correlation is 

the basic idea to calculate the distinct means square displacement (MSDD). Like MSD, 

MSDD behaves as a function of time interval (τ).   

In our experiments, a confocal laser scanning microscope (CLSM) was used as 

a tracking equipment to observe the movement of the coupled fluorescent tracer 

particles. Through the CLSM, the image resolution reaches 5.0 × 10-9 m in the X-Y 

coordinate. The tracking data is restored as two-dimensional X-Y position images. In 

addition, CLSM also provides the high resolution of images at different focus plans of 

the sample in poly (dimethylsiloxane) oil bulk phase or poly (dimethylsiloxane) 

oil-water interfaces.  

As mentioned previously, two-particle tracking microrheology is based on the 

cross-correlation relationship.44 The cross-correlation relationship is used to describe 

the behavior between two random series.147 Their characteristics are expressed through 

the direction and strength. In our experiments, the observed tracer particles underwent 

typical Brownian motions. The driving force of Brownian motions is the thermal 

vibration whose value is given by kBT.123, 128 Since Brownian motions are considered as 

well-known random time series, the diffusive behavior in the liquid-liquid interfaces 
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explains via the cross-correlationship among the tracers in pairs. 

The cross-correlation relationship of two tracer particles is illustrated in Figure 

4-26. In Figure 4-26, the particle i and particle j are separated by a distance, Rij. The 

particle i has a position vector rα(t) at time t and rα(t + τ) at time equal to t + τ in which 

the subscript denotes the coordinate. So the displacement vector of particle i is 

expressed as the following function: 

Δri(t,τ) = [ri(t + τ) - ri(t)]                                                                                                4.38 

    For the other tracer particle, the displacement can be expressed in the similar 

form 

            Δrj(t,τ) = [rj(t + τ) - ri(t)]                                                                    4.39 

Based on the vector displacements of the coupled tracer particles, the ensemble 

averaged tensor product of the tracer displacement is expressed as follows44:  

Dαβ(t,τ) = <Δr i
α(t,τ)Δrj

β(t,τ))δ[r – Rij(t)]>i ≠ j,t                                         4.40 

where the subscript α and β are the different spherical coordinate axes. δ[r – Rij(t)] is the 

delta function. The value is unity when r is the distance between two tracer particles at 

a certain time t.  Finally, <…>i ≠ j,t is the ensemble averaged tensor product over the 

symbol inside the basket. For the non-diagonal component, they are considered zero.44 

Based on the ensemble averaged of tensor product and the definition of 
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cross-correlation, the distinct mean square displacement (MSDD, <Δr2(τ)>D) is 

calculated as the following equation44:  

     MSDD = <Δr2(τ)>D 

                                      = 
a
r2 <Δr i

α(t,τ)Δrj
β(t,τ))δ[r – Rij(t)]>i ≠ j,t                                                    4.41 

where a is the radius of tracer particle and r is the separating distance between two 

tracer particles. The distinct mean square displacement (MSDD, <Δr2(τ)>D) is the equal 

property of mean square displacement (MSD) in two-particle tracking microrheology.  

   Compared to one-particle tracking micvrorheology, the calculated displacement 

vector is also expressed in Equation 4.19 to calculate the distinct means square 

displacement (MSDD) in two-particle tracking microrheology. So, there are two 

displacement vectors provided by each tracer particle which are expressed as ai and aj. 

Therefore, the calculation of distinct means square displacement (MSDD) in 

two-particle tracking uses the following equations to substitute into Equation 4.41:  

            Δrr
i(t,τ) = projrijai                                                                  4.42          

            Δrr
i(t,τ) = projrijai                                                                   4.43 

where rij is the connecting vector between the coupled tracer particles and projrij 

represents the projection operation on the rij. Besides, Δrr
i(t,τ) and Δrr

j(t,τ) are the 

projective vectors of ai and aj on the axial of two tracer particles. The investigating 
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scale of time interval ranges from 1.08 to 110 seconds in the experiment of two-particle 

tracking microrheology. Furthermore, the motions of tracked tracer particles records 

more than 700 frames. The total observation time elapse at least 756 seconds per series. 

After calculating the cross-correlation, the two-dimensional distinct mean square 

displacement (MSDD) are expressed in the following equation: 

    <Δr2(τ)>D = 
a
r2 Drr                                                          4.44 

in comparison to three dimensional cross-correlation 

            <Δr2(τ)>D = 
2
3

a
r2 Drr                                                        4.45 

  The distinct mean square displacement (MSDD, <Δr2(τ)>D) provides the 

necessary data to estimate the corresponding rheological property in two-particle 

tracking microrheology.44 According to theory, the displacement of coupled tracer 

particles generating from the position of each tracer particle reflects the viscoelastic 

properties of the surrounding medium.44 So, the ensemble averaged distinct mean 

squared displacement (MSDD) translates into time/frequency-dependent shear 

modulus of the materials where the pair of tracer particles mediates.44, 49  

 

4.4.2 Converting Particle Tracking Data to Two-Particle Microrheology  

Distinct mean square displacement (MSDD) in two-particle tracking 
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microrheology plays the same role compared to mean square displacement (MSD) in 

one-particle tracking microrheology.44, 49 So, MSDD plays a basic role on the 

rheological properties. Therefore, the different medium gives the corresponding 

cross-correlation relationship. Finally, the movement of coupled tracer particles reflects 

the rheological property.44, 188  

   The MSDD is considered as mean square displacement (MSD) in the rheological 

calculation.44, 49 Both of the generalized Langevin equation and the generalized 

Stokes-Einstein relation (GSER) are used to describe the movement of the coupled 

tracer particles.44, 69 The procedure is the same compared to one-particle-tracking 

microrheology.44, 49, 69, 188 The generalized Langevin equation relates the MSDD to the 

memory function. Then, the GSER relates the relationship between the MSDD and the 

viscosity function. Thus, the MSDD translates into frequency-dependent shear 

modulus. The movement of coupled tracer particles reflects the response of the loss 

modulus (G (̋ω)), the storage modulus (G´(ω)), and the complex modulus (G*(ω)).44, 188  

From the point view of the Langevin equation, Brownian motion of single tracer 

particles is described by Newton’s second law and expressed as Equation 4.15. This 

assumption is also valid in two-particle tracking microrheology. Therefore, the 

generalized Langevin equation (Equation 4.16) is also used in two-particle tracking 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

163 
 

microrheology. Finally, the thermal induced cross-correlated movement depends on the 

distance between the coupled tracer particles and the size of the tracer particle.44 

On the bases of one-particle tracking microrheology43, 49, 68, 188, 208, 223, the term 

of < )0()(~ vsv > can be expressed as a function of distinct mean square displacement 

(MSDD). On the other hand, the term of <ms> represents the inertial force. In general, 

the inertial term is neglected except for extremely high frequencies, such as the range of 

megahertz.44, 49, 208 So, Equation 4.19 also applies to two-particle tracking 

microrheology. The new parameter is distinct mean square displacement (MSDD). 

Thus, the new equation can be represented as the following equation:  

           
6

)(~ 22
Dsrs 

 = 
)(~ s

Tk B


                                                                                              4.46 

  In Equation 4.46, ( )s  remains the only unknown parameter. The value 

calculates and provides from the generalized Stokes-Einstein equation. The generalized 

Stokes-Einstein equation (Equation 4.11) is the general form of Stokes-Einstein 

equation. The distinct mean square displacement (MSDD, <Δr2>D) and viscosity (η) 

are a function of time interval. Like one-particle tracking, the time domain data transfer 

into the (s)-frequency domain through the generalized Stokes-Einstein relation 

(GSER).43 Using the same procedures in one-particle tracking, the resulting Laplace 

transformation is represented as in Equation 4.16. Instead of mean square displacement 
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(MSD), distinct mean square displacement (MSDD) substitutes into Equation 4.16.44 

So, the Laplace transformation of the generalized Stokes-Einstein relation (GSER) is 

represented as follows: 

            G(s) = )(~ ss  = 
D

B

sras
Tk

 )(~ 2
                                                                                4.47 

Equation 4.47 represents the complex modulus (G*(ω)) in the Laplace 

transformation (s)-frequency domain. The (ω)-frequency domain equation transfer 

from the complex modulus (G*(ω)) of Fourier transformation (ω)-frequency domain. In 

two-particle tracking microrheology, the distinct mean square displacement (MSDD) is 

used in Equation 4.25 instead of mean square displacement (MSD).44 So, the complex 

modulus (G*(ω)) of Fourier (ω)-frequency domain is expressed as the following 

equation130:  

            G*(ω) = 
])([ 2

Du

B

rFai
Tk

 
                                                                                    4.48 

Furthermore, two-particle tracking microrheology also has some limitations. 

Similar to one-particle tracking microrheology, the limitation of two-particle tracking 

microrheology rise from the small displacement of particle movement induced by the 

thermal force.44 The displacement of two tracer particles is represented by Equation 

4.26 and 4.27. Since no difference is in the experimental instrument between one- and 

two-particle tracking microrheology, the parameters controlling the limitation remains 
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the same.44 So, the upper accessible shear viscosity (ηmax) and shear modulus (Gmax) 

still limits at 337 Pa·s and 312 Pa, respectively.6, 7 Furthermore, the measurable shear 

viscosity (ηmax) and shear modulus (Gmax) increase with the increasing of time interval 

(τ). So, both of the accessible values are larger than the maximum values of the poly 

(dimethylsiloxane) oils.   

 

4.4.3 Two-Particle Microrheology in Bulk PDMS Oils 

Two-particle tracking microrheology has been proven as an extremely workable 

methodology in many soft and bio-related materials, such as filamentous actin 

network.44, 67, 69, 209, 210 Furthermore, two-particle microrheology has less limitations 

compared to the one-particle tracking microrheology. For example, the tracer particle 

size and the surface chemistry have none or limited influence in two–particle tracking 

microrheology.44, 69, 210 On the other hand, those factors had been shown as significant 

factors on the rheological properties in one-particle tracking microrheology.69, 70   

To apply two-particle tracking microrheology at the poly (dimethylsiloxane) 

oil-water interfaces, we first have to verify it at the bulk phase of poly 

(dimethylsiloxane) oils. The X and Y two-dimensional position vectors sequentially 

substituted into Equation 4.38, 4.39, 4.40, 4.41, 4.42, and 4.43 to calculate distinct 
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mean square displacement (MSDD). Followed by the calculation of distinct mean 

square displacement (MSDD), the generalized Stokes-Einstein relation (GSER) is used 

to describe the cross-correlating diffusive behavior of coupled tracer particles.43, 44, 49, 68 

Then, the viscosity function transferred into the Laplace transformation (Equation 4.47) 

or Fourier transformation (Equation 4.48), respectively44, 188:  

            G(s) = s )(~ s  = 
D

B

sras
Tk

 )(~3
2

2
                                                                             4.49 

            G*(ω) = 
])([3

2
2

Du

B

rFai
Tk

 
                                                                                 4.50 

where the ratio 2:3 represents the factor transferring from two-dimensional distinct 

mean square displacement (MSDD) to three-dimension. This is because of the isotropic 

medium of poly (dimethylsiloxane) oil.6, 7 Thus, the microrheology of the bulk poly 

(dimethylsiloxane) oil phase also calculates through the following sequences - 

displacement, distinct mean square displacement (MSDD), and complex modulus 

(G*(ω)). Like one-particle tracking microrheology, sulfate-modified, amine-modified, 

and carboxylate-modified polystyrene microparticles were used in the experiments of 

two-particle tracking microrheology.   

Distinct mean square displacements (MSDD) are shown in Figure 4-27 as a 

function of time intervals (τ). The viscosity of poly (dimethylsiloxane) oil phase is 5.14 

× 101 Pa·s. We calculated distinct mean square displacement (MSDD) from Equations 
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4.41, 4.42 and 4.43 according to different tracer particles. The resulting distinct mean 

square displacement (MSDD) agrees with each other in the poly (dimethylsiloxane) oil 

with a viscosity of 5.14 × 101 Pa·s. The different tracer particles have nearly the same 

distinct mean square displacement (MSDD). So, the cross-correlation relationship is 

almost independent of the surface chemistry which agrees with J. C. Crocker’s 

assumption of two-particle tracking.44, 69 According to the theory, the two-point 

tracking technique observes the cross-correlating movement between tracers of pair.44 

The cross-correlating movement only describes the long-wavelength motion and 

triggers by the other tracer in the pairs.67 As long as the tracer particles are equally sized, 

the cross-correlating movement represents the result of long-wavelength motion.44, 67 

Therefore, distinct mean square displacement (MSDD) is independent of surface 

chemistry, the interparticle distance, and the diameter of tracer particles.67   

Furthermore, the curve of distinct mean square displacement (MSDD) is 

considered as a function of time interval (τ). The cross-correlating behavior is described 

on the base of local power law assumptions (<Δr2(τ)>D ~ τα).188 The slope of distinct 

mean square displacement (MSDD) should fall between 0 and 1 in a log-log diagram. 

Zero represents the behavior of pure elastic and one stands for viscous behavior. 

Through the local power law (τα), the behavior of distinct mean square displacement 
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(MSDD) further transfers into the complex modulus (G*(ω)).188 Then, the unilateral 

Fourier transformation applies to the generalized Stokes-Einstein relationship (GSER) 

as shown in Equation 4.48. The distinct mean square displacement (MSDD) in 

Equation 4.50 is simplified by the gamma function. According to the work done by 

Mason et al., the complex modulus (G*(ω)) relates to the loss modulus (G (̋ω)) and 

storage modulus (G´(ω)) by using the following equations188: 

      
   2

*
1 1 ( )

Bk TG
a r


   


  

                                                               4.51 

( ) ( ) cos ( )
2

G G          
                                                                 4.52 

( ) ( ) sin ( )
2

G G          
                                                    4.53 

The bulk rheological data in 5.14 × 101 Pa·s poly (dimethylsiloxane) oil are 

shown in Figure 4-28. We compare the rheological data calculated from two-particle 

tracking microrheologies using different tracer particles and traditional rheology. The 

filled and open diamond symbols represent the loss modulus (G (̋ω)) and storage 

modulus (G´(ω)) measured by a conventional mechanical rheometer. Besides, others 

filled symbols represent the loss modulus (G (̋ω)) and open symbols represent the 

storage modulus (G´(ω)) for different tracer particles including sulfate-modified (green 

squares), amine-modified (black circles), and carboxylate-modified (red down 

triangles). Although a deviation had been shown comparing to the mechanical data at 
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the high frequencies range, the loss modulus (G (̋ω)) of two-particle microrheology is 

consistent with each other regardless of the different tracer particles. The similar 

phenomena are observed by different groups.44, 69, 176, 209, 210  In addition, the deviation at 

high frequencies may cause a side diffusion.  In the experiments of particle tracking, 

this kind of deviation is obvious and the error can be avoided through the careful 

experimental observations.  

Other than the loss modulus (G (̋ω)), the storage modulus (G´(ω)) was also 

successfully detected from two-particle tracking microrheology. Moreover, the storage 

modulus (G´(ω)) can be detected even at a low frequency range. The data of storage 

modulus (G´(ω)) fits the mechanical very well. The resulting data suggest that surface 

chemistry of the tracer particles only plays a minor role in two-particle tracking 

microrheology for the bulk 5.14 × 101 Pa·s poly (dimethylsiloxane) oil.44 This 

experimental observation is also agreeable with the theoretical prediction.67 

Since the tracer particles only have a minor effect on two-particle tracking 

microrheology, the carboxylate-modified particles are used as major tracer in other 

viscosities of bulk poly (dimethylsiloxane) oils. The measured distinct mean square 

displacements (MSDD) as a function of time interval (τ) in a log-log diagram are shown 

in Figure 4-29. From the figure, two-particle tracking microrheology applied to 1.03 × 
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101 and 5.14 × 101 Pa·s bulk poly (dimethylsiloxane) oils. The upper curve is the 

distinct mean square displacement (MSDD) of 1.03 × 101 Pa·s bulk poly 

(dimethylsiloxane) oil and the lower one is of 5.14 × 101 Pa·s bulk poly 

(dimethylsiloxane) oil. Both curves follow the prediction suggested by the generalized 

Stokes-Einstein relationship (GSER) in terms of distinct mean square displacement 

(MSDD). The lower viscosity sample has a higher value of distinct mean square 

displacement (MSDD) and the higher one has smaller value.   

            The microrheological data derived from two-particle tracking microrheology 

are shown in Figure 4-30. The poly (dimethylsiloxane) oil phase viscosities are 1.03 × 

101 and 5.14 × 101 Pa·s. The lines represent the rheological results measured by 

traditional mechanical rheometer. The symbols are the corresponding two-particle 

tracking microrheological data. The microrheology data and the rheometer data have 

the similar results in both of the poly (dimethylsiloxane) oil phase viscosities.  

According to the experimental results of bulk poly (dimethylsiloxane) oil phase, 

we had successfully applied two-particle tracking microrheology into a 

two-dimensional observation. The X and Y coordinate monitor transferred into 

three-dimensional data through a dimension changing factor. So, the methodology had 

been confirmed to apply two-particle tracking microrheology at the poly 
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(dimethylsiloxane) oil-water interfaces.  

 

4.4.4 The Dynamics and Two-Particle Microrheology at Liquid-Liquid Interfaces using 

2.0 × 10-7 m Carboxylate Particles as Tracers      

            In two-particle tracking microrheology, the cross-correlation of coupled tracer 

particles mediates and reflects the characteristics of the environment. The different 

medium gives the corresponding and characteristic cross-correlating behavior. Such 

theories also apply to the coupled tracer particles at the poly (dimethylsiloxane) 

oil-water interfaces. The effect of drift or a directed diffusion should be carefully 

handled to avoid any possible artifacts. This process is similar to the bulk poly 

(dimethylsiloxane) oil phase experiments. Finally, two-particle tracking microrheology 

at the poly (dimethylsiloxane) oil-water interfaces was performed. The procedure is the 

same comparing to the bulk experiments. The typical sequences are displacement, 

distinct same mean square displacement (MSDD), and complex modulus (G*(ω)).   

However, the poly (dimethylsiloxane) oil-water interfaces provides only 

two-dimensional movements describing by X and Y dimensions. The isotropic 

movement is not applicable at poly (dimethylsiloxane) oil-water interfaces.6, 7 We 

ignored the movement in the Z direction in the experiments of liquid-liquid interfaces. 
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Thus, distinct mean square displacement (MSDD) can be solely quantified by the 

two-dimensional cross-correlation (Equation 4.44). Besides, the X-Y coordinate 

transfers into a polar coordinate to calculate the ensemble averaged tensor product of 

the tracer displacement.44 Finally, we used Equations 4.42, 4.43, 4.44, and 4.45 to 

calculate the rheological data from distinct mean square displacement (MSDD) at the 

poly (dimethylsiloxane) oil-water interfaces. The microrhelogical data are the loss 

modulus (G (̋ω)), the storage modulus (G´(ω)), and the complex modulus (G*(ω)).  

            The distinct mean square displacement (MSDD) as a function of time interval (τ) 

is plotted in Figure 4-31. On the base of carboxylate-modified polystyrene particles, the 

different viscosity of poly (dimethylsiloxane) oil-water interfaces is verified by 

two-particle tracking microrheology. The poly (dimethylsiloxane) oil phase viscosities 

are 1.03 × 101, 2.26 × 101, 5.14 × 101, and 6.17 × 101 Pa·s.  For the 1.03 × 101 Pa·s poly 

(dimethylsiloxane) oil-water interface, the fitting line follows a linear relationship over 

the entire time scale. Although the distinct mean square displacements (MSDD), like 

other group’s results44, 69, are scattered in the log-log scale, the trend holds the same 

compared to one-particle tracking microrheology. Highest oil phase viscosity results in 

a lower cross-correlating relationship. In addition, the scattering is more obvious in 

higher viscosities and lower time intervals. This phenomenon may be contributed to the 
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influence of increasing oil phase viscosity.  

            Theoretically, most materials have both of the elastic and viscous properties 

depending on the different conditions.41 The experimental materials are water and poly 

(dimethylsiloxane) oil. Water is the typical case of a purely viscous material120 and poly 

(dimethylsiloxane) oil is a viscoelastic material41. So, the diffusive behavior of tracer 

particles at the clear poly (dimethylsiloxane) oil-water interface reflects the influence 

of both oil and water where tracer particles mediate44. In one-particle tracking 

microrheology, the tracer particles with difference surface chemistry show distinct 

diffusive behavior at the same PDMS oil-water interfaces.   

We used 5.14 × 101 Pa·s poly (dimethylsiloxane) oil-water interface as an 

example. The coupled behavior of carboxylate-modified tracer particles show the 

increasing cross-correlating relation with the time scale (τ). For a purely elastic material, 

the value of the distinct mean square displacement (MSDD) in two-particle-tracking 

microrheology expects to be independent of time or frequency.46 The resulting plateau 

can be calculated by the following equation46: 

<Δr2>D =
Ga
TnkB

3
                                                          4.54 

where G is the storage modulus of the medium. However, most of the fluid medium 

usually exhibits both viscous and elastic responses.41 The viscoelastic properties are a 
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characteristic of time or frequency dependence. The viscous or elastic property could 

be dominant in some certain time scale depending on the materials.41 Accordingly, the 

relationship between the distinct mean square displacement (MSDD) and time interval 

can be expressed by   

MSDD(τ) = 



dn
rd D




2
)(2

                                                    4.55 

            The results of two-particle tracking microrheology measurement are shown in 

Figure 4-32.  We measured The loss modulus (G (̋ω)), the storage modulus (G´(ω)), 

and the complex modulus (G*(ω)) at the poly (dimethylsiloxane) oil-water interfaces. 

Besides, we also compared the data with the bulk poly (dimethylsiloxane) oil from the 

conventional mechanical measurements.   

            In Figure 4-32(a), the complex modulus (G*(ω)) at the 5.14 × 101 Pa·s poly 

(dimethylsiloxane) oil-water interfaces is higher than that in the bulk 5.14 × 101 Pa·s 

poly (dimethylsiloxane) oil phase. The same phenomena were observed in one-particle 

tracking microrheology.6, 7 Figure 4-32(b) compares the loss modulus (G (̋ω)) and the 

storage modulus (G´(ω)) between two methodologies. The loss modulus (G (̋ω)) 

dominates the entire experimental frequency range. The storage modulus (G´(ω)) is 

also detectable when compared to one-particle tracking microrheology. On the 

consideration of tracer movement, the observed higher complex modulus (G (̋ω)) from 
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two-particle tracking microrheology measurement seems to be reasonable. The tracer 

particles only move laterally along the curvature as two dimensions. More interestingly, 

the poly (dimethylsiloxane) oil-water interfaces maintain a nearly identical frequency 

dependence of complex modulus (G*(ω)) and loss modulus (G (̋ω)) comparing to the 

bulk poly (dimethylsiloxane) oil with a slope of unity. The storage modulus (G´(ω)) has 

a similar tendency at lower frequency and a transition at higher frequency. 

The loss modulus (G (̋ω)) and storage modulus (G´(ω)) at poly 

(dimethylsiloxane) oil-water interfaces are also shown in Figure 4-33. Four viscosities 

of poly (dimethylsiloxane) oil phases were studied and presented, including 1.03 × 101, 

2.26 × 101, 5.14 × 101, and 6.17 × 101 Pa·s. In Figure 4-33(a), the 1.03 × 101 Pa·s poly 

(dimethylsiloxane) oil-water interface is presented. The loss modulus (G (̋ω)) 

dominates over the entire experimental frequency range. Figure 4-33(b) shows the 

measurement of the loss modulus (G (̋ω)) and storage modulus (G´(ω)) at the 2.26 × 

101 Pa·s poly (dimethylsiloxane) oil-water interface. From the figure 4-33(b), the 

storage modulus (G´(ω)) becomes larger with the increasing frequency, especially at 

higher frequency range. Similar observations were observed consistently at the other 

poly (dimethylsiloxane) oil-water interfaces including 5.14 × 101 and 6.17 × 101 Pa·s 

oil phase viscosity. The results of 5.14 × 101 and 6.17 × 101 Pa·s poly (dimethylsiloxane) 
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oil-water interfaces are shown in Figure 4-33(c) and 4-33(d), respectively. At higher 

frequency and poly (dimethylsiloxane) oil phase viscosities, the storage modulus 

(G´(ω)) shows the elastic behavior. This phenomenon could be related to the 

viscoelasticity of poly (dimethylsiloxane) oil phase. Besides, the storage modulus 

(G´(ω)) is only detectable in the samples of higher poly (dimethylsiloxane) oil phase 

viscosity. The minimum detectable poly (dimethylsiloxane) oil kinetic viscosity is 

larger than the 1.03 × 101 Pa·s and at high frequency region.  

            The transition of storage modulus (G´(ω)) can be observed only at the short 

time scale or high frequency. This phenomenon is similar to the result of one-particle 

tracking with sulfate-modified tracers.6, 7 In the region of elasticity, the movement of 

tracer particles should be more elastic so the movement should be more scattered 

compared to that in the viscous region, which should be linear regression. 

 

4.4.5 Effects of Tracer Particles on Two-Particle Microrheology at Liquid-Liquid 

Interfaces 

            In one-particle tracking microrheology of the bulk poly (dimethylsiloxane) oil 

phase, the different tracer particles only have a small effect on the measured 

viscoelastic properties.6, 7 However, the apparent one-particle tracking micorheology 
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depend largely on the surface chemistry of the tracer particles at the poly 

(dimethylsiloxane) oil-water interfaces.6, 7 This phenomenon is increasing with 

increasing poly (dimethylsiloxane) oil phase viscosity. In other words, the smallest 

particles displacement shows the most difference between tracers. So, we applied 

two-particle tracking microrheology only at high poly (dimethylsiloxane) oil-water 

interface.  

            In two-particle tracking, the cross-correlation used to describe the relationship 

between two random time series of tracer particles.44 The basic assumption describes 

the cross-correlating relationship as the resulting movement between two tracer 

particles.44, 223 In other words, the movement of the first tracer particle causes the 

corresponding movement of the second tracer particle.208, 223 The production of the first 

and second particle’s vector displacement provides the magnitude of cross-correlating 

relationship. The direction is the either plus (same direction) or minus (opposite 

direction) sign between the first and second tracer. Besides, cross correlation function 

in two-particle tracking is also a statistical process, similar to the mean square 

displacement (MSD) in one-particle tracking. In addition, the cross-correlating 

relationship is a function of not only the time interval (τ) but also the size of tracer 

particles (a) and the distance between the coupled tracer particles (r). Thus, distinct 
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mean square displacement (MSDD) is expressed as Equation 4.41 or in a more general 

form as follows44: 

            MSDD = 
a
r2 Drr                                                                                                               4.56  

where Drr is the cross-correlation relationship and the parameter.  2r/a is the correcting 

factor transfers the cross-correlation relationship into distinct mean square 

displacement (MSDD). Furthermore, the surface chemistry of tracer particles is not a 

key factor to affect the experimental results as long as they are mono-dispersed.44, 69 We 

hypothesized that the surface chemistry of the tracer particles may have minor or no 

impact on the rheology at liquid-liquid interfaces measured from two-particle 

microrheology.44 According to the theory, the two particle correlated motion is driven 

by “a stochastic, time-fluctuating strain field, characterized by a spectral density that 

depends on frequency and spatial wavelength” and “ the wavelengths are greater than 

particle separation.” 44, 67, 223 Therefore, the complex modulus based on the correlated 

motion can be detected.44  In this section, the sulfate-modified, amine-modified, and 

carboxylate-modified polystyrene particles were used to test this hypothesis at the poly 

(dimethylsiloxane) oil-water interfaces. 

            The effect of surface chemistry in two-particle microrheology at poly 

(dimethylsiloxane) oil-water interfaces is shown in Figure 4-34. The viscosity of used 
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poly (dimethylsiloxane) oil phase is 5.14 × 101 Pa·s. The plot shows the different results 

of distinct mean square displacement (MSDD) as a function of time interval (τ). The 

used tracer particles are sulfate-modified, carboxylate-modified, and amine-modified 

polystyrene tracer particles. The solid line is the averaged data of distinct mean square 

displacement (MSDD). Although the data are not exactly the same, the value of distinct 

mean square displacement (MSDD) only shows a minor difference between tracer 

particles. These results support the hypothesis of two-particle tracking 

microrheology.44, 67, 69 The data also suggest that effect of the surface chemistry plays a 

minor role in distinct mean square displacement (MSDD).  

   The procedures of two-particle tracking microrheology are also applied to 

calculate the corresponding rheological properties at the poly (dimethylsiloxane) 

oil-water interfaces.44, 209 The loss modulus (G (̋ω)) and storage modulus (G´(ω)) are 

two responses from the two-particle tracking microrheology and plotted as a function 

of frequency in Figure 4-35. At the poly (dimethylsiloxane) oil (5.14 × 101 Pa·s) - water 

interfaces, the loss modulus (G (̋ω)) dominants in the entire experimental frequency 

region. Besides, the storage modulus (G´(ω)) are also detectable in the experimental 

frequency range. The values of the loss modulus (G (̋ω)) are consistent regardless of 

the tracer particles which also follow the assumption of two-particle tracking 
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microrheology.44, 67 On the other hand, the tendency of the storage modulus (G´(ω)) are 

also similar among the different tracer particles. All of them show a transition modulus 

at high frequency ranges. 

            In two-particle tracking microrheology, the different tracer particles lead to 

comparable results at the poly (dimethylsiloxane) oil-water interfaces. In terms of the 

responses of storage modulus (G´(ω)), all of them show the elastic behavior at the high 

frequency range. However, the data suggests that the elastic behavior at the different 

starting frequency, depending on the tracer particles. The same conclusion holds for the 

experiments performed on the poly (dimethylsiloxane) oil-water interfaces which 

viscosities greater than 2.26 × 101 Pa·s. This phenomenon can be attributed to the fact 

that the surface chemistry is not important in the calculation of the distinct mean square 

displacement (MSDD) which is consistent with the theory of two–particle tracking 

microrheology.44  

            Finally, the averaged distinct mean square displacement (MSDD) was used and 

transferred into the rheological data.44, 209 The microrheology at poly (dimethylsiloxane) 

oil-water interfaces are shown in Figure 4-36. Viscosity of poly (dimethylsiloxane) oil 

phase is 1.03 × 101, 2.26 × 101, 5.14 × 101, and 6.17 × 101 Pa·s, respectively.  The loss 

modulus (G (̋ω)) at poly (dimethylsiloxane) oil-water interfaces also dominates in 
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whole frequency range. Besides, the loss modulus (G (̋ω)) is a function of poly 

(dimethylsiloxane) oil viscosity. The higher the oil phase viscosity, the larger the 

response of the loss modulus (G (̋ω)). On the other hand, the storage modulus (G´(ω)) 

data show a transition state from low frequency to high frequency range. This 

phenomenon relates to the poly (dimethylsiloxane) oil viscosity. With the increasing 

the poly (dimethylsiloxane) oil phase viscosity, the transition of the loss modulus 

(G (̋ω)) became more obvious and earlier along with the increasing frequency. So, at 

high frequency range and high oil phase viscosity, the PDMS oil-water interfaces show 

more elastic behavior. On the other hand, the PDMS oil-water interfaces show viscous 

behavior in the low frequency range and low oil phase viscosity.  
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Figure 4-1 The typical confocal laser scanning microscopic image of polystyrene 
particle at 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-HPLC water interface.  The left 
hand side is the laser fluorescent image and the right hand side is the overlapping of 
DSC and the laser fluorescent image. The white scale bar is 5.0 × 10-6 m. 
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Figure 4-2 Black circle is the X and Y trajectory position of single particle undergoing 
Brownian motion at 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-HPLC water interface 
for 234 s and black line indicates the sequence of movement.  Red triangle is the static 
error  
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Figure 4-3 Diffusive behavior of two distinct (black circle and red triangle) single 
polystyrene microparticles at 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-HPLC water 
interfaces expressing as mean square displacement which shows as function of time 
interval.  The blue rectangle is the static error. 
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Figure 4-4 Diffusion coefficients of single polystyrene particles as a function of the 
droplet radius (R) to particle radius (a) ratio at 1.22 × 10-3 Pa·s` poly (dimethylsiloxane) 
oil-HPLC water interfaces. Black line is the regression line of the data points. 
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Figure 4-5 Diffusion coefficients of single polystyrene particles as a function of the 
droplet radius (R) to particle radius (a) ratio at poly (dimethylsiloxane) oil-HPLC water 
interfaces with different viscosities: 1.22 × 10-3 (Black Circle), 5.49 × 10-3 (Red 
Triangle), and 2.14 × 10-2 Pa·s (Green Square). The lines are the regression of each set 
of data. 
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Figure 4-6 Diffusion coefficients of polystyrene clusters as a function of cluster size at 
the 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-HPLC water interfaces (black circle).  
The solid line is the fitting of Equation 4.6. The red long-dashed and green short-dashed 
lines are hypothetical lines of Equation 4.6 using D0 = 1.34 10-9 cm2/s and Df = 2 and 
1.45, respectively. 
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Figure 4-7 Diffusion coefficients of polystyrene clusters (black circle) as a function of 
cluster size at the 5.49 × 10-3 Pa·s poly (dimethylsiloxane) oil-HPLC water interfaces at 
log-log scale.  The solid line is the fitting line of Equation 4.6 from the data.  
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Figure 4-8 Diffusion coefficients of polystyrene clusters at the poly (dimethylsiloxane) 
oil-HPLC water interfaces with different viscosities: 1.22 × 10-3 (Black Circle), 5.49 × 
10-3 (Red Triangle), and 21.4 × 10-3 Pa·s (Green Square).  The lines are the fitting of 
Equation 4.6. All of the data points have the ratio R/a ranging from 13 to 22, except for 
the diffusion of the 13-particle cluster at the water-oil (1.22 × 10-3 Pa·s) interface.  The 
insert figure shows the same data in the log-log scale 
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Table 4-1 Comparison of experimental and fitted D0 (m2/s) parameters at oil-water 
interfaces and list of other fitted parameters 

Oil Phase 
(Pa·s) 

D0exp  
(m2/s) 

D0fit 
 (m2/s) 

  "Df" R2 

1.22 × 
10-3 

2.73(±0.28) 
× 10-15 

2.79(±0.22) 
× 10-15 

-0.43 
(±0.05) 

2.33 
(±0.27) 0.93 

5.49 × 
10-3 

1.20(±0.18) 
× 10-15 

1.34(±0.17) 
× 10-15 

-0.37 
(±0.08) 

2.67 
(±0.55) 0.88 

2.14 × 
10-2 

4.75(±0.14) 
× 10-16 

6.20(±0.75) 
× 10-16 

-0.43 
(±0.07) 

2.33 
(±0.44) 0.88 
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Figure 4-9 Trajectory of 2.0 × 10-7 m sulfate-modified polystyrene particles in the poly 
(dimethylsiloxane) oil with different viscosities: 3.61 × 10-1 (black circles), 5.14 × 100  
(red down triangles), and 2.26 × 101 Pa·s (green squares). The line shows the 
connection between two sequential frames. 
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Figure 4-10 Mean Square displacement (MSD) of sulfate-modified 2.0 × 10-7 m particle 
at poly (dimethylsiloxane) oil with different viscosities: 3.61 × 10-1 (black circles), 5.14 
(red down triangles), and 2.26 × 101 Pa·s (green squares). 
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Figure 4-11 Mean Square displacement (MSD) as function of time interval at bulk 2.26 
× 101 Pa·s poly (dimethylsiloxane) oil with 2.0 × 10-7 m tracer particle: 
sulfate-modified (black circles), amine-modified (red down triangles), and 
carboxylate-modified (green squares). 
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Figure 4-12 Shear modulus of poly (dimethylsiloxane) oil with 5.14 Pa·s (black) and 
2.26 × 101 Pa·s (red): mechanical data ( solid and different tracers including 
sulfate-modified (circles), amine-modified (triangles), and carboxylate-modified 
(squares) (a) storage modulus (b) loss modulus. 
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Figure 4-13 Shear modulus of poly (dimethylsiloxane) oil with various viscosity 
including 3.61 × 10-1 (black circle), 5.14 (red triangles), 2.26 × 101 (green square), and 
6.17 × 101 (yellow diamond) Pa·s: mechanical data (line) and microrheology with 
sulfate-modified tracer particle (a) loss modulus (b) storage modulus. 
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Figure 4-14 X and Y trajectory position of sulfate-modified 2.0 × 10-7 m particle at poly 
(dimethylsiloxane) oil-water interfaces with different oil phase viscosity: 3.61 × 10-1 
(black circles), 1.03 (red down triangles), 5.14 (green squares), 2.26 × 101 (yellow 
diamonds), and 6.17 × 101 (blue up triangles) Pa·s. The lines are the connection 
between sequential frames. 
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Figure 4-15 Mean Square displacement (MSD) sulfate-modified 2.0 × 10-7 m particle at 
poly (dimethylsiloxane) oil-water interfaces with different oil phase viscosity: 3.61 × 
10-1 (black circles), 1.03 (red down triangles), 5.14 (green squares), 2.26 × 101 (yellow 
diamonds), and 6.17 × 101 (blue up triangles) Pa·s.  
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Figure 4-16 Mean Square displacement (MSD) sulfate-modified 2.0 × 10-7 particle at 
poly (dimethylsiloxane) oil-water interfaces of first ten seconds with different oil phase 
viscosity: 3.61 × 10-1 (black circles), 1.03 (red down triangles), 5.14 (green squares), 
2.26 × 101 (yellow diamonds), and 6.17 × 101 (blue up triangles) Pa·s.    
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Table 4-2 The α value of assumption of local power law and the short term diffusion 
coefficient (m2/s) in the different oil phase viscosity. 
 

PDMS Oil (Pa·s) α R2 D (m2/s) R2 

3.61 × 10-1 1.01 0.999 2.81E-14 0.999 
1.03 1.01 0.999 4.46E-15 1 
5.14 1.00 0.999 1.43E-15 1 

2.26 × 101 1.01 0.996 3.12E-16 0.999 
6.17 × 101 1.06 0.994 9.08E-17 0.997 
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Figure 4-17 Diffusion coefficient of sulfate-modified polystyrene particles at the poly 
(dimethylsiloxane) oil-water interfaces with different size: particles with diameter of 
1.1 × 10-6 m (black diamond) and 2.0 × 10-7 m (red circle).  The dashed line is 
Stokes-Einstein relationship. The diffusion coefficient is calculated based on the mean 
square displacement within the first 10 seconds. 
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Figure 4-18 Shear modulus as a function of frequency of the 3.61 × 10-1 Pa·s poly 
(dimethylsiloxane) oil-water interface: (a) complex modulus (G*(ω)) and (b) storage 
modulus, (G´(ω)), and loss modulus, (G (̋ω)) poly (dimethylsiloxane) oil-water 
interface from microrheology: red triangles, bulk poly (dimethylsiloxane) oil from the 
microrheology: black circles, and bulk oil from rheometer: black line. 
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Figure 4-19 Shear modulus as a function of frequency of the 2.26 × 101 Pa·s poly 
(dimethylsiloxane) oil-water interface: (a) complex modulus (G*(ω)) and (b) storage 
modulus, (G´(ω)), and loss modulus, (G (̋ω)), poly (dimethylsiloxane) oil-water 
interface from microrheology: red triangles, bulk poly (dimethylsiloxane) oil from the 
microrheology: black circles, and bulk oil from rheometer: black line.  
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Figure 4-20 Microrheology with sulfate-modified PS Particle at the poly 
(dimethylsiloxane) oil-water interfaces. Oil-phase viscosities of (a) 3.61 × 10-1 Pa·s 
(black circles); 1.03 Pa·s (red squares); and 5.14 Pa·s (green triangles); (b) 2.26 × 101 
101 Pa·s; and (c) 6.17 × 101 Pa·s. Solid symbols: loss modulus, hollow symbols: storage 
modulus, and the dash lines: the fitting of the single relaxation time Maxwell model 
with experimental data. 
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Figure 4-21 Relaxation times from single-relaxation time Maxwell model of poly 
(dimethylsiloxane) oil-water interfaces and corresponding pure poly (dimethylsiloxane) 
oil: pure poly (dimethylsiloxane) oil from traditional rheology (black circles), pure poly 
(dimethylsiloxane) oil from one-particle tracking microrheology (red circles), and 
oil-water interfaces (green triangles).  Sulfate-modified polystyrene particles used in 
one-particle tracking microrheology. 
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Figure 4-22 Effect of tracer particles on mean square displacements at poly 
(dimethylsiloxane) oil-water interfaces: (a) 3.61 × 10-1, (b) 5.14, (c) 2.26 × 101, and (d) 
6.17 × 101 Pa·s. The PS tracer particles are sulfate-modified (black circles), 
carboxylate-modified (red suares), and amine-modified (green triangles).  
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Figure 4-23 Microrheology at the poly (dimethylsiloxane) oil-water interfaces with 
different tracer particles: (a) 3.61 × 10-1 Pa·s and (b) 2.26 × 101 Pa·s. Sulfate-modified 

(green triangle), carboxylate-modified (black circles), and amine-modified (red 
squares). The solid symbol:  loss modulus (G (̋ω)) and hollow symbol: storage modulus 

(G´(ω)). 
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Figure 4-24 Influence of surface treatment on particle diffusion at the poly 
(dimethylsiloxane) oil-water interfaces.  The solid line is the Stokes-Einstein 
relationship in the bulk oil phase.  The PS tracer particles are amine-modified (green 
triangles), carboxylate-modified (red squares), and sulfate-modified (black circles). 
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Figure 4-25 Particle wettability dependent apparent viscoelastic moduli of poly 
(dimethylsiloxane) oil-water interfaces: solid symbol for the loss modulus and open 
symbol for the storage modulus. (a) 3.61 × 10-1; (b) 5.14; (c) 2.26 × 101 and (d) 6.17 × 
101 Pa·s. PS trace particles: (black circles) S-PS; (red squares) C-PS and (green 
triangles) A-PS, respectively. 
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Figure 4-26 The diagram of two-particle tracking based on the cross-correlation 
 
 
 
 
 
 
 
 
 
 

Particle j 

Particle i 

( , )ir t 

( , )jr t  

( , )ir t 

( , )jr t 
ijR



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

210 
 

 
 
 
 
 
 

Time Interval (sec)
100 101 102D

is
tin

ct
 M

ea
n 

Sq
ua

re
 D

isp
la

ce
m

en
t (

m
2 )

10-18

10-17

10-16

10-15

10-14

10-13

10-12

 
Figure 4-27 Distinct mean Square displacement (MSDD) as function of time interval at 
bulk 5.14 × 101 Pa·s poly (dimethylsiloxane) oil with 2.0 × 10-7 m tracer particle with 
different surface chemistry: sulfate-modified (green squares), amine-modified (black 
circles), and carboxylate-modified (red down triangles). 
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Figure 4-28 Shear modulus (solid symbol: loss modulus; hollow symbol: storage 
modulus) as a function of frequency of the poly (dimethylsiloxane) oil.  Mechanical 
data (yellow diamonds) and microrheology sulfate-modified (green squares), 
amine-modified (black circles), and carboxylate-modified (red down triangles) with 
5.14 × 101 Pa·s poly (dimethylsiloxane) oil. 
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Figure 4-29 Distinct mean Square displacement (MSDD) with carboxylate-modified 
2.0 × 10-7 m particle at the poly (dimethylsiloxane) oil-water interfaces: 1.03 × 101 
(black circles), 5.14 × 101 Pa·s (red down triangles). 
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Figure 4-30 Shear modulus of the bulk poly (dimethylsiloxane) oil phase:1.03 × 101 
Pa·s (red) and 5.14 × 101 Pa·s (black). Line is the mechanical data and symbol is 
microrheology: (a) loss modulusand (b) storage modulus)   
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Figure 4-31 Distinct mean Square displacement (MSDD) from carboxylate-modified 
2.0 × 10-7 m particle at the poly (dimethylsiloxane) oil-water interfaces with different 
oil phase viscosity: 1.03 × 101 Pa·s (black circles), 2.26 × 101 Pa·s (red down triangles), 
5.14 × 101 Pa·s (green squares), 6.17 × 101 Pa·s (yellow diamonds). The lines are the 
regression for each set of data.  
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Figure 4-32 Shear modulus as a function of frequency of the 5.14 × 101 Pa·s poly 
(dimethylsiloxane) oil-water interface (red) and bulk poly (dimethylsiloxane) oil phase 
(black line) (a) complex modulus (G*(ω)) and (b) storage modulus, (hollow symbol), 
and loss modulus, (solid symbol).  
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Figure 4-33 Microrheology with 2.0 × 10-7 m carboxylate-modified PS particles at the 
poly (dimethylsiloxane) oil-water interfaces. Oil-phase viscosities of (a) 1.03 × 101 Pa·s, 
(b) 2.26 × 101 Pa·s, (c) 5.14 × 101 Pa·s, and (d) 6.17 × 101 Pa·s. Solid symbols: loss 
modulus; hollow symbols: storage modulus. 
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Figure 4-34 Effect of tracer particles on the distinct mean square displacements 
(MSDD) at the 5.14 × 101 Pa·s poly (dimethylsiloxane) oil-water interfaces: 
sulfate-modified (black circles), carboxylate-modified (red triangles), amine-modified 
(green squares), and average value (solid line). 
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Figure 4-35 Microrheology at the 5.14 × 101 Pa·s poly (dimethylsiloxane) oil-water 
interfaces with different tracer particles: sulfate-modified (green squares), 
carboxylate-modified (red triangles), amine-modified (black circles), and the average 
of three curve (yellow diamonds). Holly symbol: storage modulus (G´(ω)): solid 
symbol: loss modulus (G (̋ω)).  
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 Figure 4-36 The averaged microrheology at the poly (dimethylsiloxane) oil-water 
interface: (a) 1.03 × 101 Pa·s, (b) 2.26 × 101 Pa·s, (c) 5.14 × 101 Pa·s, and (d) 6.17 × 101 
Pa·s. Solid symbols: loss modulus, and hollow symbols: storage modulus.  
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CHAPTER V 

CONCLUSIONS 

 

In this dissertation, Pickering emulsions have been proven as a useful and 

successful template to introduce different behaviors of microparticles and properties of 

rheology at poly (dimethylsiloxane) oil-water interfaces. The confocal laser scanning 

microscope (CLSM) has also been proven as a useful and powerful experimental 

equipment to investigate the dynamics of microparticles and microrheology at the 

liquid-liquid interfaces.1-7, 212 The micro-sized colloidal particles used in the 

experiment of particle dynamics are sulfate modified polystyrene microsphere with 

diameter 1.1 × 10-6 m and easily adhering to the poly (dimethylsiloxane) oil-water 

interfaces. The colloidal sized particles undergo Brownian motion at two dimensional 

levels. On the other hand, the experiments of microrheology use various polystyrene 

microspheres with the same diameter 2.0 × 10-7 m but different surface chemistry. The 

recorded diffusive behavior was transferred into rheological properties. Finally, there 

are several experimental conclusions in different aspects, including dynamics of single 

microparticles, dynamics of multiparticle clusters, one-particle tracking microrheology, 
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and two-particle tracking microrheology at the poly (dimethylsiloxane) oil-water 

interfaces. 

Through the study of the dynamics of colloidal sized polystyrene particles at 

oil-water interfaces in Pickering emulsions, the dynamics of single particle successfully 

show a behavior of random walk. The experiments of single particle dynamics also 

provide a comparable template for the other simulation and experimental works. 

Generally speaking, the diffusion coefficient at the oil-water interfaces shows a 

decreasing tendency with the increasing oil phase viscosity. However, the highly 

curved oil-water interfaces have the ability to affect the dynamics of single polystyrene 

particle. At the higher interfacial curvature, the recirculation effect significantly slows 

down Brownian motion of single polystyrene microparticles, especially at 1.22 × 10-3 

Pa·s octamethyltrisiloxane oil-water and 5.49 × 10-3 Pa·s poly (dimethylsiloxane) 

oil-water interfaces. At the higher oil phase viscosity, the recirculation effect is 

minimized. This result qualitatively supports the theoretical predictions of the influence 

of recirculation effect which are suggested by Danov and his coworkers.153 According 

to the experimental results, the influence of the recirculation effect also decreases with 

the increasing oil phase viscosity which also follows the prediction.153 Furthermore, 

there is almost no obvious recirculation effect when the oil phase viscosity is 2.14 × 
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10-2 Pa·s. So, the experiments at two dimensional curved interfaces should be very 

carefully choosing for the comparable interfacial curvature to compare between 

different experiments. In general, smaller tracer particles and larger droplets can 

efficiently minimize the recirculation effect at curved liquid-liquid interfaces. 

The diffusion coefficient of multiparticle clusters at the oil-water interfaces 

decreases with increasing cluster size and shows an exponential decay in a semi-log 

diagram. Besides, the oil phase viscosity also affects the diffusion coefficient of 

multiparticle clusters at the oil-water interfaces. From the experimental observation, the 

process of aggregation belongs to the diffusion limited cluster aggregation (DLCA) 

where every collision between particles or clusters at the poly (dimethylsiloxane) 

oil-water interfaces will lead to cluster aggregation. Furthermore, the diffusion 

coefficient of single particle is close to the fitting value with the collective interfacial 

curvature. The experimental results can be quantitatively related to fractal 

dimension.157, 159, 160 For the experiments of three different oil phase viscosities (1.22 × 

10-3, 5.49 × 10-3, and 2.14 × 10-2 Pa·s), all of them show almost the same tendency in the 

calculation of cluster diffusive behavior and the conclusions are with a 95% confidence 

level. However, a three dimensional assumption of fractal dimensions is not valid for 

the two dimensional experiments. To adjust the difference from three dimensional to 
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two dimensional case, a prefactor, α, is introduced. The calculated value of prefactor is 

1.6 and comparable to the ratio obtaining from the adjusting power law exponent 

between two and three dimensions.221, 222 However, the universal consistency is not 

clear that the prefactor is a universal constant.   

We have successfully validated the one-particle tracking microrheology49 and 

two-particle tracking microrheology44 at the poly (dimethylsiloxane) oil-water 

interfaces. For recent studies, most efforts are focused on the interfacial rheology. 

However, the microrheology at liquid-liquid interface provides the understanding of 

dynamic process. The experiments involve two major applications - Pickering 

emulsions as an experimental template and 2.0 × 10-7 m polystyrene as tracer particles 

in microrheology. We also employed different tracer particles to testify the effect of 

surface chemistry on microrheology at liquid-liquid interfaces. The used tracer 

particles are sulfate-modified, amine-modified, and carboxylate-modified. 

First, we compared the rheological properties of bulk poly (dimethylsiloxane) 

oils generating from the measurements of microrheology against those from the 

rheometers. Both the one-particle and two-particle tracking microrheology have same 

result comparing to the data from the rheometer. Besides, the tracer particles with 

different surface chemistry also lead to agreeable rheological values. However, the bulk 
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poly (dimethylsiloxane) oil phase shows a minor deviation at high viscosity in 

one-particle tracking microrheology which cannot be observed in two-particle tracking 

microrheology.   

Second, one particle tracking microrheology has been successfully validated at 

the poly (dimethylsiloxane) oil-water interfaces by modifying the developed bulk 

particle tracking microrheology. The bulk sample provides a three dimensional 

movement and the liquid-liquid interfaces only allow a two dimensional traces. So, the 

two dimensional Einstein–Smoluchowski diffusion equation is used to describe the 

behavior of tracer particles. The complex modulus (G*(ω)) of the poly 

(dimethylsiloxane) oil-water interfaces is successfully converted from  mean square 

displacement (MSD) of the tracer particles, followed by applying the Euler’s equation 

to calculate the loss modulus (G (̋ω)) and storage modulus (G´(ω)). The resulting data 

suggests a higher complex modulus (G*(ω)) and loss modulus (G (̋ω)) at the poly 

(dimethylsiloxane) oil-water interfaces against that of the poly (dimethylsiloxane) oil 

bulk phase. Besides, the storage modulus (G´(ω)) of the poly (dimethylsiloxane) 

oil-water interfaces is only detectable at higher frequency ranges. 

Interestingly, although the surface chemistry of the tracer particles in 

one-particle microrheology has a negligible effect in detecting the bulk rheological 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

225 
 

properties of poly (dimethylsiloxane) oil, the experiments at liquid-liquid interfaces 

have a significant effect in microrheology. At the low viscosity poly (dimethylsiloxane) 

oil-water interfaces, the influence of interaction between tracers and the surroundings 

have small effects reflected on the diffusive behavior. The influence of tracer particles 

is more obvious with the increasing of oil phase viscosity. Thus, the surface chemistry 

of tracer particles plays an important role in one-particle tracking microrheology at 

liquid-liquid interfaces, especially when the oil phase viscosity is large. The difference 

between the tracers is the surface chemistry which affects the dynamics of the single 

particle motion at the poly (dimethylsiloxane) oil-water interfaces. The resulting 

rheological properties show a dependence on the different tracer particles. This 

phenomenon suggests a careful selection of tracer particles at liquid-liquid interfaces in 

one-particle tracking microrheology.     

Other than one-particle tracking microrheology, we have also employed 

two-particle tracking microrheology to the poly (dimethylsiloxane) oil phase and poly 

(dimethylsiloxane) oil-water interfaces. On the base of cross-correlation relationship, 

the complex modulus (G*(ω)) of poly (dimethylsiloxane) oil is converted from the 

distinct mean square displacement (MSDD) and follows Euler’s equation to calculate 

the loss modulus (G (̋ω)) and storage modulus (G´(ω)). Like one-particle tracking 



                                                           Texas Tech University, Chih-Yuan Wu, May 2009  

226 
 

microrheology, the rheological data of bulk poly (dimethylsiloxane) oil phase is 

compared to that measured from the conventional rheometers which show good 

agreement between different tracer particles. The cross-correlation derived from pair 

motion of microparticle in the bulk poly (dimethylsiloxane) oil can be considered as 

independent of the surface chemistry which follows the theoretical assumption.44 The 

two-particle tracking microrheology agrees with the data obtained from traditional 

mechanical macrorheology under different tracer particles at the poly 

(dimethylsiloxane) oil phase. This phenomenon suggests a minor or no influence on the 

tracer particles in two-particle tracking microrheology. 

More than the bulk phase, we also successfully detected the microrheology data 

at the poly (dimethylsiloxane) oil-water interfaces. In two-particle tracking 

microrheology, the cross-correlation successfully eliminated the interaction between 

the surface chemistry of tracer particles and the environment. In the different tracer 

particles, the resulting data are scattered. However, the trends between different tracer 

particles are the same. For the microrheology at the poly (dimethylsiloxane) oil-water 

interfaces, both of the storage modulus (G´(ω)) and loss modulus (G (̋ω)) can be 

detected at all of the experiments with different oil phase viscosities. Through different 

kinds of polystyrene sub-microparticles, the rheological data at liquid-liquid interfaces 
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are agreeable with each other including the complex modulus (G*(ω)), loss modulus 

(G (̋ω)), and storage modulus (G´(ω)). As a result, the influence of the surface 

chemistry of tracer particles is reduced to the minimum at the poly (dimethylsiloxane) 

oil-water interfaces. So, the developed two-particle tracking microrheology at the poly 

(dimethylsiloxane) oil-water interfaces shows the ability to explore the rheological 

property at fluid-fluid interfaces.  

Finally, the cross-correlation relationship is a powerful methodology to handle 

the interaction between the tracers and environments at the liquid-liquid interfaces. The 

possible explanation is that one tracer particle freely diffuse in the medium and cause a 

strain filed. This induced strain field cause by the first tracer particle will lead to 

another movement of the second tracer particle. Furthermore, the cross-correlation is 

used to calculate the strength and direction according to the definition. So, the resulting 

cross-correlation can show the real interaction of medium, especially for the 

inhomogenous materials.44   
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CHAPTER VI 

FUTURE WORK 

 

Pickering emulsions have been proved to be a useful and convenient template 

for investigating the phenomena at liquid-liquid interfaces. Through the confocal laser 

scanning microscope (CLSM), the interfacial phenomena can be observed in more 

detail when comparing to the conventional microscope. At the combination of 

Pickering emulsions and confocal laser scanning microscope (CLSM), there are many 

phenomena which can be further discussed or newly developed.  

For the microparticles, the observation can be done under the microscope. 

However, the nanometer scale particles are difficulty to observe. Through the 

observation, microparticle provides the basic assumption for molecular dynamic (MD) 

simulation at the nanometer scale. Rather than the nanoparticles, molecular dynamic 

(MD) simulation can also provide more theoretical data, such as interfacial thickness 

and structure which cannot be directly observed at microscope.  

On the bases of the single microparticle and cluster of multiple microparticles, 

the experiment reveals a basic understanding about the mechanism of microparticle 
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aggregation at two dimensional levels. Moreover, from the work done by Dismore at 

his coworkers, they have already shown the potential ability of colloidosomes in many 

different applications.26 The study of particle dynamics at liquid-liquid interfaces 

provides the basic theory to develop or explain the more complicated interfacial 

structure based on the microparticles including the structure of heterogeneous 

microparticles aggregation. Furthermore, the influence of two bulk fluid and interfacial 

tension are sealed in the friction factor in our experiments. So, the influence is still an 

unanswered question. Moreover, the possibility to study the assembly of the 

complicated hierarchy from a bottom-up approach can also be provided. 

Other than the interfacial experiments, the experiment of microrheology at the 

liquid-liquid interfaces has also been considered. Microrheology is a useful and newly 

developed technology which focuses on the discussion about the bulk rheology data of 

bio-materials. However, there is less work focusing on the two dimensional level. The 

experiments of microrheology at poly (dimethylsiloxane) oil-water interfaces provide a 

new possibility to study the interfacial phenomena. For example, the function of 

surfactant is well-known. The adsorption of surfactant at the poly (dimethylsiloxane) 

oil-water interfaces will reduce the interfacial tension depending on the concentration. 

The rheological data measured at the poly (dimethylsiloxane) oil-water interfaces with 
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the existence of different concentration of surfactant can provide more interfacial data 

which is a more complicated system.209, 224 Besides, the effect of temperature of the 

particle diffusive behavior has also been proven. The relative calculated rheological 

data should also be changed with the varying temperature. For the traditional rheology, 

the time temperature superposition is a useful and convenient way to gather the 

rheological data without waiting for long time. At the poly (dimethylsiloxane) oil-water 

interfaces, the consistence should be tested in different temperatures. 

More than the poly (dimethylsiloxane) oil-water interfaces, this template 

provides an easy and convenient experimental model through Pickering emulsions. 

One- and two-particle tracking microrheology also provides a possible way to applying 

at the other two dimensional systems such as traditional membranes, 

Langmuir-Blodgett films, or bio-membranes. All of them have been known with more 

complicated heterogeneity, with consideration of surface viscosity, and with great 

enthusiasm to explore the mechanical response and the local structure.224 Although the 

one-particle tracking microrheology is not a universal methodology for every system, 

the experiment is still a useful methodology with carefully selection of the trace and 

materials. On the other hand, the two-particle tracking microrheology is a universal 

methodology which is supported by the recent experimental data.44, 67, 69, 210 Both of 
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them have the ability to open up new possibilities for rheological properties of 

polymers at the region of liquid-liquid interfaces. 
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